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EXPLANATORY NOTE 

The Proceedings of the Third International Con
ference on the Peaceful Uses of Atomic Energy 
comprise a single, multilingual publication of sixteen 
volumes. This form was prescribed by the General 
Assembly of the United Nations in approving the 
Conference budget. 

Papers accepted for consideration at the Con
ference are accordingly printed herein only in the 
original language of submission, each being followed 
by its abstract in the other three languages of the 
Conference.* 

The budgetary arrangements for the Conference 
required also that Governments provide abstracts 
and papers in two of the Conference languages. One 
of the three abstracts following each paper is, there
fore, in a translation provided by the Government 
concerned. The abstracts were translated into the 
other two languages either by the Division of 
Language Services, International Atomic Energy 
Agency (IAEA) in Vienna, or, with its assistance, 
through the intermediary of the national atomic 
energy authorities in London, Paris, Moscow and 
Madrid. 

The Foreword by the Secretary-General of the 
United Nations, the Preface by the Director General 
of IAEA, and this Explanatory Note, together with 
the records of discussion at each of the six scientific 
general sessions and thirty-six technical sessions of 
the Conference, are published in all four languages. 
All other material, which is largely of a formal 
nature and is confined to Volumes 1 and 16, is 
published in the language of submission or delivery, 
followed in the case of French, Russian and Spanish 
originals by the English translation. 

Governments whose national tongue is not one of 
the four Conference languages were consulted as 
to their preference for the language in which their 
papers should appear in these Proceedings. 

The Table of Contents in each volume gives the 
titles of papers in the original language, or language 
of choice, followed in the case of French, Russian 
and Spanish titles by the English translation. 

Starting from the 992 abstracts submitted by 
Governments, specialized agencies and IAEA, the 
Scientific Secretariat, working under the guidance 

* The languages of the Conference were English, French, 
Russian and Spanish. 

of the United Nations Scientific Advisory Com
mittee, finally chose 7 4 7 papers for inclusion in the 
Programme of the Conference; of these, 358 were 
selected for oral presentation at the 42 working 
sessions. 

In arranging the programme, the Scientific Secre
tariat aimed at achieving a balanced schedule, 
providing for the oral presentation of as many papers 
as possible at each session while still leaving ade
quate time for discussion of the material presented. 
Two afternoons were left entirely free, to enable 
informal groups to discuss matters arising out of 
discussions at the formal sessions of the Conference. 
No records were taken of such informal meetings. 

Wherever possible, the author, or authors, of 
papers were consulted during the Conference by 
members of the Scientific Secretariat, who acted as 
secretaries of session, or by the team of editors made 
available for the purpose by IAEA, * * to ensure 
maximum accuracy. 

The records of discussion at the various sessions, 
based on notes taken in the meetings by IAEA 
records officers,** and checked where necessary 
against the sound recordings made of all sessions, 
were prepared by the Division of Language Services 
of IAEA in English, and subsequently translated 
into French, Russian and Spanish through the inter
mediary of the atomic energy authorities in the 
three countries concerned (see third paragraph of 
the present note). 

The editing of the English, French and Spanish 
papers was carried out at the United Nations Office 
at Geneva under United Nations supervision by a 
team of editors, whose services, also, were made 
available by the atomic energy authorities of their 
respective countries, with some help from outside 
consultants. The editing of the Russian papers was 
done in Moscow in similar circumstances. The 
following served as editors: Mr. A de Calmes, 
Dr. C. E. Granados, Mr. D. H. Hill, Mr. V. F. 
Kalinin, Cand. Tech. Sc., Dr. R. Lapage, Mr. E. T. 
Maries, Dr. J. D. C. Mole, Mr. C. Segot, Mr. J. J. 
Stobbs, Mr. C. R. Symons and Mr. J. Williamson. 

The task of printing this large collection of scien
tific information has been shared by printers in 

** The names of the scientific secretaries, editors and 
records officers will be found in the list of the Conference 
Secretariat in Annex 1, Volume 1, of this series. 



Belgium, Canada, France, Switzerland, the Union 
of Soviet Socialist Republics and the United 
Kingdom. 

Full titles of the sixteen volumes of these Pro
ceedings, together with the sessions covered by each 
volume, are as follows: 
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NOTE EXPLICATIVE 

Les Actes de la troisieme Conference intema
tionale sur !'utilisation de l'energie atomique a des 
fins pacifiques sont publies ici sous la forme d'une 
edition unique, multilingue, en se~e volumes. Cette 
presentation a ete decidee par 1' Assemblee generale 
lorsqu'elle a approuve le budget de la Conference. 

En consequence, les memoires qui ont ete acceptes 
pour la Conference sont reproduits ici dans la langue 
originate dans laquelle ils ont ere SOUmiS et sont 
suivis d'un resume dans les trois autres langues de 
la Conference *. 

Aux termes des dispositions budgetaires prises 
en vue de Ia Conference, les gouvemements devaient 
fournir les resumes et les memoires dans deux des 
langues de la Conference. Ainsi, sur les trois resumes 
qui suivept chaque memoire, un est une traduction 
fournie par le gouvemement interesse. La traduction 
des resumes dans les deux autres langues a ete faite 
soit par la Division des services linguistiques de 
l'Agence intemationale de l'energie atomique 
(AIEA), a Vienne, soit avec son concours, par les 
soins des organismes nationaux competents en ma
tiere d'energie atomique a Londres, Paris, Moscou 
et Madrid. 

L'avant-propos du Secretaire general de !'Orga
nisation des Nations Unies, la preface du Directeur 
general de 1' AIEA et la presente note explicative, 
ainsi que les comptes rendus de chacune des six 
seances scientifiques generales et des trente-six 
seances techniques de la Conference, sont publies 
dans les quatre langues. Tous les a:utres textes, qui 
pour la plupart sont d'un caractere non technique et 
figurent dans les volumes 1 et 16, sont publies dans 
la langue dans laquelle ils ont ete presentes par 
ecrit ou oralement et sont suivis, lorsque cette langue 
est l'espagnol, le fran~ais ou le russe, d'une tra
duction en anglais. 

Les gouvemements des pays dont la langue offi
cielle n'est pas l'une des quatre langues utilisees a 
la Conference ont ete consultes pour savoir dans 
quelle langue ils prefeFaient voir paraitre leurs 
memoires. 

La table des matieres de chaque volume donne 
les titres des memoires dans la langue originale ou 
dans la langue choisie; ces indications sont suivies, 

* Les langues de la Conference etaient l'anglais, l'espa
gnol, le fran~rais et le russe. 
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pour les titres en espagnol, en fran~ais et en russe, 
de la traduction en anglais. 

Sur les 992 resumes presentes par les gouveme
ments, les institutions specialisees et 1' AIEA, le 
Secretariat scientifique, travaillant sous la direction 
du Comite consultatif scientifique des Nations Unies, 
en a finalement retenu 747 pour les inscrire au 
programme de la Conference; sur ce nombre, 358 
ont ete presentes oralement aux 42 seances de 
travail. 

En etablissant le programme de la Conference, 
le Secretariat scientifique a cherche a realiser un 
equilibre: il s'est efforce de menager un temps suffi
sant pour la presentation du plus grand nombre 
possible de memoires tout en laissant du temps pour 
leur discussion. Deux apres-midi avaient ete laisses 
entierement libres afin de permettre aux participants 
d'organiser des reunions non officielles et de dis
cuter en petits groupes des questions qui se posaient 
a la suite des .seances officielles de la ·Conference. 
Ces reunions n'ont pas fait l'objet de comptes 
rend us. 

Toutes les fois que cela a ete possible, !'auteur 
ou les auteurs des memoires ont ete consultes pen
dant la Conference par les memb·res du Secretariat 
scientifique, qui ont assure le secretariat des seances, 
ou par l'equipe d' « editeurs » que l'AIEA ** avait 
mis a cet effet a la disposition de la Conference, 
afin d'assurer !'exactitude la plus grande. 

Les comptes rendus des discussions aux reunions, 
etablis d'apres les notes prises en seance par les 
redacteurs de comptes rendus de l'AIEA** et com
pares toutes les fois qu'il le fallait avec les enregis
trements sonores, ont ete rediges en anglais par la 
Division des services linguistiques de l'AIEA, puis 
traduits en espagnol, en fran~ais et en russe par les 
soins des organismes competents en matiere d'ener
gie atomique des trois pays interesses (voir le troi
sieme alinea de la presente note). 

Les memoires rediges en anglais, en espagnol et 
en fran~ais ont ete mis au point pour !'impression 
a !'Office europeen des Nations Unies a Geneve, 
sous le controle de l'ONU, par une equipe de redac-

** On trouvera les noms des secretaires scientifiques, des 
« editeurs » et des redacteurs de comptes rendus dans la 
liste des membres du secretariat de la Conference a l'an
nexe 1 du volume 1. 



teurs mis a Ia disposition de Ia Conference par les 
organismes competents en matiere d'energie ato
miques des pays interesses, avec !'aide de quelques 
consultants exterieurs. La mise au point definitive 
des memoires rediges en russe a ete faite a Moscou 
dans les memes conditions. Voici les noms des 
redacteurs qui ont assure Ia mise au point des 
memoires: M. A. de Calmes, M. C. E. Granados, 
M. D. H. Hill, M. V. F. Kalinin, M11e R. Lapage, 
M. E. T. Maries, Mne J. D. C. Mole, M. C. Segot, 

Numero 
du volume 

M. J. J. Stobbs, M. C. R. Symons et M. J. 
Williamson. 

Des entreprises de Belgique, du Canada, de 
France, du Royaume-Uni, de Suisse et de l'Union 
des Republiques socialistes sovietiques se soot par
tage la tache que representait l'impression de cette 
masse importante de documents scientifiques. 

Les titres complets des seize volumes des Actes 
de Ia Conference, ainsi que les numeros des seances 
sur lesquelles porte chaque volume, figurent ci-apres: 

Seances 

Progres accomplis dans le domaine atomique . . . . . . . . . . . . . . . . . . . . . . . . . . . A, 81 1.61 C1 H 

2 Physique des reacteurs 3.1 

3 Etude des reseaux et performance des reacteurs . . . . . . . . . . . . . . . . . . . . . . . . . . 3.21 3.3 

4 Controle des reacteurs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.41 3.5 

5 Reacteurs nucleaires - I. Reacteurs refroidis par un gaz et reacteurs refroidis a 
l'eau ...... .'................ .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.1 1 1.21 1.3 

6 Reacteurs nucleaires -II. Reacteurs a neutrons rapides et reacteurs d1avant-
garde . . . . . . . . . . . . . . . . . . . . . . . 1.41 1.5, 1.7 

7 Reacteurs de recherche et reacteurs d1essai de materiaux. . . . . . . . . . . . . . . . . . D1 1. 91 1.8 

8 Technologie et equipement des reacteurs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.101 1.11 I 3.7 

9 Matt~riaux pour reacteurs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.81 2.91 2.4 

10 Combustibles nucleaires- I. Fabrication et retraitement . . . . . . . . . . . . . . . . . . . 2.3 1 2.6, 2.7 

11 Combustibles nucleaires- II. Caracteristiques et aspects economiques . . . . . . . 2.51 2.1 1 2.2 

12 Combustibles nucleaires- Ill. Matieres premieres . . . . . . . . . . . . . . . . . . . . . . . . 2.11 1 2.121 2.10 

13 Surete nucleaire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.91 3.81 3.6 

14 Influence sur le milieu de l1emploi de l1energie nucleaire. Traitement et elimi-
nation des dechets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.101 3.11 

15 Aspects particuliers de l1energie nucleaire et applications des radioelements. . E, 4.1 1 Fl G 1 4.2 

16 Liste des memoires et index 
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IIO.HCHM.TE.JlhHA.H 3AIIMCKA 

Tpy.zr.hi TpeTbeH: Me.>K.zr.yHapo.zr.Hoii KoH<Pe

peHI..lHH no HCnOJib30BaHHlO aTOMHOH 3HeprHH 

B MHpHbiX l..leJIHX npeJI.CTaBJIHlOT C060H e.zr.HHOe 

MHOfOH3bl'lHOe H3JI.aHHe H3 rneCTHa.zr.l..laTH TO

MOB. TaKaH <PopMa 6hiJia npe.zr.ycMOTpeHa feHe

paJihHOH AccaM6JieeH: OpraHH3al..lHH 06ce.zr.u

HeHHhiX Hal..lHH npH o.zr.o6peHHH e10 6IOJI..>KeTa 

KoH<PepeHI..lHH. 

npHHHThie K paCCMOTpeHHlO Kon<PepeHI..lHeH 
JI.OKJiaJI.bl COOTBeTCTBeHHO ony6JIHKOBaHhl 3JI.eCb 

JIHlllh Ha H3hiKe OpHfHHaJia; npH 3TOM Ka.>K)l.biH 

)l.OKJia)l. conpoBO.>K)l.aeTCH aHHOTal..lHeH Ha JI.PY

rHX Tpex H3hiKax Kon<PepeHI..lHH*. 

olOJI..>KeTHbie nocTaHoBJieHHH B OTHorneHHH 

npoae.zr.eHHH Kon<PepeHI..lHH TaK.>Ke npe.zr.ycMaTpH

BaJIH, 'lTO npaBHTeJibCTBa npe)l.CTaBSIT aHHOTal..lHH 

H JI.OKJia)l.bl Ha .ZI.BYX H3biKax KoH<PepeHI..lHH. no-

3TOMY OJI.Ha H3 Tpex aHHOTal..lHH, conpOBO.>K)l.a

lOW.HX Ka.>K.ZJ.hiH )l.OKJia.ZI., HBJISieTCH nepeBO)l.OM, 

npe.zr.cTaBJieHHbiM COOTBeTCTBYlOW.HM npaBH

TeJibCTBOM. AHHOTal..lHH 6hiJIH nepeBe.ZI.eHhi na 

.ZJ.pyrHe JI.Ba H3hiKa JIH60 0TJI.eJIOM nepeBO.ZJ.OB 

Me.>KJI.yHapOJI.HOro areHTCTBa no aTOMHOH Emep

rHH (MAfAT3) B BeHe, JIH6o c ero noMOllthlO 

npH COTPYJI.HHt.JeCTBe Hal..lHOHaJihHhiX opranos, 

ae.zr.aJOW.HX BOnpoCaMH aTOMHOH 3HeprHH, B 

JlOHJI.OHe, napH.>Ke, MocKBe H Ma.ZI.pH.ZJ.e. 

Bae.zr.eHHe H npe.zr.HcJIOBHe reHepaJihHoro 

CeKpeTapH OpraHH3al..lHH 06ce.ZJ.HHeHHhiX Ha

l..lHH H reHepaJihHoro JI.HpeKTopa MAr AT3, co

OTBeTCTBeHHO, H HaCTOHW.aH nOHCHHTeJihHaH 

3anHCKa, HapHJI.Y C npOTOKOJiaMH Ka.>K)l.OfO H3 

rnecTH Hayt.JHhiX nJieHapHbiX 3ace.ZJ.aHHH H TPHJI.

I..laTH rnecTH ceKI..lHOHHhlx 3aCe.ZI.aHHH KoH<PepeH

I..lHH, ny6JIHKYIOTCH Ha BCeX t.JeTbipeX H3hiKaX. 

Bee .ZI.pyrHe MaTepHaJihi, KOTOphie no CBOeMy 

xapaKTepy B OCHOBHOM OTHOCHTCH K 'lHCJIY 
O<fJHI~HaJihHhiX H CO)l.epLKaTCH B TOMaX 1 H 16, 
ny6JIHKYIOTCH Ha H3hiKe OpHrHHaJia; H KOr.ZJ.a 

pe'lh H)l.eT 0 <PpaHI.\Y3CKHX, pyCCKHX H HCnaH

CKHX OpHrHHaJiaX, TO K HHM npHJIO}I{eH aHrJIHH

CKHH nepeao.zr.. 

C npaBHTeJibCTBaMH CTpaH, H3hiK KOTOpbiX 

He OTHOCHTCH K 'lHCJiy t.JeTbipex H3biKOB Kon<Pe-

* .Hsb!KaMH KoH<}Jrpen~:~nn JIDJIIIJIHC.b: anuniicimii, <flpan
IIY3Cimif, pyccsnit H ncnancxnii. 
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peHI..lHH, 6hiJIH npoae.ZI.eHhi KOHCYJihTal..lHH no 

nOBOJI.Y TOrO, Ha KaKOM H3hiKe 6biJIO 6hi }l{e

JiaTeJibHO, no HX MHeHHJO, ony6JIHKOBaTb B Ha

CTOHI.U.HX Tpy.zr.ax npe.zr.cTaBJieHHhie HMH .11.0-
KJiaJI.bi. 

B COJI.ep)l{aHHH Ka)l{.zr.oro TOMa yKa3aHbi 

3arJiaBH51 .ZJ.OKJiaJI.OB Ha 513biKe opHrHHaJia JIH60 

Ha JI.pyrOM H36paHHOM H3biKe, H B TOM CJiyqae, 

KOrJI.a pe'lh HJI.eT 0 <!JpaHI..lY3CKHX, pycCKHX H 
HCllaHCKHX 3arJiaBHHX, HX COnpOBO}I{JI.aeT aHr
JIHHCKHH nepeao.zr.. 

113 992 aHHOTal..lHH, npe.ZI.CTaBJieHHbiX npa

BHTeJibCTBaMH, cnel..lHaJIH3HpOBaHHbiMH yqpe:>K

JI.eHHHMH, a TaK}I{e MAr A T3, Yt.JeHbiH ceKpeTa

puaT, pa6oTaH no.LI. PYKOBO.ZJ.CTBOM Hayt.JHoro 
KoHcyJihTaTHBHoro KOMHTeTa OpraHH3al..lHH 06c

e.LI.HHeHHhix Hal..lHH, B HTore oTo6paJI 747 .ZI.O

KJia.LI.OB .ll.JIH BKJIJO'leHHH Hx B nporpaMMY KoH

<PepeHI..lHH; H3 HHX 358 6hiJIH 0T06paHbl .ZJ.JIH 

npe.zr.cTaBJieHHH B ycTHOH <PopMe Ha 42 pa6ot.JHX 
3aCeJI.aHHHX. 

npH COCTaBJieHHH nporpaMMbl Yt.JeHbiH ceK

perapHaT CTaBHJI l..leJiblO .ZJ.06HTbCH c6aJiaHCH

pOBaHHOrO pacnHCaHHH , KOTOpOe .ZJ.aJIO 6bi 

B03MO}I{HOCTb npe.LI.cTaBHTh B ycTHOH <PopMe 
MaKCHMaJibHOe KOJIH'leCTBO .ZI.OKJiaJI.OB Ha Ka)l{

Jl.OM 3aCe.ZJ.al;IHH npH o6ecnet.JeHHH .ZJ.OCTaTO'l· 

HOfO BpeMeHH Jl.JIH npOBe.ZJ.eHHH Jl.HCKYCCHH no 

nOBO.ll.Y npe.LI.cTaBJieHHoro MaTepHaJia. B JI.BYX 

CJiyt.JaHX HMelOI.U.eecH BO BTOpOH nOJIOBHHe .ZJ.HH 

BpeMH OCTaBHJIH HepacnpeJI.eJieHHhiM, C TeM 
4T06hi JI.aTb B03MO}I{HOCTb HeO<fJHI..lHaJihHhiM 

rpynnaM 06CyJI.HTb BOnpOChl, B03HHKlllHe B 

XO)(e Jl.HCKYCCHH Ha OtPHI..lHaJihHbiX 3ace.zr.aHHHX 

KoH<PepeHI..lHH. Ha TaKHX Heo<PHI..lHaJibHbiX 3a

ce.zr.aHHHX npOTOKOJibl He COCTaBJIHJIHCb. 

no Mepe B03MOLKHOCTH, C aBTOpOM HJIH 

asTopaMH JI.OKJia.ZI.OB KOHCYJibTHpoaaJIHCh s xo.zr.e 
KoH<PepeHI..lHH t.JJieHhi Yt.JeHoro ceKpeTapHaTa, 

KOTOpbie BblllOJIHHJIH <PYHKI..lHH CeKpeTapeH 3a
ce.zr.amiH, JIH6o TaKHe KOHCYJihTal..lHH npoao

JI.HJIHCh rpynnoH pe.LI.aKTOpOB, KOTOphie 6hiJIH 

BhiJI.eJieHhi MAr AT3** JI.JIH 3TOH l..leJIH, c TeM 
'lT06hi o6ecnet.JHTb MaKCHMaJibHYlO TO'lHOCTb. 

** <l>aMHJIHH yqeHbl"! CeKperapeii, pep;aKTOpOB H npOTOKO.m
CTOB npnBep;enhl B nepeqne corpyp;nHKOB ceKpeTapnaTa Kon
ljlepeni:IHH B llpHJIOlKeHHH 1-0M K TOMy 1-My HaCTOllll\eH cepn11. 



DpoTOKOJibi .n.HcKyccHH Ha pa3JIH'IHbiX 3a
ce.n.aHHSIX, COCTaBJieHHbie Ha OCHOBe 3armcei1, 
C)l.eJiaHHbiX B XO,ll.e 3aCe,ll.aHHH npOTOKOJIHCTaMH 
MAf AT3*, H nposepeHHble, no Mepe Heo6xo
.LI.HMOCTH, nyTeM cpaBHeHHSI CO 3BYKOBOH 3a
nHCbiO, KOTopaSI se.nacb Ha scex 3ace.n.aHHHX, 
6blJIH no.n.roTOBJieHbi OT.n.e.noM nepeso.n.os MA
fAT3 Ha aHrJIHHCKOM Sl3b1Ke H BDOCJie,li.CTBHH 
nepese.zr.eHbl Ha <PpaHU.Y3CKHH, pyCCKHH H HC
naHCKHH H3biKH npH COTPY.li.HH'IeCTBe HaU.HO
ua.nbHbiX opraHOB, ae.n.a10w:Hx sonpoca'Nm aTOM
HOM aHeprHH, B Tpex 3aHHTepecosaHHbiX CTpa
uax ( CMOTpH TpeTHH a63aU, DOHCHHTeJibHOH 
3anHCKH). 

Pa6oTa no pe.n.aKTHposaHHIO .n.oKyMeHTOB 
Ha aHrJIHHCKOM, <PpaHU.Y3CKOM H HCnaHCKOM 
H3biKax 6hiJia npose.n.eHa B EsponeiicKoM oT.n.e
JieHHH OpraHH3aU,HH 06oe.n.uueHHbiX Hau.Hii, 
B )KeHese, no.n. pyKoBO)I.CTBOM OpraHH3aU.HH 
06oe.n.uHeHHhlX Hau.Hii rpynnoii pe.n.aKTOpos, 

* tP&MBJIHH yqeHbii ceKperapeii, pe)laKTOpOB B DpOTOKOlB
CTOB npnBe)leHbl B nepe'IHe corpy)IHBKOB ceKperapnara Kon
lflepeHJJ,Bn B UpB.IlolKeBBB 1-0M K TOMY 1-MY HaCTOSill~ei cepBB.. 

hoMep 
ToMa 

Oporpecc B pa6oTax no aTOMHOH aueprHH 

<l>H3HKa peaKTOpOB 

H3y'leHHe peaKTopos H ux xapaKTepHCTHKH 

Pery.nuposauue peaKTopos • 

ycJiyrH KOTOpbiX 6biJIH TaK>Ke npe,llOCTaBJieHbi 
110 JIHHHH opraHOB, Be,llaiOil.{HX BOnpocaMH 
aTOMHOH 3HeprHH B COOTBeTCTBYIOI.ll.HX CTpa
HaX, C HCllOJib30BaHHeM B HeKOTOpOH CTeneHH 
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NOTA EXPLICATIVA 

Las Aetas de la tercera Conferencia Internacional 
sobre la Utilizaci6n de la Energia At6mica con Fines 
Pacfficos estan constituidas por una publicaci6n 
(mica y plurilingtie compuesta de dieciseis volu
menes, en conformidad con lo dispuesto por la 
Asamblea General de las Naciones Unidas al apro
bar el presupuesto de la Conferencia. 

Por consiguiente, las memorias aceptadas para 
ser examinadas en la Conferencia solo figuran impre
sas en el idioma ot:iginal en que se presentaron, y 
cada una de elias va seguida de un resumen de la 
misma en los otros tres idiomas de la Conferencia *. 

En los arreglos presupuestarios para la Confe
rencia se dispuso tambien que los gobiernos tenian 
asimismo que presentar resumenes y memorias en 
dos de los idiomas de la Conferencia. En conse
cuencia, uno de los tres resumenes que siguen a 
cada memoria es una traducci6n facilitada por el 
gobierno interesado. Los resumenes fueron tradu
cidos a los otros dos idiomas, ya por la Division de 
Idiomas del Organismo lnternacional de Energia 
At6mica (OlEA) de Viena, o, con su asistencia, por 
conducto de las autoridades nacionales de energia 
at6mica de Londres, Paris, Moscu y Madrid. 

La introducci6n del Secretario General de las 
Naciones Unidas, el prefacio del Director General 
del OlEA y la presente nota explicativa, junto con 
las aetas de los debates celebrados en cada una de 
las seis sesiones cientfficas generales y las treinta y 
seis sesiones tecnicas de la Conferencia, se publican 
en los cuatro idiomas. El resto del material, que 
reviste en su mayoria un caracter oficial y esta con
tenido exclusivamente en los volumenes 1 y 16, se 
publica en el idioma en que fue presentado o entre
gado, seguido para los originates en espaiiol, frances 
y ruso, de la traducci6n en ingles. 

Se consult6 a los gobiernos cuyo idioma nacional 
no es uno de los cuatro idiomas de la Conferencia 
para saber en cual de ellos preferian que se publi
caran sus memorias en estas Aetas. 

El indice de cada volumen contiene los titulos 
de las memorias en el idioma original, o en el idioma 
elegido, seguidos, cuando se trata de titulos en 
espaiiol, frances ) ruso, de la traducci6n en ingles. 

De los 992 resumenes presentados por gobiernos, 
organismos especializados y el OlEA, la Secretaria 

* Los idiomas de Ia Conferencia fueron el espafiol, el 
frances, el ingles y el ruso. 
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Cientifica, bajo la direcci6n del Comite Cientffico 
Consultivo de las Naciones Unidas, escogi6 por 
ultimo 7 4 7 memorias que deb ian ser incluidas en 
el programa de la Conferencia; de estas, 358 fueron 
seleccionadas para ser presentadas oralmente en las 
42 sesiones de trabajo. 

A1 preparar el programa de actividades, la Secre
taria Cientffica trat6 de conseguir un justo equilibrio, 
y asi se previ6 la presentaci6n oral del mayor numero 
posible de memorias en cada sesi6n, pero dejando 
tC?davia tiempo suficiente para examinar la informa
cion presentada. Se dejaron dos tardes totalmente 
libres, a fin de que los grupos oficiosos pudieran 
examinar las cuestiones que surgieran en las sesiones 
oficiales de la Conferencia. No se levant6 acta de 
tales reuniones. 

Siempre que fue posible, el autor, o los autores, 
de las memorias fueron consultados en el curso de 
la Conferencia por miembros de la Secretaria Cien
tffica, que actuaron de secretarios de sesi6n, o por 
un grupo de editores facilitado a dicho efecto por 
el OlEA**, a fin de asegurar la maxima exactitud. 

Las aetas de los debates celebrados en las diversas 
sesiones, basadas en notas tomadas en las reuniones 
por redactores de aetas del OlEA**, y verificadas 
siempre que fue necesario mediante las grabaciones 
efectuadas en todas las sesiones, fueron preparadas 
por la Divisi6n de ldiomas del Organismo lnterna
cional de Energia At6mica (OlEA) en ingles, y 
traducidas despues al espaiiol, el frances y el ruso 
por conducto de las autoridades de energia at6mica 
de los tres paises interesados (vease el tercer pa
rrafo de la presente nota). 

La' preparaci6n para la publicaci6n del texto de 
los documentos en espaiiol, frances e ingles se 
efectu6 en la Oficina de Ginebra de las N aciones 
Unidas, bajo la fiscalizaci6n de las Naciones Unidas, 
por un equipo de editores cuyos servicios fueron 
tambien proporcionados por las autoridades de ener
gia at6mica de sus respectivos paises, con alguna 
ayuda de consultores del exterior. La preparacj6n 
para la publicaci6n de los documentos en ruso se 
efectu6 en Moscu en circunstancias analogas. 
Actuaron de editores las personas siguientes: Sr. A. 
de Calmes, Dr. C. E. Granados, Sr. D. H. Hill, 

** Los nombres de los secretarios cientificos, editores y 
redactores de aetas figuran en Ia lista de Ia Secretarla de 
Ia Conferencia, en el anexo 1, volumen 1, de esta serie. 



Sr. V. F. Kalinin, Dra. R. Lapage, Sr. E. T. Maries, 
Dra. J. D. C. Mole, Sr. C. Segot, Sr. J. J. Stobbs, 
Sr. C. R. Symons y Sr. J. Williamson. 

En la impresion de esta gran recopilacion de 
informacion cientifica han participado impresores 

Numero 

de Bclgica, el Canada, Francia, cl Rcino Unido, 
Suiza y Ia Union de Republicas Socialistas Sovieticas. 

Los titulos completos de los dieciscis volumenes 
de estas Aetas, junto con las sesiones comprendidas 
en cad a volumen, son los siguientes: 

del volumen Sesiones 

Progresos realizados en el dominio at6mico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A, B, 1.6, C, H 

2 Frsica de los reactores. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1 

- 3 Estudios sobre reticulados. Funcionamiento de reactores . . . . . . . . . . . . . . . . . . . 3.2, 3.3 

4 Control de los reactores.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4, 3.5 

5 Reactores nucleares -I. Reactores refrigerados por gas y por agua. . . . . . . . . 1.1, 1.2, 1.3 

6 Reactores nucleares - II. Reactores r6pidos y conceptos mas avanzados. . . . . . . 1.4, 1.5, 1.7 

7 Reactores de investigaci6n y de ensayo , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D, 1.9, 1.8 

8 Tecnologla y equipo de los reactores .. . . .. .. . .. .. .. .. . . .. . . . . . . .. .. .. . 1.1 0, 1.11, 3.7 

9 Materiales de los reactores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.8, 2.9, 2.4 
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P/172 United Kingdom 

Studies of resonance absorption and the Doppler 
phenomenon for fast and thermal reactors 

By J. Codd, J. E. Beardwood, D. C. Leslie and H. M. Sumner* 

Before 1960 most work on neutron resonance 
absorption and its temperature dependence concerned 
thermal reactors. Since then, increasing effort has been 
devoted to the resonance problems of future dilute 
fast reactors, especially because of the important 
safety advantage provided by a sufficiently large 
prompt negative Doppler temperature coefficient [1]. 
For thermal reactors, the basic theoretical problem is 
to calculate the resonance absorption integral of the 
fertile material for a 1/E flux spectrum, including 
detailed treatment of the core lattice structure. In 
dilute fast reactors, however, the spectrum is not 
initially known and must be calculated, normally by 
multigroup theory. The problem is then to determine 
effective multigroup constants for the fissile and fertile 
materials which allow for self-shielding and Doppler 
broadening of resonances. Core heterogeneity effects 
must be taken into account, although in some types of 
power reactor they are estimated to be small. Most of 
the Doppler effect comes from the energy region below 
10 ke V [2], which is also the main region of interest in 
the thermal reactor problem. 

In Part I of this paper we describe some theoretical 
investigations concerning dilute fast reactor systems. 
Two specific problems are first discussed: the mutual 
shielding by resonances of the fissile and fertile 
materials: and the effect on the calculated fissile 
material Doppler coefficient when multilevel reson
ance theory is used instead of the customary single 
level theory. A new numerical method for treating the 
resonance region is outlined, and results of a prelimin
ary test calculation are given. 

Part II deals with the calculation of resonance 
integrals for thermal reactors. The use of equivalence 
theorems, which enable a heterogeneous lattice to be 
treated by consideration of a fictitious homogeneous 
system, is explained, and an improved form of the 
standard equivalence theorem is stated. The applica
tion of equivalence theorems to treat regular arrays 
and liquid-filled clusters of rods is discussed. Calcu
lated values of the 2asu resonance integral and its 
temperature dependence are then compared with 
experimental data on uo2 rods, and air-filled and 
D20-filled clusters, and also with Monte Carlo cal
culations. Finally, calculations of the shielding effect of 
238U resonances upon the resonance reaction rates of 

* UK Atomic Energy Authority, AEE Winfrith. 

235U and 239Pu in thermal reactor fuel are compared 
with experimental measurements. 

PART I. FAST REACTOR INVESTIGATIONS 

23BU-239Pu resonance overlapping 

The calculation of resonance absorption and 
Doppler coefficients in dilute fast reactors is normally 
based on the use of effective cross sections, which 
allow for resonance self-shielding and Doppler 
broadening. These cross sections are evaluated as a 
function of energy and then averaged over an assumed 
spectrum, to give group constants for use in multi
group theory calculations of critical size, etc. It has 
been customary to evaluate effective cross sections for 
the fissile and fertile materials separately, thus neglect
ing the possibility of mutual shielding of resonances of 
these materials. This assumption has recently been 
examined by several authors [3-7]. Numerical calcula
tions for a typical infinite homogeneous core medium 
[3-4], showed that the absorption in a single 239pu 
resonance, and its Doppler temperature change, vary 
strongly with separation from a nearby 2asu reson
ance. In particular, the Doppler change becomes 
negative over a certain range of separations. This 
behaviour is due to the' perturbation of the flux 
spectrum by the 23BU resonance. In the unresolved 
region one can estimate the net effect of the resonance 
overlapping by averaging over all relative separations 
of resonances, assuming the two sequences to be 
randomly distributed with respect to each other, as 
well as over the Porter-Thomas distributions of widths. 

As an example we consider a typical core medium, 
composed of an infinite homogeneous mixture of 
239Pu and 2asu in atomic ratio 1/7, with total non
resonant scattering cross sections 400 barns per 239Pu 
atom. The fractional Doppler change in the 239pu 
absorptions, LJA/ A, for temperature rise 300 to 600°K, 
was calculated both with and without 2asu resonance 
overlapping. The calculation was based upon an 
analytical expression for the absorption due to 
Rowlands [7], and brief details are given in [4], The 
results at several energy values are shown in Table I, 
It will be seen that the Doppler effect is reduced by 
2asu resonance overlapping, and becomes negative 
just above 2 keV. This is explained by the change in the 
fine structure flux spectrum when the 2asu resonances 
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Table 1. Fractional Doppler changes in 23SU and 239Pu 
absorption between 300 and 600°K, for a dilute fast 

reactor 

Energy 2asu 239Pu 239Pu 

(keY) (no overlap) (no overlap) (overlap) 

0.2 0.151 0.050 0.041 
0.5 0.152 0.031 0.021 
1.0 0.134 0.019 0.008 
2.0 0.108 0.011 0.001 
5.0 0.071 0.005 -0.002 

10.0 0.046 0.002 -0.002 
50.0 0.013 0.0005 -0.0003 

broaden. Qualitatively similar results were obtained by 
Hwang [5]. The presence of 239Pu resonances was 
estimated to have a negligible effect on the 23SU 
Doppler change [4]. 

The effect of 238U resonance overlapping on the 
Doppler temperature coefficient of a large bare reactor 
was investigated very approximately in reference [4]. 
Using the same method, it has been estimated that the 
changes in LJAjA due to overlapping shown in Table 1 
would increase the magnitude of the overall negative 
Doppler coefficient by the order of 10 %. 

For the purpose of detailed multigroup theory cal
culations of the Doppler coefficient it is necessary to 
work with effective cross sections. In this connection 
Rowlands [7] has investigated analytically the problem 
of overlapping of two independent sequences of reson
ances. For each sequence he derives a narrow reson
ance (NR) flux weighting spectrum, which has been 
averaged over the position and sizes of the other 
sequence. This spectrum is then used to obtain effec
tive cross sections, defined as the average reaction rate 
for any given process, per absorber nucleus, divided 
by the average true flux, i.e., the flux with dips at the 
resonance positions of both sequences. It is found that 
the effective cross sections are given approximately by 
the same mathematical expression as if the presence of 
the second sequence were ignored. However, the total 
non-resonant scattering cross sections per atom, which 
appears as a variable, is increased by a factor which 
does depend slightly on the properties of the second 
sequence. 

Although the effective cross sections are thus ap
proximately unaffected by the presence of a second 
resonance sequence, this is not so for the reaction rates 
and flux spectrum themselves. In particular, the reac
tion rate for one sequence is reduced by a factor which 
accounts for overlapping and depends approximately 
on the properties of the second sequence only. In 
Part II, this result is discussed in relation to a thermal 
reactor problem. The Doppler coefficient for the type 
of dilute fast reactor under consideration is deter
mined primarily by the temperature dependence of the 
reaction rates. It will therefore be affected by reson
ance overlapping as shown in the above example. This 
overlapping is included in the effective cross sections 
obtained by Rowlands. 

While further investigation of the resonance over
lapping problem is required, including comparison of 
the various treatments now available, the important 
conclusions from the work so far done, is that there is 
no indication of an adverse effect on the Doppler 
coefficient of dilute fast reactors. 

Multilevel interference 

Some exploratory calculations have been made to 
assess the effect of using multilevel theory instead of 
single level theory, which is assumed in most fast 
reactor resonance absorption and Doppler investiga
tions. Multilevel theory introduces the characteristic 
asymmetry in the shape of a fission resonance due to 
interference from neighbouring levels, and this is 
observed in the resolved region. For simplicity the 
calculations were made for a pair of average reson
ances separated by the mean level spacing. The cross 
sections were calculated using Vogt's formulation of 
multilevel theory, with an approximate method of 
inverting the level matrix involved. The value of a 
certain multilevel parameter occurring in the theory 
was chosen to give maximum interference effect 
between the two resonances. Attention was confined to 
the J = 4 and J = 1 sequences of uranium-235 and 
plutonium-239 resonances, respectively, and mean 
resonance parameters were assumed. In particular the 
mean level spacings were taken to be 1 e V and 3 e V 
respectively. 

Two cases were investigated corresponding to a 
dilute fast reactor with plutonium-uranium oxide fuel, 
and a sample of uranium-235 as might be used in a 
Doppler measurement by the oscillator technique. 
Let dm and ds denote the Doppler reactivity change 
from a narrow energy group for temperature rise 300 
to 600 °K, according to multilevel and single level 
theory. The following table gives the calculated ratio 
dmfds at three energy values in the Doppler region.* 

Energy (keY) 
0.2 
0.5 
1.0 

Reactor (239Pu) 
1.006 
1.007 
1.010 

Sample (235U) 
1.12 
0.91 
0.81 

The results suggest that multilevel theory corrections 
may be negligible in the case of a dilute fast reactor, 
but are more important for a concentrated sample of 
fissile material. The greater effect in the latter case is 
due partly to the much stronger resonance self-shield
ing (small scattering cross section per atom), and 
partly to the smaller mean spacing of uranium-235 
resonances. 

In general, multilevel interference depends on reson
ance parameters and spacings of several neighbouring 
resonances, and a complete treatment for the un
resolved region would require an averaging over the 
appropriate statistical distribution of parameters. It 
should, therefore, be emphasised that the above 
results are intended to be illustrative only. 

* P. J. Collins, private communication. 
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A numerical method for fast reactor 
resonance problems 

The attempt to refine conventional methods to deal 
with the specific resonance problems of dilute fast 
reactors leads to considerable mathematical and com
putational difficulties. There is much to be gained by 
adopting a purely numerical approach which will 
allow automatically for resonance overlapping, Porter
Thomas fluctuations of resonance widths, multilevel 
interference, core heterogeneity, etc. A method along 
these lines has been developed by Brissenden and 
Durston (8], suitable for large digital computers. 

The basis of the scheme is to produce a library of 
Doppler-broadened cross sections fo.r each of the mani 
fissile and fertile isotopes at several temperatures, and 
tabulated at suitably fine energy intervals on magnetic 
tape (they will be actual, not "effective", cross 
sections). In the resolved region, known resonance 
parameters are used. For the unresolved region a 
Fortran code RESP has been prepared which selects 
widths and spacings for both s and p wave levels by 
random sampling from appropriate statistical distribu
tions, the mean values being provided as input data. 
A code GENEX uses the output from RESP to com
pute cross sections according to an approximate form 
of multilevel theory and also Doppler-broadens them. 
The cross sections are tabulated at about 150000 
energy points between zero energy and 20 keV. The 
interval of tabulation has been chosen to suit all iso
topes of current interest. 

A third computer programme SDR2 uses the cross
sections to calculate the detailed infinite medium 
neutron flux spectrum over the above energy range. A 
step-by-step method is used to solve the slowing-down 
transport equation, assuming either a constant 1/E 
source or an arbitrary, numerically prescribed, source, 
above 20 keV. The solution refers to a two region cell, 
using the collision probability technique. The cross 
sections of coolant and structural materials present in 
either cell region can include a limited number of 
resonances, so that for example the 2.85 keV resonance 
in sodium coolant can be taken into account. The flux 
and cross sections are then processed to give 47-group 
averaged cross sections for use in standard multigroup 
calculations, as well as detailed information on 
reaction rates. 

A preliminary test of the new method has been made 
and the results are shown in Fig. 1. They refer to a 
homogeneous mixture of carbon and 2asu in atomic 
proportions 30:1, and temperature 300°K. 44-group 
averaged capture cross sections for 2asu, covering the 
total energy range 30 eV to 20 keV, are plotted against 
energy. For the unresolved region above 1.8 keV, the 
s and p wave strength functions were taken to be 1.0 
and 2.3 x 10-4, respectively, and a chi-squared distri
bution with one degree of freedom was assumed for 
the neutron widths. The mean capture width and s 
wave level spacing were taken to be 0.025 eV and 
18.3 eV, respectively. 

For comparison, results obtained by a conventional 
method of calculating effective cross sections are also 
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Figure 1. Group capture cross sections for 2asu at 300°K in a 
30/1 carbonf23SU mixture 

shown in Fig. 1. They were computed by means of the 
ERIC code as described below, assuming a 1/E flux 
weighting spectrum. The agreement between the two 
methods is in general satisfactory, although certain 
discrepancies will be observed. The ERIC group cross 
sections in the. resolved region are higher than the 
GENEX values, since they are defined with respect to 
the unperturbed flux spectrum, instead of the actual 
spectrum as in GENEX. The low GENEX values at 
the beginning of the unresolved region are due to the 
omission of p wave resonances below 4 keV in this 
particular test. The new method is at present in the 
testing stage, and various checks on the numerical 
methods and data remain to be completed. 

PART II. THERMAL REACTOR INVESTIGATIONS 
Calculation of resonance integrals 

The resonance integral I is defined as the total 
resonance reaction rate per absorber nucleus, in a fuel 
element which is placed in an isotropic uniform neu
tron flux with 1/E energy-dependence. In the simple 
case of a two-region problem with all slowing-down by 
narrow resonance scatterers, the Chernick-Vemon 
collision probability formulation [9] gives 

I= J {(Pooapfuo) + (1 --Poo)}ua dE/E (1) 

Here Poo is the probability that a neutron which has 
just made a collision in the fuel region will also make 
its next collision in this region, while uo, up and ua, are 
the total, potential scattering, and absorption cross 
sections of the fuel per resonant absorber nucleus. 

In the method of Nordheim [10], equation (1) is 
integrated numerically, using tabulated values of Poo. 
An alternative method is to use a suitable rational 
approximation for Poo, which converts the problem 
into the simpler one of evaluating I for an infinite 
homogeneous medium. For example, the use of the 
Wigner rational approximation [11], for a simple 
convex fuel rod gives 

I=F(up+ue) (2) 

where F denotes the resonance integral for an infinite 
homogeneous medium, and ue = 1/ Nl where N is the 
number of resonant absorber nuclei per unit volume, 
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and lis the mean chord of the rod: this is the standard 
equivalence theorem. This theorem gives resonance 
integrals which are typically 10% too low. Bell [12] 
suggested the improved form 

l=F(ap+aae) (3) 

but indicated no method of determining the factor a 
other than by comparison of known homogeneous and 
heterogeneous resonance integrals. It has been shown, 
however, that a can be calculated theoretically by 
using improved rational approximations for Poo [13]. 
Analysis based upon the approximation proposed 
independently by Carlvik [14] and Fukai (unpub
lished): 

Poo = 2xj(x + 2)- xj(x + 3) (4) 

with x=ao/ae, showed that a=l.l6 should be a good 
value for systems of practical interest. It can be shown 
that the improved equivalence theorem (3) is valid 
under the assumptions of the intermediate resonance 
theory of Goldstein and Cohen [15], which is used in 
the calculations to be described. This theory is an 
improvement over the conventional narrow resonance 
(NR) and infinite absorber mass (IM) approximations. 

The application of the equivalence theorem (3) to 
the case of regular arrays and liquid-filled clusters of 
rods is also investigated in [13]. The basic problem is 

to determine the geometric quantity J, from which ae 

is obtained. J is defined generally in terms of Poo in the 
limiting case of large total fuel cross section 1:0, 

Poo= 1-1/Eo J + ... (5) 

For a simple convex body, J is the mean chord, equal 
to 4 V/ S, where V and S denote the volume and surface. 
For complex bodies, it is customary to work with the 

- -
effective surface Serr, defined by J = 4 Vj Serr, where J is 
given by equation (5). The problem of a regular lattice 
is treated in [13] by considering a cylindricalized cell, 
composed of a fuel rod surrounded by an annular 
moderator region. The isotropic scatter boundary con
dition of Askew and Brissenden [16] is used on the 
outer surfaces of the cell. The required collision 
probabilities for the·cell are obtained using the method 
of Bonalumi [17]. As an example, Fig. 2 shows the 
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Figure 2. Variation of Dancoff factor with 4V11:1/Sp for a square 
pin cell with V1Vo=1 

calculated variation of the Dancoff factor ( Serr/ S) with 
the moderator total cross section E1 for a two-region 
cell with V (moderator)= V (fuel). The results are in 
excellent agreement with Monte Carlo calculations 
made with the MOCUP code [18] for the actual square 
geometry, and which may be regarded as essentially 
exact. The use of a cylindricalized cell with a mirror 
boundary condition is obviously unsatisfactory. The 
Bell approximation, as might be expected, is adequate 
when E1 is small, but not otherwise. 

In order to apply the equivalence theorem (3), one 
must be able to calculate the resonance integral for an 
infinite homogeneous medium. A FORTRAN com
puter code ERIC [19] has been used for this purpose. 
In the resolved region the calculation is based on the 
intermediate resonance theory of reference [15]. In 
the unresolved region up to 10 keY, the narrow reson
ance approximation is assumed, and the resonance 
integral is calculated by averaging over the Porter-

Table 2. 23SU resonance integral for U02 fuel over energy range 4 eV to 10 keV, 
calculated by the ERIC code 

u 0 (barns) T(oK) 300 500 700 900 1300 J 700 2100 

5 9.064 9.395 9.654 9.871 10.232 10.532 10.794 
10 10.814 11.203 11.512 11.774 12.215 12.589 12.918 
15 12.261 12.708 13.065 13.371 13.892 14.337 14.732 
20 13.528 14.030 14.436 14.786 15.385 15.900 16.359 
25 14.672 15.228 15.681 16.074 16.750 17.334 17.855 
30 15.723 16.334 16.832 17.266 18.018 18.669 19.251 
35 16.702 17.364 17.909 18.385 19.210 19.926 20.568 
45 18.490 19.256 19.890 20.448 21.417 22.259 23.014 
55 20.109 20.975 21.697 22.333 23.441 24.403 25.267 

Uranium and oxygen scattering is treated by the intermediate resonance theory. 
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Figure 3. Variation of the 238U resonance integral Is for the 
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Thomas distributions of resonance widths. Both s 
and p wave resonance sequences are included. For fast 
reactor work, the code will calculate effective cross 
sections. Some computed values of the 2asu resonance 
integral Is for uranium oxide are given in Table 2, as 
a function of temperature and excess scattering cross 
section ae. Table 3 includes some similar data for 
235U. For the calculations in the section below, how
ever, it was convenient to use the self-shielding factor, 
defined as the ratio of the resonance absorption 
integral to its value for infinite dilution, and it is this 
factor which is tabulated. The calculated resonance 
absorption integral for infinite dilution is 304 barns, 
and the ratio of the capture to fission integrals is 0.9. 

For the problems investigated in the next section, 
calculations have also been made by the Monte Carlo 
method, using the MOCUP code [18]. This code 
tracks neutrons from the starting energy, 10 keY down 
to 4 eV, in the actual lattice geometry, and computes 
the total resonance absorption. From this quantity, 
the resonance integral can be obtained. A correction 
for resonance absorption above 10 keY has been 
applied to both the ERIC and MOCUP results, 
obtained by a separate Monte Carlo calculation. 

The use of equivalence theorems, in conjunction 
with tabulated data obtained from the ERIC code, 
provides a relatively rapid method of calculating 
resonance integrals for practical fuel elements. A com
parison of this method with Monte Carlo calculations, 
for the H20-filled uranium oxide rod cluster of the 
Steam Generating Heavy Water Reactor prototype 
[20], is shown in Fig. 3. The agreement gives strong 

Table 3. 235U self-shielding factor R5 against tempera
ture T and excess scattering cross section, ae 

"• (barns) T(oK) 300 900 1500 

100 0.507 0.554 0.580 
300 0.669 0. 715 0.739 

1000 0.828 0.861 0.877 
10000 0.974 0.980 0.983 
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support to the ERIC calculation of the 23BU resonance 
integral, and to the methods of reference [13]. 

COMPARISONS WITH EXPERIMENT 
2asu resonance integrals 

Calculations have been made by the ERIC and 
MOCUP (Monte Carlo) codes for comparison with 
the measured 2asu resonance integrals of Hell
strand [21], for single uranium oxide rods, and air
filled and D20-filled clusters. Such a comparison 
requires corrections to be made for several factors, 
including the effective energy range of the experi
mental measurements, and deviations from the 1/ E 
spectrum. The magnitude of these corrections has 
been carefully estimated using Monte Carlo methods 
to simulate the experimental situation [22]. In the 
ERIC calculations, the factor a in equation (3) was 

taken equal to 1.16. The geometric quantity J, which 
determines ae, was taken as the diameter for solid rods, 
and was calculated by the methods of reference [13] 

for the D20 clusters. For the air-filled clusters, J was 
obtained using the simple rubber band model. 

The ERIC results and experimental data for single 
oxide rods are shown in Fig. 4 as a function of (S/ M)l, 
where S/M is the surface-to-mass ratio. Values calcu
lated by Nordheim [10], using the numerical integra
tion method referred to in the first section of Part II, are 
also included. The agreement between theory and 
experiment is good. 

The ERIC results for some oxide rods and air-filled 
clusters are shown together in Table 4. The agreement 
with experiment is again good, except that the ERIC 
results for the 27 rod cluster lies just outside the 
experimental error. An account of the calculations for 
these systems, including also a comparison with the 
Monte Carlo results, is included in reference [23]. 

ERIC and MOCUP calculations of the 2asu reson
ance integral for two D20-filled clusters of oxide rods 
are compared with experiment in Table 5. The agree
ment is close for the 7 rod cluster, but the calculated 
values for the 19 rod cluster are rather higher than the 
experimental figure. 
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Table 4. 23SU resonance integrals (Is) for single rods of U02 and air-filled clusters. 
Comparison of Hellstrand's measurements with ERIC calculations 

Number of rods Rod radius Serr/M Ia (Hellstrand) Ia (ERIC) 
(em) ·(cm2/g) (barns) (barns) 

1 0.59 0.323 19.4 19.1 
1 0.78 0.249 17.4 17.3 
7 0.74 0.126 13.8±0.3 13.8 

19 0.74 0.085 12.1±0.3 12.1 
27 0.59 0.086 11.8±0.3 12.3 

Table 5. zasu resonance integrals (Is) for 0 20-filled clusters of U02 rods. Comparison 
of Hellstrand's measurements with ERIC and MOCUP calculations 

Number of rods Serr/M 
(cm 2/g) 

Is (Hellstrand) 
(barns) 

la(MOCUP) 
(barns) 

Is (ERIC) 
(barns) 

7 
19 

0.14 
O.ll 

14.5±0.3 
12.8±0.3 

14.6±0.3 
13.2±0.4 

14.4 
13.2 

Experimental measurements of the temperature
dependence of the 23SU resonance integral have been 
analysed on the assumption that 

l(T) =/(To) {1 + fJ(Tl- To})}, (6) 

where T is the absolute temperature, and To is equal 
to 239 °K. Calculations using the resonance integral 
data in Table 2 showed that over the temperature 
range 300 to 900 °K, the coefficient fJ for uranium 
oxide fuel could be expressed approximately as a 
linear function of the surface-to-mass ratio Sf M, 
namely 

fJ = 0.0057 + 0.0053 Sf M (7) 

for S/M in the range 0.1 to 0.5 cm2jg. 
The relation (7) is shown in Fig. 5, and is in good 

agreement with the measurements of Hellstrand et al. 
[24] for uranium oxide rods of various sizes. 

Shielding of 235U by 23SU resonances 

Experiments have been carried out at Winfrith to 
measure the shielding effect of 23SU resonances on the 
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235U and 239Pu reaction rates in thermal reactor fuel 
[25]. The epi-cadmium reaction rates in small 2asu and 
239Pu samples were measured at the centres of a 1.2 in. 
diameter natural uranium bar and a similar copper 
bar, placed in a uranium-graphite sub-critical assem
bly. Since the non-resonant part of the uranium 
absorption cross section is approximately the same as 
the copper absorption cross section between 0.5 and 
100 eV, the difference in observed reaction rates is 
mainly due to the shielding by uranium resonances. In 
the case of the 235U sample, one has to consider 235U 
self-shielding as well as shielding by 238U resonances. 
Further measurements were made with similar ura
nium bars of varying 2asu enrichment, and extrapola
tion of the results to zero enrichment enabled the 
shielding effect of the 238U resonances to be estimated 
separately. 

Calculations were made by both the Monte Carlo 
and ERIC methods for comparison with the experi
mental results. The Monte Carlo code MOCUP allows 
automatically for resonance overlapping. The ERIC 
code was modified to deal approximately with the 
problem. In the resolved region, pairs of neighbouring 
235U and 238U resonances were selected, and the 235U 
reaction rate was calculated assuming a smooth (1/E) 
variation of the collision density through both reson
ances. In the unresolved region, the calculations were 
made by a statistical averaging method, as used in 
some of the fast reactor studies. The following are pre
liminary estimates of the 238U shielding factor, i.e., the 
ratio of the resonance reaction rates in the fissile 
samples, with and without 23BU present: 

Experiment 
MOCUP 
ERIC 

2asu 
0.91±0.3 
0.896±0.024 
0.886 

239Pu 
0.91±0.03 
0.91 

It is interesting to note that 23BU shielding effect is 
nearly the same for both fissile isotopes. This result is 
consistent with the theory of Rowlands [7] for a 
mixture of two resonance absorbing materials. As 



SESSION 3.1 P/172 

noted earlier, he finds that the reaction rate in one 
material is reduced by a factor which depends, in the 
first approximation, on the properties of the second 
material only. The theory was developed, however, to 
treat the unresolved region in dilute fast reactors, and 
further work is necessary to test its accuracy in thermal 
reactor conditions. 

The implication of the observed 23BU shielding 
effect is discussed in reference [25]. It is concluded 
that it would be unlikely to affect significantly the 
reactivity of thermal reactors with fuel of low 235U 

enrichment, but might require small corrections to be 
made to the results of activation experiments. 

J. CODD et at. 11 

CONCLUDING REMARKS 
Comparisons with experiment and Monte Carlo 

calculations have shown that 2asu resonance integrals 
for complex thermal reactor lattices, as well as the 
shielding effect of 2asu on 235U and 23DPu resonance 
reaction rates, can be reliably predicted by relatively 
straightforward calculations for a homogeneous 
medium, provided accurate equivalence theorems are 
used to define the properties of this medium. 

In the case of dilute fast reactors, there is a need for 
experimental data, especially on fissile material 
Doppler effects, to checl.< the methods of calculation 
which have been developed. 
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ABSTRACT -RESUME-AH HOTAUIII.R-RESUM EN 

A/172 Royaume-Uni 

Etudes de !'absorption par resonance et du 
phenomene de Doppler pour Jes reacteurs 
rapides et thermiques 

par J. Codd et at. 

La premiere partie du memoire decrit certains 
travaux de recherche concernant !'absorption par 
resonance et le degre dont elle depend de Ia tempera
ture dans les reacteurs rapides a combustible dilue. On 
examine deux problemes particuliers en se referant 
specialement au coefficient de temperature de Doppler: 
le ohevauchement des resonances des constituants 
fissile et fertile du combustible, et les consequences de 
l'emploi de Ia theorie de resonance a niveaux multiples 
au lieu de l'habituelle theorie a simple niveau. On 
decrit ensuite une nouvelle methode numerique pour 

Ia zone d'energie de resonance des n!acteurs rapides a 
combustible dilue. Cette methode tient compte auto
matiquement du chevauchement des resonances et de 
la theorie a niveaux multiples aussi bien que de 
l'heterogeneite du creur, et elle permet de calculer le 
spectre detaille des energies de neutrons comprises 
entre 20 keY et les energies thermiques. Certains 
resultats d'un essai preliminaire de Ia methode effectue 
sur un melange homogene d'uranium 238 et de carbone 
sont compares aux calculs faits selon une methode 
classique. 

La deuxieme partie traite des calculs relatifs aux 
integrales de resonance pour les reacteurs thermiques 
heterogenes. On y explique l'emploi des theoremes 
d'equivalence, qui permettent d'appliquer a un 
systeme heterogene les resultats obtenus pour un 
milieu homogene. De Ia decoule une forme amelioree 
du theoreme d'equivalence usuel pour les barreaux 
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isoles de combustible solide. On discute de !'applica
tion des theoremes d'equivalence a des reseaux regu
Iiers ou des grappes de barreaux de combustible, en 
introduisant le concept de << surface efficace >>. On 
decrit ensuite dans- ses grandes lignes une methode 
servant a calculer ce parametre pour des reseaux ou 
grappes remplis de liquide. Les valeurs calculees de 
l'integrale de resonance et sa variation avec la tem
perature sont ensuite comparees aux donnees experi
mentales sur les barreaux et les grappes de uo2, ainsi 
qu'aux resultats obtenus avec la methode de Monte
Carlo. 

On etudie ensuite l'integrale de resonance dans le 
cas des isotopes fissiles lorsqu'ils sont melanges a 
!'uranium 238, en considerant particulierement l'effet 
du chevauchement des resonances. Les resultats 
numeriques sont compares aux vitesses de reaction 
relatives mesurees pour des echantillons fissiles dans 
des barreaux d'uranium et de cuivre irradies dans un 
reseau de graphite avec combustible uranium. 

A/172 CoeAHHeHHOe KoponeecTeo 

l-1ccneAOBaHHe peaoHaHcHoro norno
LJ.leHHH H AOnnneposcKoro 3clJclJeKTa a 
peaKTOpax Ha TenJIOBbiX H 6biCTpb1X 
HeHTpOHaX 
,D,m. Kop,p, et al. 

IlepBh.lH pa3;].CJ.l j.J,OKJIU~J,a UUCBHIJ..\CH IIIUICUHlUO 
ueKOTopLix uccJie,r.t.onaHnii. peaoHancHoro rrorJioiD;e
HHH H ero aaBHCHMOCTJI OT TeMIIepaTyphl B pean
Topax ua 6LicTpLix neiiTponax c paa6anJieHHhBI 
TOIIJIHBOM. 06cyii\,U.3IOTCH ,U.Be CIIC~U3JJhHhlC npo6-
JieMhl, :KaCaiOID;HCCH fi:ODllJiepoBCKOrO TeMuepaTyp
HOrO Koa«fl«flun;ueHTa: naJiomeHHH peaoHaHeoa ,u.e
JIHID;HXCH MaTepuaJIOB, COCTaB BTOpli'IHOrO HLJ.Cp-· 
HOrO TOJIJIHBa H TIOCJICJ~CTBHH HCIIOJih30BHHUH pe-
30HaHCHoii. TCOpliH C MHOrHMH ypoBHHMll BMCCTO 
o6hl'IHOii peaoHaHCHOii TeopHH C o,.rt;HiiM ypoBHeM. 
OnucaH HOBhiM ~IHCJieHHhlM MeTOA o6pa6oTRH npu
MeHHTCJibHu 1> o6JiaCTll pe30HaHCHOli 3HeprliH ,U.JUt 
pea:KTopon na 6LicTpbiX nenTponax c paa6anJieH
HhiM TOJIJflfBOM. 9TOT MeTO,U. aBTOMHTJPICCJOl UO~
XO,[t;HT ,U.JJH CJiy'laH HaJIOJI\eHHH peaoHaHCOB, TCO
pHH C MHOrHMJI ypoBHHMil, a TUKJI\e ,U.JUl reTepo
I'CHHoii aKTHBIIOii aonhi. MeToH uuanomieT Bhi'IHC
J!HTL C ,[t;OCTaTO'IliOii TO'IHOCTI>lO :meprcTli'JcCRHii 
CHeKTp neihpOHOB B UHTepBaJIP OT TCilJIOBOii 3Hep
f'lllf ,.rt;o 20 nae. IIpnno;~nTCH cpanuenHe npep;na
puTeJihHhiX peayJII>TaTOB, HIJJIY'ICHHbiX ;)THM Me
TO,U.OM, ,r.t.JIH roMoreunoii cMecu U 238 n rpatpnTa c 
peayJibTaTaMJI paC'ICTOH o6hi'IHhiM MCTO)J;OM. 

Bo BTopoM paa,r.t.eJie ,r.t.oKJiaJ~a ~~aiOTCH pac'ICThl 
peaonaucuwx HHTerpanon ;(JIH reTeporenHhiX pe
a:KTopoB na renJioBbiX neH:Tpoiiax. Oo'b.RCHReTcH 
HCHOJIL30BaHue 31\BHBaJieH'rHbiX TeopeM, noaHOJIH-
1011.\HX HpHMCHHTL fl:aHHbie ,T~JIH fOMOI'CHHOH Cpe
,U.bl K pacqery reTeporeHHhiX cucreM. Onpe,u.eJieHa 

6oJiee conepmenua.R «flopMa craup;apTnoii :mnn
nanenrnon reopeMLI ,r.t.JIH uaoJiuponaHHLIX TBep
AhlX TCilJIOBhl)J;CJI.RIOID;HX CTepmneii. 06cyil\fl,UCTCH 
npuMeueuue aKBHBaJieHTHhlX reopeM ,.rt;JIH pac'leTa 
rrpaBHJibHhlX CHCTeM HJJH orpaHH'IeHHhlX c6opon 
TeHJIOBbi,U.eJIJIIOID;liX 3JieMeHTOB, BBO)J;HTCJI I!OHHTJIC 
«aQ>«fle:KTHBHaa nonepxuocTh». Orrucau MCTO,r.t. pac
•JeTa aroro rrapaMeTpa ,.rt;JIH cncTeM c mu,r.t.RHM aa
uoJiueutieM u c6opo:K. PaeqeTuhle aua'lenua peao
nancnoro HHTerpaJia u ero aaBHCHMOCTh oT TeM
rreparypLI cpaBHHBaiOTCH C 3KCIIJiyaTaD;JIOHHhlMI1 
peayJILTaTaMn p;JIH crepmuej,i " c6opoR ua ,u.ny
oKucu ypana, a TaRme c fl.aHHhtMu, nonyqeuHLIMu 
no MeTo,u.y MouTe-1\apno. 

IIponep;eHLI uocJie,r.t.onaHHH pt•aouancuoro nHTe
t'paJia P.JIH cMecii ll;eJianvtxca naoTorron u 0 238 

c yqeroM a«fl«fleKTa HaJiomeHuH peaouaucon. Pe
ayJibTaThl, nonyqeuuhle 'IHCJieHHhiMH Mero;~aMH, 

cpaBHHBaiOTCJI C JI3MepeHIUIMU OTHOCJITCJibHbiX 
eKopocTen peaR~uu ,r.t.JIH o6paa~oB ,.rt;eJIHI~e
rocH MaTepHaJia B ypaHOBbiX H Me,U.HbiX 6JIORaX, 
o6JiyqeHHhlX B ypan-rpa«fluTonoii perneTKe. 

A/172 Reino Unido 

Estudios de absorci6n de resonancia y efecto 
Doppler en reactores rapidos y termicos 

por J. Codd et a/. 

La primera parte del documento describe algunas 
investigaciones sobre absorcion de resonancia y su 
dependencia de la temperatura, en reactores nipidos 
diluidos. Se tratan dos problemas particulares con 
especial referenda al coeficiente de temperatura 
Doppler: la superposicion de resonancias de los com
ponentes fisibles y fertiles del combustible, y las 
consecuencias de utilizar la teoria de resonancia de 
muchos niveles en Iugar de la teoria habitue} de un solo 
nivel. Se describe un nuevo metodo numerico para 
tratar la region de energia de resonancia de reactores 
nipidos diluidos. Este metodo tiene en cuenta auto
maticamente Ia superposicion de resonancias y la 
teoria de muchos niveles asi como la heterogeneidad 
del nucleo, y permite calcular el espectro detallado de 
energia de neutrones entre 20 keY y energias termicas. 
Se comparan algunos resultados de una prueba pre
liminar del metodo, para una mezcla homogenea de 
uranio-238 y carbono, con calculos hechos usando un 
metodo convencional. 

La segunda parte aborda los calculos de las inte
grales de resonancia en react ores termicos heterogeneos. 
Se expone el uso de los teoremas de equivalencia, que 
permiten aplicar a un sistema heterogeneo los resul
tados obtenidos para un medio homogeneo. Se deduce 
una forma perfeccionada del teorema normal de 
equivalencia, para barras aisladas de combustible 
solido. Se discute la aplicacion de los teoremas de 
equivalencia a sistemas regulares o haces finitos de 
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barras de combustible, introduciendo e1 concepto de 
<< superficie efectiva )>. Se esboza un metodo para cal
cular este panimetro para sistemas con carga liquida o 
haces de barras. Se comparan despues los valores cal
culados de la integral de resonancia y su dependencia 
de la temperatura, con datos experimentales de barras 
y haces de U02, y tambien con resultados obtenidos 
por el metodo de Monte Carlo. 

J. CODD et at. 13 

Se hace un estudio de la integral de resonancia para 
nuclidos fisibles mezclados con uranio-238, con par
ticular atenci6n al efecto de superposici6n de resonan
cias. Los resultados numericos se comparan con 
medidas de las velocidades relativas de reacci6n de 
muestras fisibles en barras de uranio y cobre, que 
fueron irradiadas en una red de grafito con com
bustible de uranio. 
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Neutron thermalization and reactor applications 

By J. R. Beyster,* N~ Corngold,** H. C. Honeck,** G. D. Joanou* and D. E. Parks* 

The design of thermal reactors has often been based 
on approximate treatment of the nuclear physics and 
on extensive experimental tests of critical and exponen
tial assemblies to determine or adjust reactor para
meters. Recently, however, it has become important 
to improve our understanding of the physical phe
nomena occurring in reactors in order to develop 
reliable computational procedures for optimizing 
reactor design. These procedures require detailed 
knowledge of all relevant neutron cross sections, and 
reliable methods of predicting thermal reactor neutron 
spectra. The demand for cross sections of sufficient 
accuracy for reactor. analysis is being answered by 
careful measurement [1]. However, the problem of 
predicting thermal reactor spectra under all spatial and 
temperature conditions likely to be encountered in a 
physical system requires in addition an understanding 
of thermal neutron scattering. A great deal of progress 
has been made in the last few years in developing this 
understanding. It is the primary purpose of this paper 
to describe these advances and their significance from 
the standpoint of reactor technology. 

Underlying the earliest descriptions of thermal 
neutron scattering and spectra was the fact that the 
first reactors were very well thermalized (gEs/Ea"?> 1). 
As a consequence, it was useful and expedient to con
sider a Maxwellian distribution of thermal neutrons at 
a temperature Tn differing only slightly from the actual 
temperature of the moderator [2]; 

Tn = T [t +A Ea(kT)] 
gEs 

(I) 

One could presumably determine the value of the 
dimensionless coefficient A by measuring the activa
tion of 1/v-foils by neutrons belonging to the spectrum 
under investigation. This description of the spectrum 
is of little use for Ea(kT)jgEs ;?:0.1, or when the spec
trum is appreciably influenced by resonance absorbers. 
Also, there is the difficulty caused by the absence of a 
well-defined transition energy above which slowing
down theory is valid and below which the spectrum is 
Maxwellian [3]. This latter difficulty is overcome in 
the Wilkins [4] and Wigner-Wilkins [5] theories of 
thermal neutron scattering in which the moderator is 
considered to be an ideal gas consisting of heavy 
nuclei or protons respectively. However, detailed 

* General Atomic. 
** Brookhaven National Laboratory. 

theoretical and experimental studies of neutron 
thermalization have shown that these simple models 
are not usually adequate for reactor design calcula
tions, and scattering cross sections which embody the 
characteristic crystalline and molecular properties of 
the moderator are necessary. Subsequent sections of 
this paper discuss theoretical procedures for calculat
ing these scattering cross sections, the experimental 
tests performed to assess the adequacy of the pro
cedures, and the sensitivity of typical reactor calcula
tions to the scattering description. 

THEORY 

The general theory of neutron thermalization by 
chemically bound systems is based on the Fermi 
pseudo-potential approximation [6, 7,8,9]. For therm
alization studies, the fundamental cross section of 
interest is the differential cross section a(Eo,E,B) for 
energy transfer from an initial energy Eo to a final 
energy E through an angle () in the laboratory system. 
For an isotropic moderator at temperature T consist
ing of a single atomic species of atomic mass M, this 
cross section can be expressed in the form [10]; 

a(Eo,E,B) = -
1
- J( E) e -~ abS(a,fJ) 

41TT Eo 

= 4!rJ(!)e-~[abSs(a,f3)+acSd(a,f3)] (2) 

where ab is the bound atom cross section, ac is the 
bound coherent cross section, a =(Eo+ E- 2y'(E0E) 
cos B)jMT, {3= (Eo -E)/T, (11 =k =neutron mass= 1). 
S(a,{J), the scattering law is a function of only the two 
variables a and {3. The self part S8(a,f3) represents the 
scattering of a neutron by a single atom in the inter
atomic force field of all its neighbours while the distinct 
part Sd(a,{J) represents the effects of interference 
between neutron waves scattered from different atoms. 
Several physical and mathematical approximations 
are generally introduced to reduce the problem of 
calculating a(Eo,E,B) to a tractable form. The first 
approximation considered is that of neglecting inter
ference effects in the inelastic scattering of neutrons. 
Marshall and Stuart [I I] and Butler [12] have made 
calculations which show that interference effects are 
generally a small part of the inelastic scattering. Thus, 
it is expected that interference phenomena in inelastic 
scattering will have a small effect on most neutron 
spectra. For elastic scattering the interference effects 
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Table 1. Characteristics of some scattering kernel codes 
Allowed form of p(/3) 

Code name Installation Computer Continuous fu~~~}~n D~~~~~~e Anisotropy Moderators 

ROBES PIERRE GA 7090 No 
GAKER BNL-GA 7090 No 
KERNEL PAM KAPL S-2000 No 
SUMMIT GA 7090 Yes 
SUMMIT Il GA 7090 Yes 

7044 
LEAP PIXIE Winfrith 7090 Yes 

GASKET GA 7090 Yes 
7044 

are dominant except for hydrogenous moderators. 
These considerations result in the incoherent approxi
mation for inelastic scattering in which for solids 
Sd(a,fJ) is replaced by its elastic part, sdel (a,f3), which is 
easily calculated. sdel in the latter case gives rise to the 
well-known Bragg peaks in the scattering cross section. 
The Bragg effects are unimportant for most reactor 
spectral calculations but must be considered in the 
interpretation of the decay of a thermalized pulse in a 

. finite medium. 
S8{a,f3) which depends rather sensitively on modera

tor atomic motion, has a significant effect on thermal 
reactor spectra. Fortunately, this effect is not so pro
nounced as to require a completely detailed description 
of moderator atomic motions. Most calculations of 
S8(a,fJ) for moderators have as their basis [10]; 

1 +oo 
Ss( a,fJ) = - J I( a;r) eiPT dT 

21T- co 

with I(a,T) given by the Gaussian approximation; 

{ 

+oo p({3) 
/(a,T)=exp -a I"' f3sinh(fi/2) 

(3) 

x [cosh (fi/2) -cos th] df3} (4) 

The entire dependence of the neutron scattering on the 
motion of moderator atoms is contained in p(/3) or 
equivalently p(w), where w = Tf3jli. In the case of a 
harmonically vibrating solid, p( w) is identical with the 
frequency distribution or density of modes of lattice 
vibrations. For other systems such as liquids, the in
terpretation of p( w) as a density of modes is not a 
rigorous interpretation. The form (4) of the Gaussian 
approximation is verified by many of the exactly 
soluble physical models; (a) the ideal gas (as a limiting 
case), (b) a system of isotropic Einstein oscillators, 
(c) a simple cubic crystal with one atom per unit cell 
and (d) the diffusing atom model of a monatomic 
liquid. 

In a real physical system, there are always effects 
which cannot be rigorously accounted for within the 
framework of the Gaussian approximation. Among 
these effects are the anharmonic vibrations in solids 
and molecules, the free or hindered rotations of a 

Yes No No H20, 020, CH2 
Yes No No H20, 020, CH2 
Yes No No H20, 020, CH2 
No No Yes Graphite 
No No No ZrH, CH2, C!iHr. 

C, Be, BeO 
Yes Yes No C, 020, BeO, Be, 

H20 
Yes Yes No All moderators 

semi-rigid molecule, and the anisotropic but harmonic 
vibrations of atoms in a polycrsytalline material. 
Although the corrections to the Gaussian approxima
tion are expected to have a rather small effect on 
neutron spectra, detailed calculations of the magnitude 
of these effects exist only for the cases of anisotropic 
motion of the atoms in carbon [13] and water [14]. 

The results given below show that with a physically 
realistic p(w), the Ss(a,f3) calculated on the basis of the 
Gaussian approximation leads to agreement between 
many theoretical and experimental reactor design 
quantities. The same agreement cannot generally be 
obtained by rigorous application of the free gas or 
heavy gas models. Many of the codes that have been 
developed for calculating scattering law or scattering 
kernels are listed in Table I. 

EXPERIMENTAL COMPARISONS 

The frequency distribution p(w) for many of the 
common moderators has been obtained as a result of 
studies of double differential neutron scattering, lattice 
dynamics, Raman and infrared spectroscopy and 
specific heat (see section immediately below). Other 
experiments of a more integral nature help establish 
the adequacy for reactor design of these frequency 
spectra and the scattering cross sections derived there
from (see section on integral data comparisons). 

Determination of p(w) 

Here we discuss some of the techniques for measur
ing the frequency distribution p( w ). Although the com
plete determination of p( w) usually depends on theo
retical considerations using data from more than one 
type of experiment, this discussion is limited to tech
niques of neutron spectroscopy. One method of deter
mining p(w) is to measure the one phonon incoherent 
scattering [15] cross section which is directly propor
tional to the frequency spectrum for crystals having 
simple cubic symmetry. This procedure is not generally 
useful since only vanadium, hydrogen, and certain 
special alloys scatter almost completely incoherently. 
A more efficacious technique is to measure the dis-

persion relations [16] ;{k) versus k where k is the 
phonon wave vector, by observing the one phonon 
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Figure 1. Frequency spectrum of beryllium 
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coherent scattering of monoenergetic· neutrons in a 
crystal symmetcy direction. From this the force con
stants in a particular model for the atomic binding in 
the lattice can be calculated to determine p( w) [17]. The 
frequency spectrum of beryllium [18] determined by 
this procedure is shown in Fig. 1. A frequently used 
method of determining p( w) utilizes the scattering law 
S(a,f3) [10] measurements. The limit a--+0 of S8(a,f3) is 
proportional to p(f3) and this serves as a basis for 
determining p(f3) by extrapolating measured values of 
S(a,f3)/a toward a= 0 for fixed {3. A significant diffi
culty sometimes arises, however, since S(a,{3)~ Ss(a,f3) 
only for large values of a, whereas the extrapolation 
often must proceed from small values where interfer
ence effects are at a maximum. In addition, measure
ments of S(a,{3) often do not have sufficient accuracy. 
In Fig. I the frequency distribution derived from the 
extrapolation technique [19] is compared with p(w) 
determined from accurately measured dispersion rela
tions. In Fig. 2 two frequency distributions for 
graphite, which are currently used in reactor analysis 
are shown; (a) an approximate theoretical calculation 
of p(w) of Yoshimori and Kitano [20,13] and (b) p(w) 
derived from the scattering law [19]. It would appear 
that significant discrepancies exist between various 
determinations of frequency distributions. Proposed 
frequency spectra exist for most of the other common 
moderators including HzO [22], D 20 [12], BeO [19], 
CHz [19], ZrH [21] and many other materials [23]. 
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Figure 2. Lattice frequency spectra for graphite 
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Figure 3. Variation of H20 total cross section with inverse 
neutron energy 

Although some of the frequency spectra are not 
accurately determined, they are known well enough 
for many reactor design calculations. For example, 
typical reactor spectra [18] calculated by using the two 
different frequency spectra proposed for the beryllium 
lattice in Fig: 1 differ in shape by about 10 %. 

Integral data comparisons 

From the standpoint of reactor design it appears 
that only certain important properties of a moderator 
need to be predicted reasonably accurately. These 
include, for example, the total neutron cross section, 
the transport cross section or differential scattering 
cross sections, infinite medium or scalar neutron flux 
spectra, and/or Mz (the second energy moment). These 
quantities mainly depend on the Po and P1 scattering 
matrices. Calculations at several laboratories have 
indicated that higher order scattering has little effect 
on the thermal neutron spectra and transport. 

Spectral and cross-section comparisons 

The total cross-section experiment for some of the 
common moderators has been performed with suffici
ent accuracy over the required energy range to provide 
a meaningful test of the scattering description. In 
Fig. 3, a recently measured total cross section of 
water [14] can be seen to agree quite well with the 
predictions of the bound hydrogen atom model for 
water. Similar results are available for other common 
moderators. 

An integral experiment which is usually quite sensi
tive to the Po energy transfer cross sections is the quasi
infinite medium neutron spectrum measurement. 
Experimental results are compared with calculations 
using the neutron diffusion equation; 

£m 
(}}(£) + DB2)</>(E) = f </>(E')l}s(E' --+E)dE' +S(E) 

0 

where D is the diffusion constant, B2 is the local 
buckling and is purposely made as small as possible, 
S(E) the epithermal source contribution and Em an 
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Figure 4. Infinite-medium neutron spectra in borated water as a 
function of moderator temperature 

upper energy limit in the slowing down energy region. 
Results from a typical series of temperature dependent 
spectral experiments {14] in H20 are compared with 
calculations in Fig. 4. Similar comparisons included 
those made for water with various resonance absorb
ers [24,25], graphite poisoned with Ifv and resonance 
absorbers [26,27] and 020 [14,26], CH2 [24,28], BeO, 
C6 H6, and ZrH [14], all poisoned with Ifv absorber. 
The effect of resonance absorption· in the energy 
region 0.07 to 0.5 eV on neutron spectra affords a most 
stringent test of the scattering model. It is apparent 
from the studies of infinite medium spectra that 
scattering kernels based on the current state of our 
knowledge of p(w) can be utilized to make predictions 
with reasonable accuracy. 

Several techniques have been used to test the trans
port properties of scattering kernels including measure
ments of angular flux .P(E,x,JL) in a finite one
dimensional medium, of differential scattering cross 
sections, and of spectra in reactor lattices. Figure 5 
shows a well-defined experimental geometry and the 
angular flux spectral results for this thin 1/v poisoned 
water slab. These spectra were calculated [14] using 
the Sn method of solving the neutron transport equa
tion (GAPLSN). The Po and P 1 scattering matrices 
and epithermal source terms were necessary for the 

l~r-~,-rn--r-,.,.-,--.,,.-,-,-,n-1 

10oL--L~-LLL~--~LWL-~-L~~~~~~~ 
0.001 0.01 0.1 10 
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FigureS. 90° angular flux in a 4 in slab of borated water 
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Figure 6. Thermal spectra measured in interface assembly 

solution of the problem and the bound hydrogen 
kernel for water was used. Completely satisfactory 
agreement has not been attained as yet on this one
dimensional problem possibly because of the difficulty 
of creating a perfect one-dimensional configuration. 
In addition Fig. 6 shows results for a one-dimensional 
graphite interface problem [29]. Measurements were 
not made in the direction of the flux gradient as in the 
previous case. It appears from the space dependent 
experiments conducted to date that angular flux 
spectra measured in the direction of large flux gradi
ents are the most difficult to predict, and these cases 
are often of great concern to the reactor designer. 

Another method of testing the angular portion of 
the scattering kernel is to measure a(E,JL) [30] the 
scattering angular distribution. Recent results for 
water [14] are compared with theory based on the 
bound hydrogen model in Fig. 7. The experimental 
results, from which multigroup diffusion constants can 
be derived for reactor analysis, agree well with theory 
except at forward angles above a few tenths eV neutron 
energy. 

Thermal neutron spectrum experiments in reactor 
lattices [31-34] yield results which are generally quite 
sensitive to the neutron transport. This experiment, 
however, is difficult to perform under clean experi
mental conditions because beam extraction can per
turb the flux in the lattice. Interpretation is difficult 
since a highly directional flux is obtained which is not 
simply related to the scalar flux [35]. Recent work in 
large 020 lattices [34] has overcome some of these 
difficulties by using a scatterer to extract a beam. The 
experimental problem still remains in small H20 
lattices. 

Transient phenomena 

Typical reactor spectra may be characterized by 
their "slowing-down" and "thermal" components, 
while the spectra obtained in most pulsed and ex
ponential experiments lack the slowing-down com
ponent. These experiments are nevertheless useful in 
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Figure 7. Measurements and calculations of the differential cross 
section of water 

testing models for scattering kernels, and in providing 
averaged diffusion parameters for use in few-group 
theories. The analysis of the pulsed neutron source 
experiment [36] in a subcritical medium is based upon 
the representation; 

~-+ -+-+ 
N(r, v,t) "./f.kNk(r, v) ewkt (5) 

which, for a system that is not too small, gives a scalar 
flux; 

lim J dQN(7,-;,t}·..-Uo(7) l::kNk(v2) e-Akt-+Uo(i) 
t .j. co 

XNo(v2)e-Aot (6) 

With 1/v absorption, measurements of the variation 
of .\o with buckling (B2) give the Maxwellian average 
of VAtr(v) and the cooling coefficient, C (which is 
related to the inelastic part of the scattering kernel). 
Discrepancies between theory and experiment are 
most apparent at iarge B2 (small samples). In H20, 
measurements of C range from 2900 to 4800 cm4jsec, 
in graphite from 12 to 41 x 105 cm4fsec, and in beryl
lium from 1 to 4 X 105 cm4fsec. There are two diffi
culties which have to be overcome. First, in the case of 
the coherent, crystalline, and relatively heavy modera
tors, it is not clear that the experimenter has been 
observing the asymptotic mode {36]. Second, the 
smallest samples considered have bucklings such that 
B(Atr) lies in the range 0.1 to 1.0. Thus, the data 
that are most important in determining C are subject 
to large (and, at present, undetermined) transport 
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corrections. Indeed, one finds curves of A.o versus B2 
which are different for water samples having different 
shapes ("square" and "flat"), yet are characterized by 
the same bucklings [24,37,38]. This difficulty will be 
aggravated in the case of coherent moderator materials 
where (,\tr) increases as the sample size decreases. 

Recent theoretical analysis of the pulsed source 
experiment has indicated additional difficulties [39-41 ]. 
The ,\k are eigenvalues of .the unbounded scattering 
operator; 

S Nk(v2) = J dv'[v' l78(v',v)- v l78(v,v')]Nk(v'2) {7) 

whose spectrum appears to consist of a set of discrete 
points, and a continuous set bounded from below by 
( vL's)mtn· When the space-distribution is proportional 
to exp {i B·r) one sees [42] that A.o must be less than 
v(L's + L'a)mtn, and that for sufficiently large B2 no 
fundamental mode exists. Nevertheless several experi
ments performed on crystalline materials give results 
which violate this limit. While it is possible that a 
rigorous transport treatment of the Boltzmann equa
tion will undo this contradiction, it is apparent that 
the experiments should be repeated and verified. 

Some measurements and calculations of .\1 for H20 
have been reported [36]. Though data are few, calcula
tions have been refined considerably [41,42] and show 
that simple M2 expressions for ,\ and C [36] can be in 
error by as much as an order of magnitude. It is also 
likely that a discrete ,\1 will not be observed in the 
common crystalline moderators [43]. 

The analysis of the thermal neutron diffusion-length 
experiment gives similar results. Here; 

(8) 

where the F1 are eigenfunctions of an operator closely 
related to equation {6). Again the spectrum of eigen
values contains a discrete and a continuous portion, 
the latter setting in at K = (.E8 + L'a)min [42,44]. In a 
1/v system, the expansion of Ko in powers of v.Ea again 
yields (VAtr) and C. Since the experiments are 
always carried out in "large" geometry, the difficulties 
associated with transport boundary conditions are 
avoided. The most succe'ssful experiments to date 
have been those performed in H20 [45]. 

In another group of experiments [46,47], transients 
are induced by spatial discontinuities-in temperature 
and composition. The distributions are far from 
asymptotic, and an analysis via Eq. (8) appears unwise. 
It is based instead upon an expansion in terms of non
orthogonal energy modes which have Maxwellian 
shape, but different characteristic temperatures. Among 
the results are "rethermalization cross sections", 
which characterize the spatial relaxation of the neutron 
spectrum. 

There are unanswered questions connected with 
much that we have sketched here, and, these issues will 
be pursued in the future. There is also promise at 
present of direct practical applications of pulsed 
neutron techniques in the analysis of multiplying 
assemblies [14,48-50]. 
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Table 2. Characteristics of some thermalization codes 

Code name Installation Computer Language Angular Geometry Energy Scattering Anisotropic 
representation representation kernels scattering 

MARC BAPL S-2000 TAC Monte Carlo Slab, Hexagonal Monte Carlo Arbitrary P1 
lattice 

TRAM KAPL S-2000 TAC Monte Carlo Arbitrary Monte Carlo Arbitrary Pa 
CASINO SRL 704 FORTRAN Monte Carlo Hexagonal Monte Carlo Brown-St. John Poo 

lattice 
WDSN Winfrith 7090 FORTRAN DSN Cylinder Multigroup Arbitrary No 
GAPLSN GA 7090 FLO CO DSN Slab, cylinder, Multigroup Arbitrary Poo 

sphere 
THERMOS BNL 7090 FORTRAN Int. Trans. Slab, cylinder Multigroup Arbitrary No 
TET DTMB 7090 FORTRAN Disc. Ords. Slab Multigroup Arbitrary Ps 
SLOP-1 BAPL 704 SAP P1, Ps, DP1 Slab, cylinder, Multigroup Arbitrary Pa 

sphere 
ULCER AI 7090 FORTRAN PI Slab, cylinder, Multigroup Arbitrary Px 

sphere 
SWAKRUM KAPL 704 FORTRAN, P1, Ps, DPx Slab Few modes Arbitrary Pa 

SAP 
SPECTROX Winfrith Mercury Amouyal's Cylindrical cell Diff. Eq. Generalized No 

Method heavy gas 
KATE-I BAPL S-2000 TAC Infinite medium Diff. Eq. H. gas No 
TEMPEST-II AI 7090 FORTRAN Infinite medium Diff. Eq. H gas or No 

heavy gas 
GATHER-II GA 7090 FORTRAN Infinite medium Multigroup Arbitrary P1 

Fourier transform 
QUICKIE AI 7090 FORTRAN Infinite medium Multigroup Arbitrary Pi 
GAZE-II GA 7090 FORTRAN 

7044 
GAMBLE GA 7090 FORTRAN 

7044 
S-X HAPO 7090 FLO CO (P1)SN 

THERMAL REACTOR. CALCULATIONS 

A variety of techniques (Table 2) have been used to 
compute thermal neutron spectra in reactors [51]. 
These methods include diffusion theory combined 
with a heavy gas kernel, multigroup transport theory 
with crystal or bound atom kernels [52, 53], and Monte 
Carlo methods [54]. The diffusion theory methods are 
most applicable to large media with smoothly varying 
properties (an homogenized reactor), while the trans
port theory methods are needed for small highly 
absorbing regions with sharp material discontinuities 
(reactor cells), or when angular distributions are 
important (strong flux gradients). 

The principal approach is the multigroup method 
in which the energy region below a cutoff (usually 
around 1-2 eV) is divided into groups. If many groups 
are used, and 30-50 is common, the spacing of the 
groups is not critical (except when resonance absorbers 
are present) and it is a good approximation to evaluate 
all quantities at the center of the group rather than 
averaging over the group. If few-groups are used, it is 
generally necessary to first compute a many-group 
spoctrum and average the kernels and cross sections 
over the few-groups. The resulting few-group kernels 
are applicable only to the class of problems determined 
by the weighting spectra. Next the kernels Es(E'~E,J-t) 
must be evaluated for the selected energy mesh. Most 
applications require the Legendre components of the 
kernel Esn(E' ~E). A variety of computer codes have 
been written to compute the Legendre component 

Slab, cylinder, Multigroup Arbitrary No 
sphere 
x,y Multigroup Arbitrary No 
r, z 
Slab, cylinder, Multigroup Arbitrary Pi 
sphere 

scattering matrices [51]. Examples of typical reactor 
calculations which show the sensitivity of the results 
to scattering models are given in the next two sections. 

H20, 0 20, and CH2 lattice calculations 

Many of the same techniques have been used to 
compute thermal spectra in light and heavy water 
lattices and polyethylene lattices. The kernels most 
frequently used are the Nelkin kernel (22, 55, 56], the 
free gas kemel(51] and the Brown-St. John kernel (57]. 
The methods used to solve the transport equation 
include Monte Carlo (54, 58], Sn [59], and integral 
transport methods [36, 51]. We will consider the 
lattice parameter g (disadvantage factor), .f (thermal 
utilization), 'YJ (neutrons produced per neutron 
absorbed in the fuel), £2 (thermal migration area) and 
reaction rates. 

Let us characterize the scattering kernel by its trans
port cross section and M2 (essentially the zeroth and 
second energy transfer moments of the kernel), and 
discuss the sensitivity of the lattice parameters to them 
for a typical lattice [51]. The lattice is composed of 
l in uranium plates (1.25% enriched) in light water. 
Measurements and calculations of the disadvantage 
factors and average moderator velocity have been 
made as a function of water to uranium ratio W/ U for 
this lattice. The slopes of the ~ curves are determined 
by the energy variation of the transport cross section; 
the level is determined by both the transport cross 
section and by M2. In this example the g predicted by 
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Table 3. Effects of crystalline binding and nuclide concentration on thermal« cross sections 

Moderator temperature, "'K ~ 300 ... ~ 1200 ,..~--- 1200 ___ ,.. 
Carbon to 235U ratw ~ 4000 ... ~ 4000 ... ~----00 ,.. 

Carbon to Pu ratio ~ 00 ... ~ 00 
Scattermg Model Crystal Free gas Heavy gas Crystal Free gas 

... ~--- 2000 ___ ,.. 
Heavy gas Crystal Heavy gas 

a (barns) %Diff. %Diff. a (barns) %Diff. %Diff. a (barns) %Diff. 

2asu Absorption 321 +14 +17 227 + 1.0 +1.5 99.3 -8.7 
239Pu Absorption 940 -1.0 -1-1.7 1340 -0.22 +0.22 489 -8.8 
240Pu Absorption 1100 +11 +5 982 +0.11 +1.6" 1940 +64 
135Xe Absorption . 1540000 +7.4 +11 800000 +1.8 +2.0 187000 -22 
149Sm Absorption 41800 -3.6 + 1.1 25300 +I. I +0. 75 6680 -22 
(ljv)b Absorption . 0.515 +11 +14 0.374 +0.86 +1.2 0.210 -6.4 

a The cross sections are averaged over a group from zero to 2.38 eV. . . . . . . . 
b The (1/v) represents a nuclide whose 2200 m/s absorption cross sectton IS umty and vanes mversely with velocity. 

the hydrogen gas kernel is 5% lower at Wf U = 4 than 
predicted by the Nelkin kernel resulting in an 0. 7% 
overestimate off The value of7J depends mainly on M2 
and the Wf U ratio. For these lattices, a 20% change in 
M 2 results in a 0.25% change in 1J at W/ U = 1, and a 
0.6% change at W/ U = 4. Thus, the parameters 1J and/ 
tend to be insensitive to the scattering kernel since they 
are ratios of reaction rates and the absorption and 
fission cross sections are nearly proportional to 1/v. If 
resonance absorbers (i.e., plutonium) are used, the 
sensitivity will be considerably greater. Reaction rates 
and L2 are more sensitive to the kernel than 1J and f 
For the above example, a 20% change in M2 would 
result in a 5.6% change in a 1/v reaction rate and L 2 at 
W/U= I, and a 2.8% change at W/U=4. These 
changes are significant for operating reactors since 
plutonium build-up and control worth are directly 
related to the above sensitivity to reaction rate and 
L2 [60]. From H20, D 20, and CH2 lattice phy
sics investigations it appears that better agreement 

12 ~-------------------------
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Figure 8. Thermal flux spectra in graphite at 1 200oK 

between experiment and theory is generally obtained 
using bound atom scattering cross sections. 

Crystalline moderators 

The Wilkins heavy gas model [4], the free gas 
model [5], and the Parks kernel [13] for polycrystalline 
graphite have been extensively used in the calculation 
of thermal neutron spectra and reaction rates in 
graphite reactors. The use of the heavy gas model or the 
free gas model can lead to large uncertainties in reac
tion rates, power distributions, temperature coeffi
cients, etc. For example, the value of M2 predicted for 
a free gas of mass 12 is 2.809 as compared to an M2 of 
0.9784 predicted by the crystalline model. Figure 8 
shows the spectrum predictions based on two physical 
models for a graphite-plutonium composition similar 
to that produced in a Calder Hall reactor. Table 3 
shows the significant variations that one can expect to 
find between calculated average cross sections using 
both realistic (crystal) and non-realistic (free or heavy 
gas) scattering models. Suich [61] has shown for the 
BNL graphite research reactor that the Parks graphite 
kernel was found to yield the same 1J as a free gas of 
mass 21.4, while in order to predict f, a mass of 28.8 

. . d d' I d7J was needed. In additiOn, 10 or er to pre 1ct - -d , 
1) t 

a mass of 32.4 was needed compared to a mass of 46.1 

for 
1 

df. Thus, typical calculations for the graphite lat-
fdt 

tices reported here are more sensitive to the approxi
mations underlying the scattering kernel than are 
results for many water, heavy water and polyethylene 
lattices. Much Jess analysis has been done for repre
sentative Be and BeO moderated reactors but it is 
clear that in most cases, these systems should be some
what less sensitive than graphite to the degree of 
physical exactness incorporated into the scattering 
kernel. 
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ABSTRACT-RESUME-AHHOTAL.tiiUI-RESUMEN 

A/258 Etats-Unis d'Amerique 

Thermalisation des neutrons 
et applications aux reacteurs 

par J. R. Beyster et a/. 

La description physique de Ia thermalisation et du 
transport des neutrons au-dessous de quelques 
electron-volts est tres importante pour Ia conception 
des reacteurs thermiques avances. Cette description, 
exprimee en sections efficaces de diffusion aux basses 
energies, peut etre combinee avec Jes donnees voulues 
concernant les sections efficaces de fission, d'absorp
tion et de transport rapide pour le calcul des spectres 
de neutrons des reacteurs et de leur performance. Les 
nombreuses methodes numeriques speciales qui 
existent actuellement dans ce but permettent de cal
euler d'une maniere assez precise les parametres d'un 
reacteur, a condition que les sections efficaces fonda
mentales soient connues. Cependant, ce n'est qu'au 
cours des dernieres annees que le traitement des sec
tions efficaces de diffusion des neutrons aux basses 
energies (thermalisation) a pu etre entrepris de fa~on 
autre qu'elementaire, cela a cause des complications 
introduites par la structure du reseau moderateur et 
les liaisons chimiques. 

On a entrepris aux Etats-Unis d'importantes etudes 
pour obtenir des matrices de diffusion d'une precision 
suffisante pour les moderateurs habituels H20, D 20, 
(CH2)n, CsHs, C, Be et ZrHx. La procedure utilisee a 
consiste a lier le modele tbeorique de diffusion aux 
proprietes physiques et chimiques connues du modera
teur, c'est-a-dire variation de Ia chaleur specifique en 
fonction de Ia temperature, spectres de frequences de 
vibration et de rotation, constantes elastiques, rela
tions de dispersion, sections efficaces totales pour les 
neutrons, etc. Un autre procede consistait a utiliser Jes 
valeurs experimentales de S (a,f3) pour en deduire Ia 
distribution en frequence des phonons. L'utilisation 
directe de S ( a,{J) dans les calculs des reacteurs n' est 
pas possible faute de donnees experimentales dans 
tout le domaine des variables a,f3 et de Ia temperature. 

On a etudie experimentalement la validite et les 
limites des matrices theoriques de diffusion pour ces 
moderateurs, en mesurant les spectres a l'etat station
naire, les distributions de flux dans l'espace et le com
portement en fonction du temps dans les conditions 
experimentales applicables a !'analyse des reacteurs. 
La verification des matrices theoriques de diffusion 
represente pour !'analyse des reacteurs un travail con
siderable car il faut mesurer les spectres thermiques et 
d'autres parametres des reacteurs dans un domaine 
etendu de temperatures ( < 60°K a > 1 0Q0°K), 
d'absorption et de flux spatiaux. L'etude des spectres 
de neutrons dans des geometries << propres >> s'appro
chant d'un milieu infini constitue l'une des verifications 
les plus simples et les plus convenables des matrices de 

diffusion. De nombreuses etudes de ce genre ont ete 
faites aux Etats-Unis aux temperatures ambiantes pour 
les moderateurs habituels. On a demontre que les 
matrices de diffusion fondees sur Ia connaissance de Ia 
structure moleculaire ou cristalline de ces moderateurs 
permettent de predire Ies spectres de neutrons avec une 
precision tres superieure a celle que l'on obtenait avec 
les descriptions de Ia diffusion d'atomes libres ou avec 
d'autres methodes arbitraires. On a fait un grand 
nombre d'experiences avec des spectres en fonction de 
Ia temperature, et, Ia encore, les descriptions plus 
precises de Ia diffusion commencent a fournir Ia pre
cision qu'exige actuellement l'analyse des reacteurs. 
De plus, ces mesures, qui etablissent en fait Ia validite 
de Ia composante isotrope inelastique de Ia matrice de 
diffusion, servent de base pour ameliorer encore Ie 
modele et ajuster Ies modeles de diffusion. 

Les spectres de flux angulaires (spectres en milieux 
finis) ont ete particulierement difficiles a etudier 
experimentalement sans ambigu'ite. Ces mesures four
nissent une verification importante des composantes 
isotrope et anisotrope de Ia matrice de diffusion. Les 
resultats experimentaux mettent en evidence quelques 
divergences notables dans Ia theorie, dans les condi
tions limites analogues a celles des reseaux de reacteur 
reels. D'autres etudes experimentales ayant pour but 
de verifier Ies matrices de diffusion thermique du point 
de vue de Ia concer-tion du reacteur comprennent Ia 
mesure de Ia longueur de diffusion thermique par des 
methodes d'absorption pulsees ou continues, les 
distributions de flux thermique aux discontinuites 
d'espace et de temperature, et Ies etudes de spectres en 
fonction du temps. 

Des methodes numeriques generalement applicables 
au calcul des matrices de diffusion thermique sont 
elabon!es aux Etats-Unis et verifiees par les methodes 
experimentales decrites ci-dessus. Ces methodes 
souples sont con~ues de maniere a tenir compte des 
besoins particuliers des utilisateurs; par exemple, le 
choix du moderateur, Ia maille d'energie, la tempera
ture du moderateur et Ia structure cristalline. 

A/258 CWA 

TepManHsa~HR HeArpoHOB H npHMeHe
HHe peaKropoe 
.&m. P. 5eitcTep et al. 

IlpH pacqeTaX ycoBepmeHCTBOBaHHhiX peaKTO
pOB Ha TeiTJIOBhiX HeiiTpOHaX oqeHb Bai«HhiM 
HBJUieTCH lflH3Hqecl\oe OITHCaHHe 3aMe,n;JieHHH H ne
peHOCa HeihpOHOB HHil\e HeCKOJibKHX ::meKTpOH
BOJibT. ~ho OITHCaHHe, Bhlpaii{eHHOe qepe3 ceqeHHH 
pacceHHHH HeiiTpOHOB HH3KHX :meprHH, ,ll;JI.fl pac
qeTa cneKTpOB HeHTpOHOB B peaKTOpaX H peaKTHB-
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Hhlx xapaRTepncTHK MOJI<eT ohlTh CI\OMOHHnpona

Ho C HeOOXO~HMhlMH ~aHHhlMH 0 celJeHHHX ~eJie
HHJI, norJio~eHHR H nepeHoca ohlcTphlx Heii

TpoHon. EcJIH ncxo~Hhle ~aHHhle o ce<JeHHRX nane

CTHhl, TO C IlOMO~hiO ~eJioro pR~a paapaOOTaHHhlX 

B HaCTO.H~ee BpeMJI 'IHCJieHHhlX MeTO~OB MOfKHO 

BHeCTH B pac•IeTHhle napaMeTphl peaKTopa ~OBOJih

HO cy~ecTneHHhle yTO<J:HeHH.H. O~HaRo Y<JeT pac

ceJIHHR HeifTpOHOB HH31\HX :meprnii (TepMaJIH3a

~H.H) JIHIIIb B IIOCJie~HHe rO~bl CTaJI npOH3BO~HTh
C.H He caMbiM :meMeHTapHhlM o6paaoM, a 6oJiee 

CTporo, TaR HaK ~0 nOCJ!e~Hero BpeMeHH CJIOiK

HOCTh y<JeTa RpHCTaJIJIH<JeCROrO CTpOeHHJI 3aMe~

JIHTeJI.H H XHMH<IeCKOH CBH3H He MOrJia ObiTh 

npeo~oJieHa. 

B Coe~nHeHHhiX IIhaTax OhlJI BhlnOJIHeH pa~ 
paOOT no onpe~eJieHHIO C HeOOXO~HMOH TO'IHOCTbiO 

R~ep HHTerpaJIOB, OllHCbiBaiO~HX pacceRHHe HeH

TpOHOB ;n;JIR oOhi<J:HhiX aaMe~JIHTeJieii: - H 20, D20, 
(CH2)n, C 6H 6 , C, Be H ZrHx. Ilpo~e;n;ypa HX onpe
;n;eJieHH.H 3aRJIIO<JaJiaCh B YCTaHOBJieHHH COOTBeT

CTBH.H TeopeTH<JeCROH MO~eJIH pacce.HHHH H H3Be

CTHhlX !JinaH<JeCKHX H XHMH<JeCRHX CBOHCTB 3aMe;n;
JIHTeJIJI, TO eCTh TeMnepaTypHOH 3aBHCHMOCTH 

Ten.rroeMROCTH cneKTpaM <JaCTOT ROJie6aHHH H Bpa

~eHHH IlOCTO.HHHhiM ynpyrOCTH, ;ll;HCnepCHOHHbiM 

COOTHOilleHHRM, nOJIHbiM HeiiTpOHHbiM Ce<JeHHJIM 

H T. ;n;. ,JJ;pyroii: cnoco6 cocTORJI n onpe~eneHHH 
cneRTpa C06CTBeHHbiX ROJie6aHHH H3 ::mcnepH

MeHTaJibHO onpe;n;eneuuoro aaRoHa paccenHHR 

S (a, ~). IIpnMoe npnJiomeHne aaROHa paccenH.HH 

S (a, ~) 1\ peaRTOpHbiM paclJeTaM 6hiJIO HeBhi

IlOJIH.HMhiM, TaR HaR He 6biJIO ::H<cnep.HMeHTaJII>HhiX 

;n;aHHhlx no nceMy ;n;nanaaouy neJIH<IHH nepeMeH

HhiX a, ~ .H TeMnepaTypLI. 

CTeneH:r:. TOlJHOCTH TeopeTHlJeCRHX n;n;ep HHTe

rpan:r:.Hhlx <JJieHon, onHchlnaro~nx pacceHH.He, 6hl

na HayqeHa nyTeM cpanHeHHR c peayJI:r:.TaTaMH 

H3MepeH.HH YCTaHOB.HBIIIHXCR cneKTpOB, npo
CTpaHCTBeHHhiX pacnpe;n;eneHHH, He:ihpOHHOrO no

TORa H ero npeMeHHoro none;n;eHH.H ;n;nR yRaaaH

HhiX Bblme aaMe;n;n.HTeneii. OnbiThl nennc:r:. n yc11o:. 

BH.HX, ;n;onycRaro~nx paclJeT c noMo~:r:.ro oobllJ

HhiX peaRTOpHbiX MeTOAOB. C TOlJR.H apeHH.H peaK

TOpHOH IJIH3HK.H nOJIY<JeHHe TIO;ll;TBepm;n;eHHJI Teope
T.HlJeCK.HX ;n;aHHbiX 0 pacce.HHH.lf TeTIJIOBhiX HeHTpO

HOB npe;n;cTaBJI.HeTC.H ~OBOJibHO CJIOiKHhiM, TaK 

KaK cneRTphl TeUJIOBbiX Heii'fpOHOB .If ;n;pyrne 

napaMeTphl peaRTopon ;n;onmHhl OhiTL IiaMepeHhl 

B illHpORHX ~HanaaoHaX H3MeHeH.HH TeMnepaTyphl 

(oT < 60 ;n;o > 1000° K) norJio~eHHH .H npo
CTpaHcTneHHhiX pacnpe;n;eneHHH HeiiTpOHHoro no

TORa. lfCCJie;ll;OBaH.He HeiiTpOHHbiX TIOTOROB B He

CJIOiKHbiX reoMeTpH'IeCR.HX !JiopMax B ycJIOBHRX, 

np.HOJIHmaro~HXC.H R ycJIOBHRM 6ecKoHelJHoii 

Cpe~bl, .HBJI.HeTCH O~H.HM .lf3 CaMhlX npOCTbiX H no~

XO~.H~HX MeTO~OB nponepRH TeopeTHlJeCR.HX 3aRO
HOB paccenH.HH. 

B Coe;n;nueHHhiX illTaTax 3T.H .Hccne;n;onaHHR 

BbiTIOJIHeHbl np.H o6hllJHhiX TeMnepaTypax ~JIJI 
06bllJHbiX 3aMe;n;JIHTeJieH. IJoRa3aHO, lJTO TeopeTH

qecR.He aaKoHhl pacce.HHHR, nocTpoeHHhle ua npe;n;-
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CTaBJieHHJIX 0 MOJieRyJIRpHOH HJIH RpHCTaJIJIHlJe

CKOH CTPYRType aaMe~JIHTeJieii:, ;n;aroT peaKTOp~n
Ky-pac<JeT<JHKY B03MOiKHOCTh npe~CKa3hiBaTL 

cneKTPhl Heii:TpOHOB c ropaa~o 6onbrneii: TOlJHO

CThiO, <JeM :no 6b1JIO B03MOiKHO paHee npH .HCnOJib-

30BaH.HH Mo~eJIH cno6o~Hhlx aToMon HJIH paann<I

HhlX ;n;pyrnx HecTpornx pe~enToB. BhiJIO npone

~eHo MHOfO OllbiTOB no H3yqeHHIO 3aBHC.HMOCT.lf 

CUeKTpOB OT TeMnepaTyphl H 6hiJIO OURTb IlORaaa

HO, 'ITO ~JIR o6ecneqeH.H.H Hymuoii AJIH pacqeToB 

COBpeMeHHbiX peaRTOpOB TOlJHOCTH He06XOAHMO 

xopornee aHaHHe aaKouon pacceHH.HH. RpoMe 

TOfO, 3TH H3MepeHHR, Il03BOJIJIIO~He nponepHTb 

TOlJHOCTb OnHCaHH.H JIHillb .H30TpOTIHbiX KOMTIOHeH

TOB Heynpyroro pacceHH.H.H, CJiyiKaT OCHOBaHHeM 

~1111 ;n;aJI:r:.Heiimero yconepmeHCTnonauHR Mo;n;e
neii:. 

TolJHble .H3MepeHH.H yrJIOBhiX pacnpe;n;eJieHnii 

Heii:TpOHHhlX IlOTOROB- (cneRTpbi B ROHelJHbiX Cpe

;n;ax) oco6euuo TPYAHhl. O;n;HaKo 3T.H .H3MepeH.HR 

;n;aroT B03MOiKHOCTh nponepHTh RaK .H30TpOUHble, 

TaK .If aH.H30TpOUHble KOMUOHeHThl pacce.HH.HH. 

OIIliiTHhle ;n;aHHble yKaahlnaroT Ha cy~ecTneHuyro 
HeTOlJHOCTh Teop.HH, .HCUOJIL3YIO~eii rpaHHlJHble 

YCJIOBHH, TI0~06Hble TeM, ROTOphle .HCUOJih3YIOTCH 

npH paclJeTax peaRTdpHhlx pemeToR. )l;pyr.He 

3Rcnep.HMeHTaJILHhle HCCJie;n;oBaH.HH, ROTOphle 

npe~Haaua lJeHbl AJIH nponepRH TOlJHOCTH aaROHOB 
paccea:HH.fl TeUJIOBhiX HeiiTpOHOB C TOlJK.lf apeHH.H 

npoeRT.HpOBaHHJI peaRTOpOB, aaRJIIOlJaJIHCb B CJie

AYIO~eM: HaMepeune AJI.HH ~.HIJI!JiyaHH TenJIOBhiX 
HeiiTpOHOB C IlOMO~biO .HMUYJILCHOH TeXHHRH .HJIH 

MeTo;n;oM uenpephiBHoro norJio~eH.HH; pacnpe~e

Jieune TenJIOBhiX TIOTOROB B ORpeCTHOCT.HX pa3phi

BOB npOCTpaHCTBeHHOH .HJI.H TeMnepaTypHOH Henpe

phiBHOCTH H .H3YlJeHHe cneRTpOB BO BpeMeHH. 

B Coe;n;.HHeHHhlX illTaTax paapa6aTb1Ba~TCH H 

nponep.HIOTCH 3RCnep.HMeHTaJILHO yRa3aHHLIM.H 
Bhlme cnoco6aMH lJHCJieHHhle MeTOAhl paclJeTa 

aaRoHon paccenHHR, npe;n;HaaHalJeHHble ;n;na mnpo

Roro .HCTIOJib30BaH.H.H. 3TH MeTOAhl TIOCTpOeHhl 

TaR, lJTOOhl npe~yCMOTpCTh pa3JIHlJHhle B03MOiKHO

CT.H, ROTOpble MOryT TIOHa;ll;OO.HThCH npoeRTaHTaM, 

RaK, uanpHMep, Bhl6op aaMe;n;JIHTeJin, pacnpe~e
neune aHepreTHlJeCR.HX rpynn, TeMnepaTypa aa

Me~JI.HTenn .H ero RpHCTaJIJI.HlJeCKan cTpyRTypa. 

A/258 Estados Unidos de America 

Termalizaci6n de neutrones 
y aplicaci6n a Ia ffsica de ·reactores 

por J. R. Beyster et at. 

La descripci6n fisica de la termalizaci6n y trans
porte de neutrones con energias de unos pocos 
electr6n-voltios es muy importante en diseiios previos 
de reactores termicos. Esta descripci6n, expresada en 
funci6n de secciones eficaces de dispersi6n de baja 
energia, puede combinarse con los datos necesarios de 
fisi6n, absorci6n y secci6n eficaz de transporte de 



24 SESSION 3. 1 P/258 

neutrones nipidos para calcular rendimientos y 
espectros de neutrones de reactores. Los diversos 
metodos numericos especiales, de los que se dispone 
actualmente para efectuar esta labor, permiten incor
porar simplificaciones relativamente grandes en los 
calculos de parametros que intervienen en el proyecto 
del reactor con tal que sean conocidos los datos 
basicos de secciones eficaces. No obstante, unicamente 
en los ultimos afios se ha considerado el tratamiento de 
secciones eficaces de dispersion de neutrones de baja 
energia (termalizacion) de una manera no elemental a 
causa de las complicaciones introducidas por Ia 
estructura reticular y Ia ligadura quimica del mo
derador. 

En los Estados Unidos se han realizado trabajos 
prolongados para desarrollar nucleos de dispersion de 
la exactitud requerida para los moderadores usuales, 
H20, D20, (CH2)n, C6H6, C, Bey ZrHx, empleados en 
los reactores. El procedimiento empleado ha sido 
relacionar el modelo teorico de dispersion con las 
propiedades fisicas y quimicas conocidas del modera
dor; es decir, variacion del calor especifico con Ia 
temperatura, espectros de frecuencias de vibracion y 
de rotacion, constantes elasticas, relaciones de dis
persion, secciones eficaces totales de neutrones, etc. 
Otro metodo' consiste en emplear S(a,{3), determinada 
experimentalmente, para deducir una distribucion de 
frecuencias de fonones. No ha resultado practico 
emplear directamente S(a,{3) en calculos de reactores 
debido a que los datos experimentales no estan dispo
nibles para Ia totalidad de valores de las variables a,{3 
y temperatura. La adecuacion y las limitaciones de 
los nucleos teoricos de dispersion han sido estudiadas 
experimentalmente para los moderadores antes citados 
mediante medidas de espectros estacionarios, distri
buciones espaciales de ftujo y comportamiento del 
mismo en funcion del tiempo bajo condiciones experi
mentales pertinentes para el analisis de reactores. La 
comprobacion de los nucleos teoricos de dispersion, 
desde el punto de vista del analista de reactores, repre
senta una empresa bastante ardua puesto que los 
espectros termicos y otros parametros deben ser 
medidos para comparaciones teoricas sobre una 
amplia zona de temperaturas (menores de 60°K hasta 
mayores de 1 000°K), absorcion y flujos espaciales. 
Una investigacion de espectros de neutrones en geo-
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metrias limpias, proximas a las de un medio infinito, 
constituye una de las pruebas mas sencillas y mas 
apropiadas de nucleos de dispersion termica. En los 
Estados Unidos estos estudios se han realizado en gran 
escala a temperatura ambiente para los moderadores 
corrientes empleados en los reactores. Se ha demos
trado que los nucleos de dispersion basados en un 
conocimiento de Ia estructura molecular o cristalina de 
los moderadores precitados, permiten al analista de 
reactores predecir espectros .de neutrones con una 
precision mucho mayor que la que es posible con las 
descripciones anteriores de Ia dispersion por atomos 
libres o diversas reglas arbitrarias. Se han realizado 
muchas medidas de espectros en funcion de Ia tem
peratura y, por otra parte, las descripciones de la dis
persion mas realistas han empezado a proporcionar Ia 
precision requerida por los amilisis actuales de reac
tores. Ademas, estas medidas, que establecen esencial
mente Ia validez de la componente inelastica isotropica 
del nucleo de dispersion, sirven de base para perfec
cionamientos y ajustes adicionales de los modelos de 
dispersion. 

Ha sido extremadamente dificil estudiar experi
mentalmente y sin ambigliedad el flujo espectral 
angular (espectros en medios finitos). Estas medidas 
dan una prueba importante Io mismo de las com
ponentes isotropicas que de las anisotropicas del 
nucleo de dispersion. Los resultados experimentales 
muestran · algunas discrepancias significativas con Ia 
teoria bajo condiciones de contorno parecidas a las de 
los reticulados existentes en el reactor. Otras investiga
ciones experimentales que sirven para probar nucleos 
de dispersion termica desde el pun to de vista de disefio 
del reactor, son las medidas de longitudes de difusion 
termica mediante tecnicas pulsadas o continuas de 
absorcion, distribuciones de flujo termico en discon
tinuidades de espacio y de temperatura y estudios 
espectrales en funcion del tiempo. 

En los Estados Unidos se han desarrollado tecnicas 
numericas aplicables, en general, al calculo de nucleos 
de dispersion termica y que se han probado mediante 
los metodos experimentales mencionados. Estos 
metodos flexibles son proyectados para incorporar 
muchas provisiones exigidas por los usuarios; por 
ejemplo, la eleccion del moderador, su temperatura, 
reticulado de energia y estructura cristalina. 
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Developments in neutron transport theory 

By G. I. Bell, B. G. Carlson and K. D. Lathrop* 

NEW APPROACHES TO 
NEUTRON TRANSPORT THEORY 

Neutron Transport Theory conventionally starts 
from the linear Boltzmann equation or the associated 
integral equations for the expected neutron flux. We 
shall begin, however, by summarizing some recent 
theoretical efforts which broaden the base of neutron 
transport theory by taking different starting points. 

Most fundamental has been the work of Osborn and 
Yip [I] in attempting to derive a neutron transport 
theory from the principles of quantum mechanics. 
Starting from the quantum mechanical Liouville equa
tion for the density matrix, they have used the coarse 
grained phase space of Ono [2], together with the 
formalism of quantum field theory for treating the 
variable number of particles. After some approxima
tions (of somewhat uncertain significance) a Boltz
mann equation is derived for a singlet neutron density. 
Quantum mechanical neutron-nucleus interaction 
terms are present and these are shown to reduce to the 
description in terms of conventional cross sections for 
several cases. The procedure is not limited to the 
expected value or singlet neutron distribution function, 
but equations for the time ·development of higher 
order distribution functions are derived and transport 
fluctuation problems may thus be formulated. 

Less ambitious is work [3] on a stochastic generaliz
ation of the Boltzmann equation. Consider as a simple 
example, one velocity neutron multiplication in a 

medium with isotropic scattering. Let Pn(-;,Q,t; R,tf) be 

the probability that a neutron at -;, with direction i!, 
at time t will lead to exactly n neutrons in the region R 

of (;,Q) space at time If. Then the probability gene
rating function 

n=o 

will satisfy a non-linear integra-differential equa
tion (3,4]. 

~ lor J dQ Q.gradxr + -- =aT -ca T-
v dt 41T 

+f ( -l)iXia [rdQ]j (2) 
j=2 jl 41T 

*Los Alamos Scientific Laboratory, Los Alamos, New 
Mexico. 

where a(-;) is the total cross section, c(x) the mean 
number of emerging neutrons per collision, xz/2! the 
mean number of neutron pairs, xa/3! the mean number 
of triplets, etc. This equation is to be solved backwards 
in time from the final condition (at t = tt) T = I - z if 
(--;,Q) E R, T = 0 otherwise, and subject to boundary 
conditions of zero outgoing T. 

Equations for the moments of the probability distri
bution can be obtained by differentiating Eq. (2) with 
respect to z and then setting z =I. Direct solutions are 
also possible and we note some general properties ofT. 
ForT small, the linearized Eq. (2) is just the adjoint to 
the Boltzmann equation for the neutron density, and 
this result holds for the energy dependent problem. 
(The first moment of the distribution satisfies the same 
equation.) Note that for R suitably small (and It-t 
bounded), Tis approximately 1 -z)pl. which is small. 

For a supercritical system, Eq. (2) will have time 
independent solutions with T equal to the probability 
of obtaining a persisting chain reaction from the 
initial neutron. We have found such solutions for the 
energy dependent problem with Sn techniques. The 
non-linear terms in Eq. (2) appear as absorptions. 

This method is readily generalized to allow for more 
general final states, energy dependence, delayed 
neutrons, and sources. One may thus study a variety of 
correlation-fluctuation problems. 

Finally we refer to the method of invariant im
bedding which has been formulated by Bellman, 
Kalaba and Wing for neutron transport problems [5). 

The method amounts to a systematic use of in
variance principles similar to (hose introduced by 
Ambarzumian and so effectively employed by Chan
drasekhar in radiative transfer. One considers not 
merely, for example, a slab with a particular thickness 
of interest, but a whole class of slabs with different 
thicknesses in which the particular slab problem 
is imbedded, and one asks how the emergent 
neutron flux changes as the thickness is varied. In this 
manner one formulates non-linear integrodifferential 
equations for the emergent flux, say, involving deriva
tives with respect to the variable dimension. These 
equations are, however, subject to conditions at only a 
single boundary (dimension =0) as contrasted with 
the conventional Boltzmann approach which involves 
conditions at two boundaries. Thus one can solve 
starting at the single boundary. On the other hand, the 
equations are non-linear and they do not readily give 
fluxes at interior points. 
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We are not aware of applications of invariant im
bedding per se to any realistic neutron transport prob
lems. On the other hand, systematic use has been made 
of invariance principles, in analytical work by Mulli
kin [6], as well as in numerical work, for example 
in [7]. Also, such methods are not restricted to 
expected value problems. 

ANALYSIS OF THE LINEAR. 
BOLTZMANN EQUATION 

Mathematical analysis of the linear Boltzmann 
equation and associated integral equations is of funda
mental importance in neutron transport theory. We 
summarize significant progress in three areas. 

Spectrum of the Time Dependent Boltzmann Operator 

Consider the time-dependent Boltzmann equation 
for the expected neutron flux, ifl(;-;,t): clifl/dt = Bifl 
where B is of the form: 

. Bifl=-Q.\jifl-a(X:0ifl+JK(-;,-;,-;') ifJ(X:~,t)d1 (3) 

and 1/J satisfies boundary conditions of no neutrons 
coming into the region of interest. The spectrum of the 
operator B has been analyzed for several cases and in 
particular the eigenvalues ,\i, for which "-iifli =Bifli have 
been sought. For physical operators, K, it has been 

. generally assumed that there exists at least one eigen
value and that the eigenvalue of largest real part, Ao, 
will have an everywhere non-negative eigenfunction, 
iflo, which the solutions will approach at late times for 
rather general initial conditions on ifl. The existence of 
an infinite number of such eigenvalues and a complete 
set of eigenfunctions has been frequently postulated [8] 
but never proved. 

Wing and Lehner, however, showed [9, 10] that this 
postulate does not hold for the one velocity problem in 
slab geometry. They proved that the point spectrum of 
B is a non-empty finite set of real numbers, having 
,\i > -av. In addition B has a continuous spectrum 
consisting of all,\ for which Re(.\) < - av. These results 
were extended by Pimbley [11] to the multigroup 
problem in slab geometry with the added assumption 
that the matrix of transfer cross sections must be 
symmetrizable by a diagonal matrix. This assumption 
should be satisfied for thermalization kernels, but not 
for criticality problems. 

For bounded geometries, and neutron velocities> 0, 
it has been proved by Jorgens [12] that B has at least 
one eigenvalue provided that K is positive for all -;, V: 
and 7, in suitable sub-regions of X: -;space. This con
dition should be satisfied for both criticality and 
thermalization problems. Jorgens also derived an 
asymptotic expansion for ifl at late times which, while 
slightly more general than a simple exponential depen
dence on time, is not inconsistent with the simple 
behaviour. 

Nelkin [13], discussing the limit as neutron veloci
ties approach zero, has conjectured that there may 
exist no eigenvalues for sufficiently small bounded 
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regions. For the one-velocity problem in a sphere, 
Van Norton [14] has found that B has a countable 
infinity of real eigenvalues accumulating at - oo; 
however he did not prove anything regarding com
pleteness of the eigenfunctions. 

We thus conclude that a dominant eigenvalue, .\0, of 
the Boltzmann operator generally seems to exist while 
a complete set of discrete eigenfunctions does not exist 
for slab geometry ·and may not exist for bounded 
geometry. 

Methods using singular integral equations 
In recent years, new methods for the exact solution 

of simple neutron transport problems have been 
developed using the theory of singular integral equa
tions [15]. Consider, for example, the monoenergetic 
Boltzmann equation in a plane, infinite, isotropically 
scattering medium 

J.t oifl +ifl = 2! c ] ifl(x,J.t')d~.t' 
ox -1 

(4) 

A solution may be written in terms of two familiar [8] 
discrete eigenfunctions 

iflo±(X,J.t) = ~ cvoe+xfvoj( vo=f= J.t) I - cvotanh -1(1/vo) = 0 

(5) 

and, in addition the singular eigenfunctions 

iflv(X,J.t) = e-xfv [ A(v)8(J.t- v) 

+ !cvP(-
1
-)] .\(v)= 1-cvtanh-lv (6) 

2 V-J.t 

with v real and -1 ~v~I. As originally noted by Van 
Kampen [16], such singular eigenfunctions can be 
interpreted as distributions in the sense of L. Schwartz, 
all physical observables involving integrals over the 
singular eigenfunctions. Case [17] first postulated that 
a general solution to Eq. (4) may be written as 

ifl(x,J.t) = ao+iflo+(x,p,) + ao-iflo-(X,J.t) 
I 

+ J A(v)iflv(X,J.t)dv (7) 
-I 

with the expansion coefficients a0± and A(v) to be 
determined by boundary or other conditions on 
ifl(x,J.t). Using the theory of singular integral equa
tions [15], he showed that, for suitable 1/J, solutions for 
A(v) exist and are unique. Hence the eigenfunctions 
are called complete. Case also proved orthogonality 
relations for determining expansion coefficients and 
gave partial rarige completeness theorems (useful for 
boundary conditions for, say, J.t < 0) thereby establish
ing all the necessary machinery for eigenfunction 
expansion solutions. The application of the machinery 
leads easily to angular Green's functions for homo
geneous infinite and half-space media and solutions of 
the plane albedo and Milne problems [17]. In these 
cases the expansion coefficients, A(v), can be found in 
closed form. An independent treatment for c = 1 was 



SESSION 3.1 P/261 

given at about the same time by Van Kampen [18], 
and the singular eigenfunctions were also developed 
by Wigner [19]. They were recognized but not used by 
Davison in Ref. [8], page 268. 

Extensions of the eigenfunction expansion technique 
have been numerous. The criticality problem for a 
finite slab was formulated by Mitsis[20] and Zelazny 
[21]. In this problem A(v) cannot be found in closed 
form but the singular integral equation determining A 
may be reduced, by standard methods [15] to an in
homogeneous Fredholm equation which can be solved 
by iteration. Mitsis found that the zeroth order iterate, 
corresponding to the contributions from the discrete 
eigenfunctions, gave the diffusion theory result for the 
critical thickness, to = 7T I vo I - 2 zo, where zo is the 
Milne problem extrapolation distance. As is seen 
below, the first correction term is unimportant except 
for thin slabs. 

Table 1. Slab critical thicknesses (mean free path) [20] 

c . . . . . . 1.01 1.10 1.30 1.60 2.00 
t" (zeroth approx.) . 16.69 4. 24 I. 8784 1. 030 0. 634 
11 (first approx.) . 16.69 4.24 1.8754 1.022 0.621 

a Different numbers, which are in error, appeared here in Ref. [20]. 
Results by Leonard (private communication) have been sub
stituted. 

Mika, eta/. [22,23], extended the method to include 
anisotropic scattering (as represented by finite Legendre 

, polynomial expansions) in monoenergetic, plane geo
metry problems. In such problems the analysis is com
plicated only by the possibility of additional discrete 
eigenvalues, some of which, for particular values of 
scattering parameters, may even be imbedded in the 
continuum, corresponding to the physically unlikely 
situation of diffusion lengths shorter than a mean free 
path. An interesting question is whether the possible 
extra eigenvalues are physically meaningful or whether 
they are introduced by finite polynomial expansions. 

In energy dependent problems, extensions of the 
method to two group and multigroup models for iso
tropically scattering plane media have been made by 
Zelazny and Kuznell [24,25]. Again, additional dis
crete eigenvalues are possible; and, if the total cross 
section is not constant, the continuum is more compli
cated (for the gth group, singularities are due to 
ugv -p, terms). Continuous energy dependence has 
been considered in the time-dependent infinite medium 
thermalization problem analyzed by Comgold [26] 
and Koppel [27] and in steady-state space and energy 
dependent problems studied by Ferziger and Leon
ard [28,29]. In the latter problems, if the total cross 
section is constant in energy and a symmetrizable 
energy transfer kernel is expanded in terms of energy 
eigenfunctions, Eq. (4) is obtained with c modified by 
the ph energy eigenvalue for 1/J corresponding to the 
coefficient of the jth energy eigenfunction [28]. For 
ener.,gy dependent cross sections, results are also 
possible [29,30]. For example, in the case of the heavy 
gas model in a 1/v absorbing infinite medium, diffusion 
theory is found to predict accurate diffusion lengths 
only for small absorption and only for the first energy 
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mode. The implication is that, in energy dependent 
problems, asymptotic reactor theory is possibly less 
accurate and the use of an extrapolation distance less 
meaningful than in monoenergetic problems (29]. 

Mitsis [31] in an attempt to extend methods using 
eigenfunction expansion to general geometries, found 
elementary solutions (in the form of Eqs. (5) and (6)) 
of the three-dimensional integro-differential transport 
equation and formed a general solution by super
position of elementary solutions. Although the super
position solution, subjected to the applicable sym
metries, yielded the neutron distribution in spherical 
and infinite cylindrical geometry, no completeness 
could be shown primarily because superposition 
destroys the singular nature of the elementary solutions 
so useful in plane geometry. In addition, no general 
procedure for finding the expansion coefficients was 
determined, and the approach failed to produce those 
solutions singular at the origin in curved geometries 
[31]. In one dimensional geometries these diffi
culties were overcome by a new approach developed 
by Leonard and Mullikin [32,33] and extended by 
Mitsis [31 ]. By defining a suitable transform pair a 
singular integral equation for the neutron density is 
obtained directly and there is no need to prove the 
existence of a complete set of eigenfunctions. To illus
trate, consider Eq. (4) for a slab of width 2b with 
t/J(b, -p,)=t/J( -b,p,)=O (r->0). With the neutron 
density defined as 

1 1 

p(x)= J 1/J(x,p,)dp,= J [1/J(x,p,)+I/J(x, -p,)]dp, (8) 
-t 0 

integration of Eq. ( 4) gives (p, > 0) 
X 

1/J(x,p,) = ~ J p(y)e-<x-Y)IPdy, 

-b 
b 

tf(X, -p,)= ~ Jp(y)e-<Y-X)/1' dy. (9) 

X 

Eqs. (8) and (9) form a transform pair including 
boundary conditions. Inserting (8) in (9) and integra
ting over y gives a non-singular integral equation 
(r->0): 

l 

·'·( ) _ c Ivifi(x,v) -IJ4s(x,p,) d 
'I' x,p, --

2 
v 

v-p, 
-1 

1 

+ ~fp,ifJ(x,p,)+ yifi(x,- v)- ve-<b+xl!Pif(b,v) dv (10) 
2 v+p, 

0 

which can be written as a singular integral equation by 
collecting terms involving 1/J(x,p,): 

I 

"A(p, )t/J(x,p,) = :_ PJ vt/J(x, v )d v 
2 v-p, 

-1 
1 

_:_e-<b+x)fi'Jvifi(b,v)dv p,>O (11) 
2 v+p, 

0 
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For x = b Eq. (11) is an equation for ifi(b,fJ-) adjoint in 
the singular part to the expansion coefficient equation 
obtained by the method of Case (31,32]. Once t{l(b,fl-) is 
known, o/(X,fJ-) is determined by Eq. (11), and, in addi
tion, there is a side condition, the criticality equation, 
obtained by demanding that the right hand side vanish 
at those 11- = v0 for which ..\( vo) = 0. The above treat
ment is easily extended to spherical geometry sirice 
rp(r) (with, however, rp(r) an odd function) satisfies the 
same equation as p(x) [8]. Mitsis also showed that, in 
spherical geometry, a pseudo-distribution, cfo(r,fl-), 

1 1 

1/r f cfo(r,fJ-)dJL = f t{l(r,JL)dJL (12) 
-1 -1 

satisfies Eq. (4) while in infinite cylindrical geometry a 
similar pseudo density transform satisfies an equation 
that also is amenable to eigenfunction expansion 
analysis (31 ]. 

In addition to the lack of geometric generality, the 
methods discussed above are restricted by the varia
tion of the eigenvalue spectrum from problem to prob
lem. For example, for the case of 1/r cross section 
dependence in spherical geometry, Aamodt [34] 
reports an infinite set of discrete eigenvalues and no 
continuum. Nevertheless, the methods of singular 
integral equations have significantly broadened the 
class of transport problems which can be solved 
exactly. The utility of the exact solutions for complex 
practical calculations is questionable, but solutions of 
simple problems are particularly valuable as calibra
tion standards for approximate solutions, both 
analytic and numerical. 

Variational methods 

Variational methods for estimating eigenvalues of 
the Boltzmann operator [8], or flux weighted aver
ages [8,35] are familiar in neutron transport theory. 
Because the general Boltzmann operator is nonself
adjoint, such variational expressions involve integrals 
of bilinear combinations of the neutron- flux and its 
adjoint. Moreover the functionals are not upper or 
lower bounds to the exact results. Thus to obtain 
reliable eigenvalues from variational methods one 
must use rather good trial functions for flux and 
adjoint. 

Of course, in some special cases (one velocity theory 
with isotropic scattering [8], or thermalization in an 
infinite medium, to mention two examples) the equa
tions may be rendered self-adjoint and extremum 
principles may be used. Mowery and Murray [36], 
however, have suggested that even for self-adjoint 
problems, there are advantages to be gained by not 
using the same flux trial function everywhere in the 
functional but in using two independent trial functions 
as in a nonself-adjoint problem. 

Some new approaches to transport problems have 
used a variational functional as a Lagrangian. Thus, if 
we formally consider equations for the flux 1{1 and its 
adjoint o/*, Ho/ = f and H*t{l* = g*, the functional 

F(o/*1{1) = (g*,o/) + (t{l*,f)- (1{1* ,Ht{l) (13) 
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may be interpreted as a Lagrangian of the system. If 
the functional F is stationary for small independent 
variations of 1{1 and 1{1*, then Ho/=f and H*ifl*=g 
must be satisfied. If approximate trial functions are 
used in the Lagrangian, then by requiring the function
al to be stationary, we may derive equations for the 
trial functions. Selengut [37] developed this method 
and applied it to such problems as the reduction of 
two-dimensional diffusion problems to coupled one
dimensional problems and the derivation of multi
group constants which are weighted by both flux and 
adjoint. 

An interesting application of the Lagrangian 
method to the one-velocity Boltzmann equation in 
plane geometry, including boundary terms and weight 
functions in the functional, has been made by Pom
raning and Clark [38]. To obtain a self-adjoint 
operator for the problem, they have considered the 
equation obtained by differentiating the Boltzmann 
equation with respect to space. It is shown that the 
corresponding Lagrangian leads to an independence 
of even and odd (in angle) parts of the flux, and thus 
to a failure of neutron conservation. By using the 
self-adjoint formulation for only the even (or odd) 
part and the original Boltzmann equation for the 
other part, the nonself-adjointness is separated from 
the Boltzmann equation. However, an extremum 
variational principle is still not obtained for c> 1. 

Variational calculations for flux weighted averages 
usually have errors of second order in trial function 
errors. Kostin [39] has developed methods with higher 
order errors. If, for example, we seek the weighted 
average, W = ( w,l{l), where Ho/ = f, then introducing 
the exact Green's operator G=H-1 and n approxi
mate operators Gi = G- SGi, the functional 

n 
Wn = (w,G[I -TI(/- HGi)]f) (14) 

i=l 

n 
has an error proportional to TI SGt. The exact G is not 

i=1 

required for evaluating Wn. W2 equals our previous 
functional, Eq. (13), ifwe identify w=g+, G1+g+=t{l+, 
and G2[ = 1{1. Kostin has considered further generaliza
tions and their relation to previous variational 
methods. 

We thus see that variational methods have con
tinued to provide an orderly approach to the approxi
mate solution of many problems in neutron transport 
theory. 

NUMERICAL METHODS 

The main methods for numerically solving the 
transport equation are based on two well-known 
traditions in neutron transport theory: "discrete 
ordinates" and "spherical harmonics", traditions 
which had their beginnings about twenty years ago. 
Davison and Sykes [8] discuss the initial work in these 
fields and give the main analytic results of this and 
subsequent efforts. 
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Discrete ordinates and the Sn method 

According to the first tradition the neutron flux 
ifl=ifl(R,t,iJ,v) is given a discrete representation 
iflm(R,t,v), m = 1,2, ... , M, with respect to the variable 
Q. In other words the neutrons are divided among a 
finite number of beams (discrete rays) having intensi-
ties rpm in the directions Qm and corresponding 
weights Wm. The discrete theory may then be stated in 
terms of neutron balance equations involving r/Jm, one 
equation for each ray. The directions Dm may be 
pictured as points on a unit sphere, points specified by 
number triplets (fLm,YJmim) of direction cosines. The 
weights may be interpreted as surface areas about the 
points, covering the Q domain and so measured that 
L'mwm = 1.0. For simple geometries, that is, slabs and 
spheres of dimensionality d= I, the components of Q 
reduce top, ( -1 Lp,.-<::::1). 

A general formulation of the discrete ordinate 
method in numerical work is the Sn method. (The 
original approach [40,41], which used an explicit 
representation of the angular distribution, has been 
superseded by the much more general method out
lined below.) Here one selects M discrete directions, 
M = 2dn(n + 2)/8, where n is the order of approxima
tion, n = 2,4,6, ... , and dis the number of components 
of R. These are reduced to M = n directions in the 
simple geometries where additional symmetry allows 
the grouping of direction points. The points selected 
may be arranged in triangular fashion on each octant 
of the unit sphere. In general the points may be chosen 
according to the user's preferences or requirements, 
following certain basic though not very restrictive 
rules. Thus the discrete methods known as Pn-I and 
Double-Ptn-I. n even, are included as special cases [7]. 

Once a quadrature scheme (set of rfim) is chosen a 
discrete ray balance equation must be formulated and 
numerically solved. Recent important advances have 
been made in these directions [7]. First, it is empha
sized that analytic transport equations are statements 
of neutron balance and that a numerical approach 
should preserve this balance identically for a mesh cell 
and not just in the limit of a vanishingly small cell. 
Second, the frame of reference of Q is usually locally 
aligned with the intersecting co-ordinate surface in the 
R-space. It follows then, in geometries with curvature, 
that neutrons in the process of streaming will usually 
find their Q co-ordinates changing. The transport 
formulation must therefore provide a mechanism for 
ray-to-ray transfer of neutrons which are streaming. 
Direct application of difference methods to the analy
tical transport equation provides this mechanism but 
does not guarantee neutron balance. Direct differen
cing may, of course, distort the physical model and lead 
to inaccurate or meaningless results. A formulation 
which handles ray-to-ray transfers, guarantees neutron 
balance in a finite cell, and decouples the angular 
quadrature scheme from the spatial quadrature 
scheme is outlined below. 
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The formulation is illustrated in the stationary case 
assuming two components for R, the multigroup 
treatment for v, and a general anisotropic source. In 
terms of N, where N denotes the local average of rp 
over a cell volume or a cell face, the neutron balance 
equation is written with four pairs of "loss-gain" 
terms 

/-4n(At+l,J+!Ng,m,i+I,JH- At,J+!Nu,m,i,J+t) 

+ YJm(Bt+i,J+lNg,m,i+t.i+l- Bt+t.JNg,m,i+j,J) 

+(llm+t. i+t ,J+tNu,m+t.t+t.i+t 

-am-t,i+!,i+!Nu,m-!.i+t,J+t)/wm 

+ Vi+t.J+tau,Ht.i+tNu,m,i+t,J+t 

= Vi+t.i+tSu,m,i+J,J+t (15) 

or, omitting the centered subscripts (i+t. j+i. g, 
and m), as 

p,(At+ 1NH1- A tNt)+ 7J(BJ+lN;+l- B1N1) 

+(amHNm+i-am-tNm-i)/w+ VaN= VS {16) 

In Eq. (16) geometry enters through the area elements 
A and B and the volume element V so that the term 
p,AtNtw can be interpreted as a gain due to flow across 
the cell face of area At while VaNw is a loss in the cell 
due to neutron-nuclei collisions, etc. For cylindrical 
(r,z) geometry, for example, At=27TrtLiz, B=B1= 
BJ+l=rr(rH12-rt2) and V=BLiz. The direction vari
able enters through the weights w and the cosines 
(p,,YJ,g) where p,2 +7J2 + g2 = 1.0 in orthogonal frames. 
The coefficients a handle the ray-to-ray transfer. 
Arguing for isotropic rp that all N's should be equal, 
that VaN= VS, and that the flow terms should vanish 
leads to (since B1+1 = BJ) 

am+t -am-t = wp,(Am -At) (17) 

Requiring that one ray receives no neutrons (at= 0) 
and that Eq. (17) conserve neutrons (L'mwp, = 0) deter
mines the a. 

The preceding is readily extended to more than one 
curvature and more than two dimensions, and time
dependent problems can normally be reduced to 
sequences of stationary ones [7]. 

To solve Eq. (16) numerically one may make as
sumptions based on the continuous property of the 
flux rp, thereby defining what are called "diamond" 
difference schemes, the simplest of these being 

2N =Nt+l +Nt=NJ+l +N;=Nm+! +Nm-t (18) 

which together with Eq. (16) gives a system of four 
equations in the seven N's. Three of the N's can be 
assumed known from results for neighbouring cells for 
which the calculations have already been done (or else 
from boundary conditions), and hence one may solve 
for the remaining four N's. 

The evaluation of N involves, besides the known N's 
and coefficients, the source term S which is implicit 
since in general it depends on quantities not yet calcu
lated. It may also entail boundary conditions which 
depend on such quantities. One resolves this in the 
customary way by introducing iterative procedures. 
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Hence, in the calculation of S, one uses "previous 
values" whenever current values are lacking. By 
previous values we mean data from a previous 
iteration; initially these would be trial values. 

The most efficient evaluation is obtained by solving 
Eq. (16) for N using Eq. (18) to eliminate unknown 
subscripted Ns. The algorithms which produce true 
solutions of Eq. (16) are well established [7] and Sn 
methods have been applied to a great variety of prac
tical problems in diverse geometries. 

Spherical harmonics and other polynomial methods 

According to the second tradition 1/J is approximated 
by polynomials in p. with coefficients am, m = I, 2, ... , 
M, depending on R,t, and v. In the basic approach, 
called spherical harmonics, 1/J is expanded in a trun-
cated Legendre series. · 

Recently, expansions in orthogonal polynomials 
other than Legendre have been examined, mostly in 
quest of improvements in accuracy for fixed M and for 
better convergence with increasing M (in cases where 
M = n). Aspelund [42] and Conkie [43] developed the 
basic formalism (and solutions in some cases) in con
nection with expansions of 1/J using Tchebycheff poly
nomials. Encouraging results were obtained in com
parisons with spherical harmonics in simple test prob
lems. It was noted however that the Tchebycheff 
method had some analytical shortcomings, that it 
could not, for example, be applied to spheres with the 
effectiveness of the Legendre method. Yabushita [44] 
confirmed the findings in [43] and made some further 
contributions to the Tchebycheff case. 

Mika and Zelazny [45] and Pomraning and 
Clark [46] examined, in a similar vein, the use of 

. Gegenbauer and Jacobi polynomials. It was observed 
in [46] that polynomial expansions do not conserve 
neutrons except in the Legendre case where the poly
nomials are orthogonal with uniform weight function 
over the p.-interval (- 1,1): W(p.) '== 1.0. This difficulty 
was resolved in an acceptable way be replacing the 
first equation of the expansion by the group balance 
equation (the first equation in the Legendre set). 

By removing the restriction to orthogonal poly
nomials on the interval (-I, I) further variety has 
been introduced. The method of Yvon [8,47] implies 
two Legendre polynomials, one for each of the p.
intervals ( - I ,0) and (0, I). This method has proved 
particularly valuable in treating problems with plane 
geometry. Bareiss [48] extended this idea to approxi
mation by two or more polynomials. In the first Sn 
method [40] 1/J was represented by connected line seg
ments. Bengston [49], following Yvon's example of 
allowing a discontinuity at p. = 0, converted Sn to 
Double-Stn· Simple step function representations have 
also been considered. 

The polynomial method may be based on quite 
arbitrary (piecewise polynomial) representations of 1/J 
with coefficients a1m and on certain "moment" trans
formations 8tm of the transport equation. This can be 
done consistently with all the methods discussed above 

G. I. BELL et a/. 

and serves therefore to unify and extend these meth
ods. It also provides a means for improving accuracy 
for fixed M in that, as in Sn, representation and trans
formation are decoupled. In this general form the 
polynomial method is referred to as the moment, or 
Mn, method [50]. 

The operators {}zm are applied to the representation 
of 1/J as well as the transport equation. The first step 
yields linear equations for the moments 1/Jzm (it,t, v) 
of 1/J in terms of the coefficients azm and, by inversion, 
equations for azm in terms of the 1/Jzm· The second step 
results in a set-of differential equations similar to but 
simpler than the spherical harmonics equations. In the 
cylindrical case with d= 1, for example, from which 
one can readily generalize to higher d, the moment 
operators· are given by: 

where 1=0,2, ... , m= 1,2, ... , subject to l+m<n, 
and where g2=(1-p.2)cos2w. Normally one would 
choose W= 1.0 since it is more convenient to regard 
weight assignment as a part of the representation. For 
the simple geometries (slabs and spheres with d= 1). 

Equation (19) reduces to f)lm =f)m = ~ f dp.W(JA,)p.m. 

The number of moments in Mn equals, by construc
tion, the number of discrete rays in Sfi,. The "terminal" 
moments o/tm, I+ m = n, I, m and n even, can be ex~ 
pressed in terms of the lower order (/ + m < n) 
moments. The resulting equations are called the ter
minating conditions. By using these conditions the 
Mn equations may be solved by methods which very 
closely parallel those of Sn [50J . 

Integral transport theory 

A different approach to numerical solution may be 
made starting from the integral equation for neutron 
transport [8]. The integral equation is approximated 
for solution by introducing a discrete space-velocity 
mesh and evaluating the kernel, numerically or other
wise, to obtain coefficients connecting the values of the 
neutron flux at the mesh points. Such methods have 
been used in special cases for many years; frequently in 
combination with other methods such as diffusion 
theory or Monte Carlo. The advantage of the integral 
formulation is that for isotropic scattering the angular 
flux need not be computed. The disadvantage is that, 
except in simple cases, a rather complicated kernel 
must be evaluated, although only once (if dimensions 
and cross sections are not being varied) in a given 
problem. 

Honeck [51] has developed integral theory for 
accurately solving the thermal utilization problem in 
cylindrical or plane cell geometry. The discrete 
approximation to the integral equation leads to a set 
of coupled linear equations for the flux values which 
are efficiently solved by scaling and over-relaxation 
techniques. 
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Kopp [52] has given an interesting iterative method 
for solving the integral equation by alternating be
tween first a diffusion theory calculation and second an 
integral theory solution for a purely absorbing medium 
which generates not only a correction to the diffusion 
theory but also a new source for a further diffusion 
calculation. The iterative procedure was found to 
converge rapidly for a test case in plane geometry. 

Treatment of anisotropic sources 
The source term in a transport problem (for exam

ple S in Eq. (16) ) will in general be anisotropic. In 
particular, in a multigroup calculation, neutron scat
tering will usually lead to an anisotropic source in 
every group. In each method discussed above, a 
spherical harmonics expansion may be used to repre
sent the angular dependence of the anisotropic source. 
Linear anisotropy may be conveniently treated in any 
of the methods, although in integral theory the advan
tage of calculating only the scalar flux is lost. If higher 
terms in the expansion are necessary to represent the 
anisotropy, the source term becomes complicated 
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especially for cylindrical geometry and for d> 1. At 
some degree of complexity, direct use of group aver
aged differential cross sections may become economi
cal. Step functions have been found to be accurate for 
representing such cross sections [53]. 

Attempts have been made to estimate requirements 
for anisotropic scattering representations. The diag
onal transport correction is frequently found to be 
sufficiently accurate [51,54] and permits an isotropic 
type solution. Seldom is more than a quadratic 
scattering representation required [54,55]. Even for 
photon transport four or five terms of a spherical har
monics expansion seem to suffice [55,56], and we have 
found good agreement between Monte Carlo and Sn 
calculations in problems of photon penetration and 
heating in slabs and spheres by using a Pa scattering 
representation. For fast neutron scattering, also, a few 
term expansion is sufficient for scattering anisotropy 
although flux anisotropy may require much higher 
order quadrature [55, 57]. In sum, source anisotropies 
can now be handled by existing numerical transport 
methods. 
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A/261 Etats-Unis d'Amerique 

Evolution de Ia theorie du transport 
des neutrons 

par G. I. Bell et at. 

Les etudes recemment entreprises en vue d'elargir Ia 
theorie du transport des neutrons et des photons com
prennent: a) l'etablissement systematique d'une equa
tion de transport a partir du formalisme de Ia theorie 
quantique des champs a l'aide de distributions de 
densites brutes; b) I' utilisation de fonctions genera
trices de probabilites ainsi que d'equations de premiere 
collision pour formuler une theorie stochastique du 
transport des neutrons et notamment des ecarts 
arbitraires par rapport a la moyenne; c) !'utilisation 
de methodes d'impregnation invariante dans les
quelles les equations de Boltzmann ou les equations de 
transport courantes avec des conditions a deux limites 
sont remplacees par des equations non lineaires avec 
des conditions a une seule limite. 

Les auteurs examinent les ameliorations recentes 
apportees a !'analyse classique de !'equation de trans
port et des integrales lineaires connexes. lis etudient 
les proprietes du spectre des valeurs propres de 
l'operateur de transport et exposent la methode de 
developpement des solutions generales en fonction 
d'un ensemble complet de valeurs propres. lis exposent 
de la meme fa~.;on Ia generalisation de la methode de 
developpement des valeurs propres: d'une geometrie 
plane a une geometrie courbe, de lois de diffusion 
isotrope a des lois de diffusion plus generales et des 
problemes monoenergetiques a des problemes qui sont 
fonction de l'energie. Us indiquent les limitations et les 
developpements possibles de Ia methode. 

Les auteurs donnent un apercu de I' evolution recente 
des methodes de Ia theorie integrale et des methodes 

variationnelles, notamment des methodes donnant un 
resultat avec une erreur d'ordre superieur dans Ia 
fonction d'essai. La partie analytique du memoire 
s'acheve par l'etude de quelques-unes des modifications 
et simplifications utiles "de !'equation de transport, en 
particulier de son terme source. 

La deuxieme partie du memoire porte sur les 
methodes numeriques. Les auteurs etudient d'abord 
Ia methode multigroupes generalisee des ordonnees 
discretes, en commen~.;ant par etablir des equations 
integrates denommees equations d'equilibre dans une 
maille de cellule. A cet egard, ils examinent diverses 
simplifications, en particulier Ia theorie de la 
diffusion. 

lis etudient ensuite !'application de modeles de dif
ferences a !'equation d'equilibre, puis decrivent les 
regles d'evaluation des formules de recursion qui en 
decoulent. Les principaux problemes qui se posent 
dans ce cas tiennent au controle des erreurs, au traite
ment des termes sources implicites et des conditions 
aux limites et a Ia convergence des processus d'itera
tion a plusieurs niveaux. On examine brievement la 
question des iterations internes et externes et des 
iterations des valeurs propres, ainsi que celle de l'essai 
de convergence connexe. 

Au sujet de !'equation de diffusion, les auteurs 
notent les methodes permettant de reduire les itera
tions internes ou de s'en passer. A cet egard, la 
methode de reflexion, liee au principe d'impregnation 
invariante, est etendue aux problemes a plusieurs 
dimensions. Les auteurs indiquent les perfectionne
ments apportes aux methodes utilisees pour resoudre 
Ia forme du deuxieme ordre de !'equation de diffusion 
et !'application de ces methodes a l'equation de trans
port. lis presentent quelques comparaisons numeriques 
de diverses methodes utilisees pour n!soudre ces 
equations. 
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Enfin, les auteurs resument les perfectionnements 
apportes aux methodes numeriques non discretes, aux 
calculs de Monte-Carlo et, au sujet de ces derniers, aux 
methodes deterministes. 

A/261 CWA 

Y cneXH 8 pa3BHTHH TeOpHH nepeHOCa 
HeHTpOHOB 

)1.>+<. 5ellll et al. 

floCJW~HHC pa60Thl B o6JiaCTM yconepmeHCTBO

BaHMH TeopeTM•tecKoii 6aahi Teopnu nepenoca neii

Tponon M <floTOHOB 6LIJIH HanpaBJieHhl Ha ( 1) CTpO

ruir BbiBOfl; TpancnopTHOfO ypaBHeHlfH, lfCXOfl;H lf3 

I~OpMaJIH3Ma TeOpHH KBaHTOBaHHhiX llOJieii, C llO

MOil\LlO KpynHoaepHHCThiX pacnpep;eJieHHH IIJIOT

liOCTlf; ( 2) ynoTpe6JieHHe <fJYHK~lfH nep.OHTHOCTII 

pomp,enHH, a TaKme ypanneHni1 nepnLIX coyp,ape

HHH fl.JIH <flopMyJIHpOBKlf CTOXUCTHlleCKOii TeOpHU 

nepeHoca neiiTponon, BKJIIOllalOil\CH nponanoJil>

Hhle OTKJIOHPHHH OT cpep,Hero a<fl<fleKTHBHOfO 3HU

'IeHlfH, H (3) ymJTpe6JieHHe HHBapHaHTHOfO Me

Top,a <<Bnep,pt:HHH>>, rp,e o6hltJHhle ypannennH ne

penoca HJIH ypanueune BoJih~Mana c KpaenwMn 

yc.rroBHHMH fl.JIH p,nyx rpauu~ aaMeHHIOTCH neJIH

nciiHhlMH ypanueHHHMH c KpaeBLIMH ycJIOBJUIMU 

11a op,noii: rpaHn~e. 
PaccMaTpnnaroTcH nocJICAHHe yconepmeHCTDO

IJaHHH B o6.rraCTH KJIUCCJillCCKOfO aHaJIH3U Tpanc

IIOpTHOfO ypaBHCHJIH II CBH3aHHLIX C HHM JIJIHCM

HhiX UHTerpaJILHhiX ypannenHii. AaeTc.JI o6aop 

CBOiiCTB CIICKTpa C06CTBCHHhiX 3HUlJCHIIH TpaHC

nopTHLIX onepaTOpOB H OUIIChiBUIOTCH CIIOC06hi 

paaJiomeHHH o611\UX pemeHnii B pnp, no noJIHOMY 

na6opy co6cTneHHhiX <flynK~ni1. 06cymp,aiOTCH no

upoChi pacnpOCTpaneHHH MCTOP,a pa3JIO)I(CHHH B 

PHil: 110 C06CTBeHHhiM cpyHK~HHM He TOJihKO Ha 

CJIY'Iaii: UJIOCKOH, HO H Ha CJiytJaii CJIO)I(HOH KpHBO

JJJ!HeHHOH reoMeTpim; He TOJihKO L(JIH H30TpOllHO

ro, Ho u f);JIH 6oJiee o6u~ero aaKoHa pacceHHHH; He 

TO.TfhKO L(JlH OL(HOClWpOCTHhlX aap;all, HO H AJIH CJiy

'laeB, Korna cyll\eCTnenna aaBHCHMOCTh OT :mep

nm. 06cymp,aiOTCH tPaKTOphi, orpaHH'lJIBUlOil\II!' 

B03MO)I(HOCTH MeTOP,a, II tflaKTOpLI, IIOTeH~HUJihHO 
paCI11HpHlOil\He 3TH B03M01KHOCTJI. 

flop,biTOmeHhl ycneXH B o6JiaCTH pa3BHTIIH JIH

TerpaJibHOii: TeopHH Jf BapHa~HOHHLIX MeTOfl.OB 

(BKJilO'laH MCTOP,hl, KOTOphiC f);UlOT peayJihTUT C 

omu6Koii BhiCoKoro nopHp,Ka n omH6Ke npo6noii 

cpynK~HH). AnaJIHTH'lecKaH llaCTh 3Toro fl.OKJiap,a 

3aKUH'lliBaeTCH o6aopOM HeKOTOpblX npHrOL(Hhl.\: 

npeo6pa30BUHHii H ynpOil\eHHU TpaucnopTHOfO 

ypaBHeHHH H, B '.faCTHOCTH, '!JICHa, COP,epmall\efo 

l1CTO'IHIIK. 

Bo nTopoii 'Jacnt AOKJiap,a paccMaTpnnaiOTCH 

•ntcJJeHHhle MeTOfl.hi. CnallaJia o6cym~aeTCH o6o6-

I~eHHLiii MHororpynnoBoii MCTO)]; P,HCKpCTHhlX Op

lJ,HHaT (Ha'lHHaH C tPOpMyJinpOBI\JI JIHTerpaJJbHLIX 

ypanneunii, naahlnaeMwx ypannennHMH 6aJianca 
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l(JIH CCTOlJHhiX HlleeK). B 3TOM me KOHTCKCTe o6-

cymp;aiOTCH pa3JJH'lllhle ynpol~CHHH, B lJaCTHOCTH, 

llHtPtPY3HOHHOe npHUJIHmeHHe. 
3aTeM o6cym;WCTCH lipHMeHCHHC KOHe'UIOpa3-

IIOCTHbiX MeTOL(OR K ypaBHCHHHM 6a.rraHca II OllH

CLIBUIOTCH HpaBIIJia P,JIH O~CHKH peayJihTaTa pe

KyppeHTllbiX tflopMyJI. 3L(eCJ. CUMbiM Baa<HhlM HB

JIHeTCH: KOHTpOJIL OITJH6oK, npHMCHeHHe HeHBHhiX 

'IJleHOB HCTO'IHJIKOB H rpaiHI'IHhiX YCJIOBHH, CXO

P,HMOCTh MHOrorpynHOBhiX HTepa~HOHHLIX IIpO~CC

COB. RpaTKo paccMoTpeHhi upo~eccbl BHyTpennHx 

H BHei11HHX HTepa~HH, HTepa~Hii C06CTBCHHJ.IX 

3HalleHHii, a Tal\a<e COOTBeTCTBYIOil\HC MCTO)];bl 

IIpOBepKH CXOP,UMOCTII. 

YKa3UHhl MeTO)];hi, KOTOpbiC i];aiOT B03MOlf\HOCTb 

npH pemennH AHtPtPY3HOHHoro ypanneHHH yMeHL

IHaTh lJHCJlO BHyTpCHHHX HTepa~Hii HJIH B006~e 
o6xo)];HThCH 6ea HHX. MeTo)]; oTpamenHH, cBnaan

Hhiii C MCTOP,OM HHBapHaHTHOfO (<Bllep,peHHH>>, 

npHMenneTCH K pemenHro MHoroMepHhlX aap;a'l. 

06cya<)];UIOTCH ycneXH B TCXHHKe pemeHUH AH<fJ

cpy3HOHHOfO ypaBHeHHH BTOporo IIOpHL(Ka H pac

npOCTpaHeHHe 3THX MeTOL(OB K pemeHHlO TpaHC

IIOpTHLIX 3U)];all. flpHBOL(HTCH pe3yJihTUThl cpaB

HeHHH lJJICJJeHHhlX peayJJhTaTOB, llOJIY'lCHHLIX pa3-

JIH'IHhiMH MeTOP,aMH. 

B aaKJIIOlleHue paccMaTpHBalOTCH ycnexH n o6-

JiacTn IIpHMCHCHHH HCP,IICKpCTHbiX 'IIICJieHHhiX Me

TOP,OB, MCTOP,a MonTe-l\ap.rro H upu COlleTaHHJI IIO

CJie)];HIIX C ~eTepMUHll'l'CCNHllfU MCTO)];aMII. 

A/261 Estados Unidos de America 

Progresos en Ia teorfa de transporte 
neutr6nico 

por G. I. Bell et a/. 

Entre los esfuerzos hechos recientemente a fin de 
ensanchar la base teorica del transporte de neutrones y 
fotones se cuentan: a) Ia deduci6n sistematica de una 
ecuaci6n de transporte partiendo del formalismo de la 
teoria cuantica de campos por medio de distribuciones 
groseras de Ia densidad; b) utilizacion de funciones 
generatrices de probabilidad junto con ecuaciones de 
primer choque a fin de formular una teoria estocastica 
de transporte neutr6nico que incluya desviaciones 
arbitrarias del valor medio, y c) metodos de engaste 
invariante en los que se sustituyen las ecuaciones 
usuales de Boltzmann o de transporte, con condi
ciones en dos limites, por ecuaciones no lineales con 
condiciones en un solo limite. 

Se consideran ciertos avances recientes en el 
analisis clasico de la ecuaci6n de transporte y de las 
ecuaciones integrales lineales relacionadas con ella. Se 
revisan las propiedades del espectro de valores propios 
del operador de transporte y se esboza el metodo de 
desarrollo de soluciones generales en funci6n de un 
conjunto de funciones propias. Se bosqueja la exten
sion del metodo de desarrollo en funciones propias 
desde geometrias planas a curvas, de leyes de dispersion 
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isotropas a otras mas generales y de problemas 
monoenergeticos a problemas en que varia Ia energia. 
Se sefialan las limitaciones del metodo y sus posibles 
extensiones. 

Se resumen los recientes avances en teoria integral y 
metodos variacionales incluyendo metodos que pro
porcionan un resultado con un error de orden elevado 
en el error de Ia funcion de ajuste. La parte analitica 
del trabajo concluye con una revision de algunas de las 
transformaciones y simplificaciones utiles de Ia ecua
cion de transporte, en particular de su termino fuente. 

La segunda parte del trabajo trata de metodos 
numericos. Se discute en primer Iugar el metoda de 
multigroup con ordenadas discretas generalizadas, 
empezando por formular las ecuaciones integrales, 
llamadas ecuaciones de balance en Ia red de Ia celda. 
En este esquema se consideran diversas simplifica
ciones, en particular Ia teoria de difusion. 

A continuacion se discute Ia aplicacion de esquemas 
de diferencias a Ia ecuacion de balance y luego se 
describen las formulas de recurrencia que resultan. En 
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este caso las preocupaciones may ores son: el control 
de los errores, el tratamiento de los terminos fuente 
implicitos y de las condiciones en los Iimites y Ia con
vergencia de los procesos iterativos de niveles mul
tiples. Se examina brevemente Ia cuesti6n de las itera
ciones interna, externa y de valores propios, asi como 
Ia prueba de convergencia correspondiente. 

Respecto a la ecuacion de difusion, se sefialan 
metodos que minimizan las iteraciones internas 0 bien 
permiten despreciarlas. En este caso se extiende a 
problemas multidimensionales el metodo de reflexion 
que esta ligado al concepto de engaste invariante. Se 
sefialan avances en las tecnicas de resolver la ecuacion 
de difusion en su forma de segundo orden y Ia exten
sion de esta tecnica al caso de transporte. Se presentan 
algunas comparaciones numericas entre distintos 
metodos de resolucion. 

Por ultimo, se resumen los progresos en tecnicas 
numericas no discretas, metodos de Monte Carlo y de 
combinacion de este ultimo con metodos determinis
ticos. 
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Developments in resonance absorption 

By J. Chernick and M. M. Levine* 

The subject of the resonance absorption of neutrons 
in reactors has continued to challenge investigators 
since the 1958 Geneva Conference. Our review of this 
work will be limited to that published in the United 
States although it would be remiss not to call attention 
to the widespread and fine research work carried out 
abroad during the past few years. The review will also 
be limited to developments in resonance absorption 
for thermal reactors. Developments in resonance 
absorption for fast reactors will be considered in a 
companion paper entitled Physics of Fast Reactors by 
Avery et al. ** 

In the United States, progress in the field has con
tinued along the lines outlined in the review paper by 
Sampson and Chernick [1). In particular, the integral 
equation approach to a quantitative theory discussed 
at the Second Geneva Conference [2] has fulfilled its 
early promise. Indeed for certain now classical prob
lell\s, such as the resolved resonance integral of 
ordinary uranium metal rods, there is little to choose 
between simple calculations such as those of Vernon [3) 
or Drawbaugh [4], Nordheim's method for the direct 
solution of the integral equation {5], or Levine's 
Monte Carlo calculations [6]. Other problems exhibit 
greater sensitivity to the calculational model. In many 
cases, crucial experimental data are still lacking. Thus, 
the lack of an adequate representation of the low level 
resonance structure of fissionable nuclides [7] con
tinues to hold up accurate calculations of the reson
ance absorption of neutrons in highly enriched fuels. 
The present concerted effort in major European 
laboratories as well as in the United States to improve 
the accuracy of neutron cross-section measurements 
bodes well for the early elimination of outstanding 
discrepancies such as those still existing for low energy 
235U and 232Th resonances. 

Although the modern theory of resonance absorp
tion is in harmony with Wigner's original concepts as 
well as those of Gurevich and Pomeranchouk of the 
USSR, new concepts and tools have been developed 
which generalize and transcend the earlier work. A 
new language is emerging based on these concepts 
which include the method of "collision" or "escape" 
probabilities for reactor lattices, the "uniform" or 
"flat" flux approximation for subregions of a lattice, 
"equivalence theorems" between lattices and between 

* Brookhaven National Laboratory, Upton, N.Y. 
** Vol. 6, these Proceedings. 

mixtures and lattices, the narrow resonance (NR) 
approximation, and the infinite mass absorber (lA or 
IM) or wide resonance (WR) approximation. These 
concepts will be reviewed since they are necessary to 
the understanding of recent improvements such as the 
intermediate resonance (IR) formulation of Goldstein 
and Cohen [8]. 

The papers reviewed here are generally concerned 
either with refinements of the basic theoretical meth
ods or with extensions of calculational tools to more 
novel or complex problems or with integral experi
ments designed to test or improve aspects of the 
theory. It is clear that considerable progress has been 
made since 1958 in all these important areas of a field 
which was once felt to be too complex ever to emerge 
from a state of semi-empiricism. 

THE METHOD OF COLLISION 
PROBABILITIES 

The collision probability method of solving neutron 
transport problems is becoming increasingly popular 
although the basic concept is old. Consider a lump of 
purely absorbing and fissioning material. If YJ is the 
average neutron multiplication per absorption.and Po 
is the average probability that a neutron will make a 
collision during its flight through the lump, then 
YJPo = 1 is the condition for criticality. The comple
ment 1 -Po of the average collision probability is 
called the escape probability of the lump. In general, 
Po is a complex average over neutron energy and 
spatial distribution but the assumption of uniform or 
flat flux and isotropic scattering reduces the problem 
to simple geometrical considerations [9]. The restric
tion on scattering may be lifted for a heavy scatterer 
where the resulting neutron energy degradation may 
be neglected (the infinite mass approximation). In this 
case, the condition for criticality becomes YJPoaa.! 
(ut -usPo) = 1. 

One of the early uses of the collision probability 
method was in one-group calculations of the fast 
fission factor of widely separated or isolated uranium 
lumps in a reactor lattice [10]. These restrictions were 
relaxed by Chernick and Mozer [11, 12] who syste
matically used the detailed collision probabilities 
PtJ(E) for neutrons uniformly produced in subvolume 
Vt of a lattice at energy E which make their first col
lision in subvolume V1. A number of recen~ papers 
have been devoted to the improvement of such 
calculations. 
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Another early use of the collision probability method 
was in the solution of Peierls' integral equation for 
monoenergetic neutrons [II]. The great superiority 
of the method over spherical harmonics approxima
tions for thin slabs [13] is shown in Table I, which 
compares calculated flux disadvantage factors for a 
non-absorbing moderator. The convergence of the 
Pn method is poor for small values of do/Ao and d1/At, 
the widths of the fuel and moderator slabs in mean 
free paths, even for values of the fuel absorption 
probability p 3 as low as 0.1. The poor showing of the 
standard spherical harmonics method is one reason 
for the popularity of the collision probability method, 
in addition to the latter's clear physical appeal. 

The collision probability method becomes in
accurate when the dimensions of the volume elements 
are chosen to be large compared to a mean free path. 
Corngold has developed an integral transport meth
od [14] which reduces to the flat flux collision proba
bility method in lowest-order approximation. Fukai [15] 
has shown that Corngold's second-moment approxi
mation yields results that are generally better than P5 
calculations even for thick slabs. A comparison of 
calculated flux disadvantage factors with exact values 
is given in Table 2. 

One of the most popular methods of treating the 
diffusion of monoenergetic neutrons in large lattice 
cells remains that of Amouyal, Benoist, and Horo
witz [16], who skilfully blended collision probability 
methods for the fuel with elementary diffusion theory 
for the moderator. However, the inadequacy of one
group diffusion theory is becoming apparent as ade
quate knowledge of neutron thermalization has be
come available. The first attempt at multigroup 
collision probability methods for treating neutron 
thermalization problems was that of Takahashi (17]. 
The work of Honeck and Kaplan [18] resulted in the 

Table 1. Flux disadvantage factors for thin slab lattices 

do/Joo d,,~, P. p, p• Collision 
prob. 

0.50 0.50 0.10 1.024 1.033 1.049 
0.50 1.121 1.166 1.244 

1.00 0.10 1.035 1.044 1.055 
0.50 1.174 1.222 1.272 

1.00 0.50 0.10 1.069 1.088 1.109 
0.50 1.339 1.431 1.533 

1.00 0.10 1.087 1.103 1.113 
0.50 1.428 1.507 1.556 

Table 2. Flux disadvantage factors for thick slab lattices 

do/Ao di/A1 P, p, Ps Corngold Exact 

2 2 0.10 1.2784 1.2897 1.2935 1.2937 
0.50 2.3331 2.3905 2.4149 2.4161 

5 0.10 1.4200 1.4250 1.4266 1.4269 
0.50 3.0499 3.0757 3.0873 3.0894 

5 2 0.10 1.9776 1.9926 1.9959 1.9986 
0.50 5.0944 5.2015 5.2304 5.2544 

5 0.10 2.3045 2.3094 2.3098 2. 3117 
0.50 6.8010 6.8471 6.8526 6.8737 

general multigroup, multiregion integral transport 
code THERMOS. Honeck's recent review [19] of dis
advantage factors for uranium-water lattices shows 
that both his theoretical calculations and experimental 
measurements at the Bettis and Brookhaven Labora
tories have become so accurate that systematic differ
ences of only a few per cent can be detected. 

In studies of the resonance absorption of neutrons, 
simple flat flux collision probabilities have been shown 
to be generally adequate even for relatively large fuel 
and moderator dimensions. The reason is that almost 
all resonances are narrow compared to neutron energy 
losses and are generally well separated so that the 
asymptotic flux distribution is recovered between 
resonances. Thus neutrons effectively make only one 
collision within a resonance. Of these which slow down 
into a resonance trap within the fuel, the fraction Po 
collide within a fue1lump. Of those which slow down 
within the moderator, the fraction 1 - P1 escape into 
a lump if P1 is the corresponding collision probability 
for the moderator. Thus under the narrow resonance 
(NR) approximation for both the fuel and moderator 
the resonance integral, in terms of collision proba
bilities, becomes (20]; 

/(NR)= apPo+--(1-Pl) Pa-J[ L'tV1 ] dE 
NoVo E 

(l) 

where ap is the ordinary potential scattering cross 
section of the fuel and p 3 is the absorption probability 
per fuel collision. 

The narrow resonance approximation fails for 
important low energy resonances of heavy absorbers. 
In these cases accurate estimates of resonance integral 
may generally be obtained by use of the infinite mass 
(IM or IA) or wide resonance (WR) approximation for 
the fuel. The corresponding resonance integral is then; 

/(NRIM)=J.EIVI (l-P1) Pa dE 
NoVo l -Pops E 

(2) 

where Ps is the scattering probability and the factor 
(l-Pops)-1 represents the increase in absorption rate 
due to repeated collisions in the fuel without energy 
loss. The popular abbreviations NR and NRIA were 
first applied to the above formulae by Spinney, who 
studied their range of validity for individual reson
ances [21]. 

Under the flat flux approximation, a general reci
procity theorem exists [9,22,23] between the collision 
probabilities Po( E) and Pt(E): 

(1 - Po).Eo/o = (1 - P1)l:th (3) 

where /o = 4 Vo/ S and h = 4 Vt/ S are mean chord 
lengths in the fuel and moderator respectively. Eq. (3) 
makes it possible to restrict consideration to fuel 
collision probabilities Po(E) for reactor lattices. For 
widely spaced fuel lumps or for slab lattices the geo
metrical problems are then relatively simple. Other 
geometries such as closely packed lattices of single fuel 
rods or clusters of fuel rods are more complex. 
Dancoff and Ginsburg (24] were the first to consider 
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Table 3. Dancoff factors (1 -c) for black rod lattices 

Rod 
Lattice diam. VI/VO Fukai Sauer Monte Carlo 

(in) 

Square 0.25 0.273 0.202 0.2005±0.0005 
0.6 0.358 0.378 0.372 ±0.001 
1 0.531 0.524 v.521 ±0.002 
3 0.815 0.819 0.826 ±0.006 

0.60 0.273 0.358 0.362 ±0.001 
0.6 0.591 0.615 0.609 ±0.003 
I 0.764 0.764 0. 778 ±0.005 
3 0.959 0.955 0.976 ±0.009 

Hexagon 0.25 1 0.534 0.534 0.526 ±0.002 
3 0.828 0.821 0.821 ±0.006 

0.60 1 0.765 0.784 0. 783 ±0.005 
3 0.962 0.956 0.960 ±0.011 

the reduction in the effective surface of a black lump 
due to the shadowing effect of surrounding Jumps. 
Improved analytical methods of obtaining Dancoff 
corrections for rodded lattices have been discussed by 
Carlvik and Pershagen [25], Thie [26], Fukai [27], 
Velarde [28], Sauer [29], Bonalumi [30] and others. 
The formulas of Fukai and Sauer for solid rod lattices 
in water are compared with results of Monte Carlo 
calculations in Table 3. The method of Sauer is based 
on an approximate chord length distribution whose 
logarithmic moment must be matched to that of the 
exact chord length distribution. Other more approxi
mate formulae are discussed by Fukai [27] who has 
now developed an IBM 7090 code which yields exact 
Dancoff corrections for rod lattices (personal com
munication). Methods of calculating collision proba
bilities for fuel clusters have not been as well ex
plored [25,31]. 

For widely spaced lattices; 

1-Po =Ao Gflo (4) 

where G is the fraction of the neutrons entering a lump 
which make a collision in crossing the lump. Wigner's 
well-known rational approximation for the penetra
bility factor G is given by: 

1 
Gw= (5) 

I +Ao/lo 

The use of the latter approximation greatly simplifies 
the calculation of resonance integrals [32, 33]. 

Another useful approximation [22, 34] connects the 
fuel escape probability for a lattice with that of an 
isolated lump; 

(1-C) 
(1-Po) (lattice)~(l-Po) (lump) l-C(l ~G) (6) 

where Cis the exact Dancoff correction for black fuel 
lumps summed over all neighbouring lumps. While the 
simplicity of the rational approximation is lost, 
Nordheim [35] recommends the use of(6) in improving 
the accuracy of nurn.erical solutions. 

EQUIVALENCE THEOREMS 

The variety of reactor lattices is so great that eq uiva
Ience relations between different systems are useful 

even wh!;!n they are not wholly exact. Creutz et al. [36] 
were the first to suggest a relationship between the 
resonance integrals of fuel lumps composed of mix
tures of uranium and light elements and the potential 
scattering cross section of the lump per uranium atom. 
Later, Dresner attempted to correlate resonance 
integrals of similar lumps containing uranium or 
thorium with available experimental data [31, 37]. 

A significant advance was made by Bakshi [38] in 
1957 when he examined the error incurred in the use 
of Wigner's rational approximation in Eq. (1). Under 
the rational approximation, the resonance integrals of 
widely spaced lumps become identical with that of 
homogeneous mixtures, the quantity 1/No/o of the 
lump playing the same role as the potential scattering 
cross section of the moderator per absorbing atom in 
mixtures. Bakshi then examined the necessary con
ditions for equivalence between the resonance integrals 
of lattices and of isolated lumps. In addition to the 
reciprocity condition (3), he found that the escape 
probability for the fuel lump had to be identical with 
that of an isolated lump of larger size at all neutron 
energies. Again, it was clear that this could not be 
rigorously true. However, in the black lump limit the 
condition for equivalence becomes; 

I lo (lump) 
0 (lattice) = I _ C (7) 

where Cis the exact Dancoff correction. 
With the above equivalence relation [38], one can 

view a fuel lump (or lattice offuellumps) as having an 
effective macroscopic cross section proportional to its 
surface, in addition to its ordinary potential scattering 
cross section. One then obtains the general equivalence 
"theorem" : 

"Systems having equal effective potential scattering 
have equal resonance integrals without distinction 
between homogeneous and heterogeneous systems." 

Bakshi's equivalence theorems were based on 
Eqs. (I) and (2), which involve extreme assumptions 
regarding neutron energy degradation. The principle 
was extended to higher order in energy degradation by 
Chernick and Vernon. The concepts were further 
refined and generalized by Nordheim [35], Dresner [31] 
and Goldstein and Brooks [39]. 

The Wigner approximation, Eq. (5), goes to the 
correct limits for large and small /0 but it is not exact 
for any intermediate value. The modified rational 
approximation; 

1 
(1 -Po)= I + afo/Ao (8) 

is an improvement for practical reactor lattices. :fhis 
leads to the equivalence reaction between lattices and 
single lumps; 

fo (lattice)= /o (single lump )[I +(a- 1 )C]/[1 - C] (9) 

which reduces to Bakshi's Eq. (7) for a= I. Levine [6] 
found that the value a= 1.1 brings the lattice reson
ance integrals into good agreement with single lump 
results for rod lattices. Aisu and Minton [40] have 
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Table 4. Escape probabilities for absorbing slabs in 
water 

Water 
Slab O.SOin 0.25 in 0.125 in 

Width 
Eo/lo Eq. (7) Exact Eq. (7) Exact Eq. (7) Exact 

0.5 0.689 0.691 0.649 0.652 0.574 0.566 
1.0 0.541 0.537 0.493 0.490 0.409 0.395 
1.5 0.443 0.443 0.395 0.390 0. 312 0.301 
2.0 0.374 0.371 0.326 0.322 0.250 0.241 
3.0 0.2803 0.2791 0.239 0.238 0.176 0.171 
4.0 0.2216 0.2206 0.1857 0.1838 0.134 0.132 
6.0 0.1534 0.1528 0.1266 0.1260 0.0898 0.0893 
8.0 0.1162 0.1159 0.0954 0.0952 0.0674 0.0673 

verified this result for rod lattices by single energy 
calculations but indicate that Eq. (7) remains superior 
for slab lattices. 

Introduction of Eq. (8) into Eqs. (1) and (2) leads to 
a modification of Bakshi's equivalence principle for 
homogeneous mixtures and lumps of different materi
als. The effective potential scattering cross section per 
absorber atom becomes; 

a*= apjo1 + Seu/4NV. (10) 

When 01 is unity this yields the original equivalence 
relation. However, Levine found that o1 = 1.27 gives 
good correspondence between rods of 2asu metal, 
oxide, and carbide. 

The adequacy of the equivalence relation (7) is 
shown for slab lattices in Table 4. In general, the 
agreement is excellent except for relatively transparent 
absorbers in thin water slabs. Table 5 compares the 
approximations (6) and (7) and Monte Carlo calcula
tions for a hexagonal lattice of absorbing rods in an 
equal volume of water [35]. Eq. (6) is an improvement 
for thin, transparent rods, but the simple equivalence 
relation (7) appears to be superior for strongly absorb
ing lumps. The relatively large percentage error in 
Eq. (9) for large optical thicknesses does not appear to 
influence the resonance capture rate very much, how
ever, due to the saturation of this rate for very black 
lumps. No detailed comparison of the relative ac
curacy of calculated resonance integrals have, however, 
been carried out. A number of simpler but less ac
curate equivalence theorems for lattices have also been 
proposed. 

THE INTEGRAL EQUATION METHOD 

The difficulties in the way of the solution of resonance 
absorption problems based on the rigorous Boltzmann 
equation led Chernick [1, 11] to suggest the use of the 
coupled integral equations; 

Fo(E)= [1-P1(E)]l;fi:tF1(E')dE' 
t 1\ (1-a.t)E' 

E 

f
Efa.J 

+ p (E) l; l:sJ Fo(E')dE' 
0 

i l:t
0 

(1 -a.,)E'' 
E 

f
E/a.t 

F1(E) = P1(E) l; l:st F1(E')dE' 
t Et1 (l - a.t)E' 

E 

+[I -Po(E)]l; l:sJ Fo(E')dE' (ll) f
E/a.i 

1 ~\ (1 -a.,)E' 
E 

Here F denotes the average collision density, P the 
average collision probability in the region indicated by 
its subscript. The Eq. {11) are specialized to a two
region lattice consisting of fuel lumps (subscript 0) and 
moderator (subscript 1). The flat flux approximation is 
generally used in calculations of average collision 
probabilities but any error incurred could be elimin
ated by further subdivision of the lattice. 

The system (11) reduces to the single integral 
equation; 

J
E/a· 

Fo(E) =(1 - P1) +Po~ .Es/ Fo(E')dE' 
ge 1 L'to(I -a.1)E' 

E 

0 (12) 

under the NR approximation. 
Equation (12) or its parallel form for homogeneous 

mixtures has been the starting point of most recent 
investigations of resonance absorption. Under extreme 
assumptions for neutron energy degradation in fuel 
collisions [20] it yields the simple NR formula (1) or 
the NRIM formula (2). Improved formulations have 
been suggested by Spinney [21], Chernick and Ver
non [33], Bell [23], Spinrad [2], Hasegawa [41], Rothen
stein [22], Goldstein and Cohen [8], Gast [42] and 
Goldstein and Brooks [39], and some of these authors 
have also considered starting points more general than 
(12). Numerical methods of solving the integral equa
tion have been developed by Nordheim and Kuncir [5], 
by Kelber [43] and by Kier [44]. 

Recent studies of resonance flux disadvantage 
factors include those of Dresner [31], Hayes, Luming 
and Zweifel [45], Vaughan [46], Takahashi and Com
gold [47] and Iijima [48]. That Equation (12) leads to 
formula (2) in the infinite mass limit is a defect of the 
model, since it is known that p depends exponentially 
rather than linearly on the resonance integral for pure 

Table 5. Escape probabilities for a hexagonal lattice of 
a~sorbing rods in an equal volume of water 

Rod 0.60in 
diam. o.2sin 
Eo/lo Eq. (6) Eq. (7) Monte Carlo Eq. (6) Eq. (7) Monte Carlo 

0. 5 0. 689 0. 706 0. 69\±0. 004 0. 571 0. 614 0. 572±0. 004 
1.0 0.520 0.535 0.522±0.004 0.393 0.427 0.397±0.003 
1.5 0.416 0.430 0.422±0.003 0.298 0.319 0.304±0.003 
2.0 0.335 0.344 0.346±0.003 0.239 0.251 0.248±0.002 
3.0 0.244 0.248 0.250±0.002 0.169 0.174 0.173±0.002 
4.0 0.189 0.192 0.194±0.002 0.130 0.132 0.133±0.002 
6.0 0.130 0.130 0.133±0.002 0.088 0.089 0.088±0.002 
8.0 0.098 0.098 0.100±0.002 -
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hydrogen moderation. There is therefore a correction 
of order (I - P)2 for mixtures [33] or for lattices under 
the flat flux approximation [22]. Iijima's results 
indicate that the latter correction may require modi
fication for low energy resonances in thick lumps, 
widely separated by a medium mass moderator. In 
particular he finds that the 6.7 eV resonance in 2asu 
produces a deficiency of resonance neutrons but only 
within a mean free path of a uranium slab in an 
infinite graphite moderator. While the effect on 
resonance integrals is not large it is worth further 
study. Rothenstein [49] compared Monte Carlo 
results for the 6. 7 e V resonance in a standard graphite 
lattice with calculations based on the solution of {II) 
by successive approximation. He obtained good agree
ment despite the use of flat flux collision probabilities 
for both fuel and moderator. 

Both Rothenstein and lijima also studied the 
question of flux recovery between resonances. Their 
results again confirm the general adequacy of this 
assumption for heavy absorbers. For fissionable 
nuclides, or for admixed absorbers with close reson
ances, this question is only now beginning to get the 
attention it deserves [43,44], in part because of the 
importance of these problems in fast reactors. The 
statistics of neutron resonance parameters is another 
area of importance to both thermal and fast reactors. 
As shown by Codd and Collins [50], statistical fluctua
tions in neutron and fission widths are important to 
the determination of Doppler coefficients of fast 
reactors. Figure 1 shows the importance of 239Pu level 
spacing on the problem of overlap with 2asu reson
ances at l keY [51]. Unfortunately the necessary data 
on reaction widths, spacings, spin assignments, etc., 
are not yet sufficiently numerous or accurate. A review 
of theoretical and experimental progress in this direc
tion has been carried out by Garrison [52]. 

Second-order approximations to the solution of 
Eq. (12) are discussed in a general and elegant manner 
by Dresner [31) and a hierarchy of successive approxi
mations is considered by Bell [23]. The work of Gold
stein and Cohen [8] on the homogeneous integral 
equation and of Goldstein and Brooks [39) on its 
equivalent heterogeneous equation yields the inter
mediate resonance (IR) formula as an interpolation 

Figure 1. Plutonium-239 resonance integral versus separation of 
plutonium-239 resonance from a uranium-238 level at 1000 eV, 
temperature =300°K, normalized to 1 barn at s=S eV 

Table 6. Effect of temperature variation of interpola-
tion parameter fL on intermediate resonance integral 
lfL; lfL=(I [NRIM]+ P-1 [NR])/(1 + P-)· (1 :1 uranium-238-

H mixtures) 

Resonance Temp. T iJ(T) II' 
Energy (eV) (oK) (barns) 11'(0) 

6.68 0 0.0510 4.06 4.06 
900 0.0476 4.20 4.20 

21 0 0.262 1.80 1.80 
900 0.237 I. 90 1.90 

103 0 0.554 0.402 0.402 
900 0.588 0.445 0.448 

192 0 1.57 0.172 0.172 
900 1.74 0.191 0.195 

209 0 3.01 0.107 0.107 
900 2.93 0.146 0.146 

device between the NR and NRIM formulas. The 
major limitation ofthe work, its restriction to 0°K, has 
been largely removed by McKay and Pollard [53], who 
give examples which indicate that the interpolation 
formula is insensitive to temperature (Table 6). 

Rothenstein and Chernik (54] have shown that the 
NR and NRIM formulae are· not suitable for calcula
tions of the · resonance absorption of neutrons in 
prominent resonances of medium mass absorbers. 
These wide resonances are characterized by strong 
scattering, natural line shape, and little Doppler 
broadening. Interference between potential and reson
ance scattering is important here and occasionally in 
other cases [55]. Methods of attack on the problem 
have thus far included numerical integration, Monte 
Carlo calculations, and the IR formula [39], all of 
which yield consonant results. 

Lane, Nordheim and Sampson have considered 
resonance absorption in moderators with randomly 
distributed absorber grains. The Dancoff correction C 
is readily derived in this case [56]. Figure 2 shows the 
improvement in Doppler coefficient with increase in 
grain diameter d for Th02 grains in graphite. Nord
heim [5] has also calculated the exact moderating 
effect of the oxygen in uo2 lumps and finds that it 
gives a noticeable correction to the resonance integrals 
of thick rods. 

MONTE CARLO METHODS 

The present generation of high speed digital com
puters has broadened the applicability of the Monte 
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Figure 2. Dependence of Doppler effect on grain diameter D. 
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Carlo method. It is now being used widely as an 
experimental tool for testing resonance absorption 
models and, in a few laboratories, as a production tool 
for design calculations. 

The limitation of the original REP code [57] to a 
single resonance absorber has been lifted. The REPE
TITIOUS code [58] permits one Doppler broadened 
absorber and one unbroadened fissile isotope. Code 
RECAP [59] prepares a tabulation of cross sections 
versus energy which may include up to five Doppler 
broadened absorbers. Burnup code RBU [60,61] has 
a Monte Carlo option. A present defect of the codes is 
the lack of adequate multilevel representation of 
fission cross sections. 
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Figure 4. Calculated uranium-238 metal and oxide resonance 
integrals versus y(S/M) 

The ability to handle more than one resonance 
absorber makes it possible to investigate such prob
lems as resonance overlap. An example is the Monte 
Carlo study by Foell, Grimesey and Tong [62] on the 
effect of overlap in mixtures involving combinations 
of gold, indium oxide, and lead oxide. Some effects of 
overlap involving 23SU, 235U, and gold obtained by 
Kelber [51] from an analytic rather than a Monte 
Carlo approach are shown in Fig. 3. 

A series of Monte Carlo calculations with large 
numbers of histories and high precision has been 
reported by Levine [6] for 238U resonance absorption. 
The results for metal and oxide rods are compared in 
Fig. 4 with the results of Vernon [3] and Draw
baugh [4] based on the NR v. NRIM approximation 
and of Nordheim [5] based on numerical integration 
of Eq. (12). All these methods are based on the flat 
flux approximation and show good agreement with 
Monte Carlo results except for very thick rods 
(smalh/(S/ M)) where the flat flux approximation 
becomes inapplicable. 

The metal and oxide results for the resolved reson
ances of 2asu are combined in Fig. 5 with the aid of 
the equivalence relation based on the independent 
variable a* of Eq. (10). Similar results were obtained 
for the unresolved resonances below 30 keY . 

Above 30 keY, deviations from the idealized pftE 
spectrum occur in a lattice because of the localized 
fission sources and nonconstant scattering cross sec
tions. Rief [63] developed the Monte Carlo code 
MOCCA to study absorption processes in this region. 
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The code has now been extended to lower energies as 
well. MOCCA studies of 23SU capture in typical 
lattices above 30 keY [6] yield resonance integrals of 
1 to 2 or more barns as compared to the naive value of 
0.8 barns for a 1/E spectrum. 

Smith, Hardy and Klein [64] have compared mea
sured resonance activation as a function of position in 
a uranium rod with results of Monte Carlo calcula
tions. The excellent agreement is another verification 
both of the adequacy of the Monte Carlo method and 
of the resonance parameters used for 238U. 

RESONANCE INTEGRAL MEASUREMENTS 

Measurements of resonance integrals of lumped 
absorbers by activation or reactivity techniques require 
several normalization and correction factors. Some of 
these depend on the measurement technique such as 
fission product activity in activation measurements or 
scattering and energy degrddation in reactivity mea
surements. Corrections common to both -types of 
measurement include the amount of absorption below 
the lowest resonance and the shape of the spectrum in 
which the measurement is made. 

The smooth cross section contribution to the 
resonance integral has been subtracted from all 
measured values to be quoted here. The correction is 
relatively simple and accurate for 23BU since its cross 
section is small and closely ljv. On the other hand 
232Th has a larger smooth cross section which is 
non-1/v. A number of authors have estimated reson
ance parameters for a single negative energy level 
which can account for the low energy behaviour of 
thorium [65, 68]. We follow Weitman here who places 
the resonance at -5 eV [68]. Other estimates differ by 
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Figure 6. Measured thorium-232 metal and oxide resonance 
integrals versus v(S/M) 

a few tenths of a barn for the energy interval between 
0.4 and 20 e V. 

For purposes of comparison of experiments with 
each other and with calculations, it is customary to 
reduce measurements to a 1/ E spectrum. These correc
tions are difficult since the spectra in which the mea
surements are made are not accurately known and 
approximate calculations are relied upon for their 
estimation. On the other hand, the reactor physicist is 
finding [6,69] that resonance integrals measured by 
activation are by themselves inadequate for the treat
ment of reactor lattices. Both the experimentalist and 
theorist are beginning to give these problems the 
attention they deserve. 

Recent measurements of resonance integrals of 
uranium and uranium oxide rods are given in Table 7, 
while Table 8 lists· the corresponding results for 
thorium. The resonance integrals have been corrected 
for smooth capture above the low energy cutoff and 
correspond to an idealized 1 IE spectrum up to 10 MeV. 
The data are also plotted to Figs. 6 and 7, except for 
that of Moore, Pattenden and Tattersall because of 
uncertainties in their spectrum [68]. 

It is of interest to compare these recent results for 
23BU with those included in Dresner's review [31]. The 
average value of 2.82 + 26.9y(S/ M) shows a smaller 
volume term and a larget: surface term than the average 
resonance integral listed by Dresner. The resonance 
integrals in lattices obtained by lattice reactivity 
measurements tend to rise more rapidly with y(S/ M) 
than those obtained by activation analysis, again 
indicating the fundamental difference between these 
resonance integrals. The agreement with calculations 
(Fig. 4) is excellent. 
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Table 7. Resonance integrals of uranium-238 

Author 

Pettus [87] . . 
Hardy et al. [88] 
Hellstrand et a/. [89] 
Moore et al. [90] 

Pettus [87] . . 
Hardy et al. [88] 
Hellstrand et al. [89] 
Moore et al. [90] . 

!(barns) 

Metal 
(2.8 ±0.5)+ (27.1 ±0.9)v(S/M) 
2.71+27.8v(S/M) ±0·6 
2.95+25.8y(S/M) ±5% 
2.42+28.7v(S/M) ±6% 

Oxide 
(3.0 ±0.4) + (28.0±0.6)v(S/M) 
4.89+24.8v(S/M) ±0.6 
4.15+26.6v(S/M) ±5% 
4.57+29.1v(S/M) ±6% 

Table 8. Resonance integrals of thorium-232 

Author 

Pettus [92] 
Hellstrand eta/. [73] 
Rothman eta/. [93] 
Moore et a/. [90] 

Pettus [92]. . . 
Weitman [68] 
Moore et al. [90] 

I (barns) 

Metal 
3.91 + 14.81v(S/M) ±5% 
3.25+ 15.9v(S/M) ±5.5% 

(1.5 ± 1.3)+ (17.2 ±2.1)v(S/M) 
2.54+20.1v(S/M) ±7% 

Oxide 
3.41 + 17.32v(S/M) ±5% 
4.9 + 15.5y(S/M) ±5% 
2.79+21.2v(S/M) ±7% 

v(S/M) 

0.25-0.75 
0.20-0.60 
0.25-0.73 
0.26-0.63 

0.38-0.95 
0.40-0.75 
0.28-0.84 
0.39-0.81 

y(S/M) 

0.36-0.93 
0.39-0.84 
0.37-0.93 
0.35-1.10 

0.46-1.19 
0.50-1.00 
0.38-0.81 

The average resonance integral for thorium is 
2.89+ 16.0y(S/M) which may be compared with 
Nordheim's calculated value of 1.4 + 16.1 y(S/ M) [70] 
and Sehgal's estimate of 2.9 + 14.6y(S/ M) [71]. 
Nordheim's calculations were based on a value of rr 
of 34 m V while Sehgal's was based on a value of r r of 
24 mV. Recent measurements by Palevsky eta!. [72] 
indicate that r"Y ~ 30 mV. In results reported earlier 
[73] Hellstrand and Weitman overcorrected for the 
smooth cross section of thorium and Nordheim [70] 
arbitrarily reduced his volume term by 1.9 barns to get 
agreement with their work. Restoration of the 1.9 
barns would improve the agreement with experiment. 

For thorium, Pettus has measured a value of 
~=0.016 for an oxide rod with S/M =0.66. Measure
ments of the Doppler effect for thorium dispersed in 
graphite were reported by Bardes et al. [77]. A recent 
declassified report [78] is of interest since it shows the 
effect of temperature through the phase transitions of 
uranium. 

Doppler coefficients 

Almost all recent work verifies the ne~r linearity of 
resonance integrals with the square root of the abso
lute temperature. It is therefore convenient to express 
the temperature coefficient as 

1 d I(T) 
~ = /(To) d Tt (l3) 

where (:3 is observed to increase with S/ M. Earlier work 
on the temperature dependence of resonance integrals 
has been reviewed by Pearce [74]. Therefore only 
recent results are quoted here. 

Table 9 lists ~ values for uranium and uranium 
oxide rods. The results of calculations by Nord
heim [5], Arnold and Dannels [75] and Vernon [76] 
are also shown. The Monte Carlo calculations of 
Arnold and Dannels include resonances only up to 
5530 eV. Inclusion of higher energy resonances might 
improve the agreement between their results and the 
others. 

Dilute resonance integrals 

Estimates of the dilute resonance integral of 2asu 
have not changed appreciably from the value of 268 
barns given by Chernick and Vernon [33]. The mea
sured values (Table 10) are not sufficiently accurate to 
contradict this result. It appears that the 280 barn 
value chosen by experimenters for normalization of 
lump measurements is somewhat high. For thorium, 

Table 9. Doppler coefficients of uranium-238 

Author fJ (!0-4)/ v' °K Tm•x("C) S{M 

Metal 
Pettus [87] . 48+64S/M 600 0.11-0.25 
Hellstrand eta/. [94] 51+50S/M 600 0.08-0.28 
Palowich et a/. [95] 53±3 580 0.22 
Nordheim calc. [5]. 51+47 S/M 600 0.1 -1.0 
Vernon calc. [76) 51+53 S/M 800 0.05-0.5 
Smith [78] 54±5 970 0.059 

Oxide 
Pettus [87) 61+47 S/M 1000 0.21-0.45 
Hellstrand eta/. [94) 58+50S/M 750 0.15-0.48 
Palowitch eta/. ]95] 69±6 950 0.38 
Spano [96] . 61 500 0.29 
Nordheim calc. [5]. 58+56SJM 600 0.2 -1.0 
Arnold et al. calc. [75] 69.6 -2.62/(S/M) 28()1) 0.15-0.6 
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Table 10. Dilute resonance integrals 

Author 

Sampson [97] 
Tattersall et al. [98] 
Macklin et al. [99] 
Johnston et at. [1 00] 
Tiren [67] . 

I("'U) 

265 
285 ±25 
281 ± 20 

/( 232Th) 

80.5 
106± 10 
67±5 
85 ±5 
83±6 

estimates of resonance integrals range from 83 barns 
[67] to 89 barns [33]. The large variation reflects the 
present uncertainty in resonance parameters. The 
recent measurements of thorium resonance parameters 
by Palevsky [72] and by Haddad [79] may improve 
these estimates. 

Other measurements 

Recent measurements include the dilute resonance 
integral of 240Pu by Nichols [80], of resonance inte· 
grals and interference between resonances of 115In, 
gold and 185Ru by Brown, Connolly and Foell [81] and 
of mixtures of thorium oxide and 23BU oxides by Foell 
and Connolly [82]. Some experimental results perti· 
nent to equivalence relations between uranium lattices 
have been obtained by Hardy, Klein and Smith [83]. 
In water lattices the standard cadmium ratio tech
nique [84] of measuring resonance absorption has 
become increasingly unsatisfactory as accurate calcula
tions have become available [85]. Changes in technique 
discussed by Price (86] have greatly improved the 
accuracy of these measurements. 

REFERENCES 

1. Sampson, J. B., and Chernik, J., Physics and Mathematics, 
Chap. 6, Progress in Nuclear Energy Series I, Pergamon 
Press, London and New York (1958). 

2. Spinrad, B., Chernik, J., and Corngold, N., Proceedings of 
the Second International Conference on the Peaceful Uses 
of Atomic Energy, P/1847, Vol. 16, p. 191, United Nations 
(1958). 

3. Vernon, A. R., Nuclear Sci. Eng., 7, 252 (1960). 
4. Drawbaugh, D., US Atomic Energy Comm. report 

CEND-104 (1960). 
5.. Nordheim, L. W., Nuclear Sci. Eng., 12, 457 (1962), and 

US Atomic Energy Comm. reports GA-2525 and GA-2527 
(1961). 

6. Levine, M. M., Nuclear Sci. Eng., 16, 271 (1963). 
7. Adler, D. B., and Adler, F. T., Trans. American Nuclear 

Society, 5, (1), 53 (1962), and 5 (2), 407 (1962), and 6 (1), 
37 (1963). 

8. Goldstein, R., and Cohen, E. R., Nuclear Sci. Eng., 13, 
132 (1962). 

9. Case, K. M., Placzek, G., and Dehoffman, F., Introduction 
to the Theory of Neutron Diffusion, US Govt. Printing 
Office, Washington, D.C. (1953). 

10. Weinberg, A.M., and Wigner, E. P., The Physical Theory of 
Neutron Chain Re'actors, Chap. 20, University of Chicago 
Press, Chicago, Illinois (1958). 

11. Chernick, J., Proceedings of the First International Con
ference on the Peaceful Uses of Atomic Energy, P/603, Vol. 5, 
p. 215, United Nations (1955). 

12. Argonne National Laboratory, Reactor Physics Constants, 
ANL-5800, Section 3.6, 2nd ed., US Government Printing 
Office, Washington, D.C. (1963). 

13. Chernick, J., US Atomic Energy Comm. report BNL-622, 
p. 31 (1960). ' 

14. Corngold, N., J. Nuclear Energy, 4, 293 (1957) and US 
Atomic Energy Comm. report BNL-445 (1956). 

15. Fukai, Y., Nuclear Sci. Eng., 13, 345 (1962). 
16. Amouyal, A., Benoist, P., and Horowitz, J., J. Nuclear 

Energy, 6, 79 (1957). 
17. Takahashi, H., Nuclear Sci. Eng., 5, 338 (1959). 
18. Honeck, H., and Kaplan, I., ibid., 8, 203 (1960). 
19. Honeck, H., ibid., 18, 49 (1964). 
20. Chernick, J., US Atomic Energy Comm. report BNL-433, 

, p. 119 (1956), Proceedings of a Brookhaven Conference. 
21. Spinney, K. T., ibid., p. 103. 
22. Rothenstein, W., Nuclear Sci. Eng., 7, 162 (1960) and US 

Atomic Energy Comm. report BNL-563 (1959). 
23. Bell, G. 1., US Atomic Energy Comm. report LA-2322 

(1959). 

24. Dancoff, S. M., and Ginsburg, M., US Atomic Energy 
Comm. report CP-2157 (1944). 

25. Carlvik, I., and Pershagen, B., US Atomic Energy Comm. 
report AE-16 (1959). 

26. Thie, J. A., Nuclear Sci. Eng., 5, 75 (1959). 
27. Fukai, Y., ibid., 9, ~70 (1961). 

28. Velarde, G., ibid., 15, 99 (1963). 

29. Sauer, A., ibid., 16, 329 (1963). 

30. Bonalumi, R., Energia Nucleare, 8, 326/1961). 

31. Dresner, L., Resonance Absorption in Nuclear Reactors, 
Pergamon Press, Oxford (1960). 

32. Wigner, E. P., Creutz, E., Jupnik, H., and Snyder, T., 
J. Appl. Phys., 26,260 (1955). 

33. Chernick, J., and Vernon, R., Nuclear Sci. Eng., 4, 649 
(1958). 

34. Bell, G. I., ibid., 5, 138 (1959). 
35. Nordheim, L. W., Proc. Symposia Applied Math., Vol. 11, 

p. 58, Amer. Math. Soc., Providence (1961) and US Atomic 
Energy Comm. Report GA-638 (Rev.) (1959). 

36. Creutz, E., Jupnik, H., Snyder, T., and Wigner, E. P., 
J. Appl. Phys., 26, 257 (1955). 

37. Dresner, L., Nuclear Sci. Eng., 1, 501 (1956). 
38. Bakshi, P., US Atomic Energy Comm. report BNL-4381 

(1959). 
39. Goldstein, R., and Brooks, H., Nuclear Sci. Eng. (to be 

published). 
40. Aisu, H., and Minton, G. H., Nuclear Sci. Eng. (to be 

published). 
41. Hasegawa, K., US Atomic Energy Comm. report ORNL-

2705 (1959). 
42. Gast, P., Nuclear Sci. Eng. (to be published). 
43. Kelber, C. N., US Atomic Energy Comm. report ANL-

6709 (1963). 
44. Kier, P. H., Sc.D. Thesis, Massachusetts Institute of Tech

nology (November 1963). 
45. Hayes, W. T., Luming, M., and Zweifel, P. F., Trans. 

American Nuclear Society, 3 (2), 366 (1960). 
46. Vaughan, E. U., ibid., 4, (2), 275 (1961). 
47. Takahashi, H., and Comgold, N., ibid., 3 (1), 230 (1960). 
48. Iijima, S., Nuclear Sci. Eng., 17, 42 (1963). 
49. Rothenstein, W., ibid., 8, 122 (1960) and US Atomic 

Energy Comm. report BNL-4497 (1959). 
50. Codd, J., and Collins, P. J., EAES Symposium on Advances 

in Reactor Theory, Part II, Paper III, p. 3, Karlsruhe 
(April1963). 



44 SESSION 3. 1 P/262 J. CHERNICK and M. M. LEVINE 

51. Kelber, C. N., Trans. American Nuclear Society, 6 (2), 273 
(1963). 

52. Garrison, J., US Atomic Energy Comm. report BNL-7402 
(1964). 

53. McKay, M. H., and Pollard, J. P., Nuclear Sci. Eng., 16, 
243 (1963). 

54. Rothenstein, W., and Chernick, J., ibid., 7, 454 (1960). 
55. Bell, G. I., ibid., 9, 409 (1961). 
56. Lane, R. K., Nordheim, L. W., and Sampson, J. B., ibid., 

14, 390 (1962). 
57. Richtmyer, R. D., van Norton, R., and Wolfe, A., Pro

ceedings of the Second International Conference on the 
Peaceful Uses of Atomic Energy, P/2489, Vol. 16, p. 180, 
United Nations (1958). 

58. Davidson, P., et a!., US Atomic Energy Comm. report 
WCAP-1434 (1961). 

59. Candelore, N. R., and Gast, R. C., US Atomic Energy 
Comm. report WAPD-TM-407 (1963) 

60. Triplett, J. R., Merrill, E. T., and Burr, J. R., US Atomic 
Energy Comm. report HW-70049 (1961). 

61. Fillmore, F. L., Nuclear Performance of Power Reactor 
Cores, San Francisco, California TID-7672, p. 157 (Sep
tember 1963). 

62. Foell, W. K., Grimesey, R. A., and Tong, S., Trans. 
American Nuclear Society, 6, (2) 272 (1963). 

63. Rief, H., US Atomic Energy Comm. report BNL-647 
(1961). 

64. Smith, G., Hardy, J. Jr., and Klein, D., Nuclear Sci. Eng., 
8, 449 (1960). 

65. Seth, K. K., Hughes, D. J., Zimmerman, R. L., and 
Garth, R. C., Phys. Rev., 110, 692 (1958). 

66. Cooper, G. S., Garrison, J. D., and Hines, W. A., Trans. 
American Nuclear Society, 4 (2), 271 (1961). 

67. Tiren, L. I., and Jenkins, J. M., UK Atomic Energy 
Authority report AEEW-R-1963 (1962). 

68. Weitman, J., Nuclear Sci. Eng., 18, 246 (1964). 
69. Chernick, J., Honeck, H. C., Michael, P., Moore, S. P., and 

Srikantiah, G., ibid., 13, 205 (1962). 
70. Nordheim, L. W., US Atomic Energy Comm. report 

GA-3973 (1963). 
71. Sehgal, B., Trans. American Nuclear Society, 6 (1), 41 

(1963). 
72. Palevsky, H., Chrien, R. E., Haddad, E., and Lopez, W. M., 

Bull. Amer. Phys. Soc., Ser. 2, 9 (I), 20 (1964). 
73. Hellstrand, E., and Weitman, J., Nuclear Sci. Eng., 9, 507 

(1961). 
74. Pearce, R. M., J. Nuclear Energy, A 13, 150 (1961). 
75. Arnold, W. H., and Dannels, R. A., Trans. American 

Nuclear Society, 3 (1), 229 (1960). 

76. Vernon, R., EAES Symposium on Advances in Reactor 
Theory, Part II, paper III, p. 4, Karlsruhe (Aprill963). 

77. Bardes, R., Brown, J., Pound, D., and Sampson, J., Trans. 
American Nuclear Society, 4 (2), 275 (1961). 

78. Smith, R.I., US Atomic Energy Comm. report HW-71112 
and Nuclear Sci. Eng. (to be published). 

79. Haddad, E., Froehner, F., Friesenhahn, S. J., and Lopez, 
W. M., Bull. Amer. Phys. Soc., Ser. 2, 9 (I), 31 (1964). 

80. Nichols, P. F., Nuclear Sci. Eng., /7, 144 (1963). 
81. Brown, H. L., Connolly, T. J., and Foell, W. K., Trans. 

American Nuclear Society, 5 (2), 375 (1961). 
82. Foell, W. K., and Connolly, T. J. (to be presented at 

Annual Meeting of the American Nuclear Society, June 
1964). 

83. Hardy, J. Jr., Klein, D., and Smith, G. G., Nuclear Sci. 
Eng., 14, 366 (1962). 

84. Kouts, H., Sher, R., Brown, J. R., Klein, D., Stein, S., 
Hellens, R. L., Arnold, H., Ball, R. M., and Davison, P. W., 
Proceedings of the Second International Conference on the 
Peaceful Uses of Atomic Energy, P/1841, Vol. 12, p. 446, 
United Nations (1958). 

85. Hellens, R. L., and Honeck, H. C., IAEA Conference on 
Light Water Lattices, Vienna (June 1962). 

86. Price, G. L., IAEA Symposium on Exponential and 
Critical Experiments, Paper SM 42/27, Amsterdam 
(September 1963). 

87. Pettus, W. G., US Atomic Energy Comm. report BAW-
1244 (1962). 

88. Hardy, J., Smith, G. G., and Klein, D., Nuclear Sci. Eng., 
14, 358 (1962). 

89. Hellstrand, E., and Lundgren, C., ibid., 12,435 (1962). 
90. Moore, P. G. F., Pattenden, S. K., and Tattersall, R. B., 

UK Atomic Energy Authority report AEEW R57 (1961). 
91. Hellstrand, E., J. Appl. Phys., 28, 1493 (1957). 
92. Pettus, W. G., US Atomic Energy Comm. report BAW-

1286 (1963). 
93. Rothman, A. B., and Ward, C. E., Nuclear Sci. Eng., 12, 

293 (1962). 
94. Hellstrand, E., Blomberg, P., and Horner, S., ibid., 8, 497 

(1960). 
95. Palowitch, B. L., and Frantz, F. S., ibid., 15, 146 (1963). 
96. Spano, A. H., ibid. (to be published about Apri\1964). 
97. Sampson, J. B., US Atomic Energy Comm. report GA-3069 

(1962). 
98. Tattersall, R. B., Rose, H., Pattenden, S. K., and Jowitt, D., 

J. Nuclear Energy, 12A, 32 (1960). 
99. Macklin, R. L., and Pomerance, H. S., ibid., 2, 243 (1956). 

100. Johnston, F. J., Halperin, J., and Stoughton, R. V., ibid., 
1/A, 95 (1960). 



SESSION 3. 1 P/262 J. CHERNICK and M. M. LEVINE 45 

ABSTRACT -RESUME-AHHOTAL\111JI-RESUMEN 

A/262 Etats-Unis d'Amerique 

Evolution de Ia theorie et des calculs 
de !'absorption par resonance 

par J. Chernick et M. M. Levine 

On a beaucoup ameliore depuis 1958 les methodes 
analytiques de calcul de !'absorption par resonance 
des neutrons dans les reacteurs. Ces progres sont dus 
notamment a d'importants travaux sur les corrections 
du deuxieme ordre, aux formules de Goldstein et 
Cohen pour Ia resonance intermediaire et au code 
numerique de Nordheim pour Ia solution directe 
d'une fonction integrate de l'energie. 

L'etroite analogie entre les integrates concernant les 
ensembles homogenes et heterogenes a conduit a une 
serie de theoremes d'equivalence qui sont, dans 
!'ensemble, de plus en plus precis. Pour les reseaux tres 
compacts, le facteur de correction de Dancoff est 
important. Dans les determinations relatives aux 
reseaux de barreaux, les ameliorations sont l'reuvre de 
plusieurs chercheurs, et on a trouve des relations 
d'equivalence ameliorees pour differents barreaux 
comprenant de !'uranium dans l'eau ordinaire et 
barreaux d'uranium metallique dans l'eau lourde et le 
graphite. 

A mesure qu'on se rendait mieux compte de Ia pre
cision de ces methodes theoriques, on mettait au point 
des experiences integrates plus precises pour verifier 
les differents aspects de Ia theorie, et il en est resulte 
une augmentation notable de Ia precision de ces 
experiences integrates. On a pu egalement ameliorer de 
fa<;on considerable les mesures experimentales des 
coefficients Doppler. L'importance des coefficients 
Doppler pour Ia surete des grands reacteurs a neutrons 
rapides a suscite un vif interet pour leur mesure et pour 
!'obtention de donnees plus precises sur Ia resonance 
neu.tronique dans Ia region statistique. 

Les modeles actuels de calculatrices nlimeriques a 
tres grande vitesse ont developpe !'utilisation des 
methodes de Monte Carlo. On a elimine un grand 
nombre des limitations imposees par le premier 
programme REP, notamment celles qui portaient sur 
le nombre d'absorbeurs par resonance et sur les 
donnees geometriques. Toutefois, on n'a pas encore 
resolu Ia difficulte due au fait que l'on ne dispose pas 
d'une representation satisfaisante des effets d'inter
ference a plusieurs niveaux dans le domaine des 
resonances rapprochees des matieres fissiles. On 
espere que les efforts concertes tentes actuellement 
pour mesurer la structure de Ia resonance aux faibles 
energies et les methodes ameliorees d'ajustement des 
courbes permettront certains progres dans ce domain e. 
Le code Monte Carlo MOCCA a permis d'etudier 
avec une bonne precision Ia capture par resonance aux 
hautes energies. D'autres etudes ont explique les 
differences qui existent entre Ia capture par resonance 

dans un spectre 1/E et celles d'un reseau de reacteur 
reel. 

L'absorption par resonance dans les reseaux a eau a 
ete etudiee de mllniere approfondie, et les resultats 
des calculs ont perrnis d'ameliorer Ia precision avec 
laquelle les proprietes nucleaires d'un reseau peuvent 
etre pn!vues. D'autres moderateurs font actuellement 
!'objet d'etudes similaires. On n'a pas encore bien 
verifie si certaines methodes simples pouvaient etre 
appliquees aux grappes de barreaux. 

A/262 CWA 

YcnexH a reopHH pesoHaHcHoro no
rno~eHHH 

)J,m. l.fepHHK, M. M. nesHH 

C 1958 roAa auaJIIITII'IecKHe MeTOALI pacqcTa 

peaouaucuoro rrorJio~eHIIJI ueiiTpouos B HACPHLIX 

pcaKTOpax IIOJIY'JIIJIII cy~eCTBCHHOe pa3BIITIIC. 

B aToii CBJI311 cJieAyeT OTMCTIITb 6oJibiDYIO pa6oTY 
IIO Bhl'IIICJICHIIIO IIOnpaBOK BTOporo IIOpHAKa, «}>op

MfJILI foJILACTeiiua 11 Roaua AJIH rrpoMemyTo'I

HLIX peaoHaHCOB II Bhl'IIICJIIITCJILHyro rrporpaMMY 
HopAxeiiMa AJIJI rrpJIMoro pemeHIIJI HHTerpaJILHO

ro ypaBHCHIIJI, aaBIICJI~ero OT auepr1111. 

AuaJioriiJI MC'«AY IIHTerpaJibHLIMH ypasueuHH

Jrlll AJIH roMoreHHLIX II reTeporeHHLIX CIICTCM IIpii

BeJia K PHAY see 6oJiee TO'IHLIX TeopeM 3KBIIBa
JieHTHOCTII. ,ll;JIJI IIJIOTHLIX pemeTOK BeCL:Ma 

c~ecTBeuua rrorrpaBKa ,ll;auKoBa. YToqueulle 

aToii rrorrpaBKH )J;JIJI cTepmueBLIX pemcToK 6LIJIO 

CAeJiauo uecKOJibKHMII aBTopaMII, rrpuqeM 6LIJIH 

paapaOOTaHLI YTO'IHCHHLIC COOTHOIDeHHH 3KBHB3-

JICHTHOCTH AJIH PJIAa pemeToK Ha ypaucoAepma

~Hx CTCpmueii B BOAC II MeTaJIJIH'IeCKHX ypaHO
BhlX CTepmueii B TH'RCJIOH BOAC II B rpa«}>HTe. 

ITo Mepe BLIHBJICHIIH TO'IHOCTH TeopeTH'IeCKHX 

MCTO)J;OB paapaoaTLIBaJIIICL H OOJiee TO'IHLIC IIH

TerpaJILHhle OIILITLI AJIJI H3Y'ICHHH pa3HLIX CTOpOH 
TeopiiH. 3ua'IIITCJILHLie ycosepmeHcTBoBaHHH 6LI

JIII AOCTIIrHyTLI B 3KCIIep111rlCHT3JlbHLIX 113MepeHH

HX AOIIIIJieposcKIIx Koa«}>«}>ll~lleHTOB. BamHoCTL 

AOiirrJieposcKIIX Koa«}>«}>ll~lleHTOB )J;JIH o6ecrrc'IeHIHI 

6eaorracaocTII 6oJILmux pcaKTOpoB ua 6LICTpLix 

HCHTpOHaX B030YAIIJia aHa'IIITCJlbHLIH IIHTepec K 

11x HaMepeHHIO 11 noJiyqea11ro yToqaeHHLIX AaH

Hhlx 0 HeiiTp&HHLIX peaoHaHCHLIX napaMeTpax 8 

cTaTHCTH'IecKoii oonacTH. 

lloHBJieHue 6McTpoAeiicTBYIO~Hx cqeTno-pema

ro~ux ~ll«}>poBLIX MaiDHH OTKpLIJIO B IIOCJieABee 

BpeMH B03MO'RHOCTL IIIHpOKOrO HCIIOJIL30BaHHH 
HeToAa MoHTe-RapJio. MHorHc Ha orpaHH'IeHHH, 

HMCBIDHX MCCTO B rrepBOH rrporpaMMe TaKoro po

A3 - rrporpaMMe REP, AO uasecTnoH: cTerrcuu 

CHHTLI, B TOM 'IHCJIC orpaHH'IeHHC KOJIH'ICCTBa pc-
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30HaHCHLIX IIOrJIOTHTeJieii H orpaHHqeHHH, CBH
aaHHLie C pacTieTO.M reo.MeTpHH. 0AHHM H3 OCT8B
IDHXC11 38TPYAHeHHH 11BJIHeTC11 OTCYTCTBHe MeTO
p;a rrpaBHJlhHOrO OIIHC8HH11 HHTepcl>epeH~HOHHLIX 
acl>cPeKTOB Me>RAY ypoBHHMH J];JIH cnyqaH 6JIH3KO
paCIIOJIOH<eHHLIX peaoHaHCOB B p;eJIH~HXC11 .MaTe
pHaJiaX. 0AH8KO H B aTOH o6naCTH OffiHAaeTC11 
ycrrex KaK 6JiaroAaPH ycunHHM, nanpauneHHLIM 
na Ha.Mepenue peaonancnoii: cTpyKTYPLI B o6na
CTH HH3KHX anepruii:, TaR H 6narop;ap11 ycouep
meHCTBoBanuro MeTO)J;OB OIIHCaHHH aKCIIepHMeH
T8JILHLIX p;aHHLIX aHaJIHTH'IeCKHMH cPOpMaMH. 
B o6nacTH BLICOKBX anepruii BoaMomnoCTL pac
CMOTpenHH peaonancnoro norJio~eHHH c YAOBne
TBOpHTenLnoii TOqHOCTLIO OTKpLIJI8CL C IIOHBJie
HHeM nporpa.MMLI pacqeTa MeTOAOM MonTe-Rap
JIO MOCCA. )];pyrue uccnep;oBaHHH rroaBoJIHJIH 
BLIHBHTL rrpuqunLI paaJIHTIHH Memp;y peaonanc
HLIM aaxBaTOM Ha ci>epMHeBCKOM CIIeKTpe H 38XBa
TOM B peaKTOpHOH pemeTKe. 

Peaonancnoe norJio~enue B uop;HHLIX pemeT
Kax 6LIJIO T~aTeJILHO HayqeHO, H peayJILT8TLI 
aTBX pacqeTOB IIOMOrJIB yBeJIH'IHTL TO'IHOCTL pac
qeTa H)J;epHLIX CBOHCTB TaKHX pemeTOK. fio)J.06-
HLie HCCJie)J;OB8HH11 npop;OJiffiaiOTC11 )J;JI11 p;pyrHX 
aaMep;JIHTeneii. fipH.MeHHMOCTb IIpOCTLIX MeTOAOB 
rrpH pemeHHH aap;aq )J.JIH cnyTiaH ancaM6neii 
cTepmneii p;o cux nop e~e ne npouepena. 

A/262 Estados Unidos de America 

Progresos acerca de absorci6n de resonancia 

por J. Chernick y M. M. Levine 

Desde 1958 se han perfeccionado notablemente los 
metodos analiticos para el calculo de la absorcion de 
resonancia de neutrones en los reactores. Los pro
gresos realizados incluyen extenso trabajo sobre 
correcciones de segundo orden, las formulas para 
resonancias intermedias de Goldstein y Cohen y el 
programa de calculo numerico de Nordheim para Ia 
solucion directa de una ecuacion integral con depen
dencia respecto de la energia. 

La estrecha analogia entre las ecuaciones integrales 
para sistemas homogeneos y heterogeneos ha con-

ducido a una serie de teoremas de equivalencia cada 
vez mas restrictivos. En redes compactas llega a ser 
importante la correccion de Dancoff. Varios autores 
han hecho progresos en su determinacion para el caso 
de redes de barras y han obtenido relaciones de 
equivalencia mas convenientes para una serie de redes 
de barras que llevan uranio, en agua, y de barras de 
uranio metalico, en D20 y grafito. 

A medida que se ha difundido la precision que dan 
los metodos teoricos; se han disefiado experimentos 
integrales mas precisos para comprobar diferentes 
aspectos de la teoria que han supuesto importantes 
progresos en la precision de estos resultados experi
mentales. Se ha alcanzado un notable progreso 
tambien en las medidas experimentales de coeficientes 
Doppler. La importancia de los coeficientes Doppler 
en la seguridad de grandes reactores rapidos ha esti
mulado un interes considerable en su medida y en la 
obtencion de mejores datos para las resonancias de 
neutrones en la region estadistica. 

La disponibilidad de calculadoras digiatles de alta 
velocidad han ampliado el uso de los metodos de 
Monte Carlo. Muchas de las limitaciones del primitivo 
programa REP han desaparecido, incluyendo limita
ciones en el numero de absorbentes de resonancia y en 
las rutinas geometricas. Todavia persiste Ia dificultad 
de no disponer de una representacion adecuada de los 
efectos de interferencia entre multiniveles en las 
resonancias apifiadas de los materiales fisibles. Se 
esperan progresos del actual esfuerzo combinado tanto 
en medidas de la estructura de las resonancias de baja 
energia como en mejores metodos de ajuste de curvas 
experimentales. El programa de Monte Carlo, 
MOCCA, perfeccionado, ha hecho posible investigar 
capturas de resonancia de alta energia con una buena 
precision. Otros estudios han aclarado las diferencias 
entra la captura de resonancia en un espectro 1/E y 
la que aparece en los reactores reales. 

Se ha estudiado detalladamente la absorcion de 
resonancias en redes en agua. Los resultados de estos 
calculos han ayudado a mejorar la precision con la 
cual pueden predecirse las propiedades nucleares de 
estas redes. Estan en marcha estudios analogos para 
otros moderadores. Todavia no se ha comprobado 
adecuadamente la bondad de metodos sencillos para 
tratar con haces de barras. 
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B. B. Opnoa, H. C. Pa6oTHoa, A. n. Cyaopoa, n. H. Yca'fea, 

B. B. CbMnMnnoa 

BamuocTb yqeTa peaouaucuoii cTpyKTyp:&t ce
'IJenuii H ocooeHHO Ce'IJeHHSI U 238 O:&IJia llOHSITa 
B caM:&IX nepB:&IX pa6oTa.x no TeopHH ~enuoii peaK
~uu ua TenJIOB:&IX ueiiTpouax. CooTBeTCTByiOm;aSI 
TeOpHSI npHMeHHTeJibHO K paC'leTy TenJIOB:&IX peaK
TOpOB paapaoaT:&IBaJiaCb MHOrHMH aBTOpaMH 1- 6 

B 1957 r. H. H. BoHAapeuKo o6paTHJI BHHManue 
Ha HeOoXOAHMOCTb yqeTa pe30H8HCH:&IX 3~~eKTOB 
npu HayqeHHH ~HaHKH pefKTopoB ua 6HcTp:&tx 
ueiiTpouax. BnocJieACTBHH aTo 6:&IJio noATBepm
AeHo peayJI&TaTaMH MaKpocKonH'IJeCKHX a.Kcne
puMeHTOB 7• 8 H HX paC'IJeTOM. 

B uacToSim;eM AOKJiaAe AaeTCSI o6o6m;euuaSI 
~OpMyJIHpOB.Ka OCHOBH:&IX peayJILTaTOB pa60T no 
HayqeHHIO ~H3H'IJeC.KHX 3~~e.KTOB, CBSiaaHH:&IX C pe-
30HaHCHOH CTPYKTypoii ceqeuuii, u MeTOAOB ux yqe
Ta npH pea.KTOpH:&IX paC'IJeTaX. qaCTL 3THX pe
ayJILTaTOB o:&IJia ony6JIHKOBaua pauee 7- 16 u uc
UOJibaoBaJiacL UpH COCTaBJieHHH CHCTeM:&t MHOrO
rpynUOB:&IX KOHCTaHT 16 AJISI pac'IJeTa 6:&tcTp:&tx 
H npoMemyTO'IJH:&IX pea.KTopoB u aam;HT:&t. Bonpoc:&t, 
CBSiaaHH:&te c TeopeTH'IeC.KHM H aKcnepuMeHTaJib
H:&IM HayqeuueM peaouaucuoro aaxBaTa B reTepo
reuu:&tx TenJioB:&IX pea.KTopax, aAeCL ue paccMaT
pHBaiOTCSI. 

YYET PE30HAHCHOA CTPYKTYPbl 
CEYEHHA 

OPH PAC '"lET AX ff,&EPHbiX 
PEAKTOPOB 

B auepreTH'IeC.KOM cneKTpe ueiiTpoHoB, ~opMH
pyiOm;eMcSI UpH HX pacnpOCTpaHeHHH B Bem;ecTBe, 
MOlRHO B:&IAeJIHTL ABe xapa.KTepu:&te OCOOeHHOCTH. 
Bo-nepB:&IX, HeiTpOHH:&t:ii noTOK ucn:&IT:&IBaeT pea
Rue peaoHaHCH:&te H3MeHeHHSI, COOTBeTCTByiOm;He 
peaouaucuoii cTpyKType ce'leuuii, KOTop:&te o6pa
ayiOT .KaK 6:&~ (CMHKpocTpyKTYPY• cneKTpa. Bo
BTOp:&tx, norJIOID;eHHe, Jl:H~~Y3Hil He:iiTpOHOB H Ha-

JIH'IJHe HCTO'IJHHKOB npHBOJl:llT K 60Jiee HJIH Meuee 
UJiaBHOMy HaMeHeHHIO cpeAnero nOTO.Ka He:iiTpO
HOB, .K ero OTKJIOHeHHIO OT cneKTpa <f>epMH. 

Onpe.n:eJienue npocTpaucTBeHHo-auepreTH'Ie-
cKux pacnpe.n:eJieuuii ueiiTpoHOB B cpe.n:ax np:p: 
nJiaBuo HaMeuaiOm;uxcll ce'leuna:x MomeT o:&ITL B:&t
noJiueuo paaJIH'lH:&IMH HaBeCTH:&IMH MeTOAaMH. qTO 
me KaCaeTC11 paC'leTa «MH.KpOCTpyKTyp:&t» HeHTpOH
HOrO cneKTpa, To TO'lHoe pemeuue aToii aa.n:a'lH 
TpeoyeT npem.n:e Bcero auauua: AeTaJILHoro xo.n:a 
HaHTpOHHHX Ce'leHHH BO BCeH auepreTH'IJeCKOH o6Jia
CTH, npeACTaBJia:IOm;eii HHTepec AJI11 pea.KTOpH:&IX 
3aAa'l, H U03TOMy B HaCTOHIIJ;eeBpeMa: HeB03MOlRHO. 

K c'laCThiO, Kouequoii ~eJI&IO pac'IJeTOB no'ITH 
Bcer.n:a a:BJia:eTCa: onpe.n:eJieuue xapaKTepHCTHK, 
ycpe.n:ueuu:&~x no 6oJibmoMy. 'lHCJIY peaouaucoB 
(uuorAa, npaBAa, Tpe6yeTca: .n:eTaJibuoe auauue 
HeHTpOHHOrO llOTOKa B O.KpeCTHOCTSIX HeCKOJILKHX 
nepB:&IX CHJILH:&IX peaOHaHCOB, OAHaKO 'IJHCJIO Ta
KHX peaoHaHCOB HeBeJIHKO H HX HHJl:HBHAYaJILH:&IH 
yqeT ne npeACTaBJia:eT oco6:&tx TPYAHOCTeii). ~JISI 
pemeuna: aTHX aa.n:a11 AOCTaTO'IJHO auaTL noToK 

-+ -+ ... 
ueiiTpOHOB cp (r, u, Q), ycpe.n:ueuu:&tii no peaouauc-
HHM OCOOeHHOCT11M. IlpH aTOM AJI11 onpeAeJieHH.fl 
cpeJI:HHX 'IJHCeJI npo~eCCOB, npOHCXOAHID;HX B cpeAe, 
HeOoXOAHMO HCUOJILaOBaTL Ce'IJeHH11, ycpeAHeHH:&te 
C BeCOM HeiiTpOHHOrO nOTO.Ka; 

S l:x (u) q> {;, u, Q) clu 
- Au 
l::x= -+ -+ 

S q> (r, u, Cl) du 
Au 

(1) 

(HHA0KC X 03Ha'laeT THU pea«~HH - JI:eJieHHe, 
aaxBaT H np.). OnpeAeJieHH:&te TaRHM o6paaoM 
cpeAHHe ce'leuua: o.Kaa:&IBaiOTca:, Boo6m;e rosop.a, 
aaBHCilm;HMH OT uanpaBJieHH11 H KOOpAHHaT, H, 'ITO 
ca:Moe rJiaBHoe, AJia: Hx onpeAeJieHHSI ueo6xoAHMO 

3HaT:& ~OpMy HeHTpOHHOrO cneKTpa cp (-;, U, Q), 
KOTopa.a aapauee ueuaBeCTHa. 
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O~HaKo ecJin "nljlljlyaua u (nJin} HHTepBaJI yc

pe"HeHna HaCTOJibKO MaJihi, 'ITO 

I D V2<p \ <t: 1: -+- ~~s 
<p a tiu (2) 

(HO B TO me BpeMH /lu "OCTaTO'lHO BeJIHKO, 'lTOOhi 

ycpe"HeHHe npHBO"HJIO K CI'JialliUBaHHIO C9'l9HHH), __,. __,. 

<p (r, U, Q) "Jill O~HOM9pHOH 1'90M9TpHH MOlli9T 

6hiTb npeACTaBJI9HO B BHAe 

... -+ 1 - -+ 
<p(r, u,Q)= 4n ~ (2l+1)<pz(u, r)<l>z(u)P1 (~), (3) 

I 

_,. 

rAe <pz- DJI3BHall lPYHK~Hll U, a <l> 1(u) = !1(u, ~ 
!Jll (u, r) 

ODHChiBaiOT MHKpOCTpyKTypy CDeKTpOB cljlepnqe

CKHX rapMOHHK H onpe~eJiaiOTCH TOJibKO Ce'leHHll

MH Cp9Ahl· 0TM9THM, 'ITO, XOTH ycJIOBHe (2) HB

Jlll9TCH DO cy~eCTBY yCJIOBHeM DpHM9HHMOCTH 

.n;nljl<l>yaHOHHOI'O DpHOJIHlli9HHH, ycpe~H9HIIhle 
C 3THM yCJIOBHeM Ce'leHHH MOI'YT HCllOJib30B3TbCll 

H B 6oJiee BhiCOKHX DpHOJIHllieHHllX. 

Y cJioBne (2) OOhi'IHO MomeT 6hiTh BhiiTOJIHeHo, 

ecJin paccMaTpn:BaroTca ooJiacTn, AOCTaToqao y.n;a

JieHHLie OT rpaHH~ paaAeJia cpep; H OT KOH~eHTpHpO
BaHHhiX HCTO'IHHKOB H9HTpOHOB. ,ll;JIH ODHCaHHH 

pacnpOCTpaHeHHll HeHTpOHOB B 3THX OOJiaCTHX MO

ryT 6LITb ncnoJib30BaHhi aapaaee cocTaBJieHHhle 

ycpeAH9HHhle KOHCTaHThi. 3~aqa OOJiee TO'IHOI'O 

HaXOlliASHHll pacnpe"eJieHHH HeHTpOHHhiX DOTOKOB 

B0Jill3H rpaHH~ Tpe6yeT DpH 3TOM CD9~H3JibHOI'O 
paCCMOTpeHHH (TaK iH9 KaK H aap;aqa onpep;e

JI9Hllll DOTOKOB B cpep;ax C I'JIYOOKHMH llHTep~ 
4>epeH~UOHHhiMH npoBaJia:Mn B CelJeHIIH, ll.Jlll KO

TOphiX ycJioBne (2) TaKme He MomeT 6LITb Bhi

noJIHeHo). 

OrpaHn'lnMca paccMoTpeHneM mnpOiwro Kpyra 

peaKTOpHLIX aall.a'l, B KOTOpLix ycJioBue (3) MomeT 
6LITh BLinoJIHeHo. 

I\uHeTH'IeCKOe ypaBH9HHe B l-npell.CT3BJICHHH. 

CucreMa ypaBneHHH ,IIJIH MOMeHTOB <p 1(x, u) HMeeT 

BH~ (,I\JIH npOCTOThi paCCMOTpHM ITJIOCKO-napaJIJISJib

HYIO aa.n;aqy) 

<p01: + a:: = Q0 (x, u) + ~ ~ <po (x, u') X 
i 

X l:~o (u'--')> u) du' + ~ <p0 (x, u') X 

X 1:;n0(u'--')> u) du', 

m~+-1- {(l-+-1) aq:>i±L+l aq:>l-1} (4} 
T! 2l+1 ' OX ax 

= ~ ~ Cj)t (x, u') I1t (u'--')> u) du' + 
i 

+ ~ cpz (x, u') l:;nl(u! -')>U)du'. 

31l.eCb l = 1, 2, ... ; ~ - noJIHoe ceqenne; ~~~ 
n ~inl l-e rapMOHUKU celJeHna ynpyroro paccea-

n. n. A6ArflH et al. 

HHH Ha i-M KOMDOH9HTe cpe.n;hl H Ce'IeHHH Heynpy-

1'01'0 pacceaHna. 

ilOCKOJibKY 8<p1/8x DO npeADOJIOllieHHIO MaJIO, 

a Q0 H HHTerpaJihi B npaBOH qaCTH ypaBH9HHll AJIH 

<po HBJIHIOTCH ITJI3BHhiMH lPYHK~HHMH 3HeprHH, 

TO B npeAeJiax MaJioro HHTepBaJia ycpeAHeHHH Mhl 

MOlli9M npHHHTb cneKTp DOTOKa HeHTpOHOB <po= 
= 'ljl/l: (u) ~ 1/l: (u), r.n;e 'ljl- DJIOTHOCTb CTOJIK
HOB9HHH. 

AnaJiorn'IHhle paccym"enna npnBo.n;aT K 

I 

<jlt (u) ~ ~ l::~-;(u) , 
tt=O 

(5) 

rAe IWa4><Pn~uenThi az-n onpe,L\eJIRIOTca (c TO'l

HOCThiO ,L\0 DOCTOHHHOH) peKyppeHTHOH ljlopMy-

JIOH 

(6) 

l:sh = ~ ~ l:~z (u'--')> u) du' . 
i 

"Y cpeAHHH ypaBHeHHll ( 4), DOJIY'IHM CHCTeMy 

ypaBHeHnii AJIH (j) 1(x, u): 

-i 
X kso (u' ~ u) du' + 
+ ~ ~o(x, u') Zino(u' ~u)du', 

;;:;- f + __ t- {<z + 1) a(p0:!_ + l a(j),_t } = 
Tl l 2l + t ax OX 

= L ~ <Pz (x, u') f~i(u' ____,.. u) du' + 
i 

+ ~ ~~ (x, u') finL (u'--')> u) du', 

(7) 

r):\e ycpe)l;neHnLie ceqenuR onpe.r~eJIHIOTCH ljlop

MyJiaMu 

o;~l (u' ~ u)cp!(u')) 

(!J'z (u')) 

/ ~" (8) 
- "l:/-l:x = 1 ; 1:;n, (u' ~ u)= /_" 

"l:/ 

= 
<l:inl (u' ->-,u) q:>/(u')) 

{!Jlz(u')) 

a <p 1(u) - ljlopMyJioii (5). 
K poMe ycJionua (2), naJIOiiWHIIhlii MeTOA ycpeA

HenuR OCHOBhiBaeTCH Ha pH,IJ;e Dp91J..llOJIOiKeHHH. 

1. I1peue6peraeTCH H3MeHeHII91\I llJIOTHOCTH 

CTOJIKHOB9HHH B HHTepBaJie ycpeAHeHHll dU aa 

cqeT llJiaqeKOBCKHX OC~HJIJIJI~HH CUeKTpa aa Kam-
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)];hiM na peaoHaHCOB. 3rn oc~nJIJIH~nn npnBO)J;HT 

K HaMeHeHHHM MHK pOCTpyKTyphl cneKTpa HeH

TpOHOB, B lJaCTHOCTH I< OTKJIOHeHHIO cpo(u) OT 

1 I~ (u), qro He rpy)J;HO yqecTI. B paMKax naJio

meHHoro MeTO)J;a ycpe)J;HeHH.fi. 0)J;HaKO BJIHHHHe 

aroro acpcpeKTa e)J;Ba JIH Momer OKaaaTI.CH cy~e
CTBCHHhiM B o6JiaCTH 3HeprHH, r)J;e npnMeHHM 

CTaTHCTnqeCKHH UO)J;XO)J; K yqeTy peaOHaHCHOH 

CTpyKTyphl CelJeHHH. ,[(eHCTBHTeJibHO, BKJia)J; Kaa<

)J;OfO OT)J;eJibHOfO peaOH3HCa B UJIOTHOCTb CTOJIK

HOBeHHH MaJI, a yqeT pacnpe)J;eJieHH.fi pacCTOHHHH 

Mea<)J;y ypOBHHMH II CpaBHHT9JibHO 6blCTpOe H3-

MeHeHHe C 3HeprneH OTHOIIIeHHH 3TOfO paCCTOH

HH.fi K norepe aHeprnu He:HrpoHa npu paccenHn:H 

npHBO)J;HT K CrJiamnBaHHIO DJIOTHOCTH CTOJIKHOBC

HHH. 3ror acpcpeKT Momer oKaaaTLCH aaMeTHhiM 

JIUIJlb )J;JIH HeCKOJibKHX HH3KOJiema~HX peaoHaH

COB, Tpe6yiO~HX HH)J;HBH)J;yaJibHOfO paCCMOTpe

HHH. 

2. IIpe)J;noJiaraercn, lJTO peaoaaHChl MOil\HO cqn

TaTb yaKHMH no cpaBHeHHIO c norepe:H :meprnn 

He:HrpoHOB npu pacceHHHH. KaK npaBnJio, aTo 

YCJIOBHe He Bhlll0JIHH9TCH JIHIJlh ,li.JIH H9CI\OJih

KHX nepBhiX peaOHaHCOB, 1\0TOpble, KaK OTMeqa

JIOCb, CJIC)J;yeT paCCMaTpHBaTb OT)J;CJihHO. 

3. ,[(Jin onpe)J;eJieHHH cneKTpa cp1(u) B HH

TepaaJie .1u B HHTerpaJihHhiX qJieHax ypaBHe-

HHH (4) noJiaraJIOCb ~ ~z(u') ~sz(u' ~ u) du';:::: 

;:::: (cpz~sfz), lJTO MOa<CT aaMCTHO HapyrnaThCH 

npn 6oJII.rnnx norepnx aHeprnn (paccenHne Ha 

BO)J;opo)J;e, Heynpyroe paccenHne). BoJiee TOlJHhiH 

yqeT CIICKTpa cp1(u) IIpH ycpe)J;HCHHH CClJCHIIH 

MOiRCT 6LITb BhlllOJIHeH C llOMO~blO llOCJIC)J;OBa

TCJibHhiX npn6JIHiRCHHll. 

flpB6JIH)KCHHC fpiOJIHHra - fepTI~CJIR. lJaCTO 

BCTpeqaiOTC.fl CHCTCMhl, B KOTOpblX aHH30TpOUUH 

HCHTpOHHOTO IIOTOKa BCJIHI<a JIHIJlb B o6JiaCTif 

BhiCOKHX 3HeprnH, f)J;e aaMe)J;JieHue B OCHOBHOM 

onpe)J;eJinercH HeynpyrnM paccenHneM. llpu aToM 

)J;JI.fl yqera ynpyroro aaMC)J;JICHHH MOiRHO BOC

llOJlb30B3TbCH llpH6JIHiRCHHCM fpiOJIHHTa - fepT

~CJIH, KOTOpoe npHBO)J;HT K ypaBHCHH.FIM: 

- [ a<Pt r - - J L - 'Y - ax + Oo + ~ ff!o~inlinO dn' J + 

+ qlo (~a+ ~in+ ~J) = 
8q:>t \--- ' = Qo -. ox + j (j)o"E.infino dn , 

-- - 1[8cp ocp] Cft I."E.t-."E.s/t1 +-- - 0 + 2-2
- = 3 ox ox (9) 

= ~ (jlt."E.;n/inr du'- a~ (~tXu~s), 

- - - 1 [ o<Pz_t 8iPz+t 1 
(j)z ("E.,- ."E.s/d + 2l+i l---ax+ (l + 1) -~ _1 = 

= ~ fPt"2infinldn'. 

n. n. A6ArRH et al. 49 

3aMe)J;JICHue neiirpoHOB npn ynpyroM paccen

HHB Ha Jieri<nx H)J;pax Momer 6blTb npu Heo6xo)J;u

MOCTH paCCMOTpCHO B CBCTeMe (9) Ta.K me, KaK 
Heynpyroe paccenHne. 

EcJiu o6oaHalJBTb MoMeHThl cpyHK~uu paccen
HHH I (JA-0, u, u' __,. u) qepea 

Xzn (u) = ~ (u' -?u)n du' ~ Pz(~J.) f (!J., u, u' -?U) dQ, 
(10) 

TO KOacpcpn:~HeHTbl ypaBHeHB.fl (9), BCllOJib3Y.fl 

<I>opMyJibl ycpe)J;HCHBH (8), MOiRHO aanucaTb B BH)J;e 

MoMeHThl 'Xzn MOiRHO HaHTB na CJie)J;yro~nx 
cpopMyJI: 

)J;JIH BO)J;OpO)J;a 

2 4 
Xot=1, Xoz=2, Xto=3• Xu=g; (12) 

)J;JIH .FI)J;ep c A ~ 1 
2 

Xot =-:4 [1-Xto(u)], 

Xoz = ;!2 [ 1 - ! X to ( u) + ; Xzo ( u) J , 
2 

Xu= - 3A [1-3Xto (u) + 2X:w (u)], 

r)J;e 'Xto n 'Xzo- MOMCHTLI naMepneMoro B onblTax 

no pacceHHBIO yrJioBoro paciipe)J;eJieHHH Heii

TpOHOB. 
IIocKoJibKY ycpe)J;HeHHhle TaKHM o6paaoM ce

qeHnn n noTOK HCHTpOHOB .FIBJI.FIIOTC.fl .n.ocTaTOlJHO 

UJI(l.BHO H3MCHHIO~HMHC.fl <flyHK~HHMU 1meprnn, 

TO IIepeXO)J; K HCKOTOpOMY KOHClJHO-p33HOCTHOMY 

npe)J;CTaBJICHHIO (HallpHMep, K MHOrorpynnOBOMy) 

MOiRCT 6LITb ocy~CCTBJICH MCTO)J;aMU, paapa6o
T3HHhiMi'l )J;JIH cJiyqaH nJiaBHLix cetJeHHH 17 • B Ha

rny aa.n.aqy He BXO,lJ.llT paCCMOTpeHHe 3THX MeTO)J;OB. 

1\uueTH'Iecsoe ypaoueuue BoJJLTU.Maua. Ha
pn)J;y c perneHneM aa)J;aqu nepeHoca B npe)J;cTaiJ.

Jieunn c<f>epHlJCCI\HX ra pMOHHI\ B npaKTUlJCCI\HX 

paClJCTax llOJiyqUJIU pacnpOCTpaHCHHe MCTO)J;hl 

llpHMOfO lJUCJICHHOfO pelllCHllH KUHCTHlJCCKOTO 

ypaBHCHHH BoJibT~MaHa (S ,-MeTO)J; 2 7, MCTO)J; BJia

,lJ.HMnpoBa 28 11 .n.p.). IIoaroMy npe.n.cTaBJIHCTCH 

~eJiecoo6paaHhiM aanucaTb TaKoe ypaBHeHne )J;JIH 

ycpe,li.HCHHOfO no peaoHaHCaM DOTOKa HeHTpOHOB 

cp (x, u, !J.). 
,[(JIH aToro Mhl MOil\CM BOCDOJlb30B3TbC.fl pe-

3YJibTaTaMU, IIOJJyqeHHhiMH Bhlllle, <<CBCpHyB>> Cll-
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cTeMy (7). YMH01KHB l-e ypaBHeHn:e aToii cn:cTeMhl 

Ha P 1 ( JL)(2l + 1)/4n n: cyMMn:pyH ypaBHeHn:H, 

IIOJIY'IHM 

00 -
2l+1- - 8<p 

~ ~ ~zcpzPz (JL) + JL ax= 
1=0 

= 
4
1
:t Q+ ~ ~ qi (x, u', J.L') f~ (u' ~u, JLo)du' dU' + 

i 

rp;e 
co 

-i ~ 2l+1 -t 
I.s(u' ~u, J.Lo)= ."'-l 41t ~sz(U'--'J>u)Pz(JLo) 

1=0 

H aHaJiorn:'IHO ~in· CyMMa B JieBoii 'IaCTH noJiy

qeHHoro ypaBHeHIIH MomeT 6b1Tb npep;cTaBJieHa 

cJiep;yrom;IIM o6paaoM. llycTL npii l -')- co I. z-')o 

-')- I.oo. Torp;a aTa cyMMa eCTb 

co 

~ 2l4~1 (~z-~oo)~zPz(J.L)+ 
1=0 

00 

+ I.oo ~ -2l4~ 
1 

cpzPz (J.L) = ~ qi (x, JL', u) X 
Z=O 

X I.' (u, J.Lo) a'Q' + I.oucp (x, u, JL), (14) 
rp;e 

TaRIIM o6paaoM, a<P<PeKT peaoHaHCHoii cTpyR

TYPhl noJIHoro ce'IeHIIH OKasaJicH aKBIIBaJieHTHhlM 

HeKOTOpOMY ]l;OIIOJIHIIT6JlbHOMY ynpyroMy pacce.fl
HIIIO HeiiTpOHOB C C6'16Hll6M (- I.' (u, JLo)) O]l;HO

BpeM6HHO C nepeHOpMIIpOBKOH IIOJIHOrO Ceqe

HII.fl: I, -')- l:.oo. 3aMeTHM, 'ITO 

• - . (l:<pz> 
koo=hm~z=hm --. 

l-+oo l-+oo ( 'Pz > 

HanpHMep, npii HaoTpOIIHOM ynpyroM pacceH
/h, 

1 '\.1:1 / 
HIIII Ha Hp;pax cpz ,.._ 1:1• 1 H l:oo = }~ / 1 "'- -

"'-1:1+1/ 
= l:mtn• rp;e l:m1n-MIIHHMaJibHOe ce'!eHIIe B HHTep

BaJie ycpep;HeHIIH. 
Y Cp6fJ.H6HBe MBRpOCROUBlJ6CRBX C6lJ6HBH OT

fJ.6JibHbiX aJie:MeHTOB, ll.JIH IIpOB6]1;6Hll.fl MaCCOBhlX 

pacqeTOB peaKTOpHhlX CIICTeM BeCbMa meJiaTeJibHO 

HMeTb CHCTeMy aapaHee COCTaBJI6HHhlX ycpep;HeH

HhlX Ce'IeHIIH OT)J;eJibHhlX aJieMeHTOB, HCIIOJib3ye

MhlX B peaRTOpOCTpOeHHII, C T6M lJT06hl Ha OCHOBe 

aTOH CIICTeMbl MOrJIII Bbl'IHCJI.flTbCH MaRpOCKOIIII

qecKIIe CelJeHII.fl ]J;JIH JII061>1X peaKTOpHLIX CIICTeM. 

B CBH3II c aTIIM BCTaeT Borrpoc, KaR cJiep;yeT yc

pefJ.HHTb MIIKpOCKOIIH'I6CKHe Ce'IeHH.fl 9JieMeHTOB 

)J;JIR. TOI O, lJTOOhl IIOJIY'IHTb npaBHJibHhle cpe]!;HHe 

3Ha'IeHH.fl MaRpOCKOIIH'I6CKHX xapaKT6pHCTIIK Cpe

)1;1>11 cocToHm;eii na cMeCII aTHX aJieMeHTOB. Sta 

n. n. AEiArfiH et al. 

aap;aqa MomeT 6h1Tb pemeHa cTporo JIHttlb n cJiy

qae, KOf)J;a B Kam]J;OM HHTepBaJie ycpe]J;HeHHH 
JIHl:I.Ib Op;Ha H3 KOMIIOHeHT CMeCII o6Jiap;aeT peao

H8HCROH cTpyKTypoii ceqeRnii. B aToM cJiyqae 

Cpe]J;HHe 3Ha'leHH.fl MaKpOCKOIIHlJeCKHX CelJeHHH 

cpeJJ,LI (8) 6yJ1,yT IIOJiyqeRLI npaBHJibHO, eCJIH 
BeJIH'IHHLI ( 1 J.tn), ( l: 81(u'-')- u) JI.n )/( 1 J.tn) 
H T. II. Bhl'IHCJIRTb CJieJ1,yiOW.HM o6pa30M: 

rp;e 

1 

/_1 ....... -n-_~N i 
"'- 1:n / - ~ I ( 0' )n, 

i (15) 

( O'i) =/ 1 "'- n_0. 
n "(<Ji +a)n / ' 

/ <Jsz (u' -+ u) "'-

( t ( , )) "'- (ai+a)n / 
O'S/ U --'J> U n = 1 

/ " "- (ai+a)n / 

(16) 

N;- IIJIOTHOCTb ap;ep i-ii KOMIIOHeHThl CMecn:; cr
IIOJIHOe Ce'leHHe BCeX OCT8JlbHhlX KOMIIOHeRTOB 

CMecii, rrpiixop;am;eeca Ha OJ1,HO ap;po paccMaTpH

naeMoro aJieMeHTa. 

B cJiyqae, Korp;a cMec.b cop;ep.mn:T HeCKOJI:&Ko 

aJieMeHTOB C tPJIYKTYHPYIOID;HMH C6'16HHRMH, pe
ayJI:&Ta'ILI ycpeJ1,H6HH.fl M8KpOCKOIIH'IeCKHX C6'16HHH 

aaBHCHT OT B3aHMHOrO IIOJI01K6HHH peaoHaHCOB 

aTHX aJieMeHTOB. B aToM cJiyqae cpeAHHe ce'leHHH 

cpep;LI Moryr 6h1Tb rrpep;craBJieHw qepea ycpeA

HeHHhle Ce'IeHHH OT]l;eJibHhlX aJieMeHTOB JIHillb IIpH-

6JIH1K6HHO. llorpemHOCT.b 3TOfO IIpH6JIII1K6HHH 
OKaablBaeTCH HaHMeH.bmeii, eCJIH IIpH ycpeJ1,H6HHH 

MHKpOCKOIIH'IeCKHX Ce'I6HHH Ram)J;OfO 9Jl6M6HT8 

110 tPOpMyJiaM (16) IIOA 0 IIOHHMaT.b cpe,n;Hee IIOJI

HOO C6'16HHe BC6X OCTaJibHLIX KOMIIOHeHT Cpe,n;LI, 

npn:xo.n;Hm;eecJI Ha o)J;Ho ap;po paccMarpiiBaeMoro 
aJieMeHTa. KoHKpeTHLie pacqerLI rroRaaLIBaroT, 

'ITO aTa IIOrpeiDHOCTb, KaK npaBHJIO, M6Hbme, 
qeM omii6KH, CBHaaHHLie c HeTo'IHOCT:&IO aKcrre

piiMeaTaJibHLix p;aHHLIX. 

3ap;aHIIe peayJI.bTaTOB ycpe,n;H~HHH CeqeHHH OT

p;eJibHLIX aJieMeHTOB B 33BIICIIMOCTH OT «C6'16HHR 

paa6aBJieHIIH» G II03BOJIHT BLllJHCJIIITb MaKpOCKO

IIHlJeCKHe ROHCT8HThl B JII060:ii cpe,n;e, COCTOHIIJ;6H 

H3 aTHX aJieMeHTOB 16• 

MeTOA DOArpyun. B n:aJiomeaHoii BLime MeTo

AIIKe yqera peaoHaHcHoii CTPYKTYPLI ce'IeHn:ii 
npep;DOJI3faJIOC.b, 'ITO CTpyKTypa Heii:TpOHHOfO 

cneKTpa B cpeAe noCTOHHHa. HecMoTpH Ha TO 
'ITO 9TO IIpHOJIH)KeHHe HMeeT, RaR OTM6lJ3.JIOCb, 

mHpORYIO 06JiaCTb npHMeHHMOCTH, cym;eCTByiOT 

cJiyqan:, Rorp;a cTpyKrypa HeiirpoHHoro cneKTpa, 

a craJio 6LIT.b H ycpeAHeHHLie ceqeHHH (8) cym;e

CTBeHHO aaBHCHT or l{OOPAHHaT. TaRaH cn:Tyan;n:.R 

HMeeT MeCTO BO BCeX CJiyqaHX 1 ROr)J;a B HeiiTpOH

HI>IH IIOTOR 3H3lJHTeJI.bHhlH BRJia)J; )J;8IOT H6HTpOHW, 
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He HCDLITaBmHe HH O,IJ;HOrO CTOJIKHOBeHHR (HHOr,IJ;a 
HeCKOJILKO CTOJIKHOBeHHH) C R,D;paMH paCCMaTpH
BaeMOH cpe,D;LI (BOJIIi3H HCTO"'HHKOB HJIH rpaHHD;hl 
paa,IJ;eJia cpe,D;, B cpe,D;ax, nMeiOIIJ;Hx rJiyooKne nH
Teptf>epeHn;noHHLie npouaJILI B ceqeHnH). 

B aTnx cJiy"'aRx nHtf>opMan;nR o CTpyKType ce
'leHnii, CO,IJ;epmaiD;aRCR B aaBHCHMOCTRX ycpe,D;
HeHHLIX Ce"'eHHH (16) OT BeJIH"'HHLI «Ce"'eHHR paa

oaBJieHHR)) cr, OKa3LIB8eTCR, CTpOrO rOBQpR, He
,II;OCTaTO"'HOH. ,ll;JIR BBe,IJ;eHHR 6oJiee DOJIHOH HHif>op
MaD;HH, ueo6xo.¢HMoii ,IJ;JIR pemeHHR oTMe"'eH
HLIX a~aq, MOa\eT 6LITb HCDOJib30B8H TaK Ha-
3LIBaeMLIH MeTo,IJ; no,D;rpynrr 14, orrncaHue KO
Toporo 6y,IJ;eT ooJiee uarJIR,IJ;HLIM, ecJiu rrpe,D;rroJio
muT&, "'TO DJiaBHaR auepreTuqecKaR aaBHCHMOCTb 
Heii:TpOHHOro IIOTOKa ODHCLIBaeTCR MHOrorpynno
BLIM MeTO,II;OM. 

PaccMOTpHM rpyrrny HeiirpouoB, aHeprnn KO
TOpLix JiemaT B HHTepBaJie !J.E. Paao6LeM aTy 
rpyrrrry Ha HeCKOJibKO IIO,IJ;rpyrrrr, OO'Le,IJ;HHRR 
B Kam,IJ;yiO H3 HHX Te HeBTpOHLI, ,IJ;JIR KOTOpLIX Be
JiuqHHa IIOJIHOrO ceqeHHR Jiea\HT B He60JibillHX 
HHTepsaJiax (/J.o)k. IlpnrrnmeM Terrepb BCeM 
Heii:Tp0H8M Kaa\,IJ;OH DO,D;rpyniiLI O,II;HHaKOBLie -
cpe,D;HHe - aHa"'eHHR DOJIHOfO ceqeHHR, Ce"'eHHB 
peaKn;nii u ,IJ;nlf>tf>epeHn;naJILHLIX ce"'eunii pacceR
HHR. EcJin HHTepBaJILI (/J.o)k ,IJ;OCTaTO"'HO MaJIIa, 
TO DOJIHLie Ce'leHHR 6y,IJ;yT 6JIH3KH K HCTHHHLIM. 
B :oaBeCTHoii cTeneHH aTo 6y,IJ;eT BMeTb MecTo 
H ,IJ;JIR rrapD;H8JibHLIX Ce'leHHii, IIOCKOJII>KY Mem,IJ;y 
HHMH H DOJIHLIM Ce"'eHHeM CyiD;eCTByeT OIIpe,D;e
JieHHaR KOppeJIRD;HR. 

PacnpocTpaHeHne paccMarpnsaeMoii rpynnLI 
B npoTRmeHHOii: cpe,D;e c Ma.JihiM rpa,D;ueHTOM :MomeT 
6LITL ODHCaHO 06LI'IHLIMH MeTO,Il;8MH C HCD03IL-
30BaHHeM KOHCTaHT (16), BLI'IHCJieHHe KOTOpLIX 
nponaBO,II;HTCR ycpe,D;HeHneM no no,D;rpynnaM. EcJIH 
me CTpyKTypa CDeKTpa B cpe,IJ;e He DOCTORHH8 
(H, CJie,IJ;OBaTeJibHO, COOTHOmeHHe Mem,IJ;y ,IJ;OJJRMH 
DO,IJ;rpynn aaBHCHT OT KOOp,Il;HHaT), TO CJie,IJ;yeT 
nponaBO,Il;HTb pac'leT pacnpocTpaHeHHR Ram,IJ;oii 
DO,IJ;rpyDDLI OT,IJ;eJILHO. 

,I:\JIR 3TOrO ,Il;OJla\HLI 6LITb aa,IJ;aHLI ,II;ODOJlHHTeJIL
HO Ce'leHHR nepeXO,Il;OB H3 O,Il;HOH DO,D;rpyDDLI 
B ,D;pyryro aa C'leT ynpyroro n Heynpyroro pacceR
HHR H ,IJ;eJJeHHR. BLI"'HCJieHne ceqeHnii nepexo,IJ;a, 
ooyCJIOBJleHHLIX ,II;BfMR DOCJJe,IJ;HHMH DpOD;eCCaMH, 
ae npe,D;cTaBJIReT npHHn;nnuaJJI>HLIX TPYAHOCTeii, 
DOCKOJILKY DpOHCXO,IJ;RID;ee DpH 3THX Dpon;eccax 
naMeueune aHeprnn Heii:TpOHOB aHa'lnTeJILHO npe
BOCXO,Il;HT paCCTORHHe Mem,IJ;y peaOH8HC8MH. 

1:1To me KacaeTCR ce'leHnii nepexo,IJ;a B peayJIL
TaTe ynpyroro aaMe,IJ;JJeHHR, TO npu ero BLI'IHCJie
HHH HeOOXO,II;BMO DpHHBM8Tb BO BHBMaHHe COOT
HOmeane Mem,IJ;y noTepe:ii ;meprun npn pacce.H
HHH n paccTORHHeM Mem,IJ;y ypoBHRMH. B o6JiaCTH 
paapemeHHLIX ypoBae:ii ce'leHHR nepexo,IJ;a MO
ryT ohiTL noJJyqeuLI ua BMetom;nxcR ,IJ;aHHLIX 
o ,IJ;eTaJILHOM xo,IJ;e ce'leHnii:. B 6oJJee BhiCORoii o6-
JJaCTH aHeprnii ,IJ;JJR aToii n;eJIH aeo6xO,IJ;BMO npn
BJJeKaTb CTaTHCTuqeCROe paCCMOTpeHHe, f:!CHOBaH
HOe Ha ,Il;aHHLIX 0 cpe,Il;HHX peaOH8HCHLIX napa
MeTpax~ HaRoaeu;, npn em;e 6oJJLmnx aaeprHRX, 
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r,IJ;e norepR aHeprun npn ynpyroM pacceRHHH 
npeBhlmaeT paCCTORHHe Mem,IJ;y ypOBHRMH, Be
pORTHOCTH ynpyrux nepeXO,Il;OB CT8HOBRTCR npo
DOpD;HOH8JibHLIMH ,Il;OJIRM TeX DO,D;rpynn, B Ro
TOpLie OCyiiJ;eCTBJI.HeTCR nepeXO,Il;. 

IlepeXO,IJ;Ll Heii:TpOHOB H3 Kam,IJ;OB DO,Il;rpyDDLI 
MoryT oCyiiJ;eCTBJIRTLCR B JIIOOYIO DO,IJ;rpynny ,I1;8H
HOH rpynnLI, 'ITO cyiD;eCTBeHHO ycJJomHReT pac'leT. 
II pon;e,Il;ypa pac'leTa npocTpaHCTBeuuo-auepreTH
qecKoro pacnpe,IJ;eJieHHR HeiiTpouoB ,Il;OJimHa aa
KJIIO'IaTbCR B DOCJie,IJ;OB8TeJJLHOM pemeHHH B3aH
MOCBR3aHHLIX CHCTeM ypaBHeHHB ,II;JIR DO,D;rpyDD 
MeTO,Il;aMH, aHaJIOrH1JHLIMH TeM, ROTOpLie HCDOJib
ayiOTCR DpH pemeHHH aa,IJ;a'l 0 TepMaJIH38D;RH HeB
TpOHOB. 

CJJe,IJ;yeT, O,Il;HaKo, OTMeTHTL, 'ITO 'lRCJIO no,IJ;
rpynn, Ha KoTopLie cJie,IJ;yeT paa6nBaTL rpynnLI, 
MomeT 6LITL He6oJILmHM. HanpnMep, ,Il;JIR BLI
"'HCJieHRR ycpe,D;HeHHLIX napaMeTpOB P.- HJJH 
P 3-npn6Jiumean:ii ,Il;OCTaTO'IHO paa6neHRR Ha ,IJ;Be 
RJIR COOTBaTCTBaHHO H8 TpH DO,D;rpyDDLI. 

PAC4ET YCPE.llHEHHbiX CE4EHHA 

RaR 6LIJIO noRaaaHo BLime, ,Il;JIR onpe,IJ;eJJeHRR 
cpe,D;HerpynnoBLIX napaMeTpoB cpe,D;LI aeo6xo
,II;BMO aHaHne pa.aJIR'lHhiM o6paaoM ycpe,IJ;HeHHLIX 
ce'leunii (15). Onpe,IJ;eJieane arnx BeJJH'lBB :oa 
aKcnepuMeHTaJJLBLix ,IJ;aaahlx o6 aaepreTuqecRoi 
aaBHCBMOCTH Ca'leBHH B03M01KBO JlHillL B 06JI8CTH 
anaKnx aaeprni, r,IJ;e CTPYRTypa ce'leHni nayqeHa 
,IJ;OCT8TO'lBO DO,Il;pOoBO. IlpH 8TOM CJie,IJ;yeT OTMe
THTL, 'ITO BeJIII'lHH8 TaRBX napaMeTpOB, RaR 
(1/on}, onpe,IJ;eJJ.HeTCR B OCHOBBOM TeMB aHep
reTuqeCKBMH OOJI8CTRMH, B ROTOpLIX DOJIHOe Ce
'leBRe Ma.JIO H D09TOMy, RaR Dp8BRJJO, R3HepReTCJI 
C HRSRO:ii T01JBOCTbiO. 

B cusau c aTBM uoaanKaeT aa,IJ;a'la o uoccTauou
JJeBHH lf>opMLI RpHBOH aaepreTuqecKOH aaBRCR
MOCTH Ce'laBRB DO BMeiOID;BMCR 3KCnepRH8BT8JIL
HLIM ,IJ;aHBLIH, DOJiyqeHBLIM C DJIOXBM paapeme
HReM, Ha OCHOBaHRR TeopeTH'leCKRX npe,IJ;CT8BJie
HRH o cTpyRType ce'leani. 

CTpYJCTypa ceqeuaii a o6.11acTR RBOJIRpooaa
HhiX peaoaaacoo. CTporoe pemea:oe aToii aa,IJ;a'IH 
B03H01KHO JIRillb B OOJI8CTR RSOJIRpOBaHHLIX ypOB
Heii:. RaR uauecTao, aaepreTII'lecKa.H aauncBMoCTL 
Ce'laHRB B ORpeCTHOCTR RSOJIRpOB8HHOfO ypoBBJI 
onpe,IJ;eJJ.HeTCR lflopMyJiaMu BpeiiTa - Buraepa: 

a= 1 ~~~ (cos2cp1-xsin 2cp1)+op=o,.+op, 

CJo r:a: 
O:a:=1+zl T' 

dos=~11dQ ~ PL(Jl) [ B'L"+ 
L 

(17a) 

(176) 

+"' BL(i)-AL(l)-z/L(J) J =-1 dQ"' p (u) X 
..t.J 2 (2/ +1) (1 +zll) 4n ..t.J L r 
J L 

X(fLpop+fL,.os,.)(2L+1), (17B) 
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rp.e 

4 ~ 2 [ 2J+1 J rn. 2(E0 -E) 
<To= 1'£A 2(2!+1) f' X= r ; 

r n H r - Heii:TpOHHa.R H DOJIHa.R mHpHHa peao
HaHca; r x- illHpHHa no OTHOmeHHIO R peaR
~HH x; Eo- peaonancna.R aneprna; ]; - )J.JIHHa 
BOJIHhl neii:Tpona; <p 1- cpaaa noTeH~BaJILHOro 
pacce.RHH.R, HMerom;a.R TOT me MOMeHT H lJeTHOCTb, 
liTO H pe30HaHCHhlH ypoBeHJ,; Or- cpopMaJILHO 
onpe}l;eJiennoe «cellenne peaR~nm>. B'l..n onnchlnaeT 
BRJia)l; noTen~naJILnoro pacceanna B L-ro rapMo
HHRy ce'IeHH.R paccennnn 

Bi.n = ~ (2l1 + 1) (2lo+ 1) (l10lo0! L0)2 X 
ltlo 

X sin <J>11 sin <pz0 cos { <pt1 - <pz0 ). ( 18a) 

Koacpcpn~nenThl B L• A£, I L onpe}l;eJIHIOTC.II pe
aonancahlMH napaMeTpaMH n: cpaaaMH noTen~naJIL
noro pacce.RHH.II, HHTep<J!epnpyrom;nMH c peaonan
coM: 

r2 
BL=Z2 (lllll jL) r~ , (186) 

AL = 2 (2J + 1) ~ (21' + 1) (l'OlO I L0)2 X 
l' 

rn . . (2 ) X r sm <pz· sm <pz- <pz· , (18B) 

IL= 2 (2J + 1) I (21' + 1) (l'OlO I L0)2 X 
l' 

r n • (2 ') (18 ) X r sm <pt• cos <pz-<pz , . r 

(1'010 I LO) n: Z (lJlJ JjL)- Roa<flcpn~nenThl I\Jie6-
ma - /Rop}l;ana H BJiaTTa - BHp.enxopna, npo
Ta6yJinpoBaHnhle B pa6oTe 18. 

HanncaHHhle Bhlme <J!opMYJihl npe}l;rroJiararoT, 
qTo peaonanc o6paayeTcn neii:TponaMn JinmL c OA
HHM op6nTaJibHhlM MOMeHTOM 1. fipe)l;IIOJiaraeTC.II 
TaKme, 'ITO .R}l;pa Herrop.nnmHhl. llpn y'IeTe TenJio
Boro }l;Bnmennn n}l;ep <J!opMyJILI }l;JI.II ce'IeHB.R 
(17a, 6) npHHBMaiOT BH)J. 5,1S 

a=ap+ao V~ Re [ro(s ~ +i ~)x 
X exp (2i<p1) J , ( 19a) 

<Tx =<To V ~ ~ Re [ ro ( ~ ~ + i ~ ) J = 

= <To-¥-"' (s, x), ( 196) 

r}l;e ~ = r/L\; L\ = 2VkTEoiA- }l;orrnJiepon
cRan mnpnna ypoBn.R; w - HHTerpaJI neponTHO
CTeii OT KOMnJieKCHOrO apryMeHTa, }l;JI.II ROTOporo 
cym;eCTBYIOT no}l;p06HLie Ta6JIH~hl 19 • 

)J.Jin rrepexo}l;a OT <J!opMyJI (19) R <J!opMyJiaM (17) 
neo6xo}l;HMLIM HBJIR:eTC.II ycJioBne s ~ 1. B npo
THBHOM CJiy'Iae }l;OnrrJiepOBCKOe ymnpenne cy
m;eCTBeHHO BJIH.ReT Ha <J!opMy peaonanca. 

YlleT }l;onnJiepoBCKoro ymnpennn ypoBneii npn 
paCCMOTpeHHH aHH30TpOnHH pacCe.IIHH.R HC npe}l;
CTaBJI.ReT 6oJII.moro HHTepeca, raK KaK B rex cJiy-
1Janx, KOr}l;a aror acpcpeKT nrpaer aaMerayro pOJIL, 

JJ. n. AoArfiH et al. 

paccenBarom;ne peaoHaHCLI c BhlCORHMH op6n
raJILHLIMH MOMeHTaMH, KaR npaBHJIO, HeJib3.11 C'IH
TaTb H30JIHpOBaHHLIMH. 

Y cpeAJienue ceqeauii B o6JiacTu paapemeaBbiX 
uaoJJupouaaahlx peaoaaucoB. B aroii: o6JiacrH 
aneprnii ce'IeHIUI (16), ycpe}l;HeHHLie no peaonan
caM, Moryr 6LITL BLipamenLI 'Iepea peaonancnLie 
napaMeTpLI H Bhl'IHCJieHLI. 

MeTOA BLI'IHCJieHH.R cpe)l;HBX ce'Iennii:, neo6-
XO}l;IIMhlX }l;JI.R BhlllOJIHeHH.R pac'IeTOB B )l;H<fJ<J!yaHOH
HOM rrpH6JIH:IRCHHH, 6hlJI llO)l;p06HO paCCMOTpeH 
B pa6orax 12• 16• 3)l;ecb Mhl npnBe}l;eM 6oJiee o6m;ne 
cPOpMyJILI, ll03BOJIHIODJ,He Bhl'IHCJI.IITh TaRme H ce
'ICHH.R, Tpe6yrom;HeCH )l;JI.II 6oJiee BLICORHX DpH-
6JIH:IReHHH. BLIBOA aTnx clJopMyJI anaJiorH'IeH na
JiomenaoMy B ~HTHpOBaHHhlX pa6oTaX H ll03TOMY 
a)l;ecb onycRaercn. 

n 

/ 
1

_ "-=[ 1 _Jn~(-1)mC'::lrm. 
"-. (a+a)n / ap+<J m=O ' 

(20a) 

/ ash "--a f / 1 "- +l 
'-.(cr+cr)n /- P LP"- (a+cr)n / Ln· 

(206) 

3}l;ecL 

lr,m=([ <J~ ]m); (21a) 

J _ / asrfLr "-. 
Ln- "- (cr+v)n /. 

(216) 

Onpe)l;eJIHM raKme 

I -/~"-. (21) x-,'-<J+cr/' B 

fiO}l;CTaHOBKa B <flopMyJILI (21) BLipameHHH (17) 
HJIH (19) )l;JI.II Ce'IeHHH npHBO)l;HT R CJie}l;yrom;eMy: 

lr,m= L ~ ~:k t'Jm{Skr UJi, <Jlk) X 
k 

-co 

(22a) 

-co 

B. 'IaCTHOCTH, 

:rt ~ rk 
Ir, t =Tu 7 2Eok ak X 

'Yid~k• ak, 'Pk) [cos 2cpk- ~It sin2 21Jlk J 
X (226) 

[(1-ak sin2 (Pk) (1 +ak cos2 1Pk>11/a 

1 :n: '\' r" 2 
r, 2 = 2t.u ..:;.J 2Eoh ak X 

k 

X TJz (~k• ak, q>k) (22n) 
[(1-ak sin2 cpk) (1 +ak cos2 q>k)l312 

' 
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'Y Lk -- pLk -2 sm fPk 
X 1 

[(1-a,. sin2 CFk) (1 +ak cos2 fPk)l 11 
(236) 

J L, 2 = ___ __:_n_2_.t_2 -___,=- ~ _r_k_ x 
2~u (2L+1) (<~p+o)2 k 2Eok 

2VLk (2+ak cos 2cpk) 

X [(1-a,.sin2 cp~t)(1+a,. cos2cpk)]312-
(23n) 

a2 
~Lk au.. sin 2cpk(4+3a,. cos 2cp,.--f sin2 2cpk) 

[(1- ak sin2 fPk) (1 + ak cos2 cp,.))3
/s 

I 1 ~ :rt rxk 
x=-xu f 2 2Eok ak X 

X 'li (~,.. ak, CJ1k) (24) 
[(1-a,. sin2cpk) (1-a,. cos2 cp,.)]1/s • 

CyMMHponauHe a,n;ecb ne,n;eTCH no nceM ypoBHHM 

k B HHTepBaJie ycpe,n;ueHHH Llu 

C1ok ~ BL-AL R "" h 
ak= 11p+a ' 'lh= ~ 2(21+1) 't'L= ~ 2(21+1) • 

3 3 

<l>yHK~HH TJ~ H lJm onpe)J;eJieHhl TaKl'IM o6pa30M, 
'ITO B OTCYTCTBHe ,ll;OITIIJiepOBCKOfO yrnHp8HHH pe-

30HaHCOB OHH paBHhl e)J;HHH~e. ,!(JIH m = 1,2 3TH 
lflyHK~HH Bhl'IHCJIHJIHCL B pa,n;e pa60T 4 • li, 9 B npe,n;

llOJIOffieHHH OTCYTCTBHH alfllfleKTa HHTeplflepeH~HH 
peaoHaHCHoro H noTeH:o;HaJILHoro pacceaHHH 

( «p = 0). n pH 3TOM TJ~ = Tit· Pac'leT 3THX IPYHK
:o;HH npH «p =I= 0 TaKme He npe,n;cTaBJIHeT oco6hlx 

TPYAHOCTeB:. 
06JiaCTh uepaapemeHHbiX HSOJIBpooaHHbiX pe

aouaucoo. B o6JiacTH aHeprnB:, r)J;e peaoHaHchl 

He paapemeHhl, HO HX em;e MOffiHO C'IHTaTL H30-

JIHpOBaHHhlMH, llpH Bhl'IHCJieHHH HHTerpaJILHhlX 

BeJIH'IHH (21) MOryT 6h1Th HCllOJib30BaHhl Cpe)J;HHe 

napaMeTphl peaoHaHCOB. 
TaK KaK ceqeuHa npu )J;aHHOH ;meprHH npeA

CTaBJIHIOT co6o:U: cyMMhl ceqeHHH ,ll;JIH Kam)J;oro 

H3 B03MOffiHhlX 3Ha'leHHH llOJIHOfO MOMeHTa J 
H qeTHOCTH Tt, TO Cpe,ll;HHe HHTerpaJibHLie XapaK

TepHCTHKH MOffiHO aanHCaTL B BH)l;e CYMMhl llO 
OT)l;eJILHLIM MOM8HTaM 

Ir,m=~I~,m, Jl,n=~JI,n, fx=~I;, (25) 
v v v 

r,n;e V=l1n. BeJIH'IHHhl I~m • .f'L.m HI~ MoryT 

6LITL BLipameHhl CJie,ll;yiOID;HM o6pa30M: 

I v _ 1 fv -m - - . - -
r, m- 2 D av TJm (sv. av, «Jlv)./m (sv. av, «Jlv) X 

v 

+co 
X \ [ cos 2cpv-z sin 2cpv Jm d (26) J:o 1 + z2 - zav sin 2cpv + av cos 2cpv X' 

v 4nl2 r - -
JL, n= (2L+1)(ap+a)n 2D ~(av, YLv. ~Lv• «Jlv) X 

+co 
X ~ (YLv -zi3iv)(z2 + 1)11

-
1 dz (27) 

-co (1 +z11 -zav sin 2cpv+av cos 2cpv)11 
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r- ~ r XV a 'li (~v· av, CJ>v) Xi (av, ~v. CFv) 
.x- 2 Dv v [(1-uvsin2cpv) (1+avcos2cpv)]111 

' 

(28) 

r,n;e 

_ 4 H 2!+1 fnv 1 
av- 11:11. 2(21+1) -rv (<Jp+a+ ~ 0 rv•> 

(29) 

V'=/=0 

CyMMa B auaMeHaTeJie nocJJe,n;uero BLipameHIUI 

BBe,n;eua )l;JIH yqeTa HaJiomeHHH peaoHaHCOB c paa

JIH'IHhlMH cnHHaMH H 'leTHOCTHMH. Dv- cpe,n;Hee 

paCCTOHHHe Mem,n;y ypOBHHMH CO CllHHOM J H qCT

HOCTbiO 11:. 

Bee auaqeHHH napaMeTpoB Bhl'IHCJIHIOTCH npu 

Cpe,n;HeH 3HeprHH HHTepBaJia ycpe,n;HeHHH. <l>yHI\

~HH x'' Xm H ~L. s Y'IHThlBaiOT aaBHCHMOCTh 
Bhl'IHCJIHeMLIX BeJIH'IHH OT lfJJIYKTya:o;HH nap:u;u

aJILHLIX illHpHH. 3TH lflJIYKTya:o;HH OllHChlBaiOTCR 

pacnpe,n;eJieHHeM TiopTepa - ToMaca 20 , u yKa

aaHHLie lflyHKD;HH MOfYT 6LITb llOJiy'leHLI 'IHCJI8H

HhlM pac'leToM. PeayJILTaThl Bhl'IHCJieaHft HeKOTO

pLix H3 3THX lflyHKD;HH npuBe,n;eHLI B pa6oTaX 1 2 , 21 • 

HeKOTOpLie ,n;pyrHe acneKTLI yqeTa BJIHHHHH 

lfJJiyKTya:o;Hii na p:o;HaJILHhlX mHpHH Ha B8JIH'IHHhl 

Cpe)J;HHX Ce'I8HHH 6y,n;yT paCCMOTpeHLI HHme. 

06JiaCTh peaOH8HCHblX ypoBHeii, '18CTB1JHO ne

peRpblBQIO~BXCJI 3Q C'I0T ):(ODDJiepoBCKOrO ymB• 

peuus. Pac'leT ycpe)J;HeHHhlX ce'!eHHii B o6JiacTH 

'laCTH'IHO nepeKpLIBaiOID;HXCH HHTeplflepHpYIOID;HX 
peaoHaHCOB B HaCTOHm;ee BpeMH HeB03MOmeH Ha-aa 

OTCYTCTBHH y,n;onJieToopHTeJILHOro TeopeTHqecKoro 

npe,n;cTaoJieHHH cTpyKTypLI ceqeHHii ,n;JIH aToii o6Jia

CTH aHeprHB:. O:u;eHKH alfllfleKTOB caMoaKpauHponKH 

MOryT 6hiTL BLillOJIHeHLI JIHillb ,ll;JIH CJiyqaH, KOr)J;a 

nepeKphiBaaHe peaouaHcoo uacTynaeT aa C'leT HX 

,n;onnJiepoBCKOro ymHpeHHH (Ll......, D, HO r ~D). 
,!(JIH 3TOrO CJiy'la.ll paapa6oTaH MeTO)J; BLI'IllCJie

HHH ycpe)J;HeHHhlX Ce'leHHH, OCHOBaHHhlH Ha npe,n;

CTaBJieHHH HX B BH)J;e paaHOCTH C06CTBeHHO cpe,n;

uero ceqeHHH H HeKoTopoii nonpaBKH ua a<J><J>eKT 

CaM03KpaHHpOBaHHH, HMeiOm;eii BH,ll; ,ll;HCnepCHH 

/ C1x ". 
"'.,G/ - 1- --

1 = C1x- =-(CJxCJ-CJxCJ), 
/_". (J 

"(J / (30) 

/ 1 ". 1 1 (JL-(12 

""an/= -a-~+2 n (n+ 1) on+2 

EcJIH lf,JIH BLI'lHCJieHHH nonpaBKH HCnOJIL30-

oaTb npe,n;noJiomeuHe o 6oJibrnoii ,n;onnJiepoBCKOH 

illHpHHe peaOHaHCOB H C'lHTaTb ypOBHH 3KBH,ll;H
CTaHTHLIMH, TO 

CJxCJ-O.xcr = ~ OxvGrv X 
v 

X [ 2 exp ( -
2~22 ) + ( bv ) a>~ J , 

v Jf2:n. Sx 

v 

X [ 2 exp ( -
2
bi

2 
) + ( .;;vn ) <llv J , 

(31) 
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- 'Y 
r,I(e 'V = J 1n.; bv= Dvlfl; «<JyuK~HH <Dx, <Dv H Sx 
10,12,2! y>IHTLIB8IOT BJIHHHHe pacnpe,I(eJieHHH DpH
Be,I(eHHHX mupuu ua ueJIII'IHHY ceqeuuH. 

BJIBIIHBe uuTep~peu~uu peaouaucuoro u no
Teu~uaJI&uoro paceeauuii ua peaouaucuyro ca:&IO· 
aKpauupossy ceqeuuii. HuTep«~Jepeun;uH Mem.n;y pe
aouaucubiM u noTeun;uaJI&HLIM pacce»uneM npuuo
.n;ur K CHJibHOMY H3MeHeHHIO «<JopMH peaOH8HCHOH 
Jiuuuu. MaKcHMYM peaouauca c.n;uuraeTCH no OT
uomeuuiO R peaouaucuoii auepruu ua BeJIMHHY 
Emu.- Eo= (f /2) tg <pz, BeJiuquua ceqeuuH p MaK
cuMyMe CTaHOBHTCH paBHOH Omax= CJo+ Omtn• 
rAe Om1n= CJp- o0 sin2 <pz AOCTuraeTCH npu auep
ruu Em1n= Eo- (f /2) ctg <pz. B CJiy>~ae qeTuo
qerHbiX .a.n;ep, .U:JIH. Koropblx S-ueiirpoHbi o6pa
ayiOT COCTOH.HHH JIHIDb C O.U:HHM DOJIHLIM MOMeHTOM 
J = 1/2, BeJIII'IHH8 ceqeHHH. B MHHHMyMe paBHa 
(J p (1 - f n /f) H B CJiy>~ae, KOr.n;a IDHpHHbi He
ynpyrux npon;eccoB MaJibt, MomeT 6biT.b Bec.r.Ma 
MaJioii. TaK, uanpuMep, noJiuoe ceqeuue meJieaa 
B uurep«~Jepeun;uouuoM MHHHMyMe peaouauca Fe 66 

npu Eo = 29 1£38 pasuo npuMepuo 0,2 6ap~t 
u npaKruqecKu n;eJIHKOM onpe.n;eJI.aeTCH. npuMeCLIO 
Apyrux uaoronos meJieaa. 

Hcuo, qro npu B~HCJieuuu BeJiuquu (1 /on} 
H T. D. H8JIII'IHe 8THX MHHHMYMOB CK83LIBaeTCH 
onpe.n;eJIHIOID;HM o6paaoM. O.n;uaKo &TOT a«~J«<JeKT 
MOn<eT OK83biBaTb CyiD;eCTBeHHOe BJIHHHHe H Ha 
BeJiuquuy a«<J«<JeKrusuoro peaouaucuoro uurerpaJia 
norJIOID;eHHH. (puc. 1). 

Oco6euuo cyiD;eCTBeuuLIM Momer 6LIT.b yqeT 
HHTep«<Jepeun;uu peaouaucuoro u noreun;uaJihuoro 

a,o,.----.-....,.----,.----r-.---~-r----,r---r---, 

laljlojl 

I;-

PHc. 1. 3aaHCHMOCTb pesoHaHCHoro HHTerpana no. 
rnoll.leHHR A11R ypoBHR Fe&e npH 26 teas oT paal5as. 
J18HHR 8CT6CTB6HHOH CM8CH HSOTOnOB meneaa pas. 
15aaHTeneM c 15onbWeH noTepe~ sHeprHH npH ynpyroM 

- 1 paCC8RHHH H C8Y8HH8M l:=l:p-l:p. nyHKTHpHble 
KpHBbl8 BbiYHCJ18Hbl 15es yYeTa Ql11YKTY8l.IH~ nnOT· 
HOCTH CTOJ1KHOB8HH~. npH yYeTe cnnOWHblX KpHBbiX 

8TH lflllYKTYal.IHH npHHHManHCb BO BHHM&HHe: 
1- 6ea yqera aarepcpepea~HH peaoaaacaoro H norea

~aaJILaoro pacceaaaa; 2-- c yqeToM aarepcpepea~HII 

pemeuu11 npu BLiqucJieuuu TeMnepaTypuoii aa
BucuMocru acp«<JeKTHBHoro peaouaucuoro uurer
paJia (Ta6JI. 1). 

n. n. A6ArfiH et al. 

Tai511Hl.l& 1. TeMnepaTypHaR aaBHCHMOCTb 
peaoHaHcHoro HHTerpana norno111eHHR (a 15apHax) 

AllR YPOBHR U238 npH 663 86 fa=O) 

Pauno nymo 
He pauao nymo 

0 

0,011 
0,027 

300 

0,012 
0,024 

900 

0,014 
0,021 

AuaJiorMHLiii a«<J«<JeKT HMeeT MecTo u .U:JIH .n;py
rux BHCOKOJiemaiD;HX yposueii U238, o6Jia.n;aiO
In;HX 60JibiDOH HeiiTpOHHOH IDHpHHOH. 

3cpcpeKT HHTepcpepeun;uu peaouaucuoro u noTeu
n;uaJILuoro pacCe.RHBH MOn<eT 6biTb BeCbMR CyiD;eCT
BeH H B 06JI8CTH qacruquo nepeKpLIB8IOID;BXCH 
ypoBueii (puc. 2). 

BcJie.n;craue a«<J«<JeKTa uurepcpepeun;uu ycJiosue 
r < D eiD;e ue ,I(aer ocuoaauuii cquraTb, qro 
B ceqeuuH.x ue npoH.BJI.ReTc.R peaouaucuaH CTPYK
Typa. Ceqeuu.a crauyr nJiaBHHMB JIHIDL ror.n;a, 
KOr.n;a OTKpOeTCH 60JibiDOe qucJIO K8H8JIOB ,I(JIH 
pacna.n;a cocTaBuoro .a.n;pa. 

PHC. 2. noB8A8HHe CeYeHHR B OKpeCTHOCTH ABYX 
15nHsKonemaUIHX S-peaoHaHcoa Y8THo-YeTHoro RAPa 
8 npeA110110meHHH 1 YTO rn=r H B nOT8Hl.IHaJlbHOM 

C8Y8HHH npHCYTCTBY8T TOJlbKO 8-BOllHa 

Y qeT HeDOCTOIIHCTB& DJIOTHOCTB CTOJIRHOBeBBii. 
KaK OTMeqaJiocL Bblme, nJiaqeKoucKue ocn;uJIJIH.
n;uu DJIOTHOCTH CTOJIKHOBeHHH B CJiyqae yaKHX 
peaOH8HCOB CJia6o CK83LIB8IOTCH ua peayJibT8T8X 
ycpe,I(ueuuH. ceqeuuii. Ouu, OAHaKo, .n;oJimHH npu
HHM:aTbCH. BO BHBM8HUe DpB paCCMOTpeHBH pe-
30H8HCOB, mupuua KOTOpbiX Cp8BHBMa C DOTepeii 
auepruu ua .a.n;pax Toro me aJieMeuTa, uo cyiD;e
craeuuo Meubme, qeM norep.a auepruu npu pacce.a
uuu ua .a.n;pax .n;pyrux KOMnoueHT cMecu. 3uepre
TuqecKa.R aaBHCHMOCTb DJIOTHOCTU CTOJIKHOBeHHH 
B aTOM cny>~ae .n;oJimua uaxo.n;uTbC.R nyreM peme
HHH BHTerpaJihHOrO ypaBHeHHH. 

r I li~ (U 1 
_. U) 

'Y (u) = ~ J 'Y (u ) l: (u') du'. (32) 
i u-r1 

B PHAe CJiyqaeB yqer uenocTOHHCTBa DJIOTHOCTB 
CTOJIKHOBeHUH MOiKeT DpHBO.U:HTb K cym;eCTBeH
HOMY uaMeueuuiO peayJILTaToB ycpe.n;ueuu11. 
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B Ka'leCTBe npnMepa Momuo npnBecru aaBncu· 
MOCTL a~~eKTHBuoro peaouaucuoro nurerpana 
nornom;eun11 or paa6aBneun.FI lf.HR ypoBu.fl Fe 66 

npu 29 xaB, npnBeli,euuyro ua puc. 1. MaMeueuue 
aTOH aaBHCHMOCTH no cpaBueHHIO CO cnyqaeM 
IIOCTO.fiHCTBa IIHOTHOCTU CTOHKHOBeHHH o6yCHOB· 
neuO B03HHKHOBeHUeM BCIIHeCKa IIHOTHOCTH CTOHK· 
HOBeHHH B o6naCTU UHTep~epeH~UOHHOro MUHU· 
MyMa, r)l;e oTuomeuue ~cl~ peaKo BOapacraer. 
)J;pyrnM npuMepoM Momer cnymnTL auepreru· 
qecKall aaBUCHMOCTb IIHOTHOCTH CTOHKHOBeH'HH 
B o6nacru nepBoro peaouauca U238 npu 6,7 ae, 
BhPIHCJieuua11 B pa6oTe 11 Mero)l;OM MouTe-Rapno. 

BJinauue peaouaucuoii caMoaRpauupoBKn ua 
ycpep;ueuuLie napaMeTpLI auuaoTponuu paccea
uua. Mcnom.aoBauue ~opMyn (22) lf.HR BJ.I'lncne
HHII ycpe)l;ueuuJ.Ix auaqeuuii napaMerpoB auuao
Tponuu pacce.FIHUII rpe6yeT auaun.FI cnuuoB peao
uaucuJ.Ix ypoBHeii, o6paayeMJ.IX npu aaxBaTe 
ueiiTpOHOB C BJ.ICOKUM op6uTaJibH:hlM MOMeHTOM, 
U ~aa noTeH~U8JibHOrO pacce.FIHHJI. 

BnHHHHE~nYKTYAUH~ 
nAPUHAnbH~X WHPHH HA CPE~HHE 
CE~EHHR ~EnHLl..lHXCR 3nEMEHTOB 

PaccMoTpHM Bnmmue lf>JiyRrya~uii l!eiirpou· 
uoii u )l;eJiuren»uoii mupuu ua paanu'luJ.Ie cpe)l;
HHe BeHH'lHHLI, xapaKTepuayrom;ue OTHomeHue Be
pOIITHOCTeii )l;eJieHHII U p6)1;Ha~HOHHOf0 38XBaTa 
npu norJiom;eHuu HeiirpoHa. IIocTaBJieuo He
CROJibRO SKCIIepHMeHTOB no U3MepeHHIO BeJIH'lHH, 
xapaRrepuayrom;nx aro OTHOmeHue. HaMepiiiOTC.fl 
uJiu ce'leHu.fl pa)l;ua~uouHoro aaxBara o v u )l;e
neHH.fl 0 /• UJIH Cpe)l;uee 'IUCJIO BTOpH'lHHX HeHTpo-

u u VCJj 
HOB Ha O)l;HH 3axBa'leHHLIU HeHTpOH TJ = + 

C1j C1y 

(\i - 'IHMO BTOpH'IHHX HeiiTpOHOB ua O)l;HO )l;e
JieHue), UJIH oruomeHne qucJia aaxBaTOB R quc
JIY )l;eJieuuii oy!o1• Henocpe)l;CTBeHHoe ycpe)l;ueHue 
aTux BeJIU'lUH no aHepruu li,aeT cne)l;yiOm;ue cpeli,-

Ta6nH4a 2. BnHRHHe peaoHaHcHoA caMosKpaHHPOBKH Ha cpeAHHe xapaKTepHdTHKH pacceRHHR 
HeATpOHOB RAPaMH KHCnOpOAa 

Bea yqeTa caMOBKpaHHPOBKH Roa4jllj!HnHeHTY caMoaKpaHHpOBKH 

~s J,tl:g 
fs 

Cpep;a (l:gfl:tot> <~sfl:tot> (l:gfl!2tot> (J.tl!sfl':2tot> l!s 
AE 

l!s l!g fso /l! tot> il:s( 1/l:tot> l:g( 1/1:2 tot) J.t:Es<l!s/l!1 tot> 

0,2-0,4 3,80 0,134 -0,14 0 

0,4-0,8 5,60 0,086 0,23 0 

0,8-1,4 4,30 0,110 0,08 0 

1,4-2,5 1,75 0,100 0,12 0 

B HaCTOIIm;ee BpeMII uMeiOm;aiiC.fl no aToMy no
BOlf.Y UH~opMa~u.FI BeC»Ma orpauH'leua. BoJiee 
unu Meuee aa)l;emuLie u nonHLie CBe)l;euu.FI ecrL 
JIHmL )];Jill nepBJ.IX ypoBHeii Hau6oJiee JierKux 
.FI)l;ep. Pac'leTH, BLinonueHHHe )];Jill aTux .FI)l;ep, 
noRa3LIB8IOT, 'ITO BJIU.fiHUe pe30H8HCHOH C8MO
aRpaHUpOBKU Ha ~OpMy ycpe)l;HeHHLIX yrHOBHX 
pacnpe)l;eHeHuii MomeT oKaaLIBaTb aaMeTuoe BHU.FI
Hue Ha pacnpocTpaHeHue u aaMe)l;JieHue Heiirpo
HOB. B Ra'leCTBe npuMepa Moryr 6LITL npuBe)l;eH:hl 
peayJibTaTLI BLI'lUCJieHUII ycpe)l;HeHHLIX xapaKTe
pUCTUK Ce'leHUII pacCeiiHUII RUCJIOpO)l;a (Ta6H. 2). 
Y cpe)l;ueuue npouaBO)l;UJIOCL B rpynnoBLIX uurep
BaJiax, npUHIIT:hlX B pa60Te 16, Ha OCHOB8HHU pe
aym,TaTOB uaMepeHuii yrJIOBLIX pacnpeli,eJieHnii, 
BLIIIOJIHeHHLIX JlaHrCp;Op~OM U p;p. 22• 

Peayn»TaTLI Bhl'lUCJieHuii OTHOC.FITCII RaK R quc
TOMY RHCHopo)l;y, T8R U R RUMOpO)l;y 1 CO)l;epma
m;eMyC.fl B lf.BYORHCU ypaHa U B BO)l;e. <J>JiyRTya
II,HH UHOTHOCTU CTOJIKHOBeHUH BO BHUMauue. He 
npHHUMaHUCb. 

0,975 0,968 0,960 0,910 
0,994 0,987 0,976 0,933 
0,995 0,993 0,992 0,950 
0, 774 0,788 0,678 1,100 
0,850 0,832 0,761 1,060 
0,908 0,900 0,837 1,050 
0,900 0,860 0,858 1,075 
0,960 0,935 0,930 1,250 
1,000 0,975 1,000 1,110 
0,720 0,684 0,372 2,120 
0,980 0,980 0,937 0,995 
0,992 0,992 0,950 0,995 

HUe xapaRTepUCTURU OTHOWeHUJI pap;U~UOHHOrO 

aaxBaTa R p;eJieHuiO: 1) a = fiviCii; 2) a'l=v/~ -1, 

rli,e fi= v( ~ ); 3) (a)= (O'v).ll, HaKoHerr., 
ay a1 a1 

UCn0Jib3YIOT BeHH'IUHY, ROTOpyiO MO)KHO UOJif'IHTL 
JIHmL B peayJI»TaTe aHMuaa ce'leHuii pa)l;u~uoH
Horo aaxBaTa ·u p;eJieHH.fl B peaouaucHoii o6Jiacru 

a= I\1~. 3aMeTUM, 'ITO Bee STH BeJIH'IUHhi 
paauLie. Hau6onee BamHa )];Jill peaRTOpHLix pacqe
TOB BeJIH'IUHa a. qT06N IIORaaaTb ROHH'leCTBeH
BO, RaR CHJibHO MOryT p83JIH'l8TbCII STU BeJIU'lUHLI, 
paCCMOTpUM CUCTeMy U30JIHpOBaHHLIX, HenepeRpLI
BaiOID;HXCII ypoBueii C Oli,UBaROBLIM CnUHOM H yqTeM 
CT8TUCTH'leCRHe ~JiyRTya~HH ueiiTpOHHLIX H )l;e
JIHTeJibBNX IDHpHH B COOTBeTCTBHH C pa60TaMH 
BeTe 1111 , OJieRCN 31, Jlaiiua u JluuHa 21, IIopTepa 
u ToMaca 20• B p;MbHeiimeM 6yli,eM onepa~uro 
ycpep;HeHH.fl no ~JiyRTyaii,HIIM f f H f n 0603H8-
'laTL CR06RaMH ( ... ). Torp;a (C'lHTa.fl, 'ITO r v He 
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¢nyRTynpyeT) nonyqaeM 

/ fn ""-. 
r ""-.fv+ft+fn/ 

a= ,. / r,rn "" ( ) ~r / 1 ""-, a- '~<f)/' 

""-ry+r1+rn/ 

_ r / 1 ""- - ri' 
aTJ- '~'""-.ft+fn/ H a=<ft>. 

(33) 

Mcnom,ay.fl .fiBHhiH BHA )1.; 2-pacnpe;IJ.eneHHH c 'IHC

noM CTeneHeii cso6o;IJ.hl v ;IJ.n.fl )J.ennrenbHOii mn

pn~hl H C O)J.HOH CT8U8Hbl0 CB060;IJ.hl )J.n.fl He:ii:TpoH

HOH, JiefRO noRaaaTb, 'ITO 

(a)> aT) >a> a. (34) 

fipn nOCTO.fiHHOH cpe)l;Heii )l;ennTenbHOH H pa)l;Ha

:QHOHHOH mnpnHax c ysenn'leHHeM :meprnn ronb

Ro na-aa poeT a neiiTpOHHOH mnpHHhl a yMeHLmaeT

C.fl, npn6nnmaHCb K a em.e )J.O TOfO, KaR Ha'IHHaeT 

nrpaTb pOJib nornom.eHne P-HeiiTpOHOB. 

B ;IJ.eiicTBHTenbnocTn npn saanMO)l;eiicTBHH 

S-HeiirpoHOB c H)l;pOM, nMeiOm.nM cnn11 /, o6pa

ayiOTCH ypOBHH KOMnayH)l;-H)l;pa CO CUHHaMH 
1 J = I ± 2- H craTHCTH'leCRHMH secaMn, npo-

nop:QHOHanbHhiMH 2J + 1. IToaroMy ycpe;IJ.nenmr 

Ce'leHHH HnH IDHpHH Hya\HO npOBO)J.HTb OT)l;enbHO 

)l;nH Raa\)l;OH CHCTeMhl ypOBlleH, ROTOpaH xapaR

TepnayeTCH C06CTBe:EillhiM cpe)l;HHM 3HaqeHifeM )l;e

JIHT8nbHOH H npHBe)l;eHHOH neii'l'pOHHOH mnpHll 

H, B006m.e fOBOpH, CBOHM 'IHCnOM RaHMOB )l;ene

HHH, ¢opMynhl (30) COOTBeTCTBeHHO MOAH¢H:QH

pyiOTCH, O)J.HaRO CHCTeMa HepaBeHCTB (31) UpO

)J.OnmaeT BhlnOJIHHTbCH. MHrep¢epeH:QUH Mem;IJ.y 

ypoBHHMH n nepeRphiTHe peaoHaHCOB c xopomeii 

TOqHOCTbiO He MeHHIOT cpe;IJ.Heii nJiom.a.,n;n UO)l; pe-

30HaHCaMH H UOaTOMY He BJIHHIOT Ha BeJIHqHHY a, 
TO eCTb He napymaiOT nepaBeHCTBa a >a, KO

TOpoe ;IJ.OJia\HO BhlnOJIHHTbCH cTporo. CooTneTCT

ByiOm.ne pacqeThl ;IJ.JIH Pu239 c yqeTOM cym.ecTBo

BaHnH ABYX no)l;CHCTeM peaoHaHCOB nO;IJ.TBepm)l;aiOT 

;)TO (pHC. 3). 3Ha'l8HHH HCnOJib30BaHHhiX B pacqe

Te napaMeTpOB UpHBe)J.eHhl B nO)J.nHCH R pnc. 3. 
~nH U233 a= 0,15, a a= 0,35 31 • Pac'leTHhle 

3Ha'leHHH a paBHhl 0,27 H 0,34 )l;JIH V, paBHhiX 

2 lf 3 COOTBeTCTBeHHO, eCJIH HCnOJib30BaTb cpe)l;

HHe )J.eJinTeJibHhle mnpHHhl AJIH )l;Byx no)l;CHCTeM 

peaoHaHCOB, npnse)J.eHHhle B pa6oTe a2. 

0)l;HaRo Ha U 236 , HaqnHaH npnMepHO c 7 ae, 
HepaBeHCTBO (34) )l;JI.II na6JIIO)l;aeMhiX B9JIH'IHH Ha

pym~TCH: ;IJ.JIH 30 peaoHaHCOB Bhlme aroii aHep-

rnn a = 1,4, a a= 1,2 33• 34• 39
• 8To npoTnsope

'lne MOa\HO ycrpaHHTb, ecJin c)l;eJiaTb npe;IJ.nono

meHne o qaCTH'IHOM nponycRe peaoHaHCOB c Ma

JihiMH r~ H 6oJibiDHMH r /· (l)opMyJihl, UOJiyqeH

Hhle B pa6oTe 36 ]l;nH RonnqeCTBeHHhiX O:QeHOR UO

CJI8)J.CTBHH TaRoro nponycRa, o6'bHCHHIOT n APY

rne aHoMaJinn B peaoHaHCHOH crpyRrype U23& 

B paccMarpnsaeMoii o6nacrn aReprnii - nanli'lne 
30 6ap~-t 

B ceqeHnH )J.eneHnH .f-oRa ~ , peaRoe or-'*' YE 
JIH'llf8 npH MaJihiX f~ Ha6JIIO)l;aeMOf0 pacnpe)l;e-

JieHHH UpHBe)J.eHHhiX He:iiTpOHHhiX IDHpHH OT O)l;HO

KaHaJibHOfO ';(2-pacnpe)J.eJieHHH, a TaRme M.aJioe 

na6niO)J.aeMoe aHatJeHne cpe)l;He:ii ;IJ.ennTenbHO:ii 

f (.G') r;, 

PHc. 3. CpaeHeHHe pac'leTHbiX H sKcnepHMeHranb
HbiX 3Ha'leHH!1 u AMI fiAPa Pu2ao. CpeAHHe aHa'!e
HHR pesoHaHCHbiX napaMeTpOB B3f!Tbl HS pa(Sor33 38 

-q -1 = ' 
H paBHbl rt=40 .MBj rt=160.M61 rn=0,6 .MBj SKCne-
pHMeHranbHOe pacnpeAeneHHe AenHTenbHbiX WHPHH 
COOTBeTCTByeT 'V"" 1 AnR o(SeHX CHCTeM peaoHaH
COB36j SKCnepHM9HTaflbHbl9 3Ha'I9HHR U cornacyiOTCR 
c TaKHM npeAnonmK~HHeM B npeAenax, o(SycnoeneH
HbiX CTaTHCTH'I9CKOH HeonpeAeneHHOCTbiO peaOHaH-

CHbiX napaMeTpOB 

mnpHHhl peaonaHCOB c 11 no 40 (r1c11-,0> = 
= 29 .11£8) no cpaBHeHHIO C aHaJIOfH'IHOH Benn

'IHHOH )J.n.fl nepBhiX )J.eC.fiTH ypOBHeii f/(t-iO) = 
= 78 Jl£8 (pnc. 4). ITonyqaeMoe c yqeroM npo-

nycRa ypOBHe:ii HCTHHH08 3Ha'leHH8 a paBHO npn

M8pHO 0,85, 'ITO YAOBJ18TBOpHeT nepaBeHCTBY 

(34), n B npe)l;nonomeHnn, qro v = 3, )l;aeT 

a (0,85) = 1,15, ROTOpOe YAOBneTBOpHTeJibHO CO

rJiacyeTC.fl c aRcnepHMeHTOM. 

EcJin TaRoe npe)l;noJiomeHne cnpaBe)l;JIHBO, To 

OHO 03Ha'laeT TaRme, qTO ;IJ.eiiCTBHTenbHhle 3Ha

'leHHH Cpe)J.Hero paCCTOHHHH Mea\)l;y ypOBHHMH 

lf Cp8)l;He:ii npHBe)l;eHHOH HeiiTpOHHOH IDHpHHOH 

npnMepHo B 1,5-2 paaa MeHbme na6niO)l;aeMhiX 

aHaqeHnii. 

~nH senn'IHHhl (a) npu v = 1,2 HHTerpaJihl, 

CO)l;epmam.HeCH B BhlpameHHHX (33), paCXO)J.HTCH. 

<DaRTHtJeCRH aTO, KOHe'IHO, 03Ha'laeT, 'ITO npn 

cronb mnpoKnx pacnpe;IJ.eJieHH.fiX ;IJ.ennTeJibHLIX 

IDHpHH, ROf)J.a O'leHb Manhle 3Ha'leHHH-fj HMeiOT 

3aM8THYIO BepOHTHOCTb, BenH'IHHa (a) 6y)l;8T npH

HHMaTb HeRoe CJiyqa:iiHOe 3Ha'leHHe, 3Ha'IHTenbHO 

npeBhiiDaiOm.ee a, a H aTJ. ll pH V > 2 HHTerpaJILI 

CXO,l(,HTCH, lf )J.nH V, paBHOfO 3 H 4, UOJiyqaiOTCH 

3Ha'leHHH (a), paBHhle 3ct H 2a COOTB8TCTB8HHO. 

0)l;HaRO Ha BeJIH'IHHY (a) CHnbHO BnHHIOT nepe

KphiTHe lf HHTep¢epeH:QHH peaonaHCOB, 3Haqlf

TeJibHO ee UOHlfa\RH. fipn6nnmeHH8 lf30JIHpOBaH

HhiX peaoHaHCOB JiytJme BCero no)l;XO;IJ.HT R Pullao, 

lf Y 3TOfO H;IJ.pa p;e:iiCTBHTenbHO (a)~ 2,5 ;:} a t:::: 
~ 0,4, KaR H cne)l;yeT OlliH)l;aTb )J.JIH V = 1; 
y U233 (a) ~ 0,35 ,_, a > a = 0, 15. CnJibHee 
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Bcero HHTep<f>epeHIJ;HH ~ nepeKpLITHe y U 236, 

H y Hero (a) 6~H3KO K a. 
Ha CKaaaHHoro TaKme BhlTeKaeT, 'ITO npH or

HOCHTe~bHhlX naMepeHHHX a vIa 1 6y~eT Ha6mo

~aTbCH c~e~yrom,ee: noKa ~mepreTH'leCKoe paape

meHne ~Y'IIDe, 'leM cpe~Hee paccTOHHHe Mem~y 

ypoBHHMH, Be~H'IHHa a v !a1 B Kam~oii TO'IKe 6y~eT 
DpHMepHO COBDMaTI> C r y /f f COOTBeTCTBYIOIIl,ero 

« Pu
289 

c Kanne, 19M 
A Simpson,1981 

'~.=,! 

~ 
.1!>._2 
~~ -1,11 
~ 

0 
0,1 t,O 10,0 Kaa 

PHc. 4. SKcnepMMeHTanbHa.R rMCTorpaMMa (3) CTa
TMCTM"'ecKoro pacnpeAeneHH.R npMB8A8HHbiX Heii
TpOHHbiX WMpMH pesoHaHcoa 11-40 IIAPa u2sr. cpaa
HMaaeTc.R c OAHoKaHanbHbiM X2-pacnpeAeneHMeM (1) 
H pacnpeAeneHMeM, pacc"'MTaHHbiM cornacHo pe
synbTaTaM pat5oTbrsli c y"'eToM nponycKa cnat5brx 

pe30HaHCOB (2) 

pe30Ha.HCa H HCDbiTLIBaTL KO~e6aHHH, OTBe'laiO

W,He peaoHa.HCHoii cTpyKType ce'leHHii. Cpe~aee 
3HalJeHHe 3TOH Be~H'IHHbl no npoMemyTKY, BKJIIO

'laiO~eMy MHOfO peaoHaHCOB, 6y~eT COBIIMaTL 

c {a). C npo~BHmeaHeM no aaepreTH'IeCKoii ocH 

paapemeHHe ceJieKTopa IIMaeT, H Ror~a OHO 

CTa.HOBHTCH 3Ha'IHTe~bHO xyme Cpe~Hero pac

CTOHHHH Me~y ypoBHHMH, TO Ha'IHHaiOT aBTOMa
TH'IeCKHyCpe~HHTbCHCelJeHHH B 'lHC~HTe~e H B 3Ha

MeHaTe~e H 11p0HCXO~HT «llpeBp~eHJte» (a) 
B a - cpe~Hee aHa'leHHe HaMepaeMoii Be~H'IHH:LI 
aaMeTHO llMaeT, XOTH HH C KaKOH H~epHO-qlH3H-
1:JeCKOH llpH'IHHOH 3TO He C~H3aHO. floaTOMY 
llpe~CTaBJIHIOT 60JibliiOH HHTepec peayJibTaT:LI OT

HOCHTeJibHLIX HaMepeHHH a vIa 1 c nJIOXHM aHep

reTH'leCKBM paapemeaHeM (11opH,IJ;Ka aHepreTH'Ie

cKoro HHTepBaJia rpy1111LI), HO c xopo111eii CTaTH

CTHKOH, ROTOphle 11pHMO ~aiOT a ~~H COOTBeT
CTBYIOW,eH rpy1111LI. 

B 26-rpyiiiiOBOH CHCTeMe KOHCTa.HT, KOTOpaH 

o11y6~HKoBaHa B pa6ore 16, pacqeT Koacl>cl>Hn;Hea

TOB 6JIOKHpOBKH ~eJieHHH fJ H aaBXaTa fe ~JIH 
Pu239 11pOBOAHJICH 110 cpe~HHM llapaMerpaM, B3H

TI>IM Ha pa6oT:LI 36• RpoMe roro, TaK me KaK 

H B pa6ore 37, npe1l;IIOJiaraJIOCL, 'ITO 1);eJIHTeJILHaH 

IDHpHHa IIOAlJHHHeTCH TpeXKa.HaJILHOMY pac11pe-

1);eJieHHIO. llocROJII>Ry cpeAHHe 11apaMerp111 peao-

HaHCOB Pu239
, noJiyqeHaLie B 33 , n OAHOKaHa~hHoe 

paCIIpe~eJieJIHe 1);e~HTe~bHhiX IIIHpHH, 110-Bif~H

MOMY, ~Y'lllie OIIHCLIBaiOT 31\CIIepHMeHTMbHhle 

1);aHHLie, TO OHH H 6LI~ll HCIIO~b30BaHLI ~~H pac

'leTQB K03cl><f>nn;HeHTOB 6~0KHpOBKH, llpHBe~eHHhiX 
B Tao~. 3. B o6~acTH 3Heprnii ~o 1 10ao pacqeT 

11pOH3BO~HJICH B 11pH6~Hm.eHHH Y3KHX peaoHaH

COB H 11pH 11pe1);110JIO)KeHHH, 'ITO ypOBHH C 01l;HHa

ROBLIMH J He nepeKpLIBaiOTCH. Y'leT pac11pe1);e

JieHHR IIIHpHH r n H r f• npOH3B01J;H~CR TaR me, 
KaK B pa6oTe 3 7

• TeMIIepaTypaaH aaBHCHMOCTb 

Ce'leHn:H Ae~eHHH H aaxBara onpe~e~aJiaCb c no

MOIIl,hiO <f>yHKD;HH, paCC'IHTaHHbiX aBTOpaMH paOOT 9. 

Roacl>4;1Hn;HeHTh1 6~oKnpOBKH B aHepreTn'leCKo:H 
06JiaCTH BLIIIIe HeCKOJibKHX KHJI03~eKTpOHBOJibT, 
r~e peaoHaHCLI Ha'IHHaiOT llepeKpLIBaTbCH aa C'leT 

AOIInJiepoBcKoro yiDnpeHHH, pacC'IHTLIBMHCh 110 

MeTOAHKe, naJiomeHao:H B pa6oTe 10• B npnBOAHMoii 

Ta6JIHD;e fJ H /c OTpam.eH TOT cl>aKT, 'ITO B 3TOH 
06JiaCTH 3HeprHH a1 6JIOKHpyeTCH CHJibHee, lJeM 

O'y 1 H, CJie~OBaTeJibHO, a yxy~IDaeTCH C yBeJIH'Ie
HHeM 6~0KHpOBKH. 

B o6JiaCTH 12-14 rpy11n Koa<f>ci>nn;neHTLI 6~oKn
poBKH HHTepno~npoBa~HCb. B rpy1111ax aume 

18-:H fJ H /c He llepeC'IHTLIBa~HCb. 
Ha11;o OTMeTHTh, 'ITO pac'leTLI aci>cl>eKTa ,ll;oll

nJiepa B 6LICTpOM OKHCHOM peaKTOpe 06'beMOM 

2000 .1£ C Koaci>cl>nn;HeHTaMH 6JIOKHpOBKH, npHBe

~eHHhiMH B Ta6~. 3, ~MH peayJibTaTbl, O'leHL 

6JIH3KHe K peay~hTaTaM, DOJiyqeBHhiM Ha OCHOBa

HHH Koa<f><f>HIJ;HeBTOB 6JIOKHpOBOK, llpHBe1);eHHbiX 
B pa6oTe 16• 

SHCnEPHMEHTAnbHOE 
OnPEJJ.EnEHHE YCPEJJ.HEHHbiX 

CELJEHHVI 
BLI'lHCJieHne ycpe~aeaHLix ce'leHHH no cl>opMy

~aM AJIH :uaoJI:upoBaBHLIX peaoaaacoB BOaMom.ao 

JIHllib B cpaBHHTeJILBO yaKOH 06JiaCTH 3H~prHH, 
rJJ;e MOm.BO npeHe6pe'IL B~HHHHeM a<f><f>eKTa HHTep

ci>epeB:IJ;HH Mem.11;y ypoBHHMH C 01J;HBaROBhiM MOMeH

TOM H 'leTHOCTLIO H r~e BJIHHHHe peaoHaHCOB, 06-

paayeMLIX HeHTpOHaMH C BLICOKHMH op6HTaJILHLI

MH MOMeHTaMH (AJIH KOTOpLIX cpe1);HHe peaoaaHC

H:Lie llapaMeTpl>l 06LI'IHO H3BeCTH:LI IIJIOXO), He 

CJIHIDKOM BeJIHKO. llpH 6oJiee BLICOKHX aaeprHHX 

pacqeT cpe1J;BHX XapaKTepHCTHK, aaBHCHIIl,HX OT 

CTpyKTyp:LI Ce'leHHH, CTaHOBHTCH HeBa1);emH:LIM. 

B CBHaH c aTHM BCTaer Bonpoc o6 aKCIIepHMeH

TaJibHOM Onpe1);e~eHHH 3THX xapaKTepHCTHK. 

B pa6oTax 7
• 

12
• 13 6LIJI npe~Jiomea MeTOA HaMe

peHHH napaMerpoB crpyKTYPhi noJIHLIX ce'leHHii, 

D03BOJIHIOIIl,HH DOJIY'IHTL TaKHe xapaKTepHCTHKH, 

KaK (1 /'2,"), nyTeM aHMH3a KpHB:LIX npollyCKa

HHH nyqKa BeiiTpOBOB qepea HCCJie~yeMOe Be

IIl,eCTBO. Tor me npHB:IJ;Hll MomeT 6:LITL HCIIOJIL

aoBaH H ~JIH HaMepeHHH BCex APYfHX xa paKrepH

CTHK, He06X01J;HMlU A~H ODHCa.HHH paCIIpOCTpa

HeHHH aeiiTpOHOB B Cpe~ax B YCJIOBHHX, ROf1l;a 

cl>JIYKTyao;HH IIJIOTHOCTH CTOJIKHOBeHHH He CKa3:LI

BaiOTCH aaMeTH:LIM o6paao.M aa peayJII>Tarax ycpe1J;
Heaus. 
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Ta(Sn~o~u.a 3. KosltJitJHU.HeHTbl (SnoKHPOBKH ce~eHHA AeneHHR H paAHau,HoHHoro saxaaTa Pu239 

E T, •K 
O' ... Jo' 0 =102 

21,5-46,5 N86 10 300 1,00 0,99 
900 1,00 1,00 

2100 1,00 1,00 
10,0-21,5 N.86 11 300 1,00 0,98 

900 1,00 0,99 
2100 1,00 0,99 

4,65-10,0 N86 12 300 1,00 0,96 
900 1,00 0,98 

2100 1,00 0,99 

2,15-4,65 N86 13 300 0,99 0,92 
900 1,00 0,96 

2100 1,00 0,98 
1 ,00-2,15 N86 14 300 0,98 0,88 

900 0,99 0,92 
2100 1,00 0,95 

465-1000 86 15 300 0,97 0,80 
900 0,98 0,86 

2100 0,99 0,90 
215-465 98 16 300 0,93 0,70 

900 0,96 0, 78 
2100 0,98 0,83 

100-215 96 17 300 0,91 0,63 
900 0,94 0,69 

2100 0,97 0,75 
46,5-100 96 18 300 0,78 0,50 

900 0,83 0,59 
2100 0,87 0,66 

MeToABKa uaMepeuuii. MeTo,n;uKa TaKux uaMe
peuuii aaKJnoqaeTCJI B CJie,n;yiOm;eM. KoJIJIHMH
poBaHuHii nyqoK ueiiTpOHOB CO cneKTpOM j (E), 
Jiemam;HM B HHTepBaJie !l.E oKoJio auepruu E, na
,n;aeT ua o6paae~ ua uccJie,n;yeMoro Bem;ecTBa TOJI
m;HHoii t. EcJiu co6JIIO,n;enH ycJioBHJI uopomeii• 
reoMeTpBH1 _TO ,ll;6T6KTOp C a!l>lf>eKTHBHOCT:&IO e (E), 
pacnoJiomeuul>lii aa o6paa~oM, 6y.n;eT perucTpH
poBaT:& JIHIDL Te H6HTpOHI>l, KOTOpl>le npOIDJIH qe
pea oopaae~. oea B3aHMo,n;eiiCTBHJI. B aTOM CJiy
qae aaBHCHMOCTL N (t) cKopocTH cqeTa ,n;eTeKTopa 
OT TOJIID;HHI>l o6paa~a MOmeT 61>1TL OllHCaua 4>YHK
~Heii nponycKaHHJI 

~ 1 (E) 8 (E) e -NCJ (E) t dE 

T(t)- N(t)- !J.E (35) 
- N (0) - s I (E) 8 (E) dE 

l!.E 

r,n;e N - llJIOTHOCTb JI,n;ep B oopaan;e. 
BBe,n;JI !f>yuKD;HIO P (o) pacnpe,n;eJieHHJI noJiuoro 

ceqeJIHJI o6paan;a ,t~;JIJI ueiiTpouoB na.n;a10m;ero nyq
Ka, Momuo nepenucaTL aTo BHpameuue cJie,n;yro
m;HM o6paaoM: 

i 8[E (a}) p (cr) e-N at da (
36

) 
T (t) = "----.,--------

~ 8[E ( cr)) p (a) da 

3,n;ecL E (o) - !f>ynKn;uJI, o6paTuaJI o (E), uu
TerpupoBauue Be,n;eTCJI no BCeMy uuTepBaJiy ua-

,, lc 

a=to o=o tt=l03 0=101 0=10 a=o 

0,97 0,94 1,00 1,00 0,98 0,96 
0,98 0,97 1,00 1,00 0,99 0,98 
0,99 0,98 1,00 1,00 0,99 0,99 
0,93 0,88 1,00 0,99 0,95 0,91 
0,97 0,93 1,00 1,00 0,98 0,95 
0,98 0,95 1,00 1,00 0,99 0,97 
0,87 0,80 1,00 0,96 0,87 0,80 
0,93 0,87 1,00 0,98 0,94 0,88 
0,95 0,91 1,00 0,99 0,96 0,92 
0,79 0,69 0,99 0,92 0,77 0,67 
0,87 0, 79 1,00 0,96 0,87 0, 78 
0,91 0,88 1,00 0,98 0,91 0,87 
0,67 0,56 0,98 0.87 0,62 0,51 
0,78 0,69 0,99 0,1.11 0,76 0,66 
0,86 0,82 1,00 0,95 0,84 0,79 
0,53 0,42 0,96 0,76 0,46 0,36 
0,64 0,53 0,97 0,82 0,58 0,47 
0,77 0,71 0,99 0,89 0,72 0,64 
0,41 0,30 0,91 0,62 0,33 0,24 
0,50 0,38 0,94 0,72 0,42 0,31 
0,58 0,52 0,96 0,80 0,53 0,45 
0,34 0,25 0,89 0,58 0,28 0,20 
0,41 0,32 0,92 0,64 0,34 0,26 
0,49 0,39 0,95 0, 70 0,41 0,32 
0,37 0,34 0,75 0,44 0,30 0,27 
0,45 0,42 0,80 0,52 0,38 0,35 
0,54 0,52 0,85 0,61 0,47 0,44 

MeueuuJI o. (3.n;ecL u ,n;anee npuuuMaeM AJIJI npo
CTOTI>l, q'ro j (E) = 1 B HHTepBaJie fl.E B oyJIIO 
Bue aToro unTepBana.) 

EcJiu uuTepBaJI !l.E ue CJIHIDKOM BeJIBK, ue 
npe,n;cTaBJIJieT Tpy,n;a BH6paTh ,n;eTeKTop c a!f>!f>eK
TBBHOCThiO, llOCTOJIHHOH B npe,n;eJiaX aTOfO HHTep
BaJia. HapJIAy c aTHM npe,n;cTaBJIJieT uoTepec cJiy
qaii, Kor.n;a ,n;eTeKTOp perucTpupyeT KaKoii-Jiu6o 
npon;ecc, npOHCXO,li;JIID;HH B TOHKOM CJIOe TOrO me 
Bem;ecTBa, ua KOToporo uarOTOBJieu o6paaen;. 
B aTOM cJiyqae auepreTuqecKaJI qyBCTBBTeJILHOCTL 
,n;eTeKTopa 6y,n;eT nponop~BouaJILoa ceqenuiO 
aToro npon;ecca B, CTaJIO 6HTL, cKoppeJIBpoBaua 
c noJinHM ceqenBeM. ,l];onycTBM, qTo uapB,n;y c ll.e
TeKTopoM, 06Jia,n;aiOm;HM llOCTOJIHHOH qyBCTBB
TeJihHOCTLIO, Ml>l pacnoJiaraeM ua6opoM ,n;eTeKTo
poB, perucTpBpyiOm;Bx Bee BHTepecyiOm;Be uac 
peaK~BB B BCCJie,n;yeMOM Bem;eCTBe, a TaK)I(e rapMO
HBKH yrJioBoro pacnpe,n;eJieHBJI pacceJIHHI>IX ueii
TponoB. <l>yuKn;uu nponycKaHBJI, BaMepennHe 
C llOMOID;hiO 3THX ll.eTeKTOpOB, 6Yll.YT BMeTb BB,ll; 

, T·(t)= ~ p(o)e-Natdo, 

Tx(t)= ~ <Ix[E(o)]p(o)e-Natdo, (37) 

TsL(t) = ~ os [E (o)} h [E (o)l p (o) e-Nat do. 
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flpe)1CT8BHM Tenepb npH6JIHiKeURO p (o) B BH)1e 

CYMMLI 6-i{>ymn~HH 

m 

p(o)= ~ ai6(o-ai), 
i=t 

'ITO COOTBeTCTByeT npe)1CT8BJJeRHIO ~mepreTn'le

CKOH aaBnCnMocTn noJIRoro ce'leHHH B HHTepBaJie 

t1.E cTyneH'laToii: KpnBoii. B aToM cJiyqae i{>yRK

:qHH nponyCK8RHH (37) MOryT 6LITb BLipameRLI 

B BH)1e CYMMLI 8KCUOHeRT 

m 

T (t) = ~ aie-Niiit' 
i=f 

m 

Tc (t) = ~ bie-Niitt, 
i=f 

m 

T ( ) ~ -Ncitt 
BL t = ."-.J CiLe , 

i=t 

(38) 

(39) 

Ox H (asfL) - ceqeRHe peaK:qHH THll8 X H n-H 
rapMOHHKa ynpyroro pacceHRHH, ycpe)1HeHHLI:e no 

cneKTPY Heii:TpOHOB B nyqKe; a xi H (oa I L)i - Te me 

BeJIHllHHLI, ycpeAHeHHl>Ie no cneKTPY Toii AOJIH a1 
HeHTpOHOB UY'IK8, )1JIH KOTOpLIX UOJIHOe Ce'leHHe 

paBHO B Cpe)1HeM 0'1• 

3TH BeJIHllHHLI:, KaK HeTPYAHO BHAeTh, npe,l1-

CT8BJIHIOT C060H Te C8MLie napaMeTpLI, KOTOpLie 

i{>urypuponaJiu B MeTOAe no,l1rpynn. ,r(JIH ux onpe

AeJieHHH Heo6xo)1HMO pacnoJiaraTh Ha6opoM i{>yHK

:qHii: nponyCK8RHH (37), H3MepeHHl>IX )10 )10CT8-

TO'IHO 60JibiiiHX TOJIJD;HH. fipe)1CT8BJieHne 8THX 

i{>yHK:qHii B i{>OpMe (38) MOateT 6LITL ocym;eCTBJie

HO nyTeM HX COBMeCTHOfO 8H8JIH38 MeT0)10M HaH

MeHLIDHX KB8,l1paTOB, C llOMOJD;LIO KOTOporo MOm

HO T8Kil\e OUpe)1eJIHTL M8KCHMaJILHOe 'IHCJIO 8KC

UOHeRT B paaJIOiKeHnHX. 

CpeJ1Hne ce'leHHH Moryr 6l>ITL HaMepeHLI: c no
MOJD;LIO Tex me )1eTeKTOpOB 06LJqRI>IMH MeT0)1aMH. 

3aa'leHHH napaMeTpOB (15) CBH38Hl>I C XapaKTe

pHCTHKaMH U0)1rpynn UpOCTLIMH COOTHOIDeHHJIMH: 

(40) 

3TH BeJIHllHHLI MOiKHO onpe)1eJIHTL H HenocpeA

CTBeHRO H3 KpHBLIX UponycKaHHH C UOMOJD;LIO 

n. n. A6ArfiH et al. 59 

COOTROIIIeRHH THU8 

<X> 

/ crsf!:__ "- _lj_":_ -,- \ T (t) e-Niitt'l-1 dt (41) 
"-<a+a)n/- n! O's L J SL ' 

0 

JWTOpllle noJieaRLI TaKme AJIH o:qeRKH M8KCHMaJIL

HOH CTeneRn n, npH KOTopoii BeJIH'IHRI>I (( 1 /(o + 
+ a)")) HMeiOT em;e paayMRYIO TO'IHOCTL. 

lfaMepeHHH xapaRTepHCTHR CTPYRTYPbi noJiuLix 
Ce'leHHH. llaJIOiKeRR8H MeT0)1HK8 Tpe6yeT HC
llOJIL30B8RHH )10CT8TO'IHO HRTeRCHBRhlX ny'lKOB 

HeHTpOROB II ]1eTeKTOpOB BLICOKOH ai{>i{>eKTHBROCTH. 

floaTOMY )10 R8CTOHm;ero BpeMeRH ORa HCUOJIL-

30B8JI8CL rJiaBHLIM o6paaoM AJIH HaMepeRHii xa paK

TepHCTHK CTpyKTypLI noJIRhlX ce'IeRHii:. B KHJIO

aJieKTpORBOJILTHOii 06JI8CTH 8ReprHH B 8THX 

HaMepeHHHX B Ka'leCTBe HCTO'IHHK8 ReHTpOHOB 

ucnoJILaoBaJiaCL TPHTHeBaH MnmeRL aJieKTpocTa.: 

TH'leCKoro reRepaTopa, o6JiyqaeMa.ll npoToHaMH. 

B o6JiaCTH aReprHii: 0,3-3 MaB HaMepeHHH npo

H3BOAHJIHCL no)1 yrJIOM 0° R RanpaBJieRHIO npo

TORROrO nyqKa. B o6JiaCTH 10-300 -naB ncnoJIL

aonaJIHCL HeHTpOHl>I, BLIJieTaiOm;He no)1 yrJIOM 120°. 

Ha'laTLI raKme HaMepeHHH xapaKrepHCTHK CTpyK

TYPLI noJIHLIX ce'leHHH T.lliKeJILIX .11.11ep B aJieKTpoH

BOJILTHOH o6JiaCTH 3HeprHH. 3TH H3MepeHHH npo

H3B0)1HTCH MeT0)10M BpeMeHH npoJieTa H8 peaKTOpe 
MBP 23• 

,r(eTeKTOpaMH HeHTpOHOB BO BCeX 3KCUepHMeH

T8X CJiyatHJIH 6aTapeH nponop:qHOH8JILHl>IX C'leT

'lliiWB c B 1°F3• PeayJILTaTLI 6oJILIDHHCTBa uaMe

peHuii B o6JiaCTH 0,3-3 Mas 6hlJIH ony6JIHKOBaHI>I 

B pa6oTax 13•14 • HeKoTopLie HOBble J18HHLie npH

BOAHTCH Ha puc. 5-11. ,l(aHHLie, UOJiy'leHHLie 

MeTOJ10M BpeMeHH npoJieTa, npHBOJ1.11TC.II AJI.II 

rpynnOBLIX HHTepBaJIOB, HCllOJIL3yeMLIX B pa-
6oTe 18• 

lfaMepeHBe pe30H8HCHOH C8M03Kp8HBpOBKB yr

JIOBOro pacnpeAeJJeHB.R ohlcTpLIX ueiiTpouoB, pac

ceauuhiXHAPa:Mu meJJeaa. 3To HaMepeHne HBJJHeTCH 
noKa e)1HHCTBeHHhlM naMepeHHeM peaOHaHCHOH 

C8M03Kpa&HpOBKH nap:qH8JibHl>IX Ce'leHHH, 'Bhl

nOJIHeRHhiM no HaJiomeRHOii MeTOJ1HKe. Bh16op me

Jieaa B Ka'leCTBe nccJieAyeMoro nem;ecTBe 6h1JI 

o6yCJIOBJJeR TeM, 'ITO Cpe)1H aJieMeRTOB CO cpeA

RHM 8TOMHhiM BeCOM ORO 06JI8)18eT Han6oJiee .llpKO 

BLipameHHOii CTpyKrypoii ceqeHnii B MeraaJieK

rpoHBOJILTRoii o6JJacru aHeprni. C Apyroii cropo

Hill, HayqeHne meJieaa npeJ1CTaBJI.IIJIO BHTepec 

H C npaKTH'leCKOH TO'lKH apeHHH K8K HaH60Jiee 

IIIHpOKO HCllOJIL3yeMOfO KOHCTpyK:qHOHHOfO H 38-

JD;HTHOrO MaTepHaJia. liCTO'lHHROM HeiiTpOHOB 

B 3TOM 3KCnepHMeHTe CJiymHJI llYlfOK Heii:TpOHOB, 

BhlXOA.IIJD;Hii Ha aKTHBHoi aoHLI peaKropa BP-5 24• 

~eCTKaH 'l8CTb CUeKTpa HeBTpOHOB 8TOfO ny'lK8 

BeCLMa 6JIH3Ka K COOTBeTCTByrom;eii 'l8CTH HeB

TpOHOB )1eJieHHH 26• ,[(eTeKTOpOM CJIYiKHJia MHO

rOCJIOHH8H HOHHaa:qHOHH8H KaMepa )1eJieHHH 

c Th232
, HMerom;aH ai{>i{>eKTHBHLiii nopor 'lYBCTBH

TeJILHOCTH -- 1,5 MaB. 
C llOMOJD;biO 3TOH KaMepLI: H3MepHJI8Cb K8K 

i{>yHR:qHH nponycKSHHH HeBTpOHOB qepea o6paaqLI 
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meJieaa paaJIH'IHOH TOJI~HH:bl, TaK H yrJIOB:ble 
pacnpe)l;eJienna neiiTponos, nporue)l;runx qepea 
o6paaen; n pacceasrnnxca na TOHKOM paccensa
TeJie, DOMe~eHHOM B DY'IOK aa o6pa3li;OM. 

IlyTeM COBMeCTHOfO anaJIH3a KpHB:biX Dpony
CKaHHH T (t) n TsL (t}, noJiyqennhlx a aTOM aKcne
pnMenTe, YAaJIOCb paa6nTb neiiTpOH:bl perncTpH
pyeMoii qacTH nyqKa na ABe no)l;rpynnhl c xa
paKTepnCTHKaMH, DpHBe)l;eHH:biMH B TaOJI. 4. 

Ta(SnHu,a 4. Cel.{eHHA menesa ASIA ABYX noArpynn 
HeArpoHOB AeneHHR, cnocot5HbiX A811HTb Th232 

i 

1 
2 

0,59 
0,41 

20 

2,24 
4,60 

t"mr. -1--~-

........... 

1,95 
3,44 

...... 
.,_ 

0,58 
1,80 

•• -

0,565 
1,12 

usa 

·"'~ I"'" .. 

~ 
...... 

~ 
.&OM ....... 

:.JI.8L -- ,_-
qlll 

5 

0 

0,325 
0,815 

- -

nau 

n. n. A6AfffH et al. 63 

IJoJiyqeHHble )l;aHH:ble D03BOJIHJIH DpOHJIJIIOCTpH
poBaTb BJIH.HHHe TO'IHOCTH yqeTa peaonancnoii 
CaM03KpaiJHpOBKH npH perneHHH 3Ma'IH Ha npO
XOa\)l;eHne HeiiTpOHOB qepea TOJICT:biH CJIOH se
~eCTBa. TaK, nanpnMep, acnMnTOTH'IeCKaH )l;JIHHa 
peJiaKcan;nn 6hlCTphlx neiiTponos (E > 1,5 M 38) 

B 71\eJieae, paCCTJHTaHHa.H DO O)l;HOrpyDDOBbiM KOH
CTaHTaM (16) a P,-npn6Jinmennn 26, oKaaaJiacb 
pasnoii 7, 95 CM. II pn pac'leTe me aToii seJIHTJHH:bl 
MeTOJJ;OM no;:J;rpynn ee anaTJenne 6:biJIO naii)l;eno 
paBH:biM 8,40 CM. 
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ABSTRACT -RESUM E-AHHOTAUVIR-RESUMEN 

A/357 USSR 

lntluence of cross-section resonance 
structure on neutron diffusion and 
moderation, and resonance effects on 
fissionable nuclei 

By L. P. Abagyan et a/. 

The method of taking into account the resonance 
structure of neutron cross section in the reactor theory 
is considered. These effects are shown to be of con
siderable, and sometimes of major, importance for the 
determination of neutron space energy distributions 
even for fast reactors. The method is developed to take 
into account the resonance structure in multi-group 
reactor calculation for Pn and Sn approximations. 

The theory for evaluation of resonance structure 
parameters is described for different energy ranges. 
For isolated levels this theory is rigorous, but only 
qualitative estimates of the effects in question can be 

made for partially overlapping resonances. It is also 
shown that, because of the interference between poten
tial and resonance scattering, the cross-section fluctua
tions in the region of overlapping resonances are 
strong enough for resonance self-shielding to be quite 
significant in this energy range. 

Theoretical conclusions need experimental proof. In 
this paper some methods are described for measuring 
parameters of resonance structure of cross sections 
which affect the neutron diffusion in media. These 
methods do not require high energy resolution and can 
be applied at any neutron energy, including the region 
of overlapping levels. The experimental results ob
tained by these methods are summarized and com
pared with the theory. 

The mean values and statistical distributions of 
fission width are important characteristics of the 
resonance structure. Some theoretical conceptions on 
fission-channel scheme were used to make a reason
able choice of these characteristics. The Bohr-Wheeler 



3ACE.D,AHHE 3.1 P/367 

formula for average fission widths was used to analyse 
experimental data for reactions (d,pf), (n,f) and (y,f). 
These data are found to be in agreement with the con
cept of fission channels proposed by A. Bohr, negative 
parity channels being 0.6-0.8 MeV above the first 
positive parity channel. In this case, the Bohr
Wheeler formula is shown to describe quantitatively 
the fission widths of neutron resonance of 2aau, 
235U and 242Pu. One must assume 239Pu having the 
ground state of negative parity to explain the sharp 
disagreement between theory and experiment for this 
nucleus. 

Experimental distributions of fission and reduced 
neutron widths of neutron resonances were analysed. 
The existence of two sub-systems of resonances with 
different spins and possible omission of weak levels 
were taken into account. Resulting numbers of fission 
channels are N = 1 for 239Pu, N ~2 for 235U and N;;:; 3 
for 2aau. 

The dependence of a= iiy/iir on energy for s neutrons 
was calculated (a =Ty/Tr was taken to be constant). 
Always ii >a, the difference between the two values 
being especially large at neutron energy En"" 100 eV. 
With an increase in neutron energy, when the con
tribution of neutron width increases and fluctuations 
of the total width decrease, the value of ii approaches a, 
i.e., diminishes even before neutron p-wave becomes 
significant. The maximum effect of this kind is 
expected for 239Pu-the nucleus with the most broad 
distribution of fission widths and with the greatest 
reduced neutron width. 

These results were also used for calculating tempera
ture effect for 239Pu. 

A/357 URSS 

Influence de Ia structure de resonance des 
sections efficaces sur Ia diffusion et le 
ralentissement des neutrons dans divers 
milieux et effets de resonance avec les 
elements fissiles 

par L. P. Abagyan et al. 

Les auteurs examinent !'importance que revet Ia 
structure de resonance des sections efficaces pour le 
calcul des reacteurs nucleaires. lis montrent que, 
meme pour les n!acteurs a neutrons rapides, elle joue 
un role essentiel et determine parfois Ia distribution 
spatiale des neutrons selon leur energie. 

lis ont elabore des methodes permettant de tenir 
compte de Ia structure de resonance des sections 
efficaces pour les calculs multigroupes de reacteurs par 
approximations Pn et Sn. 

lis exposent une theorie qui permet de calculer les 
parametres indispensables de Ia structure des sections 
efficaces pour differents intervalles d'energie. Pour des 
niveaux isoles, Ia theorie est d'une application rigou
reuse. Par contre, dans le cas de niveaux se recouvrant 
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partiellement, elle ne permet qu'une evaluation quali
tative des effets. 

Les auteurs signalent egalement que, par suite de 
!'interference de Ia diffusion resonnante et de Ia dis
persion potentielle, Ia section efficace accuse d'assez 
fortes fluctuations dans Ia region du chevauchement 
des resonances, ce qui peut provoquer une notable 
autoprotection de resonance des sections dans ce 
domaine d'energie. 

Pour cette raison, les conclusions auxquelles aboutit 
Ia theorie necessitent une verification experimentale. 
Le memoire expose comment on peut proceder a cette 
verification. On y decrit les methodes permettant de 
trouver experimentalement les parametres de Ia struc
ture des sections efficaces qui determinent !'influence 
de celle-ci sur Ia diffusion des neutrons. Ces methodes 
n'exigent pas un grand pouvoir de resolution en ener
gie et peuvent done etre utilisees dans toute Ia gamme 
d'energies, y compris dans Ia region des chevauche
ments. 

Les auteurs recapitulent les resultats obtenus experi
mentalement a !'aide de ces methodes et les com parent 
aux resultats des calculs. 

Pour tenir compte des effets de resonance sur les 
noyaux fissiles, il importe surtout de connaitre Ies 
valeurs et les distributions statistiques des largeurs de 
fission. Pour faire un choix judicieux entre ces valeurs, 
1es auteurs ont utilise, en plus des donnees experi
mentales immediates, certaines conceptions theoriques 
de la structure des voies de fission. lis ont analyse les 
donnees experimentales obtenues sur les reactions 
(d,pf), (y,f) et (n,f) en appliquant 1a formule de Bohr
Wheeler pour les largeurs de fission moyennes. Toutes 
les donnees experimentales indiquees concordent avec 
Ia structure des voies de fission proposee par A. Bohr. 
On a constate, a ce propos, que 1es voies de fission de 
parite negative se trouvent a 0,6-0,8 MeV plus haut 
que les premieres voies de parite positive. Lorsque les 
voies de fission sont disposees de Ia sorte, Ia formule 
de Bohr-Wheeler decrit quantitativement les largeurs 
de fission moyennes a Ia resonance neutronique pour 
Ies noyaux de 2aau, 235U et 241Pu. Pour expliquer 
l'ecart sensible dans le cas de 239Pu, il faut supposer 
que l'etat fondamental de ce noyau presente une parite 
negative. 

Les auteurs ont analyse les donnees experimentales 
sur la distribution des largeurs reduites de neutrons et 
des largeurs de fission aux resonances neutroniques, 
en prenant en consideration !'existence de deux 
systemes secondaires de resonance comportant des 
spins differents et !'omission eventuelle des resonances 
faibles. Les voies de fission ainsi determinees ont les 
valeurs suivantes: N = 1 pour 239Pu, N ~ 2 pour 2asu 
et N;;:; 3 pour 2aau. 

On a calcule Ia dependance energetique de a = 

ay/ar pour les neutrons s lorsque a = Ty/ r r est constant. 
a est toujours plus grand que a, cette difference etant 
particulierement sensible dans la zone d'epiresonance 
proprement dite. Avec !'augmentation de l'energie, 
c'est-a-dire lorsque Ia contribution de Ia largeur 
neutronique s'accroit et que les variations de Ia largeur 
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totale s'affaiblissent, Ia valeur de a s'approche de celle 
de a; en d'autres termes, a diminue avant que Ia con
tribution des neutrons p ne devienne substantielle. Cet 
effet est particulierement marque dans les noyaux oilla 
distribution des Iargeurs de fission est Ia plus etendue 
et ou Ia largeur reduite de neutrons atteint sa valeur 
maximale, c'est-a-dire dans Jes noyaux de 239Pu. 

Les valeurs obtenues pour les voies de fission ont 
ete utilisees pour calculer l'effet de Ia temperature 
sur 239Pu. 

A/357 URSS 

lnfluencia de Ia estructura resonante de las 
secciones eficaces sobre Ia distribuci6n y 
moderaci6n de los neutrones en los medios 
y efectos resonantes en los elementos 
fisionables 

por L. P. Abagyan et a/. 

Se examin6 Ia cuesti6n de c6mo tener en cuenta Ia 
estructura resonante de las secciones eficaces en el 
calculo de los reactores nucleares .. Se demuestra que, 
incluso en el caso de los reactores rapidos, es muy 
importante tener en ~uenta Ia estructura resonante de 
las secciones eficaces y que puede incluso determinar 
el caracter de Ia distribuci6n energetica y espacial de 
los neutrones. 

Se ha desarrollado un metodo para tener en cuenta 
Ia estructura resonante de las secciones eficaces en los 
calculos de reactores con varios grupos de neutrones 
en las aproximaciones Pn y Sn. 

Se expone una teoria que permite calcular los para
metros de Ia estructura de las secciones eficaces nece
sarios en diferentes dominios energeticos. Esta teoria es 
rigurosa en el caso de niveles aislados. Sin embargo, 
cuando los niveles en parte se solapan, Ia teoria puede 
dar s61o una estimaci6n cualitativa de los efectos 
considerados. 

Se demuestra, a la vez, que, como consecuencia de 
Ia interferencia de Ia dispersion potencial y de Ia 
resonante, Ia seccion eficaz fluctua bastante fuerte
mente en el dominio de las resonancias que se solapan 
parcialmente, por lo cual el autoblindaje resonante de 
las secciones eficaces puede ser muy importante en 
este intervalo energetico. 

En estas condiciones, las consecuencias de Ia teoria 
requieren una comprobacion experimental. En el 
informe se expone un metodo para llevarlo a cabo, 
como tambien un metodo de determinacion experi
mental de los parametros de estructura de las secciones 
eficaces que determinan Ia influencia de esta sobre Ia 
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distribucion de los neutrones en los medios. Este 
ultimo metodo no exige una elevada resoluci6n ener
getica, y por esto puede utilizarse en todo intervalo de 
energias, en particular tambien en el dominio de 
niveles que se solapan. 

Se pasa revista a los datos experimentales obtenidos 
con dicho metodo. Los resultados del experimento se 
comparan con los valores calculados. 

Para tener en cuenta los efectos de resonancia en los 
nucleos fisionables es importante, en particular, cono
cer los valores y las distribuciones estadisticas de las 
anchuras de fisi6n. Para escoger justificadamente los 
val ores de dichas magnitudes, se utilizan en el informe, 
ademas de datos exp·erimentales directos, modelos 
teoricos de Ia estructura de los canales de fisi6n. Se 
analizaron resultados de experimentos sobre las 
reacciones (d,pf), (y,f) y (n,f) partiendo de Ia formula 
de Bohr-Wheeler para Ia anchura media de fision. 
Todos estos datos experimentales concuerdan con Ia 
estructura de los canales de fision propuesta por 
A. Bohr. Los canales de fision de paridad negativa se 
encuentran de 0,6 a 0,8 MeV por encima de los 
primeros canale& de paridad positiva. Para esta dis
posicion de los canales de fision, Ia formula de Bohr
Wheeler reproduce cuantitativamente las anchuras 
medias de fision de las resonancias neutr6nicas de los 
nucleos Z33U, 235U y 241Pu. Para explicar Ia marcada 
divergencia en el caso del 239Pu es necesario suponer 
que el estado fundamental de este nucleo es de paridad 
negativa. 

Se analizaron los datos experimentales sobre distri
buciones de las anchuras neutr6nicas reducidas y de 
fisi6n de las resonancias de los elementos fisionables, 
teniendo en cuenta la existencia de dos subsistemas de 
resonancias con diferentes spins y Ia posible omision 
de resonancias de biles. Se . obtuvieron los siguientes 
numeros de canales de fisi6n: N = 1 para el 239Pu; 
N ~ 2 para el 235U; y N;;:; 3 para el 233U. 

Se calcul6 te6ricamente Ia dependencia energetica 
de a= ay/ar para neutrones-s y valor constante de 
a= l'y/ l'r. La magnitud a es siempre mayor que a e, 
inmediatamente por encima de Ia region de resonan
cias, difieren mucho entre si. A medida que aumenta Ia 
energia, cuando Ia contribuci6n' de Ia anchura neu
tr6nica aumenta y Ia fluctuaci6n de Ia anchura total 
disminuye, el valor a se acerca a a, es decir, va decre
ciendo hasta que la contribucion de los neutrones-p 
llega a ser considerable. Este efecto se manifiesta sobre 
todo en un nucleo que presenta Ia mas amplia distri
buci6n de anchuras de fisi6n · y Ia maxima anchura 
neutronica reducida: el 239Pu. · 

Los valores obtenidos para los canales de fision se 
utilizaron para el calculo del efecto de temperatura 
en el 239Pu. 
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MeTOAbl peweHMSI ypaaHeHMSI nepeHoca 
B HeOAHOPOAHbiX M orpaHM'IeHHbiX cpeAQX 

c. M. EpMaKOB, 6. A. EcilMMeHKO, B. r. 3onOTYXMH, Cb. Cb. MMxaAnyc, 
w. c. HMKOnaAwaMnM, B. n. nonMBQHCKMA 

B uacroJm~ee BpeM.a: MeTo~ Monre-Rapno 
.IIBJI.IIeTC.II OCHOBHLIM MeTO~OM pemeHH.II S~a'l 

nepeHOCa HBJiyqeHH.II B HeO~HOpO~HLIX (KOHe'l
HLIX HJIH 6ecKoHe'IHLix) cpe~ax B ycJioBu.a:x 
SHepreTH'IeCKOH aaBIICHMOCTH Ce'leHHH H HeHSO
TpOnHOCTH npon;eccoB pacce.a:uu.a:. OcnoBnoe npe
HMy~ecTBO Mero.;:J;a Monre-RapJio nepe~ o6Ll'I
HLIMH 'lllCJieHHLIMH MeT01);aMI:I - npHCnOCOoJieH
HOCTL K MHOrOMepHLIM npo6JieMaM - HpKO npo
.IIBJIHeTCH B aa;o;a'lax reopHH nepenoca. 

,AeiCTBHTeJILHO, pemeuue o6~ero RHHeTH'Ie
CRoro ypaBHeHHH ;o;na ~H~~epeun;uaJILHoro noro-

..... -
Ka <D (r, Q, E), aaBnc~ero B o6~eM cnyqae 
OT meCTH nepeMeHHLIX, HBJIHeTCH noRa 6eaua
;o;emHO rpy;o;uoi aa;o;a'lei. Bo MHorux cnyqa.a:x, 
Ror;o;a '.l'pe6yeTCH BLl'IHCJleHHe ~YHKII;HOHaJIOB 
onpeJJ;eJieuuoro runa, aTa npo6JieMa MHoroMep
HOCTI:I He o6Jier'laercH 1:1 reopneii: conpameHHLIX 
~YHKIJ;I:IH, nOCKOJILRY paaMepHOCTL aaJJ;a'lH 
OCTaeTCH BCe e~e CJIHIDKOM BLICOKOH. 

B ro me BpeMH MeTOA Moure-RapJio B saBH
CI:IMOCTH OT xapaKTepa TOR HH~OpMaiJ;HH, KOTO
pyro uymno noJiyqHTL, Momer 6LITL cpaBHHTeJILHO 
npOCTO MO)J;H~I:III;HpOBaH C ~eJILIO aBTOMaTHlJe
CRoro ncRJIIO'leHHH pHJJ;a nepeMeHHLIX. B JJ;aHHOM 
~oRJiaJJ;e paaBHTLI JJ;Ba Bapnaura MeTOJJ;a: a) npH
MeuureJILHO K aaJJ;a'le BLI'IHCJieHHH AB~~epeu-

n;~:~aJILHoro noToRa <D (;, Q, E) JJ;JIH HeKoro
poro orpanH'Ieuuoro ua6opa ~~:oopJJ;HHaT, nanpaB
JieHHH H aneprni n 6) npnMeHHTeJILHO R aa;o;a'le 
uaxomJJ;eHHH ~YHRn;nouanoB onpeJJ;enenuoro rnna. 

Bo MHornx CJiyqa.a:x, KO['JJ;a paccMarpnBaeMLie 
UOJI.II H<JJiy'leHHH 06JlaJJ;aiOT BLICOKOH CTeneHLIO 
CHMMeTpHH, IJ;eJieCOOopaaHO nOJibSOBaTLCH KOHe'l
HO-paaHOCTHLIMI:I MeToJJ;aMn. TaR, aanpnMep, 'IHC
Jieuaoe pemeu11e aaJJ;a'liJ o6 yrnoBLIX 11 cneR
rpaJILHLIX pacnpeJJ;eJieHI:IHX 118JlytleHHH Ha paa
JIH'IHLIX paCCTOHHHHX OT TO'le'IHOrO 1180Tponuoro 
HCTO'lHHRa HBJIHeTCH 6onee a~~eKTHBHLIM no 
cpaBHeHHIO C TaKHM IDHpOKO HaBeCTHLIM MeTOJI;OM, 
:RaK MeTOJI; MOMeHTOB. 06JiaCTh npHMeB8B11H KO
He'lBO-paaHOCTHLIX Mero;o;o» Momer oLITL auaqn
TeJILHO pacmnpeua, eCJIH BOCnOJILSOBaTLCH anna
paTOM conpameaaLix ypaBueani. Ilocne;o;uee 
cnpaBe;o;JIHBO B rex cJiyqaax, KOrJJ;a HCKOMLie 
~YHKIJ;HOHaJILI aaBHCHT OT M8BLmero 'IHCJia He
aaBHCHMLIX nepeMeHHLIX no CpaBH8HHIO C ~YHK
n;nei, OnHCLIBaiO~eH npOCTpaHCTBeHHO-aHepreTB
'leCKHe 11 yrJIOBLie pacnpeJJ;eJieHBH HBJlyqeHBH. 

HOHE4HO-PA3HOCTHbiE METO,&bl 

llnocRonapanneJtbBiile aaM'lR. Pemenue MHO
rnx aa~a'l o npoxom;o;enun y-KBaHTOB qepea 
Be~eCTBO CBOJJ;HTC.II R OTLICKaHI:IIO ~YHKIJ;BH 
N (z, p., A.), YAOBJieTBOpHIO~eii ypaBne:auro 1 

aN 
J.t az + '2-N = F + I, ( 1) 

2n +1 

F= ~ da. ~ G(s, A.t)N(z, J1l, A.1)d11'; 
0 -1 

(2) 

s=p.J1'+Y1 J.t2 Y1-J1'2 cosa.; At="--1+s 
npu ~ononunrenLHLIX ycnoBu.a:x 

N (0, Jl, A.)= X (f.t, A.), 
N(a, J1, A.)=O, 

f.t>O; } 
J.t<O. 

(3) 

<llyHKIJ;HH f, x. l: n G npe11;nonararorca 11BBe
CTHLIMB. ,Ana npu6nnmennoro pemeunn ypaB
nenna (1) paao6LeM nnrepBaJI [0 ..;;: z ..;;: a) aa n 
qacTeii, 11BTepBaJI [- 1 ..;;: J.L ..;;: 1 ] ua m 'lacreii, 
a B;IJ;OJIL ocn A. OTJiomnM TO'lKH A.o, A. 11 A.2, ••• , Ap, ••• 
Ao - nanMeHLmaa ;o;nnna BOJIHLI nepBH'IHI>IX 
y-RBaHTOB. YaJILI paa61:1eHHH HHTepBaJioB [0 ..;;: 
<: Z..;;: a) ll (- 1 <: J.l. <: 1) o6oaBa'IBM COOT
BeTCTBeHBO 'lepea Zk, k = 0,1, ... , n, ll J.l.v 1 

v = 0,1, ... , m, z = 0, Zn = a, J.Lo = 1, 
J.l.m = -1. IIpn6nnmeHHLie aHa'leH11H ~YHKIJ;HH 
N (z, J.L, A.) B TO'lKe (zk, J.l.v• A.p) 6yJJ;eM o6oaHa
'laTL 'lepea N~k· AHanorHlJHLie o6oana'leB11H 
6y;o;eM npHMeH.IITL H )J;JIH ;o;pyr11x ~ynRIJ;11H. 

BepneMc.a: R ypaBHeHHIO (1) n nonomnM B HeM 
J.L = llv H A. = Ap· Tor11;a 6y;o;eM HMeTL 

(4) 

06oaBa'leBBH He Tpe6yroT nO.IICHeBBH. <llyHK~HH 
F~ onpe;o;en.a:erca HHTerpanoM (2) npu J.L = J.l.v 
n A. = A.p. 

EcJiu ;o;onycTHTL BpeMeHHo, 'ITO npaBaH 'laCTL 
ypaBHeHHH (4) 118BeCTHa, TO aa;o;a'la CBOJJ;HTC.II 
K BHTerp11pOBaBHIO OOLIRBOBeHHOro Jl;H~~epeH
IJ;HaJILHOrO ypaBHeHHH nepBOrO nopB;IJ;Ka. 
Hnrerpupya ero no z B npe;o;enax (zk, Zk+t) 



68 3ACE,&AHHE 3.1 P/363 

H HCTIOJib3YH RBap;paTHYIO ipopMyJiy Tpane~llll, 
TIOJIY'IHM npu6JIHtKeHHO * 

f.lv (NCk+t-NCk) + l;P~z" (Neh+t + Nek) = 

= ~k (Feh+t + Ffh + ff,h+t + ff.h), (5) 

~Zk=zk+t-Zh, k=0,1, ... , n- 1. K nocJie,l\Heii 
CHCTeMe CJiep;yeT npucoep;UHUTb i');OfiOJIHIITeJibHhie 
ycJI OBlHI, BhlTei\aiO~Ue ll3 rpaHU'lllhiX yCJIOBIIH (3) 

NCo= X (f..t,, A.p), 

Nen=O, 
f.lv>O; } 
f.lv<O. 

(6) 

llocJie ::lToro cncTeMa (5) pemaeTcll B uanpaBJie
nnu aoapacTaro~ux k, ecJIH f..tv > 0, u B npo
TUBOUOJIOIKHOM HanpaBJieHUH npu f.lv < 0 **. 

llepexop;ll R npH6JIUiKeHHOMY Bhl'IHCJieHHIO 
ipynR~Im F (z, j..t, I.), cToa~eft B npasoft qacnr 
ypaBHeHJIH (4), 38MeTHM npe,l\B8pHTeJibHO, 'ITO 
ee Bhl.pamenne (2), npep;cTaBJUIIO~ee co 6oft o6~e
npunaTyro aamiCb unTerpaJia pacceaHIIH, ne ro
,1\UTC.ll p;Jill uamux ~eJieft. IIpell;JiaraeMI.IH naMn 
MeTOll; OCHOBaH Ha ,l\pyroM npe,l\CT8BJieHUH 3TOrO 
nnTerpaJia, RoTopoe noJiyqaeTCH nyTeM aaMenh1 
nepeMeHHhiX UHTerpHpOB8HHH H UMeeT BUll; 

2lt +t 
F(z, f.t, I.)=~ da ~ G(~, I.)N(z, f.t', 1.1)ds, (7) 

0 -1 

j..t'=f.t~+V1-f.t2 V1-s2 cosa. (8) 

TioJiomnB all;eCh f.t = f.tv u I. = l.p, noJiyqHM 

2lt +1 

Fe=~ da ~ G (6, l.p-1 + s) 
0 -1 

N (z, f.t', f..p-1 + 6) d£, (9) 

rll;e f.t' Bhl'lnCJI.f.leTc.f.l no ipopMyJie (8) npn f.t = 
= j..t v. )J;JIH Bhl'lUCJieHUH BHyTpenuero UHTerpaJia 
MOiKHO UOCTpOHTb RBall;p8THYIO <f\opMyJiy C yaJia
MH Spq. onpell;eJIHeMhiMH ua ycJiosuii 

A.p-1+spq=l.q, q=p-s, p-(s-1), . .. , p. 
(10) 

Tor,l\a unrerpaJI (9) aanumeTCH npu6Jiumeuuo 
B BU,l\e 

p-1 lt 

Fe= nApqNe + ~ Apq ~ N (z, f.t~q• l.p-q) da; 
q=p-8 u 

(11) 

f.t~q = f.lvSpq + V 1 j..t~ V 1- S~q cos a. (12) 

llpell;UOJIOiKHM Tenepb, 'ITO 3H8'leHUH <f\yHit~UH 
N (z, f.t, I.) npn I. = l.q < l.p yme uaftll;eni.I. 
Torll;a, no,l\CTaBJillH cooTnomenue (11) B ypas-

* IIpe)I;UOJiaraeTC.II, 'ITO :E He aaBHCHT OT z. oTO orpa
HHtJenne necyrn;ecTneuuo. 

* * Paa6HeHire HHTepBaJia (-1 <. f,1, <. 1) TaKOBO, 'ITO 
nn O,O.HH H3 yaJIOB f,l,v ue nona)l;aeT ua TOtJKY f,1, = 0. 

C. M. EPMAHOB et al. 

ueuue (4) 11 nepeuoca 'lJieH nAp0N~ B Jienyro 
'l8CTb, TIOJIY'lliM 

iJNP 
n-" + (l;P-nA ) NP= 
r- oz Po " 

mp ~ 

= 2} Apq ~ N (z, f.t~q' 'Ap-q)da. (13) 
q=l 0 

II pas an qacTI. nocJie,l\nero ypaBueunn coll;epmnT 
H3BeCTHble <f\yHR~IIH, U 38ll;8'l8 pemaeTCH MeTOi');OM, 
yme onncanHhiM Bhlme. OcTaeTCH Bhl'lllCJIIITb 
uurerpaJihl 

:t 

J~q~=- ~ N(z, fA., 'Ap-q)da (14) 
0 

Dpll f.t = f.t~q (CM. <f\opMyJiy (12)}. C 3TOH ~eJibiO 
paall;eJIHM HHTepBaJI (-1 <. f.t <. + 1) Ha ll;Be 
'l8CTH ( -1, 0) H (0, + 1) H ua R8iK,l\OH H3 HIIX 
llOJIOiKllM npn6JIIIil<eHHO 

f..t>O; 
( 15) 

3ll;eCh r 1 H r 2 - neROTOphle UOCTOHHHhle, a R03fP
<f\ll~lleHThl asp H b8 p MoryT 6hiTb H8H,l\eHbi paa
Jlll'IHhiMH CUOC068Mll, nanpiiMep MeTOlJ;OM HaH
MeHbiDllX RBa,l\paTOB. 

IJo,l\CTaBJIHH BbipameHHH (15) B <f\opMyJiy (14), 
UpllXOlJ;llM K llHTerpaJiaM, Bhl'lHCJieHne ROTOpbiX 
ue npell;CTaBJIHeT oco6I.Ix TPYAHOCTe:ii. TaRnM 
o6paaoM, uaxomll;enne npocTpancTsennoro H yrJio
Boro pacnpe,l\eJienn:ii y-KBaHTOB npn KaiKll;OM 
HOBOM aHaTJeHHH 3HepreTHTJeCKOH nepeMeHHOH 
CBO,l\HTCH K pemeHHIO 06hiKHOBeHHOrO ,l\H<f\<f\epeH
~HaJibHOrO ypaBHeHHH (13) C H3BeCTHOH npaBOH 
qacTbiO, onpeAeJienno:ii na npe,l\I.I,n;y~nx aTanax 
Bbi'lllCJieHHH. llpll aTOM OTU8,!\8eT He06XO,l\HMOCTb 
B npnMeHeHnn MeToll;a nocJiell;OBaTeJihHhiX npn-
6JinmeHnii, o6hi'IHO HCUOJib3yeMOfO npn KOHeTJHO
paaHOCTHOM pemeHHH MHOfOCKOpOCTHhiX RHHeTH
TJeCKHX ypaBHeHHH 2• 3• 0TMeTHM TaRme, TJTO 
OUUC8HHbiH MeTOll; 6ea cy~eCTBeHHbiX HaMeHeHHH 
MomeT 6biTb HCUOJib80B8H ll;JIH peiDeHUH 38ll;8TJ 
nepeuoca He:ii:TpOHOB B JierKnx aaMell;JinTeJinx. 

c.pepH'ICCKH-CHMMCTpH'IHble 38ll;81JB. B 3TOM 
CJiyqae 38ll;8'la CBOll;HTCH K pemeHHIO ypaBHCHHH 2 

Jl iJN + 1-f,l,z iJN + J:,N =F+ f (16) 
or r O!J. 

c rpanll'lHhiM ycJioBneM 

N(a, Jl, 'A)=X(f..t, I.), Jl<O. (17) 
B ypasHeHnn (16) nnrerpaJI pacceHHHH F onpe
p;eJIHeTcH no Toft me ipopMyJie, 'ITO H B cJiyqae 
nJiocKo-napaJIJieJibHhiX aall;a'l (c Toii paaHn~e:ii, 
'lTO nepeMeuHaa z aaMenena nepeMennoii r). 

CJie,l\oBaTeJII>HO, aall;aTJa cnoll;IITCH R p;u<fl<f\epeH
n;IIaJihHOMY ypaBHeHHIO (16) C H3BeCTHOH npaBOH 
'l8CTbiO, KOTOpOe MO/KHO peiDHTb ROHe'lHO-pa3HO
CTHbiMll MeTOlJ;8MH, OllHC8HHhiMH B pa6oTaX 3· 4• 
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METOa~ MOHT&HAPnO 

Pac'leT AB$$epeun;naJibHoro noToKa <I>(;: Q, E). 
J1aBeCTHO, 'ITO MeTO)l. Dp.RMOrO MO)l.eJIBpOBa
Hll.R )l.BBllieHH.R 1JaCTHD;hl B BeiiJ;eCTBe OKa3aJICJI 
npnroAHhiM )l.JI.R cpaBunTeJILHO yaKoro KJiacca 
aa)l.a'l. BhiJI paapa6oTaH p.RA MOAII!flnKan;nii MeTo)l.a 
)l.JI.R nOBhllliaHBJI ero CTaTBCTH'leCKOH a!fl4JeKTIIB
HOCTH. 

0)l.HOH H3 TaKHX MO)l.B!flHKan;nii MeTO)l.a npnMe
HBTeJILHO K npo6JieMe nepeuoca HaJiyqeun.R 
HBJIHeTCH MeTO)l. JIORaJILHOrO Bhl'lHCJieHHH nOTORa. 
B nepBoua'laJILHoii !flopMyJinpoBKe MeTOAa li, 6 

HCnOJib30BaH TOT !flaRT, 'ITO paCCeHHHa.R 'laCTb 

An!fl!flepeun;naJILHOro noToRa <1>8 ~. Q, E) B !flnR-
u ~ 

cnpoBaHuon TO'lKe npocTpaHCTBa r* = (x*, y*, z*) 
paBHa cpe)l.HeMy auaqeunro cJiyqaiiuoii BeJIB'lHHhl 

... .... 
Qn = I Tn- r*l; 

...... 

....... 
X l:l (Q~, Q) l:l (E~, E); 

...... ... . 
A' - r -rn 
~'n-Q;-' (18) 

r)l.e T11 , Q 11 , En- COOTBeTCTBeHHO pa)l.nyc-BeRTop 
TO'lRB n-ro pacceauna qacrun;, uanpaBJieune u ... ..... .... 
:meprn.R DOCJie pacce.RHH.R; t 8 (r n• En-1' Qn-1 Q~)
!flyHKD;B.R pacceaHB.R, TO ecTL pacc'lnTauua.R 
ua e)l.nunn;y TeJiecuoro yrJia Bepo.RTHOCTL qa
CTnn;e, nMeBnreii AO pacceaun.R aueprnro E 11 _ 1 ... 
n uanpaBJieHne Q 11 _ 11 pacce.RTLCH B uanpaBJie-

unu Q~ (npn aToM ee aueprn.R eCTL E~ = 

= q> (En-11 Qn-1 · Q~). B 4JopMyJie (18) Wn eCTL ... __,. 
«Bee>> n-ro pacce.RHH.R, 't (r 11 , r*, E~) - onTH'le-

CRoe paCCTOJIHne Mem)l.y TO'lKaMH r: H ;* )l.JIJI 
qacTnn; c aueprneii E~, l:l (x~, x) - xapaRTe
pnCTB'leCKaa 4JyHRIJ;H.R HHTepBaJia f:lx OKOJIO X. 

Ra.m)l.aa OT)l.eJILHaH peaJinaan;nJI npon;ecca 
6Jiym)l.aHB.R 'laCTBIJ;hl (<<HCTOpii.R>>) )l.OCTaBJI.ReT Bhl-
6opO'IHhle 3Ha'leHHH KOOp)l.HHaT 1JaCTHII;hl B 4JaaO-

BOM npocTpaHCTBe Q = ~. Q, E), no KOTOphiM 
Bhl'lHCJI.ReTCJI COOTBeTCTBYIOIIJ;ee 3Ha'leHne CJiy
qaiiHOH BeJIH'lnHhl S· CorJiacuo reopeMe XnH
'lHHa 7 HMeeT MeCTO CXO)l.HMOCTL no BepOHTHOCTH 
cpe)l.ueapn!flMeTn'lecKoro na lV «ncropnii» K TO'l
HOMY aHaqeuuro nOTOKa npn lV - oo. BcJieA
CTBne TOrO 'ITO BhiClliHe MOMaHThl CJiyqaiiHOH 
BBJIH'lHHhl S H, B 1JaCTHOCTH, )l.HCnepCHJI He 
CyiiJ;eCTBYIOT, aTa CXO)l.HMOCTL BaCLMa Me)l.JieH
HaH. )J;pyrnM He)l.OCTaTKOM MeTO)l.a HBJI.ReTCH He-
06XO)l.HMOCTL DpOCMOTpa O'laHL 60JILlliOfO ROJIH
qeCTBa <<HCTOpHH>> )l.JIJI noJiyqeHHJI Ha)l.elliHhiX 
CBe)l.eHHH 06 yrJIOBOM H aHepreTH'laCKOM pacnpe
)l.eJieHHH DOTOKa. 

RaJioc 8 npe)l.JIOlliHJI MOAn!flnRan;nro onncaHuoro 
MeTO)l.a, HMaiOIIJ;YIO KOHB'lHYIO )l.HCnepCHIO )l.JIJI 
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llOJIHOfO llOTOKa 

en.~)=~~ en(;•, 'Q, E)dQdE. 

3TOT MeTO)l. OCHOBaH Ha BKJIIO'leHHB MHOlliHTeJI.R 
1 IQ~" o6ycJIOBJIHBaroiiJ;ero pacxo)l.nMOCTL ABCnep
cnn s, B nepeXO)l.HYIO BepOHTHOCTL MapROBCROH 
n;enn noJiomeunii qaCTHIJ;hl B 4JaaoBOM npocTpau
CTBe n, cJie)l.oBaTeJibHO, IIaMeH.RIOIIJ;ero xapa«Tep 
Bhl60pRII. 

Momuo npe)l.JiomnTb BapnaHT MeTO)l.a MouTe
RapJio, )l.aiOIIJ;Hii ROHe'IHYIO )l.ncnepcniO AJIH noJI.,. 
HOfO DOTORa II He li3MeH.RIO~liH xapaRTep Bhl60p
KII. )J;pyroii DOJia3HOH OC06BHHOCTLIO MaTO)l.a 
JIBJIHeTCH B03MOlliHOCTL DOJiy'leHH.R auepreTn'le-

__,. -
c.Koro pacnpe)l.eJieHHH <1>8 (r*, Q*, E) )l.JIH Bhl)l.e-

JieHHOro !fluKcnpoBaHHoro HanpaBJieHIIJI Q*. 
B oniicauuoM Bhlnre MeTO)l.e on;eu.Ka noToRa 

OCHOBaHa Ha npe)l.CTaBJieHIIII ero B BII)l.e CyMMhl 
BRJia)l.oB HepacceaHHOro uaJiyqeHna, HCTO'IHn«a
Mn ROTOpOrO .RBJIHIOTCH OT)l.eJILHhle TO'IKII pacce.R
HH.R 6Jiym)l.aiO~eii 1JaCTHIJ;hl. JlerKO nOKaaaTL, 'ITO 
auaJIOrH'lHOe npe)l.CTaBJieHIIe UMeeT MeCTO, eCJIH 

CyMMHpOBaTL BRJia)l;hl O)l;HORpaTHO paCCeJIHHOfO 
H3Jiy<leHIIH 1 TaK 1Jl'O 

-.. -+- -+ -+ CX) 

<D8 (r*, Q*, E)=encl)(r*, Q*, E)+MO ~ ~~~; 
n=t 

r)l;e 

-+ -+ -+ -+ -+ 

r~ = r n + X 11 = r*- Q * tn; 
' (.... ... .... En=q> r 11 , En-11 On-t•Xn). 

Xn ' - .... 
E = q> c;:~, E~, !:~:~xn) . 

B !flopMyJie (19) <1><1> (~, Q*, E) ecTb BKJiaA 
O)l;HOKpaTHO pacce.RHHoro naJiyqeHII.R, MO - cHM
BOJI MaTeMaTH'leC.Koro omn)l;aunJI. 

Momuo noKaaaTL, 'ITO on;eu.Ka, BhiTe.Karo~a.R 
na 4JopMyJihl (19), nMeeT KOHe'luyro )l.HCnepcnro 
)l;JI.R noJIRoro noToKa. ,D;ncnepcn.R )l;u4J4Jepeu
n;naJJbHOro nOTOKa <1>8 He Cy~eCTByeT, O)l;HaKO 
ycTpau.ReTC.R TPYAHOCTL, CBHaauua.R c MaJIOCTLIO 
4JaaoBoro o6~eMa B npocTpaucTBe uanpaBJieunii. 

B KaqecTBe npnMepa paccMoTpnM cJiyqaii O)l.HO
po)l.uoii 6eCROHa1JHOH Cpe)l.hl C li30TpODHhiM pac
Ce.RRHeM. )J;JIH H30TpOUHOfO HCT01JHHKa 4JopMy
Jia (19) DpHBO)l.IIT K CJie)l;yro~eMy peayJILTaTy; 

00 

<D,(r)=MO ~ (i:)n F(Rn-1), 

n=t 
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OD 

F (R)= ;;~ ~ (2k~i) E2<h+t>(R~t); 
k=O 

OD 

Rn=\;'n-Ro\; \Ro\=r; ~J(X)= ~ e~x1 dt. 
1 

B Ta6n. 1 npnBe,D;eHLI peayJILTaTLI 10 BLI6opoK no 
200 «HCTOpHH)) B Kam,D;OH ,li;JIH CJiyqaH ~8/~t = 
= 0,75, rl:t = 1, nonyqeHHLie .D;BYMH omiCaH
HLIMif B:&Iille MeTO,IJ;aMH. 

):{pyroii CllOC06 llOBLimeHHJI a<I><l>eKTHBHOCTH Me
TO,IJ;a JIOKaJILHOrO Bhl'IHCJieHHJI llOTOKa OCHOBLI-

HoMep Bhl6opKH llOTOK JIO {18) lloTOK JIO { 19) 

1 0,0678 0,0656 
2 0,0689 0,0660 
3 0,0624 0,0634 
4 0,0843 0,0721 
5 0,0596 0,0637 
6 0,0688 0,0628 
7 0,0842 0,0689 
8 0,0746 0,0660 
9 0,0896 0,0761 

10 0,0567 0,0615 

Cpe~aee .0,0709 0,0666 

Toqaoe aaa'leaHe 0,0665 

BaeTCH Ha TOM <l>aKTe, 'ITO CJiy'!aHHLie BeJIH'IHHLI 
-+ ..... 

r=6'1't(r*) H 6"=s'I'2(S*) 

o6na,D;aiOT KoHe'IHoii ,D;ncnepcneii, ecJIH -;* u S* 
cnyqaiiHLie BeKTOpLI c neBLipom,D;eHHLIMB B D 
H COOTBeTCTBeHHO S pacnpe,D;eJieHHHMH. 3,D;eCL 
'l't H '1'2 llpOH3BOJILHLie CYMMHpyeMLie C RBa,D;pa
TOM B D (na S cooTBeTCTBeaHo) iflynR~HB, D -
o6naCTL TpexMepHoro npocTpaHCTBa nepeMeH
HLix X*, y*, z*, a 8* - yqaCTOK noBepXHOCTH B TOM 
me npocTpaHCTBe. 

::ho 06CTOHTeJILCTBO ll03BOJIHeT, BLI6Hpaa B Ka
'leCTBe iflyHK~HH 'I' t OpTOHOpMllpOBaHHLie C BeCOM 
B D iflyHK~uu, BLI'IHCJIHTh Koaifliflu~ueuTLI <l>ypLe 
iflYHK~HH nOTOKa. 

EcJIH BecoBaa iflYHK~Ha p (-;*) BLI6paHa y.D;a'IHo, 
TO BOCCTaHOBJieHHe iflyHK~HH nOTOKa no ee Koaifl
ifl~HeHTaM <f>ypLe ocym;eCTBJIHeTCJI C ,IJ;OCTaTO'IHO 
BLICOKoii TO'IHOCTLIO. Te me coo6pameHHH cnpa
Be,D;JIHBLI OTHOCHTeJILHO BLI'IHCJieHHJI nOTOKa Ha 
noBepXHOCTH S. 

BLI'IHCJieHua nponaBOAKTCH cne,D;yrom;uM o6pa-
30M. B uaqan:e Kam,D;oii «HCTopun>> 'laCTH~LI cny
qaiiHbiM o6paaoM B D Bhi6npaeTcH nonomeHHe 

-+ ..... 
,D;eTeKTopa r*. Bhl'IHCJIHeTcH BeJIM'IHHa s (r*). 

,I{aJiee MOiKHO ,li;OMHOiKHTL 6 (r*) Ha 'I' i (-;*) H 
..... ..... 

Hap (r*). Ecnu r* - BeKTop, pacnpe,D;eneHHLiii 

C. M. EPMAKOB et al. 

-+ ..... ..... 
paBHOMepHo B D, TO MO s (r*) q>1 (r*) p (r*) 
eCTL Koaiflifl~BeHT <f>ypLe iflYHK~BH llOTOKa 

-+ ' 
q>i(r*) opronopMKpOBaHHLie B D c BeCOM p (-;*) 
iflYHK~HH (i = 0,1, ... , n). 

TaKoii cnoco6 Bhl'IHCJieHHH Roa<P<l>~neHTOB 
<f>yp&e, O,IJ;HaKO, He HBJIHeTCH HaKJiyqmHM, TaK _,. __,. ..... 
KaR MO 6 (r*) 'Pi (r*) p (r*) Momer 6LITL Manoii 

BeJIH'IHHoii, a .D;Hcnepcna D {s (-;*) 'Pi <f*) p (-;*)} 
MomeT oKaaaTLCH ana'luTen&noii. B aTKX cny
'laHx noneaHLIM oRaaLIBaeTCH cne,D;yrom;ee o6o6-
m;eHne TeopeM 1 K 2 pa6orLI 9 (AaJiee Mhl 6y,D;eM 
nOJib30BaTLCJI 0603Ha'leHHJIMH 3TOH pa6oTLI). 
fiyCTh f (Q) - CyMMHpyeMaH C KBa,D;paTOM C BeCOM 
p (Q) (p (Q) ~ 0) B D cPYHK~HH (QE D). 

PaccMoTpHM o6o6m;eHHhiH HHTepnoJIH~HOHHhlii 
MHOrO'IJieH p (Q) = Coq>o (Q) + C1q>1 (Q) + 
+ • · • + Cn'Pn (Q), KOHCTaHTLICt (i= 0,1,. , . , n) 
ODpe,IJ;eJIHIOTCJI H3 ycJIOBHH p (Q1) = f (Q1), 
r,D;e Q1- HeKOTOphle ifJHKCHpOBaHHhle TO'IKH 
o6nacTn D. CnpaBe,D;JIHBa cne,D;yrom;aH TeopeMa. 

Teope:ua 1. EcnH TO'IKH Q1 BLI6npaiOTCH B o6-
JiaCTK D cnyqaiiao c nJIOTHOCTLIO BepoHTHOCTK 
Wn (Qo, Qh • · ., Qn) 

Wn= (n! 1)l [ det \\~Po(Qm}Vp(Qm), 

... ''Pn {Qm} v p (Qm) 1\~ r. 
TO 

MOct= ~ p(Q)f(Q)q>i(Q}dQ, i=O, 1, ... , n. 
D 

IlpK Tex me npe,D;noJiomeHKHX cnpaBeAJI:HBa 
Teope:ua 2. ,I{ucnepcua cnyqaiiHoii BeJIH'IHHLI c1 

paBHa 
n 

~ P (Q) [ f(Q)- ~ MO Ctq>i(Q} r dQ. 
D i=O 

HKme B ra6n. 2 npHBO,D;aTca peaym>TaThl pac
'leTa 'IHCJieHHOrO CneKTpa y-KBaHTOB B B03,IJ;yxe 
no MeTo,D;y JIOKaJILHOrO Bhl'IHCJieHHJI DOTOKa. 

B Ta6JI. 3 Te me BeJIH'IHHLI nonyqeHhl npn no
Mom;u JIHHeiiHoro anre6paH'IecKoro BHTepnonu
poBaHHH no cnyqaiiHhlM TO'IKaM. BecoBaH <l>YHK
~ua B ,IJ;aHHOM CJlf'lae He BBO,IJ;HJiaCL. 

Tal5na.H.t,a 2 

HoMep rpynnhl 
2 3 4 

1 1,580 0,925 0,737 0,808 
2 1,039 1,162 1,123 0,975 
3 0,.450 0,296 0,342 0,496 
4 0,826 0,303 0,104 0,228 
5 0,123 0,105 0,214 0,149 
6 0,138 0,594 0,376 0,129 
7 0,053 0,145 0,110 0,112 
8 0,073 0,208 0,164 0,022 

l'IHTerpaJILHLIB 
DOTOK 4,832 3,322 4,107 2,917 
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B Ta6Jin~ax npnBe,IJ;eB:bl 'leT:blpe rpyrmhl ,IJ;aB
HhlX. Ram,IJ;aH rpynna DOJIY'Jeua B peayJibTaTe 
1000 liCllhlTaBHH. 

11CTO'IBHK y-KBaBTOB - T0'19'lH:blH ll30TpODH:blH 
MOHoaaepreTuqeCKHii Eo= 1,25 Mae. PaccToa
aue OT HCTO'lBHKa ,IJ;O ,IJ;eTeKTOpa paBHO 30 ,M., 

11aTepBaJI aaepruii oT 0 ,IJ;o 1,25 M 88 paa6HT 
aa 8 paBHhlX rpynn. EcJiu npuBe,IJ;eBaoe B Ta6JI. 2 
H 3 'IHCJIO YMHOffiHTb Ba 10-9 , TO Mhl DOJIY'JHM 
KOJIH'leCTBO y-KBaHTOB B 1 cer;, /c.M 2 , DOITaBIDHX B 

,IJ;aBHYIO aaepreTH'lCCKYIO rpynny. 

Ta6mn.1,a 3 

HOMep BhlliOPRH 
HoMep rpynnH 

2 3 4 

1 1,006 0,864 0,678 0,827 
2 1,463 1,359 0,910 1,322 
3 0,335 0,437 0,753 0,173 
4 0,301 0,127 0,117 0,292 
5 0,461 0,415 0,289 0,576 
6 0,398 0,095 0,281 0,356 
7 0,192 0,050 0,694 0,000 
8 0,000 '0,417 0,087 0,460 

MHTerpaJILHhiH 
IIOTOK 3,986 3,763 3,809 4,006 

PAC4ET ttJYHKU.HOHAnOB 
OT JJ.HttllllEPEHLV1AJlbHOf0 nOTOHA 

1. B aeo,IJ;aopO,IJ;HhlX aa,IJ;a'lax Teopuu nepeaoca 
ueiiTpoaoB MeTO,IJ; MoaTe-RapJio qacro npuMe
aaeTca ,IJ;JIR Bhl'lHCJieBHR !flyaK~HOBaJIOB j OT 

,IJ;n!fl!flepeH~HaJibBOfO DOTOKa «J> {;, Q, E) B npo

CTpaHCTBCHHO-aHepreTH'leCKOH o6JiaCTH /1E •tl V 

f = ~ dRo ~ dEo ~ droS (~, 50 , E) X 
6.Eo t;.vo 

X ~ dQ ~ dE ~ d-; f (-;, 5, E) X 
t;.E t;.v 

r,IJ;e «<> (r, Q, E; ro, 5o, Eo)- !flyaK~HR fpuaa 
coOTBeTCTByro~ero ypaBHeHHR nepeaoca. RaK 
npaBUJIO, 06JiaCTII OIIpe,D;eJieBIIH HCTO'IHIIKa 

-+ -+ -+ -+ 

S (ro, Q o·, E) H !flyaK~IIH f (r, Q, E) CIIJILHO OTJIR'la-
IOTCR, II03TOMY IIOBhliDeHIIe CTaTIICTH'IeCKOH a!fl!fleK
THBHOCTH )J;OCTHraeTCH 1 KOr,IJ;a Bhl60pKy Ha'laJih
HhlX KOOp,D;HBaT «IICTOpiiH>) ocym.eCTBJIRIOTIO B COOT
BeTCTBIIII C !flyHK~Ueii: ~eHHOCTII OTHOCIITeJILHO 
!flyaK~noaaJia f. Toqaoe OThlCKaHIIe !flyaK~IIII 
~enaocru - aa,IJ;a'la ae Meaee cJiomaaa, '!eM 
HCXO)J;HaR, II03TOMY IIpii O~eBKe ~YBK~UOHaJia j 
eCTCCTBeHHO IIOIILITaTLCH ROHCTpyiipOBaTb TaKyiO 

!flyaK~mo ~eaaocrn. EcJIII TaKaa tPYBK~nH 

Q (;o, no, Eo) nocrpoeaa, TO !JIYHK~HOHaJI t 
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:Momao nepenucaTL B BH,D;e 1 

f = ~ dQo ~ ~Eo ~ d;o S (;o, Oo, Eo) R ~0, 00, E 0) X 
AEo 

X ~ dQ ~ dE ~ drf (;, Q, E) <I> (Q,;, E; 00 , r0, E0), 

(21:) 

- -. -. 
S (ro, Qo, Eo)= 

- S dQo S dEo S d7o S Cfo, Oo, Eo) Q (ro, Qo, Eo) ; 

R (; Q.... E ) = S dO l dE S a7s ·Q 
0• 0• 0 - ..... -. 

Q_ (ro, Qo, Eo) 

H Bhl60p Ha'laJibB:blX KOOp,D;IIBaT «HCTOpHH» ocy

m;eCTBJIRTh B COOTBeTCTBIIH C DJIOTHOCTbiO S H 

aa'laJII>BhlM BeCoM R. 
llpu onpe,IJ;eJieauu napaMeTpoB paapemeuahlX 

He~TpOBB:blX ypOBHeii DO peayJILTaTaM H3Mepe
BHH pa,D;IIa~HOHBOfO aaxBaTa B03BIIKaeT Be06XO
,lJ;HltiOCTb Bhl'IIICJieBIIR ·~yBK~HOHaJIOB BH)J;a (20), 
KOi'Op:ble npe)J;CTaBJIRIOT B 3TOM CJIY'Jae cpe,D;BIOIO 
CKOpOCTL llOfJIOID;eHHH B llJIOCKOM o6paa~e TOJI

ID;HHOH H aeiiTpoaoB or nJiocKoro ucTO'lHHKa c 
aa,IJ;aaahlM cneKrpoM S (Eo) B uarepBaJie aaep
ruii: ilEo, ~eJiuKoM aaKJIIO'Iarom;eM paccMaTpH
BaeMhlii peaoaauc 11• 12• 13• B aroii aa,IJ;a'le MeTO,IJ; 
MoaTe-RapJio npuMeHaeTCH ,IJ;JIR o~eHKH cpe)J;
aeii CI<OpOCTH llOfJIOID;eHHR BeiiTpOHOB 1 HCll:blTaB

IDHX paccenaue P8 , Koropoe IIMeer BH,ll; 

+1 H 

P,= ~ dEoS (Eo) ~ dJl ~dE~ X 
AEo -1 AE 0 

X dz ~i' (E)Cl>8 (z, Jl, E, E0), (22) 

r,IJ;e «<>a (z, Jl, E, Eo) - noTOK aeiiTpouoB nocJie 
O)J;BOKpaTHOfO pacceRBHH. ,ll;JIR O~eBKH lflyBK
~IIOBaJia (22) HCllOJih30BaHHe tPYBK~HH ~eB
HOCTH BeCLMa cym;eCTBeHBO, TaK KaK 06JiaCTL 
onpe,D;eJieHIIH HCTO'IHHKa IJ.Eo BCer,IJ;a 3Ha'IHTeJILBO 

npeBOCXO,IJ;HT 06JiaCTb 1 ' f)J;e lflyaK~HJI ~eBBOCTH 

+1 H 

Q (Eo)= ~ dJl ~ dE ~ dz ~i' (E) Cl> 8 (z, Jl, E, E 0) 

-1 t;.E 0 

OTJIH'IBa OT BYJIH. 

,ll;JIH nocrpoeaun npn6Jiumeaaoii:: WYBK:QHH 

Q {Eo) Bhl6epeM cJie,IJ;yrom;yro Mo,IJ;eJIL nepeaoca 
aeurpoaoB. By,IJ;eM C'IHTaTI., 'ITO ueiirpouhl pac
npocrpaHHIOTCH B o6paa~e a!fl~eKTHBHOH TOJI
ID;IIH:bl H* 6ea CTOJIKBOBeBHH, ao aa rpaHH~e 
HCKOTOpaH ,IJ;OJIH BeiiTpOBOB p OTpamaeTCH C HaMe

HeHIIeM 3BeprHII Ha BeJIH'IHHY cpe)J;Heii JIOrapu!fl-
MII'IeCIWH norepu 6, Tor)J;a npii6JIHmeaaaa 
(}>yHK~HH ~eHHOCTH aatiHmeTCR CJie,IJ;yiOIIJ.HM 
o6paaoM: 

co n 

Q (Eo)= ~ Pn+t ft fi Sz, (23) 
n=O l=O 



72 3ACE,QAHJ.1E 3.1 P/363 

p = C1y (Ek) ( 1- -H*l:t (Ek> )· 
k C1t(Ek) e , 
S = C1s (Ek) ("1- e -H1: (Ek) )· 

k C1t(Ek)~· ' 

Ek=E0e-k~. 

B MeTOAe cym,eCTBeHHOii Bhl6opKn Ha'laJILHhlx 
KOOp)l;HHaT BCer)l;a HCllOJIL3yeTCH HOpMHpOBaHHaH 
<flyHK~HH ~eHHOCTH, ll03TOMY OTKJIOHeHHH 3Ha
'leHHH napaMeTpoB H* n P oT H n 1 cooTBeT
CTBeHHO He OKa3hlBaiOT 60JibffiOfO BJIHHHHH Ha 
a<fl<fleKTHBHOCTb llpHMeHeHHH llpHOJIHffieHHOH 
<flyHKII;HH. 0CHOBHaH 'lepTa 3TOH <flyHKII;HH -
CMem.enue MaKCHMyMa OTHOCHTeJILHO pe30HaHCHOH 
3HeprHH - nepe)l;aeTCH )l;OCTaTO'lHO xopomo BBe
)l;eHueM B BhlpamenHe (23) cpeAHeii JiorapH<flMH
'lecKoii noTepu ~· llpu peaJIHaau;nH MeTOAa MoHTe
RapJio AJI.II ou;eHKH <flyuKn;uona4):0B THna (22) 
BamHo, 'ITO BBe)l;eHHe cnoco6a cym.ecTBeHHoii Bhl-
6opKu llO cpyHKII;HH ll;eHHOCTH (23) He npenaT
CTByeT llpHMeHeHHIO MeTO)l;a llO)l;OOHhlX TpaeK
TOpB:ii )l;JIH O)l;HOBpeMeHHOrO KOppeJIHpOBaHHOfO 
pac'leTa mupoKoro ua6opa TOJIW.HH o6paa~oB. 

3TOT CllOCOO yJiy'!meHHH CTaTHCTH'leCI<OH a<fl<fleK
THBHOCTB OKa3aJIC.II BeCLMa llOJie3Hh1M TaKme B 
aa)l;a'le pac'leTa peaonaacHoro norJiom,eana B nJio
CKOM CJIOHCTOM aKTHBa~HOHHOM )l;eTeKTOpe 14• C 
llOMOIIJ.biO O)l;HOH llpH6JiumeHHOH <flyHKD;HH u;eH
HOCTH )l;JIH o6paau;a npoMemyTO'lHOH TOJIDJ.BHI>I 
y)l;aeTCH llpOBeCTB BLI'IHCJieHHH aKTBBaD;BOHHOrO 
llOfJIODJ.eHH.II Ha OT)l;eJILHOM ypOBHe BO BHyTpeH
HeM CJIOe )l;eTeKTOpa O)l;HOBpeMeHHO )l;JIH mnpOKOro 
ua6opa TOJIIIJ.HH <flHJILTpou. TaKne pac'leTH OhlJIB 
npoBe)l;eHhl AJIH ueKOTophlx aKTBBHpyeMHX nao
TOllOB C n;eJILIO llOJiy'!BTb OllTHMaJILHhle TOJIIIJ.HHI>I 
o6paau;ou AJIJI HaMepeHHH cneKTpoB ueiiTpouoB 
BHYTPH peaKropa. 

2. ,I\pyro:ii CllOCOO yBeJIU'leHHJI CTaTHCTH'leCKOB 
a~eKTHBHOCTH MeTo)l;a MouTe-Rapno npn ou;euKe 
<flyHKII;HOHaJIOB (20) B CJiy'!ae, KOr)l;a ero o6JiaCTb 
fiE · /:i V onpe)l;eJieHHH cym.eCTBeHHO HeRb
me o6JiaCTH onpe)l;eJieHHH llJIOTHOCTH llOTOKa 

..... -+ 
cp (r, Q, E), ocuonau na nOJiy'!ennn neKOTopoi 
HH<flopMall;HH 0 <flyHKII;HH u;eHHOCTH B npou;ecce 
6Jiym)l;aHHH H HCllOJib30BaHHH ee )l;JIH BhlOOpa 
)l;aJibHeilmeii CYAL6hl neiiTpona. 3To cnoco6 BeT
BJienHii. 

EcJIH B npou;ecce 6nym)l;annii ueiiTpon HMeeT 
nepeA O'lepe)l;HhlM CTOJIKHOBeHneM KOOp)l;HHaThl 
_,. ..... 
(rn, Qn, En), ne npnHa)l;Jiemam.ue o6JiaCTH onpe
)l;eJieHHH <flyHK~HOHaJia, TO BepOHTHOCTb BHeCTH 
BKJia)l; B 3TOT <flyHKD;HOHaJI llOCJie CTOJIKHOBeHHH 
paBua cooTBeTCTnyrom.eii 'laCTH G1 o6'heMa eAH
Hll'lHOro rHnepKy6a. Bhl6Hpa.ll CJIY'!aiiuo H paB
HOMepuo TO'IKY Q B3 9TOH 'laCTH rHnepKy6a, 
Mhl llOJIY'!aeM npn Kaffi)l;OM CTOJIKHOBeHHH BKJia)l; 
B cpyuK~nouaJI I H OAHY na nerneii AJIJI AaJILHeii
meii CYALOhl ue:iiTpoua. BTopaa neTBL, o6ecne
'lHBarom.aJI KOMlleHCall;HIO CMem.eHHH TaKOH Bhl
OOpKH, coorBeTcTByer CJiy'!aiiuoii TO'lKe na o6Jia-
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ern runepKy6a, AOllOJIHHTeJILHoii K G1• Bb16op 
MemAY aTHMH ABYMH neTBHMH ocymecTBJiaercn: 
CJiyqa:iiHhlM o6pa30M B COOTBeTCTBHH C HX BeCa
MH G, H 1- G,. 

IT pnMeHeHHe cnoco6a BeTBJieHHii oKaaaJIOCL 
BeCLMa llOJie3HhlM llpH BLI'IHCJieHHH MeTO)l;OM 
Moure-RapJio <flyHKII;HH BJIHHHHH )l;JIH MOHOlmep
reTH'lecKoro Haorponuoro HCTO'lHHKa, pacnoJio
meHuoro Ha noBepxHocru 6JioKa B 6ecKoHe'lHOi 
ll;HJIHH)l;pll'leCKOH pemeTKe. 3Ta <flyHK~HH, 
HBJIHIOIIJ.aHCH aHaJIOfOM <flyHKII;HH flJia'leKa B ro
MOreHHOH cpe)l;e, npe)l;cTaBJiaeT HHTepec B aa)l;a
'lax peaoHaHCHoro norJiom.eHua B reTeporeHHhlX 
cpe)l;ax. 

B aToii aa)l;a'le B KaqecTBe <flyHKII;HOHaJia I 
paccMaTpnBaJiacL cJie)l;yrom.an: BeJIH'lHHa: 

I= i dQ ~ d; ~ dE~t(;, E) <D 6\ Q, E), 
v()n 

npe)l;CTaBJI.IIIOIIJ.a.ll Cpe)l;HIOIO llJIOTHOCTL CTOJIKHO
BeHHH B 6JioKe B HHTepBaJie aneprnii E i < E < 
< Ei+i· · 

Onpe)l;eJieHne rpaHuu; MHoroMepHoii o6Jiacru 
G, n Bhl6op CJiy'!aii:Hoii TO'IKH na aToii o6JiaCTH, 
KaK npaBBJIO, npe)l;CTaBJIHIOT nechMa TPYAHYIO 
aa)l;a'ly, ll03TOMY ateJiaTeJibHO opraHH30BhlBaTL 
BeTBJieHHH llO O)l;HOH B3 nepeMeHHhlX. 

B paccMaTpnBaeMOM CJiy'!ae o6JiaCTL, o6ecne
'lHBarom.an: BKJiaA B <flyuKn;uoHaJI I, onpe)l;eJIJieTCJI 
yCJIOBHeM 

I . I R()n- A sm CJ>n+t <iTT = , 

r)l;e cpn+t - aauMyraJILHhlii yroJI utmpaBJieHBH 
cKopoCTH HeiiTpOHOB nocJie pacceaunn:, a Rrm -
pa)l;nyc 6JioKa. BeTBJieHne ocym.eCTBJIJieTCJI no 
O)l;HOH nepeMeHHOH - ~0 - KOCHHycy yrJia pac
CeJ'lHHH B CRCTeMe HHepll;BH. Tor)l;a MOffiHO noJiy
'lHTh CJie)l;yiOIIJ.He COOTHOmeHHH )l;JIH BeCOB BeTBeii: 

1 
G•=2l ~!u-~~2> j; Gz= 1-Gh 

11(1,lll_ 
ro -

a 

_ 'I'Jt.z Y(M2+1)xf, 1 sin2 6+M2'1'Jf. 2 -xf. 2 sin26 
- M (sin2 a xf,~ + 'I'Jf. s) 

"lt,z=Ar ± Vi+A• 1)'; 

x1,z=Acoscp + V1-A2 sincp; 

~I= sin a. sin q>n +cos a. cos q>n cos an; 
1)

1 
=sin a. cos lpn- cos a. sin q>n cos en: 

M- 111acca HApa. 
Bhl'lncnennn: reTeporenuoii <flynKu;nu: llJia'leKa 

llOKaaaJIB 3Ha'lU:TeJILHOe yBeJIH'leHU:e CTaTHCTJ111e
CKOH acpil>eKTHBHOCTH MeTOAa MonTe-RapJio aa 
cqeT npa:MeHeHa:n: cnoco6a BeTBJieuu:ii, oco6enno 
B CJiy'!ae o'leHL TOBKa:x 6JIOKOB. 
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ABSTRACT-R~SUM~-AHHOTA(4J..1JI-RESUMEN 

A/363 USSR 

Methods of solution of transport equation 
in inhomogeneous and finite media 

By S. M. Ermakov et a/. 

The paper consists of three parts. The first part is 
devoted to finite-difference methods of solution of 
plane-parallel and spherical-symmetric y-quanta and 
neutron transport problems in hydrogenous media. 
In the second part some methods for the improvement 
of the statistical efficiency of Monte Carlo methods 
for the case of radiation transport problems in in
homogeneous and finite media are considered. The 
third part is devoted to the Monte Carlo study of the 
neutron penetration through the resonance absorber 
slab. 

1. To formulate a finite-difference method of solu
tion of the integra-differential transport equation it is 
necessary to consider separately two problems: 
(a) a finite-difference representation of the differential 
part of the equation and the solution of the system 
obtained; (b) an approximate estimate of the scattering 
integral occurring in the equation. 

In the case of plane-parallel problems, the formula
tion of part (a) is not difficult. When the spherically
symmetric problems are investigated, the method 
similar to the Carlson's S11-method can be used. The 
difficulties due to singularities of the equation at the 
origin are avoided by means of the Vladimirov's 
characteristics method. 

For the formulation of part (b) both for the plane
parallel and spherically-symmetric problems, the 
scattering integral is written down as a double integral 
along the surface of unit sphere and then evaluated 
using the simplest quadrature formula so constructed 
that the main features of the scattering kernel and the 
relatively weak dependence of the directional distribu
tions on the energy are taken into account. 

In practice the energy interval is divided into sub
intervals and in each of them the spectral distribution 
is represented by a linear function of energy with 
coefficients depending on directional and spatial co
ordinates. At each fixed value of energy the integra
differential equation is considered to be a differential 
equation with a known right side. An appropriate 
choice of the quadrature formula for the approximate 
calculation of the scattering integral makes the use of 
iterative procedures unnecessary. 

A range of applications of the methods described 
can be extended appreciably by means of the adjoint 
function theory. 

2. In the second part of the paper, problems of 
calculating differential angular and energy distribu
tions of the radiation at a fixed point in space (local 
flux calculation method) are examined. This method, 
proposed by Zerby and collaborators, has an infinite 
standard deviation which considerably reduces its 
efficiency. A modification of the local flux calculation 
method is proposed which will have a finite standard 
deviation for the total flux or dose rate at a point fixed 
in space. 

Calculation of Fourier coefficients of the flux 
function in terms of space variables also ensures 
finiteness of the standard deviation. In this case the 
slow convergence of Fourier series may be improved 
by the choice of a weighting function which takes .into 
account the singularity of the integrand. An applica
tion of the local flux calculation method to the prob
lem of penetration of radiation over a small surface 
element is also discussed in the paper. 

The mathematical aspects of the problem arising as 
a result of the-application of random quadrature 
formulae of higher accuracy are discussed. New 
quadrature formulae and evaluation of their errors, 
and examples of the calculation for one-velocity P-rob
lems with an isotropic scattering are given. 

3. A transfer of neutrons in a resonance absorber 
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slab is considered. For this purpose the Monte Carlo 
method using importance sampling of initial energies 
of neutrons proved to be very effective. A specially 
constructed function is used as an adjoint function. 
This approach makes it possible to perform neutron 
absorption and penetra.tion calculations for a wide 
range of sample thicknesses. 

A/363 URSS 

Methodes pour Ia solution des equations 
de transport dans des milieux non homogenes 
et finis 

par S. M. Ermakov et a/. 

Le memoire se compose de trois parties. La premiere 
est consacn!e a !'application des methodes aux diffe
rences finies a Ia solution des problemes plan-parallele 
et des problemes de symetrie spherique que pose le 
transport des photons et des neutrons dans des milieux 
hydrogenes. La deuxieme traite de plusieurs procedes 
permettant d'augmenter l'efficacite statistique des 
methodes de Monte-Carlo pour 1\!tude des problemes 
de transport dans des milieux non homogenes et finis. 
La troisieme partie est consacn!e a l'etude, par une 
methode de Monte-Carlo, du probleme de la penetra
tion des neutrons dans une plaque d'absorption par 
resonance. 

1. Pour formuler une methode aux differences 
finies permettant de resoudre !'equation de transport 
integro-differentielle, il faut etudier les deux problemes 
suivants: a) representation aux differences finies de la 
partie differentielle de l'equation et solution du sys
teme obtenu; b) calcul approche de l'integrale de 
diffusion. 

En ce qui concerne les problemes plan-parallele, le 
point a) ne presente aucune difficulte. Lorsque l'on 
etudie les problemes de symetrie spherique, on peut 
faire appel a une methode analogue a la methode Sn de 
Carlson. Pour eviter les difficultes dues aux singula
rites de }'equation au centre, on a recours a Ia methode 
des caracteristiques de Vladimirov. On utilise cette 
meme methode pour passer de l'intensite du rayonne
ment emis dans une direction proche de Ia direction 
orientee vers Ie centre a I'intensite du rayonnement 
emis dans le sens oppose. 

Pour ce qui est du point b), tant pour les problemes 
plan-parallele que pour ceux de symetrie spherique, on 
ecrit l'integrale de .diffusion sous Ia forme d'une 
integrate double le long de Ia surface d'une sphere 
unitaire, pour Ia calculer ensuite a !'aide de formules 

. de quadrature Ies plus simples. En etablissant ces 
formules, on tient compte des particularites du noyau 
de diffusion et du fait que les fonctions de distribution 
angulaire varient relativement peu selon l'energie. 

En pratique, l'intervalle des energies est subdivise en 
sous-intervalles, et dans chacun de ceux-ci Ia distribu
tion spectrale est representee par une fonction lineaire 
de l'energie dont les coefficients dependent des co-
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ordonnees angulaires et spatiales. Pour une valeur 
donnee de l'energie, !'equation integro-differentielle 
est consideree comme etant une equation differentielle 
dont le membre de droite serait connu. Le choix d'une 
formule de quadrature appropriee pour le calcul 
approximatif de l'integrale de diffusion permet 
d'eviter l'emploi d'une methode d'iteration. Le champ 
d'application des methodes decrites peut etre sensible
ment elargi au moyen de la theorie des fonctions 
conjuguees. 

2. Dans la deuxieme partie du memoire, les auteurs 
examinent les problemes que pose le calcul de Ia 
distribution differentielle angulaire et energetique du 
rayonnement en un point fixe de l'espace (methode du 
calcul loca:l du flux). Sous la forme proposee par 
Zerby et ses collaborateurs, cette methode a une dis
persion infinie, ce qui reduit sensiblement son effica
cite. Les auteurs proposent une variante de Ia methode 
de calcul du flux, qui a une dispersion finie pour Ia 
totalite du flux ou Ia dose en un point fixe de l'espace. 

Le caractere fini de la dispersion est egalement 
assure par le calcul des coefficients de Fourier de la 
fonction de flux suivant Ies variables spatiales. Dans ce 
cas, on peut eviter Ia convergence lente de Ia serie. de 
Fourier en choisissant une fonction de ponderat10n 
qui tienne compte de la singularite de l'integrande. 

Les auteurs examinent egalement }'application de la 
methode du calcul local du flux pour resoudre le 
probleme du passage du rayonnement par une petite 
zone de Ia surface. 

Ils etudient les aspects .mathematiques d'un pro
bleme ayant trait a }'application de formules de quadra
ture stochastiques de grande precision. Ils indiquent de 
nouvelles formules de quadrature et evaluent leur 
degre de precision. Ils donnent a titre d'exemple la 
solution de problemes a une vitesse avec diffusion 
isotrope. 

3. Les auteurs etudient le probleme du transport 
des neutrons dans une plaque d'absorption par reso
nance. La methode de M·onte-Carlo avec selection 
judicieuse des energies neutroniques initiales a partir 
du spectre de la source s'est revelee particulierement 
efficace a cet effet. Comme fonction d'efficacite, on 
choisit une courbe specialement construite qui permet 
de calculer !'absorption et le transport des neutrons 
pour des echantillons d'epaisseur tres variee. 

A/363 URSS 

Metodos de resoluci6n de Ia ecuaci6n 
del transporte en medios no homogeneos 
y limitados 

por S. M. Ermakov eta/. 

El documento consta de tres partes. La primera 
parte esta dedicada a los metodos de diferencias 
finitas para Ia resoluci6n de los problemas de trans
porte de cuantos gamma y de neutrones en medios 
hidrogenados con simetria plano-paralela y esferica. 
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En Ia segunda, se consideran algunos procedimientos 
para aumentar Ia eficacia estadistica de los metodos de 
Monte Carlo en su aplicacion a los problemas de 
transporte de Ia radiacion en medios no homogeneos y 
limitados. La tercera parte esta dedicada a Ia resolu
cion con el metodo de Monte Carlo del problema del 
paso de los neutrones a traves de una capa de absor
bente que presenta resonancias. 

l. AI formular el metodo de diferencias finitas para 
la resolucion de la ecuacion integrodiferencial del 
transporte hay que considerar por separado los dos 
problemas siguientes: a) representacion de Ia parte 
diferencial de la ecuacion mediante diferencias finitas 
y resolucion del sistema asi obtenido; b) calculo 
aproximado de la integral de dispersion. 

En el caso de simetria plano-paralela, Ia formula
cion de la primera parte del metodo no presenta difi
cultad. Para resolver el caso de simetria esferica, se 
utiliza un metodo analogo al metodo Sn de Carlson. 
Para soslayar las dificultades ligadas a las singulari
dades de Ia ecuacion en el centro, se aplica el metodo 
de las caracteristicas de Vladimirov. Este mismo 
me.todo se emplea para pasar de las intensidades de Ia 
radiaci6n en una direccion proxima a la radial bacia el 
centro a la intensidad en el sentido opuesto. 

Para formular la segunda parte del metodo, tanto en 
el caso de simetria plano-paralela como en el de 
simetria esferica, la integral de dispersion se escribe 
como integral doble extendida a la superficie de 11! 
esfera de radio unidad y se calcula luego con ayuda de 
formulas de cuadratura muy simples. AI hacerlo se 
tiene en cuenta el comportamiento singular de la 
indicatriz de dispersion y se aprovecha la cirounstancia 
de que las distribuciones angulares dependen relativa
mente poco de la energia. 

En la realizacion practica de los calculos se sub
divide el intervalo energetico considerado en inter
valos parciales y en cada uno de ellos Ia distribucion 
espectral se representa mediante una funcion lineal de la 
energia con coeficientes que dependen de las variables 
angulares y espaciales. Para cada valor fijado de 
la energia, la ecuacion integrodiferencial se considera 
como ecuacion diferencial con segundo miembro 
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conocido. Eligiendo cortvenientemente la formula de 
cuadratura para el calculo aproximado de la integral 
de dispersion se puede evitar acudir al metodo de 
aproximaciones sucesivas. 

El area de problemas a los que es aplicable este 
algoritmo se puede ampliar considerablemente si se 
inlroducen las funciones adjuntas. 

2. En Ia segunda parte del documento se estudian 
los problemas del calculo de Ia distribucion angular y 
energetica diferencial de Ia radiacion en un punto fijo 
del espacio (metodo del calculo local del flujo). Este 
metodo, en Ia forma propuesta por Tserb et a!., 
presenta una dispersion infinita, lo que restringe con
siderablemente su eficacia. Se propone una modifica
cion del metodo del calculo local del flujo, con dis
persion finita para el flujo total o Ia dosis en un punto 
fijo del espacio. 

Se consigue tambien una dispersion finita mediante 
el calculo de los coeficientes de Fourier del flujo con 
relacion a his variables espaciales. La lenta conver
gencia de Ia serie de Fourier se puede superar eligiendo 
una funcion de peso que tenga en cuenta Ia singulari
dad de la funcion subintegral. 

En el informe se examina tambien Ia aplicacion del 
meto<;lo del calculo local del flujo cuando se trata de 
resolver el problema ·del paso de la radiaci6n a traves 
de una·pequefia porci6n de superficie. 

Se examinan los aspectos matematicos del problema 
asociados con la aplicacion de formulas de cuadratura 
de alta precision. Se presentan nuevas formulas de 
cuadratura y se da una estimaci6n del error. Se 
ofrecen ejemplos del calculo para el caso de particulas 
monoenergeticas y dispersion isotropa. 

3. Se estudia Ia resolucion del problema del trans
porte de neutrones en una lamina plana de absorbente • 
con resonancias. Para la resolucion de este problema 
resulto muy eficaz el metodo de Monte Carlo con una 
seleccion considerable de las energias iniciales de los 
neutrones del espectro de la fuente. Como funci6n 
importancia se elige una funcion construida de 
manera especial y que permite calcular la absorcion y 
el transporte de neutrones para una amplia gama de 
espesores. 
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Analytical methods in energy dependent transport theory 

By H. Hejtmanek* 

SECTION 1 

-We shall consider the Boltzmann equation of the 
following form: 

l(v)ji.- o!fl +!fl=ffdv'dji.-' K(v',ji.-'---+v,ji.-)I{J(x,v',ji.-') (1) 
ox f!ll 

where l{l is the collision density of neutrons and 
l(v) =L'-1(v) is the total mean free path. The kernel 
gives the number of secondary neutrons per one 
collision. The two dimensional domain f!ll consists of 
all points (v,ji.-) with Q..<::::v..<::::vmax and -1 ..<::::!1-L + 1. We 
shall separate the space variable by the initial substitu
tion: 

l{J(x,v,ji.-)=exp( -;)cpz(v,/L) (2) 

where the separational constant z is an arbitrary 
complex number to be determined later. We get the 
singular integral equation 

( 1 _/(;/L) cpz = ~dv'dji.-' K(v',ji.-' ---+V,/L)cpz(v',IL') (3) 

SECTION 2 

The intervals [O,vmax) and [ -1, + 1] are divided 
into sub-intervals 

h=(Vi-1,Vi) O=v.<Vl< ... <VM=Vmax 

Jt={/LJ-1,!1-J) -l=ji.-o<jl.-1< ... <ji.-N=+l 

The mean free path and the kernel have the form of 
step functions: 

M 

l(v) = 1: hxt(v) (4) 
i=l 

where Xi( v) and XJ(/L) are characteristic functions of the 
intervals It and Ji respectively. We define 

C/JtJ(z) = fdvPfdji.- cpz(v,/L) 
I, J, 

Equation (3) can now be rearranged and solved 

cpz(V,ji.-) = ['J:,K(i;j---+m,n) zC/Ji]l'(z) +A(z, v)8(z-lmji.-)] 
z- mjl.-

(5) 

X Xm(v)xn(/L) (6) 

* Atominstitut der Osterreichischen Hochschulen, Vienna. 

We apply the operation 

fdvPfdiL 
I, ~~~ 

to both sides of Eq. (6) and get a system of linear 
equations for the tl>ii(z) 

C/Jrs = 'J:,K(i,j---+m,n)C/liJfdv PfdiL _!__I Xm(v)xn(/L) 
1, J, z- r/L 
+ fdvPJdji.-A(z, v)8(z -lrji.-) (7) 

I, J, 

z 
grs=fdvPfdji.---

1
-

I, J, Z- rjl.-

Ars=fdvPfdji.-A(z,v)o(z-fr/1-) (8) 
fr Is 

In Eq. (7) the summation over (m,n) can be carried out, 
so we get 

C/Jrs = grs(z)l: K(i,j---+r,s)tf>tJ +Ars(z) 
i,j 

or in matrix notation 

(E- A(z) )-; =A(z) 

SECTION 3 

(9) 

(10) 

We assume lt>O and max h= 1 for all i= 1, ... M, 
so the step function IL = z(l(v) in the (v,ji.-) plane is com
pletely outside the domain f!ll for z real and I z I > 1. 
The functions gmn(z) are sectionally holomorphic in 
the whole analytic plane cut by the real interval 
Smn = [lmji.-n -l,lmji.-n] 

lmi-Sn z 
gmn(z) = m(/m) P S - dji.- (11) 

lmP.•-lZ-jl.-

We compute gmn(z) and distinguish the two cases 

and 

z¢Smn gmn(z) = m(Im)z In (+ z-/rn-1
) 

Z- m/Ln 

uSmn° gmn(z)=m(/m)Z In (-z-/7!1-n-1
) 

z- mjl.-n 

(12) 

(13) 

gmn has no zeros z<tSmn· If zeSmn° there are at most 
two in z=O, if o~-smn°, and z=! (/mji.-n-1 +lmji.-n). We 
define the open set S by 

M,N 
S=[-1,+1)-'2:, lmji.-n (14) 

m=l,n=O 

This set is simply the open interval (- 1, + 1) per
forated by the points lm!1-n· The determinant of the 
linear transformation in Eq. (9) 
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D(z)=·det IE-A(z)l (15) 

contains products of the gmn(z). These products are 
sectionally holomorphic in the analytic plane cut by 
the set S. To prove this statement we have to show 
that near the point lrn/1-n the product is a( I z -lmp,n I -Y) 
o~y < 1. This is true because gmn =a( I z -lmp,n I -€) 
for all E> 0. Then the product is a( I z -lmp,n 1-<••+ · · .+<Tl) 
with ET so small that £ 1 + ... + ET < 1. D(z) is a sec
tionally holomorphic function in the analytic plane 
cut by S. For all z¢[ -I,+ I] the functions Amn(z) 
vanish, for uS we get 

Amn(z) = f A.(z, v)dvPf o(z -lmp,)dp, 
fm In 

=Am(z) X {1 if zEmE~n 
0 otherwise 

SECTION 4 

(16) 

The system of linear equations (9) whose coefficients 
depend on the complex parameter z becomes homo
geneous for 

z¢[-1,+1] [E-A(z)];{=O 

It has a non-trivial solution if and only if 

D(zrr)=O (17) 

The number of zeros in the cut plane is finite, the 
solutions span a linear manifold in the M.N dimen
sional space whose dimension depends on the rank of 

the matrix E-A(z). For ZESA(zh":O, s·o the system 

becomes unhomogeneous and can be solved for¢, 

;J = [E- A(z)]-1:\(z) (18) 

'i = -;fo(z) uS describes a curve in the M.N dimensional 
space, except at the points where det IE-A(z) I = 0, 
but these are of finite number. The solution of Eq. (3) 
has the form 

cfoz(v,p,) =~ [.Pmn(z) -Amn(z) P _z_ 
m,n gmn(z) z-lmp, 

+ ,\(z,v)o(z -Imp,) J xm(v)xn(JJ-) 

for z=zrr¢[ -I, +I] and ZES. 

SECTION 5 

(19) 

The adjoint equation has a solution similar to 
Eq. (6) 

A 

~z( v,p,) =~ [K(m,n-+i,j) zcpiJl(z) + A(z, v)o(z -Imp,)] 
z- mJ.L 

X Xm(v)xn(!L) (20) 

the ~iJ being solutions of the system oflinear equations 

tPrs = grs(z)~ K(r,s-+i,j) ;piJ +Ars(z) (21) 
i,j 
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The determinant of the adjoint equation equals (15). 
This follows from the identity 

det l8ik - aibik I = det l8ik - akb ki I (22) 

so we have 
A 

D(z)= D(z) (23) 

The orthogonality relation has the form 

Vmax +1 
f dv Pf dp, l(v)p,cfoz(v,p,)cfow(v,p,) = 0 (24) 
0 -1 

if z:f=w. 

SECTION 6 

To pr-ove the completeness of (19) we follow an idea 
of Bednarz and Mika [1]. We have to show that every 
step function rp(v,J.L) can be represented uniquely by 
the system (19) with certain coefficients A 

+I 
ifJ(v,p,) =~ Aacpa(v,p,) + PJ A(z)cpz(v,p,)dz (25) 

a -1 

We have for Im X Jn 

r/Jmn =~ Aa.Bmn(Zu) Zu 
a Zrr-lmp, 

+I z 
+ 1J

1 
A(z)Bmn(z) z-lmp, dz+A.(lrnJ1-,V)A(lrnJ1-) (26) 

with 

B ( ) 
_ clJmn(z) -Amn(Z) mn Z - _-.:....:....__.....o..:. 

gmn(z) 
(27) 

The left side of Eq. (26) is independent of v, so is the 
right side. We can choose ,\(z,v), a step function in v. 

(28) 

The function 

- Zu 
r/Jmn(p,) =r/Jmn -~AuBmn(zu) l 

a Zu- mP, 
(29) 

can be written in the form 

~mn(p,) = Am(/rn/1-) A(lmp,) 

+I z + Pf A(z) Bmn(z) --
1

- dz 
-1 z- mP, 

(30) 

The system of singular integral equations has a simul
taneous solution A(z) for a proper choice of ,\m(z). 

SECTION 7 

If the kernel in the Boltzmann equation is real, then 

D(z)= D(z) (31) 

so with an eigenvalue zu, Zrr is an eigenvalue too. A 
necessary condition for criticality of a slab would be 
the existence of a positive and symmetric solution of 
(1 ). This is true if at least one eigenvalue is purely 
imaginary. 
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SECTION 8 

The time dependent Boltzmann equation can be 
reduced by a Laplace transform to equation (I) with 
a parameter 

This has been done by Wing [2] in the energy indepen
dent case. To find the eigenvalue ,\ we can use the 
method proposed above. So we can solve the initial 
value problem of a slab and the equivalent problem of 
finding the critical length [3]. 

H. HEJTMANEK 

SECTION 9 

If K(v',p: -+v,p.) is a continuous function, it is pos
sible to give a proof of existence of solutions to (I) by 
the limiting process 

max (vi- Vi-I)-+0 
i 
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ABSTRACT -RESUME-AHHOTAL\IIt.fi-RESUMEN 

A/401 Autriche 

Methodes analytiques dans Ia theorie 
du transport en fonction de l'energie 

par H. Hejtmanek 

La densite des neutrons en fonction du temps dans 
un espace de configuration a six dimensions est d'une 
importance fondamentale pour le calcul des differents 
parametres et fonctions decrivant un reacteur. II faut 
obtenir la solution de !'equation de Boltzmann avec 
les conditions aux limites et les valeurs initiales par
ticulieres determinees par le n!acteur que l'on con
sidere. L'operateur de choc du cote droit de !'equation 
ne depend que des proprietes de choc et de transport 
du milieu du reacteur. Celles-ci sont elles-memes 
fonctions de l'espace et du temps: 

~ dv'dp.' K(v',p.'-+v,p.)- (1-/(~p,) 

I1 existe un grand nombre de methodes approxi
matives qui rendent le calcul numerique possible avec 
une exactitude et une sf.irete plus ou moins grandes. I1 
n'y a qu'un petit nombre de publications (1958, 
G. M. Wing) qui traitent de !'existence et de Ia struc
ture des solutions. Elles donnent, en employant 
I' analyse avec variables ·reelles et variables complexes, 
des solutions rigoureuses et completes de I' equation de 
Boltzmann independante de l'energie et prouvent que 
quelques-unes des idees communement acceptees que 
l'on peut trouver dans les manuels de Ia theorie des 
reacteurs sont fausses. Dans !'equation de Boltzmann 
fonction de l'energie, ou dans les equations que l'on en 
deduit, les operateurs ne sont pas auto-adjoints. Ces 
operateurs sont plus generaux que les observables 
employees habituellement en mecanique quantique. 
Ce fait complique la solution du probleme. A l'aide de 
Ia theorie des operateurs lineaires dans l'espace de 
Hilbert, deux cas principaux sont traites en detail: 
a) le spectre energetique stationnaire dans un reacteur 

infini; b) Ia densite des neutrons en fonction du temps 
dans un reacteur-plaque. 

Les modeles sur lesquels les calculs sont fondes sont 
tres n!alistes. Ils ne reposent sur aucune approximation 
mathematique. On peut done esperer en tirer de 
bonnes methodes d'approximation et determiner le 
degre d'exactitude, ce qui n'est pas possible avec les 
autres methodes. 

AHanHTH4eCKHe MeTOAbl 

nepeHoca, yYHTbiBaJO~eA 

OT 3HeprHH 
r. XeHTMaHeK 

A./401 A.BCTPHR 

s reopHH 

SaBHCHMOCTb 

3aBHCH~aH OT BpeMeHH ITHOTHOCTb HeHTpOHOB 

B meCTHMepHOM ROHif>Hrypa~HOHHOM npOCTpaH

CTBe HMeeT Bailmeumee aHa'leHHe .n;nH pac'!eTa 

pa3HH'IHhlX napaMeTpOB H ~YHR~HH, xapaRTSpH

ayiO~HX peaRTOphl. 0Ha onpe.n;emmTCH RaR peme

HHe ypaBHeHHH Bonb~MaHa co cne~HanbHhlMH 
rpaHH'IHhlMH H Ha'laHbHhlMH YCHOBHHMH, ROTOphle 

onpe.n;enHIOTCH .n;nH Ram.n;oro paccMaTpHBaeMoro 
peaRTopa. OnepaTop CTonRHOBeHHH B npaBo:H 

'laCTH ypaBHeHHH 3aBHCHT TOHbRO OT TeX CBOHCTB 

peaRTOpHOH cpe.n;hl, ROTOphle onpe.n;enHIOT xapaK

Tep CTOHRHOBeHHH H nepeHOC HeiiTpOHOB. 8TH 

CBOHCTBa TaRJRe MOryT 3aBHCeTb OT npocTpaHCTBa 
H BpeMeHH: 

~ ~ dv'd~'K(v',~' -~v.~)-( t- 1(?fl). 
)J;nH pemeHHH 3TOH aa.n;a'IH HMeiOTCH pa3HH'I

Hhle npH6HHJReHHhle MeTO)l;hl. 0HH IT03BOHHIOT 

c.n;enaTb •mcneHHhle pac'leThl c 6onbme:H HnH 
MeHbme:H TO'IHOCTbiO H Ha.n;emHOCTbiO. O.n;HaKo 

Bonpochl cy~ecTBoBaHHH H CTPYKTYPhl pemeHHii 
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paccMaTpHBaJIHCb JIHillb B HeOOJibillOM 'IJHCJie pa-
001' (,LJ;ac M. YuHr, 1958 roA). B aToii pa6oTe 
OhlJIH nony':leHhl noJIHhle u cTporue pemeHHH 
aanucanwro OT aHepruu ypanHeHHH BoJIL~MaHa 
H ITOKa3aHO, 'ITO HeKOTOpble AaHHhle, npHBOAHMhle 
B yqeOHHKaX ITO TeopHH peaKTOpOB, HBJIHIOTCH 
omuoo'IHhlMH. OnepaTOphl, noHBJIHIO~ueca n aa
BHCH~eM OT aHepruu ypanHeHHH BoJIL~MaHa HJIH 
B ITOJiy'IeHHbiX H3 Hero ypaBHeHHHX, He HBJIHIOTCH 
CaMOCOITpHil{eHHhiMH. 8TH onepaTOphl HBJIHIOTCH 
oonee o6~HMH, TieM o6hi'IHO ucnoJII>ayeMhle B KBaH
Tonoii MexaHHKe. 8To ycJioamaeT pemeHue npo
oneM.hi. B HaCTOH~eii: paooTe c ITOMO~biO TeOpHH 
JIHHeiiHhlX onepaTopon B rHJII>oepTOBOM npo
CTpaHCTne ITOAPOOHO paccMaTpunaroTCH ABe ocnon
Hhle 3aAR'IH: 

1) Haxoa>AeHue CTa~HOHapHoro cneKTpa neii
TpoHon B HeorpaHH'IeHHOM peai\TOpe H 

2) onpe)l;eJieHHe BpeMeHHOH 3aBHCHMOCTH ITJIOT
HOCTH HeiiTpOHOB B ITJIOCKOM peaKTOpe. 

OcHOBHhle MOAeJIH pac'IeTa HBJIHIOTCH neci>Ma 
peaJIHCTH'IHhiMH. He AeJiaeTCH HHKaKHX MaTe
MaTH'IeCKHx npu6numeHuii. MomHo OiKHIWTL 
TaKHM o6paaoM, 'ITo npeAnaraeMhlii nyTL peme
HHH MomeT, B OTJIH'Iue OT ncex Apyrux MeTOAOB, 
npuneCTU K XOpOIUUM DpHPJillil\eHHhlM MeTOAaM, 
cTenenL TO'IHOCTn J\OTOphlx MomeT OhlTL CHOJIL 
yrOAHO BhiCOKa. 

A/401 Austria 

Metodos analfticos en Ia teorra 
del transporte dependiente de Ia energla 

por H. Hejtmanek 

La densidad neutr6nica dependiente del tiempo en 
el espacio hexadimensional de las configuraciones es 
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de importancia fundamental para el calculo de los 
diversos parametros y funciones que describen un 
reactor. Es soluci6n de la ecuaci6n de Boltzmann con 
valores iniciales y condiciones de contorno deter
minados por el reactor que se considere. El operador 
de colisi6n que aparece en el segundo miembro de la 
ecuaci6n depende s6lo de las propiedades de colisi6n y 
de transporte del medjo que constituye el reactor. 
Tambien puede depender de las variables espaciales y 
del tiempo: 

~ dv'<IJ.t'·K(v',p,' -v,p.)- ( 1 _/(;p.) 

Hay diversos metodos aproximados que hacen 
posible el calculo numerico, con mas 0 menos preci
sion y seguridad. Solo hay unos pocos articulos (1958, 
G. M. Wing) referentes a Ia existencia y estructura.de 
las soluciones. Utilizando el analisis real y el complejo, 
proporcionan soluciones rigurosas y completas de la 
ecuaci6n de Boltzmann independiente de Ia energia y 
prueban que ciertos lugares comunes que aparecen en 
los textos de teoria cie reactores son falsos. Los opera
dares que aparecen en Ja ecuaci6n de Boltzmann 
dependiente de la energia, o en las ecuaciones que de 
ella se deducen, no son autoadjuntos. Estos opera
dores son mas generales que los observables usual
mente empleados en mecanica cuantica. Esto com
plica la soluci6n del problema. Utilizando la teoria de 
operadores lineales en el espacio de Hilbert, se tratan 
con detalle dos ejemplos importantes: a) El espectro 
neutr6nico estacionario de un reactor ilimitado; b) La 
dependencia temporal de Ia densidad neutr6nica en un 
reactor laminar. 

Los modelos fundamentales del calculo son bastante 
realistas. No se hacen aproximaciones matematicas. 
Por eso se puede esperar que, a diferencia de los 
demas metodos, se puedan deducir sistemas de apro
ximaci6n con el grado de precision que se desee. 
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An approach to the solution of the two-group neutron 
diffusion equations in XY geometry 

By T. Toivanen* 

Most calculations in reactor theory are made under 
the assumption of spatial separability of the neutron 
flux distribution. In small fully reflected reactors this 
assumption introduces considerable errors, and it 
becomes necessary to treat the reactor two- or three
dimensionally. When the geometry of the reactor 
involves the distribution of material in two or three 
dimensions, an exact analytic solution is not available 
for group diffusidn equations. Purely numerical calcu
lations based on finite difference techniques are time 
consuming and expensive. The importance of analytic 
methods for solving two- and three-dimensional prob
lems is reflected by the large number of investigations 
which have been devoted to the subject. 

The purpose of this paper is to develop a new semi
analytic technique for treating reactors in which the 
outer reflector can be considered as infinite in extent. 
We deal with two-dimensional two-group diffusion 
equations. The particular reactor configuration investi
gated consists of a rectangular core fully refleC<ted by a 
homogeneous infinite reflector. The discussion begins 
with the introduction of Green's functions for the reflec
tor region and the formulation of the problemas a system 
of two-dimensional integral equations. In the next 
section the double Hankel transformation is applied in 
order to transform the set of integral equations into a 
more tractable set. We approach the solution in trans
form space by approximating the integral operators in 
the transformed equations by degenerate ones enabling 
'us to reduce the problem to that of solving a finite sys
tem of linear algebraic equations. The solution in co
ordinate space is then found by an inverse Hankel 
transformation. 

The method is not perfectly general. The utilization 
of the double Hankel transformation requires a sym
metrical distribution of the reflector material. The 
method is capable of generating both the eigenvalues 
and the two-dimensional fluxes. 

Integral equation formulation of the problem 

The new technique developed is applied to a reactor 
geometry involving a rectangular core with dimensions 
2a and 2b. The core is completely reflected by an in
finite homogeneous reflector, so that the reactor 

• Institute of Technical Physics, Institute of Technology, 
Helsinki. 

occupies the entire two-dimensional Euclidean space 
R2. 

Let G denote the interface between core and reflec
, tor and G its topological complement in space R2. In 
the two-group diffusion approximation, the spatial 
neutron flux distribution in region G is described by 
the group equations [1) 

f2r(x,y)V24>r(x,y)- Er(x,y)4>r(x,y) 

+ k((x,y)) Ea(x,y)4>s(x,y) = 0 (1) 
P x,y 

f2s(x,y)V24>s(x,y)- Ea(x,y)4>s(x,y) 

+ p(x,y)Er(x,y)4>r(x,y) = 0 (2) 

Here the subscripts f and s refer to the fast and 
thermal groups, respectively. The following symbols 
of conventional reactor theory are used: 

4>t(x,y) = neutron flux of group i, i = s,f 
f2t(x,y) = diffusion coefficient of group i 
Ea(x,y) = absorption cross section for thermal 

neutrons 
Er(x,y) = fast removal cross section 
k(x,y) = infinite multiplication factor 
p(x,y) = resonance escape probability 

AU of the material parameters are constant in the core 
and reflector regions. At the core reflector interface 
they have a finite discontinuity. 

Let us denote by L2(R2) the space of Lebesgue 
square integrable functions defined on R2. Then the 
functions possessing continuous derivatives up to the 
second order on G, being finite and non-negative, and 
satisfying the familiar boundary conditions of diffu
sion theory at G, define a linear manifold D in space 
L2(R2). Acceptable solutions ofEqs. (1) and (2) belong 
to the class D. 

For problems where the classical method of separa
tion of variables fails, the use of Green's functions 
and integral equations techniques offers a powerful 
alternative approach. Rearranging the terms in Eqs. (1) 
and (2) we obtain 

( 
2 1 ) _ k(x,y) 2a(x,y) ,_ ( -v + L 2 4>r(x,y)- -(-) I'M ( ) 'f'S x,y) 

r p x,y =r x,y 

+ [Err _ Er(x,y) ]4>r(x,y), (J) 
f2rr f2r(x,y) 
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( 
I ) .Err 

-V2 + Ls2 c/>r(x,y)- f'fisr c/>r(x,y) 

[ 
.Er(x,y) .Err] 

= p(x,y) ~s(x,y) - f'fisr c/>r(x,y) 

+ r~ -.Ea(x,y)] c/>s(x,y) (4) 
~sr ~s(x,y) 

where the reflector constants are indicated by the sub
script r. Note that the right-hand sides of Eqs. (3) and 
(4) vanish outside the core. The quantities 

L 2- .Err d L 2- .Eas r--an s --
~rr ~sr 

are the slowing-down area and the diffusion area of the 
reflector, respectively. Let us now introduce two
dimensional infinite region Green's functions for the 
differential operators appearing on the left-hand side 
of Eqs. (3) and ( 4) 

( -v2 + L:2) ~t(x,y,xo,yo) 
= 8(x- xo) 8(y- yo), i =s,f (5) 

Eq. (3) is now converted into an integral equation as 
follows. Multiplying Eq. (3) by Gr(x,y,xo,yo), Eq. (5) 
with i = f by cf>r(x,y), subtracting, and integrating over 
the region G we obtain 

c/>r(x,y) = JJ [~r(x,y,xo,Yo)V2c/>t(xo,yo) 
o 
- c/>r(xo,yo)V2 ~r(x,y,xo,yo)] dxo,dyo 

+ (!r - !c) j J cf>r(xo,yo)~r(x,y,xo,yo) dxo,dyo 
:Ofr :Ofc -a -b 

k .E a b + - ru.ac I I c/>s(xo,Yo)~r(x,y,xo,yo) dxo,dyo (6) 
P :Ofc -a -b 

where the subscript c stands for the core region. Since 
the Laplacians in the first integral on the right-hand 
side of Eq. (6) act on different manifolds of the space 
L2(R2) the corresponding differential operators are 
non-self-adjoint, and the integral over the region G 
does not vanish. The former Laplacian acts on the 
manifold D while the domain of the latter is restricted 
to functions which are continuous and have continuous 
first derivatives in (x,y) space except at the point 
x = xo, y =yo. Bearing in mind the discontinuity of 
the first partial derivatives of the fluxes at G, and 
integrating by parts twice, we arrive at the result 

a b 
c/>r(x,y) =I ~r(x,y,xo,b)- [c/>r(xo,b- 0) 

-a byo 
a b 

-c/>r(xo,b+O)] dxo+I ~t(x,y,xo, -b)-
-a byo · 

X [c/>r(xo, -b -0) -cf>t(xo, -b+O)) dxo 
b b 

+ I ~r(x,y,a,yo)- [cf>t(a- O,yo) -cf>t(a + O,yo)]dyo 
-b bxo 

b b 
+ I ~r(x,y, -a,yo)- [c/>r( -a -O,yo) 

-b bxo 

a b 

X I f cf>s(Xo,Yo)~r(x,y,xo,yo) dxodyo 
-a -b 

k .E a b 
+ - ru.ac I I c/>s(Xo,yo)~r(x,y,xo,yo) dxodyo. (7) 

P :Ofc -a -b 

The integral equation describing diffusion in the 
thermal group may be derived from Eq. (4) in a similar 
fashion. The result is 

.Er oo oo 
cf>s(x,y)- ~:r foo ~oo ~s(x,y,xo,yo)c/>r(xo,yo) dxody0 

a () 
=I ~s(x,y,xo,b)- (cf>s(Xo,b -0) -c/>s(Xo,b+O)] dxo 

-a byo 

a b 
+I ~s(x,y,xo, -b)- [c/>s(xo, -b+O) 

-a byo 

b () 
- c/>s(Xo, -b+O)] dxo+ I ~s(x,y,a,yo)-

-b bxo 

X [c/>s(a-O,yo) -c/>s(a+O,yo)] dyo 

b b 
+ I ~s(x,y, -a, yo)- [c/>s( -a -O,yo) 

-b bxo 

-c/>s(- a +O,yo) dyo+ p- - -( 
..Ere ..Err) 
~sc ~sr 

a b 

I I ~s(x,y,xo,Yo)c/>r(xo,yo) dxodyo 
-a-b 

+ (::r - !ac) f j ~s(x,y,xo,yo)c/>s(Xo,yo) dxodyo. 
:osr :osc -a -b 

(8) 

Eqs. (7) and (8) represent our problem in an integral 
equation formulation. We still need an additional 
relation between the left-hand and right-hand deriva
tives of the fluxes at G. This relation is provided by the 
continuity of currents conditions 

() 
~~c -c/>t(±a-O,y) 

bx 
() 

= ~~r- cf>t(±a+O,y), -bLyLb, 
bx 

() 
~ic - c/>t(X, ±b -0) 

by 

b 
= ~ir -cf>t(X, ±b + 0), -aLxLa. (9) 

by 

The formulation of the problem is now complete. 

The method of solution 

The solutions of Eqs. (7) and (8) will be sought in 
the Hilbert space L2(R2) by expanding the fluxes in 
terms of the eigenfunctions of a two-dimensional 
Laplacian operator. Because the flux distributions are 
symmetrical we may restrict the domain of the 
Laplacian to the functions defined over the quarter 
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reactor OLx< oo, 0Ly< oo. The spectral representa
tion thus assumes the form 

0000 

1/lt(Bx,By)=f f (xy)l(BxBy)l]-t(Bxx)]-i 
0 0 

X (Byy)c/>t(x,y) dxdy, (10) 

0000 

c/>t(x,y)=f f (xy)l(BxBy)iJ-t(BxxH-t 
0 0 

X (Byy)!ft(Bx,By) dBxdBy, (11) 

Eqs. {10) and (11) represent the familiar formulae for 
the double Hankel transform of a function of two 
variables. The symmetric and unitary integral operator 
defined by {10) maps the fluxes c/>t(x,y) into the images 
1/lt(Bx,By). With the aid of this mapping we may trans
form Eqs. (7) and (8) from (x,y) space into (Bx,By) 
space. For this purpose the eigenfunction expansion 
(II) is substituted into (7) and (8) and the resulting 
equations are multiplied by 

(xy)l(BoxBoy)!] -t(Boxx)] -t(Boyy) 

and then integrated over the quarter reactor. The 
problem of finding eigenfunction expansions for the 
derivatives of the fluxes at the core reflector interface 
requires special consideration. Differentiating under 
the integral sign with resp~ct toxin (I I) we find that 

ocf>t(x,y) 
ox 

00 00 

When 0LyLb, and x approaches a, where the deriva
tive is discontinuous, the integral is equal to one-half 
the sum of the right-hand and left-hand derivatives 

t [<lc/>t(a -O,y) + ocf>t(a+O,y)] 
ox ox 

00 00 

=- f f ay!Bx'~Bylh(Bxa)]_t(Byy)!ft(Bx,By) dBxdBy. 
0 0 

(12) 

Taking into account the continuity of currents con
ditions (9) Eq. (12) becomes 

ocf>t(a- O,y) <lc/>t(a + O,y) 
(13) 

00 00 

where dt is the abbreviation 

d ~ic-~ir . 
t=2. ~ , l=S,f. 

ic +~ir 

Eq. (13) gives the required expansion for derivatives 
with respect to x. Derivatives with respect to y are 
treated similarly. 

The transformation procedure described above 
results in a new system of integral equations for the 
transformed fluxes 1/lr(Bx,By) and I/J8(Bx,By). In trans
form space Eqs. (7) and (8) take the form 

0000 

1/lr(Bx,By) = "#r(Bx,By) {- dt f f (Bx,Box)l(By,Boy)l 
0 0 

X BoxKx(Bx,Box)Ly(By,Boy)I/Jr(Box,Boy) dBoxdBoy 

"' 00 

X dr f f (BxBox)l(ByBoy)lBoyKy{By,Boy)Lx 
0 0 

X (Bx,Box)l/lr(Box,Boy) dBoxdBoy 

( 
Irr Ire ) 00 00 

+ ITA --;;;;-- f f (BxBox)i(ByBoy)lLx(Bx,Box) 
=rr =rc o o 

X Ly(By,Boy)I/Jr(Box,Boy) dBoxdBoy 

kl: 0000 +- I'Mac f f (BxBox)l(ByBoy)lLx(Bx,Box) 
P .;ore o o 

X Ly(By,Boy)I/Js(Box,Boy) dBoxdBoy }, (14) 

1/ls(Bx,By) = "#s(Bx,By) {!:r 1/Jr(Bx,By) 

00 00 

0000 

- ds f f (BxBox)l(ByBoy)!BoyKy(By,Boy) 
0 0 

X Lx(Bx,Box)l/ls(Box,Boy) dBoxd/1oy 

( 
Iar Lac) oo fro + -;;;;-- --;;;;- f (BxBox)l(ByBoy)lLx(Bx,Box) 
zosr .;osc o 0 

X Ly(By,Boy)I/Js(Box,Boy) dBoxdBoy 

+ (ptTAirc - !fr) J J (BxBox)l(ByBoy)lLx(Bx,Box) 
=sc zosr 0 0 

X Ly(By,Boy)I/Jr(Box,Boy) dBoxdBoy }, (15) 

where 

"#t(Bx,By) = ( Bx2 + By2 + L~2) -l, i = s,f 

is the Hankel transform of the Green's function (5), 
where the symmetric kernels Lx(Bx,Box) and Ly 
(By,Boy) are defined by the integrals 

a 

Lx(Bx,Box)= f 1-t(Bxxo)]-t(Boxxo)Xo dxo, 
- 0 

and where Kx(Bx,Box) and Ky{By,Boy) denote the 
degenerate kernels 

Kx(Bx,Box) = a]I(Boxa)]-t(Bxa), 

Xy{By,Boy) = bh(Boyb)]-1(Byb). (17) 

Let us now consider the self-adjoint integral operator 
L defined by 

00 00 

X 1/lt(Box,Boy) dBoxdBoy. 
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With the aid of the addition theorems for Bessel func
tions we can find the bilinear series 

1 
Lx(Bx,Box) = B-B 

X Ox 

00 

X ~ 2(2k + !)]2k+t(B:x;a)]2k+t(Boxa), 
k=O 

1 
Ly(By,Bo11) = B B 

y Oy 

00 

X ~ 2(2/ + i)]2t+t(Bvb)]2l+1(Bovb) (18) 
1=0 

for the kernels Lx(Bx,Box) and Lv(By,Boy). For· the 
case when the kernels (16) contain Bessel functions of 
zero order the reader will find a detailed derivation of 
the series (18) in Ref. [2]. By employing the series (18) 
we may observe the following properties of the 
operator L. The kernel of the integral operator L is 
quadratically integrable over the basic square, sym
metric, and consequently a Hilbert-Schmidt kernel. 
The eigenfunctions of L form an orthogonal set, and, 
according to the Hilbert-Schmidt theorem, the values 
of the operator L may be expanded in an absolutely 
and uniformly converging Fourier series 

00 

L/lt =~ 4(2k+!)(2/+ i)ck/z(BxBy)-i]2k+t 
k,l=O 

X (B:x;a)1zl+t(B11b) (19) 

in terms of this set. The expansion coefficients Ck,iz are 
defined by 

0000 

Ck/z = f J (BoxBoy)-t]2k+t(Boxa)]2z+t(Boyb) 
0 0 

X !ft(Box,Bo11) dBoxdBoy. (20) 

The Hilbert-Schmidt series (19) forms the basic 
result for further development of the theory. We 
replace the inte;gral operator L by a degenerate opera
tor by truncating the series (19) after the first N2 terms. 
Then only degenerate operators appear in Eqs. (14) 
and (15). Defining two additional sets as scalars, 

0000 

X -/;t(Box,Boy) dBoxdBoy (21) 
and 

0000 

Yk,'o= f J (BoxBoy)-lBoy2]2k+t(Bo:x;a)h(Bo11b) 
0 0 

X ,Pt(Box,Bo11) dBoxdBo11 (22) 

we can immediately write down an Nth order approxi
mation to the solution in transform space 

(BxB11)i,Pr(Bx,B11) 

N 
= Cdr(Bx,B11){ -draBxl-t(Bxa) ~ 2(21+!) 

1=0 

X Xo/z12t+t(B11b) 
N 

- drbBy]-t(Byb) ~ 2(2k + i)Yk/o]2k+t(Bxa) 
k=O 

(
.Err .Ere ) ~ + -;:,:;;- - 7i> ...., 4(2k + i )(2/ + ! )ck/Z]2k+t 
=rr =re k, 1=0 

+ (B:x;a)]2l+t(Byb) 

k .Eae ~ 
+ - ,.,. ...., 4(2k + !)(2/ + i kk, 8z]2k+t 

P :z-rek,/=0 

(BxBv)+,Ps(Bx,By) 

= C§ s(Bx,By) { ~:r (BxBv)*,Pr(Bx,By) 

N 

- dsaBx]-t(Bxa) ~ 2(21 + !)xo,8 zhz+t(Byb) 
1=0 

N 

- dsbBy]-t(Byb) ~ 2(2k + !) Yk, 8o]2k+.(Bxa) 
k=O 

(
.Ear .Eae) :, + &r -F ...., 4(2k + !)(2/ + !)ck,8 zhk+t 
=sr se k,/=0 

X (Bxa)hz+t(B11b) 

( 
.Ere .Err ) ~ 

+ P ~se - ~sr k,'7=
0
4(2k + !)(2/ + !)ck, rt]2k+t 

X (Bxa)]2l+t(B11b)} (24) 

The solution contains 2N2 + 4N unknown coefficients 
ck/z, Ck,8 r, xo,'z, Xo,8 z, Yk,ro andyk,8o, k,l= 0,1,2, ... ,N, 
which are determined by substituting Eqs. (23) an"d 
(24) into (20), (21), _and (22). We notice that the 4N 
coefficients xo,lz, Xo,8z, Yk/o, and Yk,8o arise from the 
discontinuity of the diffusion coefficients at the core 
reflector interface. For the sake of simplicity we now 
make the additional assumption that the diffusion 
coefficients in both groups are space independent. 
Then dr = ds = 0 anQ. the remaining coefficients 
cre,tz and Ck,8z satisfy the set of homogeneous linear 
algebraic equations 

ere, 'z = ~ 4(2m + !)(2n + !) [(.Err - .Ere) Cm, rn 
m,n=O ~rr Pilre 

N 

Ck,8 t= ~ 4(2m+!)(2n+!) 
m,n=O 

0000 

X f J hk+t(Bxa)hz+t(B11b)]2m+t(Bxa)]2nH(Byb) 
00 . 

X Cds(Bx,B11) 

X { 
8 [.Ear_ .Eae + k .Eae .Err ra (B B)] Cm, n- - ---o:~r z, 11 

~sr ~se P ~re ~sr 

+ Cm r
11 

[P .Ere _Err + .Err (.Err _.Ere) 
' ~rc ~sr ~sr ~rr ~rc 

X C§ (B B)]} dB:x;dBy (26) r x, v BxBv . 
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In order that Eqs. (25) and (26) possess a nontrivial 
solution, the determinant of coefficients must vanish. 
The roots of this determinant give the Nth order 

·approximation to the eigenvalues of the problem. 
Eqs. (25) and (26) must be solved for N = 1,2, ... , 
until the required accuracy is achieved. The rate of 
convergence depends on the size of the core. When the 
dimensions of the core decrease the rate of converg
ence increases, so that a large leakage implies rapid 
convergence .. 

After the coefficients Ck, rl and Ck,8t have been found 
from (25) to (26), they are inserted in Eqs. (23) and 
(24) yielding an Nth order approximation to the trans
formed fluxes. Finally, the flux distributions in (x,y) 
space, 

N 

c/>r(x,y) = ~ 4(2k + !)(2/ +t) 
k,/=0 

X -.- -- Ck,f t+--- Ck,8 ! [(
Irr Ire) k Iae ] 
~fr ~fe P PJJre 

00 00 

X J J (xy)!]-t(Bxx)]-t(Byy)]2k+t(Bxa)]2t+t(Byb) 
0 0 

and 
N 

c/>s(x,y) = ~ 4(2k + i)(21 + i) 
k,/=0 

0000 

{ [ 
Iar Iae k Iae ] 

X Ck,8 l 7,;;-- - ;.;;;- + - o.il r:§r(Bx,By) 
.:Z'sr .;;o8c P .;;ore 

+ Ck r
1 
[p Ire _ Isr + .Err (.Err _ .Ere ) 

' g;se PJJsr PJJsr g; fr PJJre 

X r:§r(Bx,By) ]}dBxdBy, 

result from applying the inverse transformation (11) to 
both sides of Eqs. (23) and (24). 

Summary 

The integral equation technique described above 
has been previously applied to the investigation of a 
one-dimensional three region three-group problem [2]. 
In the present paper we have pointed out how the 
method can be formally extended to the two-dimen
sional reactor configuration. Further extensions to 
completely reflected cylindrical reactors in which the 
fluxes are independent of the azimuthal angle, and to 
three-dimensional rectangular parallelepipeds, are 
obvious. Extension to the investigation of time
dependent problems by Laplace transformation is also 
possible. 
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ABSTRACT -RESUME-AHHOTAU111JI-RESUMEN 

A/410 Finlande 

Une methode de resolution des equations 
de diffusion a deux groupes de neutrons 
dans une geometrie XY 

parT. Toivanen 

On expose une nouvelle technique semi-analytique 
pour trouver les valeurs propres et les flux a deux 
groupes dans un creur de reacteur rectangulaire 
entoure par un reflecteur homo gene infini. La methode 
de resolution est une extension de Ia technique 
anterieurement developpee pour les problemes a une 
dimension. Par !'introduction des fonctions de Green 
pour la region infinie du reflecteur, les equations de 
diffusion a groupes ainsi que les conditions de limite 
correspondantes sont converties en un systeme 
d'equations integrales a deux dimensions. Pour re
soudre ces equations, on utilise la transformation 
double de Hankel. Dans les equations de deuxieme 
ordre de Fredholm, transformees selon Hankel, les 
operateurs d'integration peuvent etre representes 
approximativement par des operateurs degeneres, et le 
probleme se reduit a Ia solution de systemes infinis 
d'equations algebriques lineaires. Par la resolution du 

systeme fini tronque correspondant, une solution 
approximative est construite dans l'espace de trans
formation. Pour ce qui est de la solution correspon
dante dans l'espace des coordonnees, elle est obtenue 
par !'application de Ia transformation inverse de 
Hankel. La methode ne se limite pas aux problemes a 
deux dimensions. Les problemes contenant des con
figurations de reacteur plus complexes, par exemple un 
bloc rectangulaire totalement reflechi ou bien un creur 
cylindrique fini avec des reflecteurs aussi bien radiaux 
qu'axiaux, peuvent egalement etre traites par cette 
methode. 

A/410 ClhtHMIH,D.M.R 

noAXOA K peweHHJO AByxrpynnOBbiX 
ypaaHeHH~ He~rpOHHO~ AHcflcflyaHH a 
xy-reoMeTpHH 
T. ToHBaHeH 

OnHChlBaeTCH HOBhlii noJiyaHaJIHTH'leCKHii Me

Top; p;JIH Haxomp;eHHH co6cTBeHHhlX 3Ha'leHHii n: 
p;ByXrpyiillOBbiX llOTOKOB B p;ByMepHOH IIpHMO-
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yroJILHOH 30He peaKTOpa, OKpymeHHOH 6eCKOHe'i
HLIM fOMoreHHLIM OTpa.maTeJieM. 8TOT MeTO)J; pe
meHHJI npe.n;cTaBJIJieT co6oii: pacnmpeane MeTo.n;a, 
npe.n;BapHTeJibHO paapa6oTaaaoro ,D;JIJI o.n;aoMep
HLIX aa}.!a'I. flyTeM llpHMeHeHHJI iflyHKD;HH fpHHa 
,D;JIH. aoHLI 6ecKoHe'Iaoro oTpamaTeJIH. rpynrroBLie 
ypaBHeHHJI ,D;HifJ<!JyaHH H COOTBeTCTBYIOID;He rpa
HH'IHLie YCJIOBHH. IIpeBpa:r:o;aiOTCH. B CHCTeMy ,D;BY
MepHLIX HHTerpaJibHLIX ypaBHeHHH. llpH peme
HHH 3THX ypa,BHeHHH llpHMeHJieTCH. ,lJ;BOHHOe npe
o6paaoBaHHe XaaKeJIH. llocJie rrpeo6paaosaana 
XaaKeJIH. HHTerpaJibHLie orrepaTopLI B ypaBHeHH
JIX «Ppe.n;roJibMa BToporo po.n;a MoryT 6LITb npn6JIH
meaao aaMeaeaLI aa BLipom.n;eaaLie, 6Jiaro.n;apn 
lJeMy IIpOoJieMa CBO)J;HTCJI K perneHHIO 6eCKO
HelJHhiX CHCTeM JIHHeHHhlX aJire6paH'ieCKHX ypaB
HeHHH. flyTeM peiiieHHH COOTBeTCTBYIOID;HM o6pa-
30M o6pe3aHHOH KOHe'IHOH CHCTeMLI CTpOHTCH 
npn6Jinmeaaoe perneane B npeo6paaoBaHHOM npo
CTpaHcTBe. CooTBeTCTByro:r:o;ee pemeane B npo
CTpaHCTBe o6LI'IHLIX Koopp;aaaT aaxop;JIT aaTeM 
nyTeM o6paTaoro npeo6paaoBaHHH. XaaKemi. Ilpn
Meaeane aToro MeTop;a He orpaHH'Ieao p;ByMepHbi
MH aap;a'IaMH. llpo6JieMM, cBnaaaaMe c 6oJiee 
CJio»<HhlMH Koa<!Jarypa:o;na.MH peaKTopa, aanpH
Mep npo6JieMa TpexMepaoro peaKTopa c npH:&IO
yrom.aoii aKTHBHOH 30HOH H OTpamaTeJieM nmi 
KOHe'IHOH D;HJIHH)J;pH'IeCKOH aKTHBHOH 30HOH C pa
j\HaJibHLIMH H C aKCHaJibHhlMH TOpD;OBhlMH OTpa
maTeJIH.MH, TaKme rro.n;p;aiOT~H o6pa6oTKe aTHM 
MeTO)J;OM. 

A/410 Finlandia 

Un metodo de resoluci6n de las ecuaciones 
de difusi6n para dos grupos de neutrones 
en geometria XY 

por T. T oivanen 

Se describe una tecnica nueva, semianalitica, para 
determinar los valores propios y los flujos, en teoria de 
dos grupos, de un reactor bidimensional formado por 
un nucleo rectangular rodeado de un reflector homo
geneo e infinito. El metodo de resoluci6n es una 
generalizacion de la tecnica desarrollada anterior
mente para problemas unidimensionales. Introdu
ciendo las funciones de Green correspondientes a la 
region infinita de reflector, se convierten las ecuaciones 
de difusi6n para dos grupos, juntamente con las con
diciones de contorno, en un sistema de ecuaciones 
integrales. Para resolver estas ecuaciones se aplica la 
transformaci6n doble de Hankel. En las ecuaciones de 
Fredholm de segunda especie resultantes de aplicar Ia 
transformacion Hankel, se pueden aproximar los 
nucleos integrates por nucleos degenerados, y el proble
ma se reduce a Ia resolucion de un sistema de infinitas 
ecuaciones algebraicas lineales. Resolviendo el corres
pondiente problema finito truncado, se obtiene una 
soluci6n aproximada en espacio transformado. La 
soluci6n correspondiente en el espacio de las co
ordenadas se halla aplicando Ia transformaci6n 
inversa de Hankel. El metodo no esta limitado a pro
blemas bidimensionales. Se pueden tratar, tambien, con 
este metodo problemas que implican configuraciones 
mas complejas de reactores, p.e. un nucleo tridimen
sional paralelepipedico completamente reflejado o 
unnucleo cilindrico, finito, con reflectores axil y radial. 
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Eigenfunction expansion method in neutron transport 
theory 

By R. Zelazny* 

The present paper considers a most general case of 
the Boltzmann equation with an anisotropic energy 
dependent kernel and an energy dependent total cross 
section (mean free path) for neutron transport prob
lems in plane geometry. This form of the Boltzmann 
equation covers all physically possible situations. 
Following the approach of the author applied for 
heavy gas moderators and the approach of R. Bednarz 
and J. Mika the basic concepts of the eigenfunction 
expansion method are presented. The sectionally holo
morphic integral operator is introduced, which per
mits reduction of the singular integral equation, 
appearing in the proof of the completeness theorem, 
to the Riemann-Hilbert problem. The solubility con
ditions determine the discrete part of the eigenfunction 
expansion. 

Having proved the completeness theorem the albedo 
and critical problem for a slab is formulated and 
reduced to a singular integral equation completely 
identical with the integral equation of the complete
ness theorem. Thus a procedure similar to that of the 
reduction to the Riemann-Hilbert problem can be 
applied. The solubility conditions determine the dis
crete part of the expansion (asymptotic solution). In 
the case of the critical problem these conditions take 
the form of the system of homogeneous algebraic 
equations with respect to constants of the discrete part 
of the expansion. A necessary and suffiCient condition 
for the existence of nontrivial solutions is the vanishing 
of the characteristic determinant, which in this case 
is an exact critical condition for the critical thickness 
of the slab. 

In this way was founded a general scheme for treat
ing the general case of space-energy dependent neutron 
transport problems in plane geometry. 

Introduction 

The eigenfunction exp~nsion method originated in 
plasma oscillations, N. G. Van Kampen [1] noticed 
that continuous eigenfunctions (modes) of the Boltz
mann equation need not necessarily be functions in the 
usual sense. The integration applied to a continuous 
eigenvalue (over the whole continuous spectrum) per
mits the continuous eigenfunctions to be distributions. 
This concept was transferred into the one-velocity, 

• Institute of Nuclear Research, Swierk, Poland. 

isotropic neutron transport problems by K. M. Case 
[2]. Similar concepts were introduced independently 
by P. Lafore and J. P. Millot [3], but without the 
mathematical exactness and completeness theorem of 
Case. Thus he should be considered as the founder of 
this method in neutron transport. His ideas were the 
starting point for the author in considerations of the 
critical problem for a slab [4]-first nonclassical prob
lem, reduced to the Fredholm type integral equation 
with an exact critical condition. Paper [4] showed the 
great possibilities of the method. Simple, hand-made 
calculations based on Neumann's iteration procedure 
permit the calculation of the critical thickness of the 
slab with very high accuracy [5]. Analogously many 
basic plane problems such as the albedo problem for 
a slab, critical multilayer problems and the asymptotic 
reactor theory can be formulated and solved [6, 7,8]. 
With the next step it appeared that not only the one
velocity Boltzmann equation with isotropic scattering 
of neutrons can be dealt along this method. First, the 
limitation of the isotropic scattering was removed 
from the theory [9, 10], and the method was then 
applied to the multigroup neutron problems with iso
tropic scattering [11, 12]. Afterwards, the method was 
extended to thermalization problems in heavy gas [13, 
14] and then applied to the general case of anisotropic, 
energy dependent Boltzmann equation by R. Bednarz 
and J. Mika [15]. These were the main steps towards 
the full application of the eigenfunction method in 
plane problems of neutron transport theory. The only 
limitation was that the integral equations occurring in 
space-energy dependent problems were solved origin
ally only in the full range of continuous eigenvalue 
spectrum by appropriate reduction to the Riemann
Hilbert problem. This was strictly connected with a 
knowledge, in an explicit form, of the sectionally 
holomorphic operator, with a cut over the whole 
interval ( -1,1), being the continuous spectrum of the 
eigenvalue of the Boltzmann equation. The above 
operator permitted this reduction in an explicit form. 
Except for the completeness theorem, all other prob
lems such as Milne's problem and the slab problems 
required (according to contemporary views) that this 
reduction be carried out over the partial range of this 
spectrum. The difficulty did not seem to be overcome 
by the usual methods of approach. Recently, K. Fuchs 
and S. Collatz [16] have shown for the isotropic, 
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energy dependent kernel a new way of dealing with 
the critical problem for a slab. This method has been 
extended to the general case of anisotropic, and the 
energy dependent kernel and has been presented in 
this paper in application to albedo and the critical 
problem for a slab. It seems that this is the most 
satisfactory method for applying the eigenfunction 
method for the solution of all basi<;: problems in the 
plane neutron transport theory with an arbitrary 
scattering law of neutrons. Of course, there is still 
much interesting work to be done but the .principal 
ideas of the method have been firmly founded. 

Even before this programme was completed many 
authors (see for example [17]) had considered this 
method as very perspicacious and attractive from the 
practical and gnoseological point of view. 

This paper presents the solution to the Boltzmann 
equation with an anisotropic, energy dependent kernel 
and energy dependent total cross-section. This case 
contains in principle all possible physical situations 
(only slight modifications are to be introduced for 
slowing down problems, which do not change the 
presented, basic mathematical scheme). The next two 
sections are devoted to the definition of eigenvalues 
and eigenfunctions of the Boltzmann equation and to 
the proof of the completeness theorem. They are based 
on the paper [15] with minor modifications by the 
author. The last section is concerned with the solution 
of the albedo and the critical problem for a slab. 

Eigenvalues and eigenfunctions in the case of an energy 
and angle dependent kernel 

The most general form of the stationary Boltzmann 
equation in plane geometry is as follows: 

l(E)p.(3ifl(ox) +~(x,p.,E) 

= JE
1
dE'f

1 
dp.K(p.,E;p.',E'it(x,p.,E') (1) 

Eo -1 

where ~(x,p.,E) is the collision density of neutrons, 
l(E) is the total mean free path of neutrons and p. is 
the cosine of the angle between the neutron velocity 
and the x axis. The kernel K(p.,E,·p.',E') gives the 
number of secondary neutrons, characterized by the 
cosine p. of their velocity and their energy E, induced 
by one collision of the neutron of the energy E' and 
the cosine p.'. The specification of this kernel, of the 
limits of energy integration and of the mean free path 
dependence on energy, allows for a complete formula
tion of the problem. In principle, all interesting, 
stationary cases of neutron transport problems in 
plane geometry are described by this equation. 

Following [15], let us introduce new variables 

v =p.l(E), v' =p.'l(E'), (2) 

which enable us to rewrite Eq. (1) in the form: 

v("Ot/Jfox) +1/J<x,v,E) 

= JE' dE'fl<E> dv'K(v,E;v',E')I/J<x,v',E) (3) 
Eo -l (E) 

The function 1/l{x,v,E) and the kernel K(v,E;v',E') are 
connected with the former cp(x,p.,E) and K(v,E;v',E') 
in a trivial way. 
We shall use also the following notation: 

Et:M(v) if I( E)~ I vI for vt:( -1,1) (4) 

For v¢( -1,1) the set M(v) is empty. 
This convention gives us the alternative form of Eq. 
(3): 

v(OifJJox) +ifJ(x,v,E) 

= J1 
dv'f dE'K(v,E;v',E')I/l{x,v',E'). (5) 

-1 M(v') 

where &M(v). 
To solve this equation we use the Ansatz of K. M. 

Case [2] 

1/l{x, v,E) = exp(- xjt)<fo(t, v,E) (6) 

where tis an arbitrary complex number (eigenvalue) 
and tf>(t, v,E) is a corresponding eigenfunction which 
are to be determined in due course. The Ansatz (6) 
introduced to Eq. (5) gives the following equation for 
4> and t: 

(t- v)t/>(t, v,E) 

= tJ
1 

dv'f dE'K(v',E;v'E')t/>(t,v'E') (7) 
-1 M(u') 

Denoting 

J1 
dv'f dE'K(v,E;v',E')t/>(t,v',E') = H(t,v,E) (8) 

-1 M(u') 

we may write Eq. (7) in a simpler form and solve it 
explicitly: 

tf>(t,v,E) = tH(t,v,E)/(t -v) +A.(v,E)3(v- t) (9) 

where .\(ii,E) is, an arbitrary function. This function 
can be connected with H(t,v,E) if we use the relation 
(8). Substitution of Eq. (8) gives: 

H(t,v,E)+[tf
1 

dv'/(v-t)]J dE'K(v,E;v',E')H 
-1 M(v') 

(t,v',E')=f dE'K(v,E,t,E')A.(t,E') (10) 
M(t) 

It is convenient to introduce here an integral operator 
Dv,E(z) defined as follows: 

Dv,E(z)f(z,v,E) =-t/>(z,v,E) + z J~1 dv'/(v' -z) 

J 
dE'K(v,E;v',E')t/>(z,v',E') (11) 

M(v') 

Assuming that the kernel K(v,E;v',E') has the pro
perty that integrated with respect to E' with any 
function f(z,v',E') which is sectionally holomorphic 
with respect to z with a cut ( -1,1) and of the H* 
class with respect to v', it gives a function which is 
again sectionally holomorphic with respect to z, we 
may say that the operator Dv,E(z) is a sectionally 
holomorphic operator with a cut (- 1, I) in the z plane. 
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Using the Plemelj formulae [18] we can calculate the 
boundary values of Qu,E(z) on both sides acting on a 
cut on arbitrary function f(z,v,E) (possibly with the 
same cut): 

Q±v,E(s)f±(s, v,E) 

= PQv,E(s)f±(s, v,E) ± i7TSWv,E(S, v)f±(s, v,E) (12) 

where P denotes the Cauchy principal value integra
tion and + and - denote the upper and lower 
boundary limits on the cut ( -1,1), respectively. The 
newly introduced operator wv,E(s, v) is defined below 

Wv,E(S, v)j±(s, v,E) 

= J dE'K(v,E;s,E')f±(s,s,E') (13) 
M(s) 

Eq. (10) can now be rewritten in the form: 

PQv,E(t)H(t, v,E) = Wv,E(l, v)A(t,E') (14) 

For any tE( -1,1) Eq. (14) relates A(t,E') with the 
function H(t, v,E). One must remember only that in 
this case the integration entering in the definition of 
PQv,E(t) is understood in the Cauchy principal value 
sense. In this way we have a continuous part of the 
eigenvalue spectrum. The corresponding eigenfunc
tions are given by Eq. (9) with function A fulfilling the 
relation (14). Function H(t,v,E) remains arbitrary. 
For tE( -1,1) the right hand side of Eq. (14) vanishes 
(M(t) is then empty) and we thus obtain an equation 
for the discrete part of the eigenvalue spectrum and 
corresponding functions: 

Qv,E(Lt)H(Lt,v,E)=O (i=1, ... N) (15) 

Assuming (for the sake of simplicity) that Li are the 
simple roots of the Eq. (15) the multiple roots must 
be treated in a way described in [19], the correspond
ing eigenfunctions will be 

c/>(L,v,E) = LiH(Lt,v,E)/(Lt -v) (16) 

It may also happen that Eq. (15) is satisfied by some 
values L~c(k= N + 1, ... M) lying on the cut ( -1.1 ). 
This means that strictly speaking the following equa
tions are satisfied: 

Q±v,E(Lk)H±(Lk,v,E)=O (k=N+l, ... M) (17) 

Let it be noted from the definition that the operator 
Qv,E(z) has the following properties: 

[Dv,E(z)]* =Qv,E(z*), Q+v,E(S) = [Q-v,E(S)]* (18) 

where * denotes the complex cojugation. Thus are 
derived: · 

(a) L1c are common roots of the pair of Eq. (17) 
(b) H+(L~c, v,E)= [H-(L~c, v,E)]* 
It should be proved that these discrete eigenfunc

tions are bounded. No completely satisfactory proof 
has been given up to now. In this way we have found 
the full set of eigenfunctions and corresponding eigen
functions. These functions are orthogonal to the simi
lar set of eigenfunctions of the adjoint Eq. (15). It is 
important to prove the completeness theorem for this 
set of eigenfunctions. 

Completeness theorem 

To claim that any solution of Boltzmann Eq. (1) can 
be presented as a superposition of expressions (6) it 
must be proved that the set of eigenfunctions is com
plete. In other words one must show that any function 
if;(v,E) can, in a unique way, be expanded in terms of 
these eigenfunctions: 

if;(v,E) = J~1 sdsH(s,v,E)/(s -v) + 1\(v,E) 

M 

+ ~ AtLtH(Li,v,E)/(Lt- v) (19) 
i=l 

It means that functions H(s, v,E), A( v,E) and constants 
A1 should be uniquely determined by 1/J(v,E). Multi
plying Eq. (19) by K(p,E;v,E') and integrating over 
M(v), we can apply relation (14) and get 

if;(v,p,E)=J dE'K(p,E;v,E')f
1 

sdsH(s,v,E')/ 
M(v) -1 

(s-v) +H(v,p,E)+ v J~l dv'/(v' -v) 

f dE'K(p,E;v',E')H(v,v',E') (20) 
M(v') 

where 

1/J(v,p,E)=J dE'K(p,E;v,E')[if;(v,E') 
M(v) 

1=1 

As usual let us define a sectionally holomorphic 
function 

N(z, v,E) ~ 1/21Ti J~1 sdsH(s, v,E)/(s- z) (22) 

Using this function and the definition of the Qv,E(z) 
operator and the Plemelj formulae, Eq. (20) can be 
rewritten in the form of the Riemann-Hilbert problem 

wQ+p,E(v)N+(v,p,E) -F+(v,p,E) 

= Q-p,E( v)N -( v,p,E)- F-( v,p,E) (23) 

where 

F(z,p,E) == 1j21Ti f~1vdvif;(v,p,E)/(v- z) (24) 

Using the properties of all entering functions for 
z--+oo and the Liouville theorem we can conclude that 

Qv,E(z)N(z,v,E) =F(z,v,E) (25) 

This is an integral equation for a sectionally holo
morphic function N(z, v,E). The condition of the solu
bility of this equation can be formulated in two differ
ent but equivalent ways. There are some points in z 
plane where the homogeneous part of Eq. (25) vanish
es. They are the discrete eigenvalues defined by (15) 
and (17). In these points the right hand side ofEq. (25) 
must vanish 

F(Lk,v,E)=O (k=l, ... M) (26) 
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These are conditions which allow us to determine the 
discrete part of the expansion (19). It can be proved 
that this point of view complies with the requirements 
of the orthogonality of F(z,v,E) with the solutions to 
the homogeneous, adjoint integral equations. The 
same result can be obtained using the orthogonal set 
of eigenfunctions of the adjoint operator .Qv,E(z), 
mentioned towards the end of the last section. Thus 
the whole problem is now reduced to the solution of 
Eq. (25). Having determined N(z,v,E) we can easily 
find function H(s, v,E) by using the Plemelj formulae 
and the function A(v,E) from Eq. (19). The complete
ness theorem is in principle proved. 

The critical and albedo problem for a slab 

One of the most important applications of the pre
sented general scheme of eigenfunction expansion 
method is the critical and albedo problem for a slab. 
Up to now it has been considered that such problems 
are connected with singular integral equations over a 
partial range with respect to s. This fact has consider
ably restricted the practical solutions of the space
energetical problems. Using the ideas of K. Fuchs and 
S. Collatz [16], which they formulated for the isotropic 
energy dependent kernel, one can prove also that in 
the general case the critical and albedo problem can 
be dealt with in such a way as to avoid singular integral 
equations over the partial range. 

Let us consider the slab of the thickness 2xo, 
irradiated by two independent beams of neutrons, 
characterized by distributions f + ( v,E) and f- ( v,E) 
on the right and left surface, respectively. 

The general solution of the Boltzmann equation can 
be written on the basis of previous considerations in 
the form: 

M 

if;(x,v,E) = ~ AtLtH(Lt,v,E)f(Lt -v)[exp( -x/Lt)] 
i~l 

+ J~/dsH(s,v,E)[exp( -xfs)]j(s-v) 

+ A(v,E)exp( -xfv) (27) 

The coefficients of this expansion should be deter
mined from the boundary conditions: 

lf;(xo,v,E) =f+(v,E), v< 0 

if;( -Xo,v,E)=f-(v,E), v> 0 (28) 

and the relation (10) between the function A(v,E) and 
H(s, v,E). In contrast to the procedure characteristic 
for the presented proof of the completeness theorem 
let us determine the function A( v,E) from the boundary 
condition (28). 

v < 0, A(v,E) = exp(xo/v)f+(v,E) 
M 

- ~ AtLtH(Lt,v,E)exp[ -xo(I/Lt-1/v)J/(Lt-v) 
i~l 

- I~/dsH(s,v,E)exp[ -xo(l/s-1/v)]/(s-v) 

v> 0, A(v,E)=exp(xo/v)f(v,E) 
M 

- ~ AtLtH(Lt,v,E)exp[+xo(l/Lt-1/v)]/-(Lt-v) 
i~l 

-sdsH(s,v,E)exp[ +xo(1/s -1/v)]/(s -v) 

Combining these two formulae we can write: 

A(v,E)=exp( -xo/lvi)f-sgnv(v,E) 

- J~1 sdsH(s, v,E)exp[xosgnv(1/Lt -1/v)]/(s -v) 

M 

- ~ AtLtH(Lt,v,E)exp[xosgnv(l/Lt -1/v)]/ 
i~l 

(Lt-v) (29) 

and introduce it into the relation (10): 

H(t,v,E) 

+ tJ1 
dv'j(v' -t)J dE'K(v,E;v',E')H(t,v,E) 

-1 M(v') 

=I dE'K(v,E;t,E')[J-sgnv(t,E')exp( -xo/lvl) 
M(t) 

-J~1 sdsH(s,t,E')exp[xosgnt(lfs -1/t)]/(s- t) 

M 

- ~ AtLtH(Lt,t,E)exp[xosgnt(l/Lt -1/t)]/(Lt- t) (30) 

Eq. (30) can be rewritten in the form: 

H(t,v,E) 

+ ti1 
(dv'/v'- t)J dE'K(v,E;v',E')H(t,v',E') 

-1 M(u') 

+I dE'K(v,E;t,E')f
1 

v'dv'H(v',t,E') 
M(t) -1 

exp[xosgnt(1/v' -1/t)]/(v'- t) = F(t,v,E) (31) 

where 

F(t, v,E) = J dE' K( v,E;t,E') U-sgnt(t,E')exp 
M(t) 

M 

( -xo/ It I)- ~ AtLtH(Lt,t,E)exp[xosgnt(l/Lt 
i~l 

-1/t)/(Lt- t)]} (32) 

Introducing a new unknown function h(t, v,E) by 
the relation 

h(t,v,E) =exp( -xo/1 tl )H(t,v,E) 

Eq. (31) takes ultimately the form: 

h(t,v,E) 

(33) 

+ tJ1 
dv'/(v'- t)J dE'K(v,E;v',E')h(t,v',E') 

-1 M(v') 

+J dE'K(v,E;t,E')f
1 

v'dv'h(v',t,E')/(v' -t) 
M(t) -1 

= F(t, v,E)exp(- xo/ I t I) (34) 

Let us observe that Eq. (34) is completely identical in 
form with Eq. (20). This means that the same pro
cedure of reduction can be applied to the Riemann
Hilbert problem. This gives the integral equation 
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fJ.,E(z)n(z,v,E) = f(z,v,E) (35) 

where 

n(z, v,E) == lj27Tif
1 

sdsh(s, v,E)j(s- z) (36) 
-1 

f(z,v,E) = lf27Ti J~1 sdsF(s,v,E)exp 

( -xoflsi)J(s-z) (37) 

As previously the solubility conditions have the form: 

lj27Ti J~1 sdsF(s, v,E)exp(- Xo/ Is I )j(s-Lt) = 0 

(i= 1, ... M) (38) 

In the case of the albedo problem they permit the 
determination of all constants At in terms of f+ and 
f-. In the case of a critical problem for a slab/+=/- -O 
and we get from (38) a system of homogeneous 
algebraic equations for 'Ai. The necessary and suffi
cient condition for the existence of nontrivial solutions 
is the vanishing of the characteristic determinant. It is 
the exact critical condition for the determination of 
the critical thickness xo. 

In conclusion we may claim that space-energy de
pendent problems can be dealt with by means of the 
eigenfunction expansion method. There are now open 
ways for specification of the energy transfer kernels, 
examination of the discrete eigenvalues and eigen
functions and numerical calculations of all plane 
problems with a practical interest. 
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ABSTRACT -RESUME-AHHOTAt_tVlJI-RESUMEN 

A/498 Pologne 

Developpement en fonctlons propres 
dans Ia theorie du transport des neutrons 

par R. Zelazny 

Le memoire traite de Ia recherche d'une solution 
generale de !'equation cinetique de Boltzmann, au 
moyen du developpement en fonctions propres, qui 
ouvre de nouvelles perspectives tres vastes dans Ia 
theorie du transport des neutrons. 

La methode est fondee sur !'equation de Boltzmann 
a une seule vitesse, avec diffusion isotrope des nea
trons dans une geometrie arbitraire. 

L'auteur introduit Ie concept fondamental de Ia 
fonction propre et de Ia valeur propre de cette equa
tion, et en etudie les proprietes. Puis, il etablit une 
solution generale de !'equation de Boltzmann et 
formule Ie probleme aux limites. II donne des exemples 
de problemes dont Ies proprietes de symetrie sont 

differentes et commente les etudes faites sur ce sujet 
par differentes aui:res methodes. Les problemes a 
symetrie spherique sont specialement evoques. 

L'auteur etend ensuite cette methode pour tenir 
compte de Ia diffusion anisotrope des neutrons, des 
noyaux qui sont fonction de l'energie et des problemes 
qui sont fonction du temps dans une geometrie plane. 
II examine les valeurs propres et les fonctions propres 
correspondantes et demontre sommairement que ces 
fonctions propres constituent un systeme complet. II 
etudie Ia possibilite d'appliquer cette methode a divers 
problemes de criticite et de spectre dans la theorie des 
reacteurs. 

L'auteur s'attache plus particulierement au pro
bleme de Ia reduction des equations integrates singu
lieres a celles de Fredholm, ainsi qu'aux conditions 
supplementaires auxquelles leurs solutions doivent 
satisfaire. Ces conditions, qui sont etroitement liees 
aux indices des equations integrates singulieres, jouent 
Ie role le plus important dans Ia physique de la theorie. 
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A/498 nonbwa 

MeTOA co6cTseHHbiX tf:JYHKLV1~ a Teo
PHH nepeHoca He~TpOHOB 
p. }f{enRSHbl 

3TOT. AOKJiaA IIOCBJIII~eH npo6JieMe o6~ero pe
IUeHHH KHHeTH'IecKoro ypaBHeHHH BoJIL~MaHa 
IIpH IIOMO~H MeTOAa co6CTBeHHLIX l}lyHK~HH, KO
TOpLIH OTKpLIBaeT HOBLie H IUHpOKHe nepcneKTH
BLI B TeopHH nepeHOCa HeHTpOHOB. 

MeTOA l}lopMyJIHpyeTCH aa ocHoBe OAHOCKopo
cTHoro ypaBHeHHH BoJIL~Maaa c HaoTporrHLIM 
pacceHHHeM aeiiTpoaoB, ao AJIH npoHaBoJILHoii re
oMeTpHH. 

BBeAeHo 41YHAaMeHTaJILHoe noHHTHe co6cT
BeHHoii l}lyaK~HH H co6cTBeHaoro 'IHCJia aToro 
ypaBHeHHH H o6cymAeHLI HX CBOHCTBa. CKOH
cTpyHpoBaao aaTeM o6~ee pemeHHe ypaBHeHHJI 
BoJILn;MaHa H cl}lopMyJIHpoBaaa J;Ipo6JieMa rpa
HHqHLIX 3HaqeHHH. 

PaccMoTpeHLI HeKOTopLie aaAaqH c paaJIHqaLI
MH CBOHCTBaMH CHMMeTpHH. RpHTHqecKH pac
cMoTpeHLI H KoMMeHTHpoBaHLI APYrHe pa6oTLI B 
aTOM HanpaBJieHHH, OCHOBaHHLie Ha paaJIHqHLIX 
IIOAXOAaX. B OCo6eHHOCTH 3TO OTHOCHTCJI K npo-
6JieMaM cl}lepHqecKOH CHMMeTpHH. 

~JIH IIJIOCKOH reoMeTpHH 3TOT IIOAXOA pacmH
pHeTCH B AaJILHeiimeM Ha aaAa'IH c aHHBOTpon
HLIM pacceHHHeM HeiiTpOHOB, Ha HApa, aaBHCH
~He OT aHeprHH, H aaAa'IH, aaBHC~He OT Bpe
MeHH. 06cymAeHLI co6cTBeHHLie aaaqeaHH H co
oTBeTCTBYIO~He co6CTBeHHLie l}lyHK~HH AJIH aTHX 
cJiyqaeB H aaMeqeaLI AOKaaaTeJILCTBa TeopeM o 
IIOJIHOTe. Cl}lopMyJIHpouaaLI H on;eaeHLI uoaMom
HLie IIpHMaHeHHH 3TOrO MeTOAa K pac'leTy KpHTH
'19CKHX H CIIeKTpaJILHLIX xapaKTepHCTHK peaKTO
pOB. 

Oco6oe BHHMaHHe YAeJieHo BonpocaM peryJIH
pHaa~HH CHHrYJIHpHLix HHTerpaJILHLIX YPaBHeHHH 
AO ypaBHaHHH THIIa fl>peArOJILMa H ,l(06aBO'IHLIM 
YCJIOBHHM, KOTOpLie AOJI>RHLI 6LITL BLIIIOJIHeHLI 
HpH HX pemeHHH. 3TH YCJIOBIIH TeCHO CBH38HLI C 
CHHryJIHpHOCTLIO HHTerpaJILHLIX ypaBH9HHH H 
xrpaiOT Ba.maeiimyiO poJIL B TeopHH. 

A/498 Polonia 

El metodo de desarrollo en funciones propias 
en Ia teorla del transporte de neutrones 

por R. Zelazny 

El objeto de Ia presente memoria es Ia soluci6n 
general de Ia ecuaci6n del transporte de Boltzmann 
obtenida siguiendo el metodo de desarrollo en serie 
de funciones propias, metodo que abre nuevas y 
amplias perspectivas en Ia teoria del transp0rte de 
neutrones. 

Se describe este metodo para el caso de Ia ecuaci6n 
de Boltzmann correspondiente a neutrones mono
energeticos y dispersion isotropa, en cualquier geo
metria. 

Se introduce el concepto fundamental de funci6n 
propia y valor propio de dicha ecuaci6n y se discuten 
sus propiedades. Se construye luego Ia soluci6n general 
de Ia ecuaci6n de Boltzmann y se formula el problema 
de contomo. Se presentan algunos problemas con 
diferentes propiedades de simetria. 

Este procedimiento se generaliza deilpues a pro
blemas en los qpe Ia dispersion neutr6nica es anis6-
tropa, a aquellos en los que los nucleos integrates 
dependen de Ia energia y a problemas en que aparece 
Ia variable tiempo, en el caso de simetria plana. 

Se estudian los valores propios y las correspon
dientes funciones propias para estos casos y se esbozan 
las demostraciones de los teoremas relativos al 
canicter completo. Se examinan y formulan posibles 
aplicaciones de este metoda a las cuestiones de 
criticidad y de espectro neutr6nico en la teoria de 
reactores. Particular atenci6n se dedica a las cuestiones 
de regularizaci6n de las ecuaciones integrates singu
lares hasta reducirlas a ecuaciones de Fredholm, y a 
la.s condiciones suplementarias que deben cumplir sus 
soluciones. Estas condiciones estan intimamente 
ligadas con los indices de las ecuaciones integrates 
singulares y representan un papel muy importante en 
Ia teoria. 
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Some iterative methods for the construction of solutions 
of neutron transport equations 

By I. Marek* 

In this paper, the iterative methods of the type 
"source iterations" are given for the approximate con
struction of solutions of neutron transport equations, 
namely for the solution of eigenvalue problems. The 
purpose of our considerations is not to solve a particu
lar problem with the given operators-for example, to 
determine the critical parameters of a nuclear reactor 
-but to consider the neutron transport equations in 
the general form. We assume that the operators, which 
occur in the mentioned equations, have only some 
general properties. These properties are characteristic 
of a comparatively extensive class of neutron transport 
problems. As showed by G. Birkhoff, such a general 
property in a determined sense is the positivity of some 
operators, which characterize the given problem. 
Therefore we write the neutron transport equations in 
the symbolical form in which the individual models of 
the description of the neutron transport are not dis
tinguished. We pay particular attention to continuous 
models and we mention the problem of reducing cor
responding equations into a system of algebraic linear 
equations. 

On the basis of the general properties of neutron 
transport equations: 

(a) we give the conditions for the convergence of 
iterative methods for the construction of solutions of 
these equations; 

(b) we give a method for the transfer of eigenvalue 
problems to a system of inhomogeneous problems; 

(c) for the construction of solutions of inhomogen
eous equations, we give also an iterative method which 
converges more rapidly than the usual method of 
successive approximations. This method is particu
larly suitable for cases where it is necessary to solve 
both those problems with the external sources and the 
corresponding eigenvalue problems. 

NOTATION AND FORMULATION 
OF THE PROBLEMS 

The time-independent neutron transport equations 
can be symbolically written in the following form 

Lx=Bx+>.Cx+s 

Lx=Bx+>.. Cx 

* Mathematical Institute of Charles University, Prague. 

(1) 

(2) 

where the operator L describes the diffusion and 
absorption, B the scattering, C the fission. The vector x 
denotes either the neutron flux or the density of neu
trons, s the external sources. The form of the operators 
L,B,C depends on the one hand on the model of the 
neutron transport and on the other hand on the 
domain ~ in which the above-mentioned nuclear pro
cesses are observed. The domain ~ is assumed to be 
bounded. This assumption is not essential [6] [12]. 
Further properties of the domain ~. namely the 
smoothness of its boundary, will not be explicitly des
cribed. We refer the reader to papers in which the 
problem of the existence of the Eq. (1) and (2) is con
sidered [8, 13] [15 Birkhoff p. 132, Habetler and 
Martino, p. 145] [24-26]. The assumptions about the 
operators L,B,C and their domains !i)(L), !i)(B), 
~(C), namely, the validity of the inclusions · 

~ (L)c.@(B)c.@(C) 

and the existence of the bounded inverse operator 
(L- B)-1 are fulfilled in the type of problem which is 
considered in our contribution. 

The convergence of the following iterative processes 
depends on one essential property-namely, the exist
ence of a characteristic value.:\ ofEq. (2), for which the 
inequality I >-I > >-o holds for every characteristic value .:\ 
of Eq. (2) different from >-o. The existence of such a 
characteristic value .:\o is a consequence of the posi
tivity (in the sense which is separately determined in 
any individual case) of the operator (L- B)-1C or of 
the operator C(L-B)-1 (see [8], the positivity of the 
components in the usual sense; [13], absolute positivity 
and compactness; [15] Birkhoff, the uniform posi
tivity). 

Besides Eqs. (1), (2) we shall consider also the 
corresponding adjoint equations 

L*x*=B*x*+AC*x*+s*, and (3) 

L*x*=B*x*+XC*x*, (4) 

where L *, B*, C* are the adjoint operators to the 
operators L,B,C. The existence of L*, B*, C* is 
evident in certain neutron transport problems and 
therefore we shall assume that they exist. With the help 
of the iterations with the adjoint operators L *, B*, C* 
we get a special iterative process, which is in a certain 
sense optimal. The physical meaning ofEqs. (3) and (4) 
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was studied by L. N. Usacev [22]. See also [10], p. 46. 
The iterative methods presented here can be used for 

the construction of solutions of neutron transport 
equations investigated in any arbitrary geometry. For 
the solution of inhomogeneous equations the best 
methods are those given by R. S. Varga in his excellent 
book [23], as is well known. Therefore, here we shall 
examine the methods of solution of eigenvalue prob
lems and the transformation of such problems into 
inhomogeneous problems. 

ITERATIVE METHODS OF THE TYPE 
"SOURCE ITERATION" 

Let X be some Banach space elements whose vector 
functions are defined on fJ.t = C§ x Q where Q denotes 
a set having a compact closure in Euclidean space. 
With the symbol K we denote the cone of the non
negative vector functions of X. Let X' be the adjoint 
space of continuous linear forms on X and let [X] be 
the· space of bounded linear transformations into 
itself. The norm in [X] is usually defined as 

IIAII=sup IIAxll. 

llxl1=1 

Let us assume that 
(a) Equation (2) has one and only one solution 

xo, llxo II= 1 which is positive in fJ.t; 
(b) the solution xo corresponds to the positive 

characteristic value Ao; 
(c) the value p.o=A0 -1 is the simple pole of the 

resolvent R(A,T) =(AI- T)-1* and the dominant 
point of the spectrum a(T) of the operator T, where T 
denotes one of the operators (L- B)-1C, or C(L- B)-I 

Note. The point p.o Ea(T) is called the dominant point 
of the spectrum a(T) of the operator T E [x ], if the 
inequality 

(5) 

holds for A E a(T), A=Fp.o. 
Evidently from the assumption (c) follows the 

validity of the inequality IAI >Ao for every character
istic value of Eq. (2). 

It has already been noted that the assumptions (a) to 
(c) are fulfilled for neutron transport problems-for 
full particulars see Refs. [8, 13] [15] Birkhotf, Habetler, 
Martino [24-26]. It follows from the assumptions (a) 
to (c) that in the norm of the space [X] the following 
relation holds, 

where 

and where To denotes the boundary of the circle 
Co={AIIA-p.oiLpo} for which Co n a(T)={/to}, 
see [11]. The proof of the convergence of the iterative 
methods presented here is based simply on this fact. 

* I denotes the identity operator. 
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Let {y,/}, {zn'} be sequences of such functionals that 
there exists a functional y' where 

Yn'(x)--+y'(x), zn'(x)--+y'(x) for every x E X (6) 

and Yn'(h) =Ayn'(x), Zn'(h) =Azn'(x) 

for x E X and A> 0. (7) 

Further let C1. C2 be constants independent of 
x E X, y E X, n, such that 

IYn'(x)- Yn'(y) I LC1IIx-Y II, 
lzn'(x) -zn'(y)l LC2IIx -yll (8) 

for x EX, y EX, n = 1, 2, ... 

Let us assume that the inequalities 

Yn'(x)~O, Zn'(x)~O 

hold for x E K, and let 

y'(B1x<0>)=FO 

(9) 

(10) 

where x<0> E K, B1x<o> =FO is some suitable element. 
We introduce an operator C1 as 

c1 = ~J ~(,\,T*) d,\ 
2m ro' 

where To' denotes the boundary of the circle Co' 
={,\I I A -p.o I Lpo' }, Co' n a(T*) ={/to}. 

Let the sequences {yn }, {zn }, Yn E X,zn E X, converge 
weakly to a vector y E x, i.e., the relations 

<Yn,x')--+<y,x'), <zn,x')--+<y,x') (11) 

hold for every x' E X'. Here the expression <u,v') 
denotes the value of the form v' E X' at the element 
UEX. 
Further, 

(12) 

where x*<O> EX' is a non-negative form, i.e., x*<O>(x) ~ 0 
ifx EK. 

The iterations of the type "source iteration" can be 
defined with the help of the formulae 

v<n> = CU(nh Lu<n+l) = Bu<n+l) + v<n>, (13) 

U(n+l) =A(n)U(n+l), U(O) = x<0>, 

,\ Yn'(U(n)) 
(n) = Zn'(u<n+l>) 

L*u<n>* =B*u<n>*+v*<n>, u*<n+l) = C*u<n>*• 
v*<n+1) =,\<n> *u*<n+1>, v*<O> =x*<O>, 

,\ * _ (yn, v*<n>) 
(n) - <zn, u*<n+l>) 

(14) 

(15) 

(16) 

for T = (L- B)-1C and hence also for T* = C*(L * -
-B*)-1; 
Similarly 

u<n+l) = CU(n), LU(n) = Bu (n) + v<n>, 
v<n+l) =A(n)u(n+l), v<0> = x<O), (17) 

Yn'(v<n>) 
A(n) = Zn'(u<n+l>) (18) 
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v*<n> = C*ucn>*, L*u*<n+n = B*u*<n+Il + v*<n>, 

(19) 

,\ * _ (yn, U(n) *) 
(n) - ( *(n+ll) Zn, U 

(20) 

for T= C(L- B)-1 and hence also for T* = (L *
-B*)-1 C*. 

Theorem 1. If the conditions (6) to (12) are fulfilled, 
then 

Acn>-'>-Ao, Acn> *-'>-Ao 

and in the norm of the space X 

U(n)-'>-Uo, v*<n>-'>-vo*; 
v<n>-'>-vo, U(n)*-'>-uo*, 

where uo = caB1x<0>, vo* = c4C1x*<0>, vo = csB1x<0>, 
uo*=c6C1x*<O> and where ca, c4, cs, C6 are positive con
stants. Thus uo, vo,uo *, vo * are eigenvectors of Eqs. (2) 
and ( 4) corresponding to the characteristic value Ao. 
Moreover we get the estimates 

I A en) -Ao I ~c1qn, I A(n) * -Ao I ~csq", 
llucn> -uoll~cgq", llv*<n> -vo*ll~clOqn, 

llv<n> -vo\\~cnqn, \\Ucn>* -uo*\\~c12q", 

where q =Aoft and where 1-' denotes the radius of the 
circle C2 with the centre at the origin in the interior of 
which there lies the set a(T) - {!-'o}. Thus q < 1 and the 
rapidity of the convergence of the sequences (13) to 
(20) is equal to the rapidity of the convergence of the 
geometric sequence {qn} to zero. 

The particular choice of the functionals Yn',zn' or 
the vectors Yn,Zn gives some well-known iterative pro
cesses and also some new iterative methods. 

As examples we give some iterative processes which 
belong to the type described above. Explicitly only the 
elements >-cn),A(n) * will be shown because the charac
terization of the given process can be made according 
to ·these elements. We assume that T=(L-B)-1C, 
because the case T = C(L- B) -1 can be investigated 
analogously. 

(A) Let X= C(8l) be the Banach space of vector 
functions which are continuous on 8l. Let x<0> EX be a 
non-negative function such that there exist points 
r01, ... , rop, for which x<0>(roJ) > 0 if i = 1, ... , p. Then 
we put 

p 

Zn'(x) = Yn'(x) = y'(x) =~ g,x<0>(roJ), 
J=l 

where ~i is equal either to 0 or 1 and moreover 
p 

~ ~,>0. 
j=l 

We get the well-known iterative method 
p 

~ ~JU(n)(ToJ) 
j=l 

A(n) = "'-.p..-:-----

~ ~iu<n+1>(ro)J 
J=l 
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Particularly, if ~1 = 0 for 1 > I, we get 

, Ucn>(rol) 
"(n) = 

u<n+ll(ro1) 

(See Ref. [10], p. 47, and [30]). 
The adjoint iterative process can be obtained by 

putting Zn = Yn = x<0>. Then 

f x<0>(t) dv*<n>(t) 
. 8l 

Ac n> * = -:f:-x-c""o>--=-(t-:-)-d-:-u--:*,..,-<n-+-=I.,..>(,...,.t) 

8l 

(B) Let X be a Banach space of vector functions 
defined on 8l. Let A E [X], AK c K, AB1x<O>:;i;O. Let us 
put 

Thus 
zn'(x) = Yn'(x) = y'(x) =\lAx 11. 

,\ _ IIAucn> II 
(n)- \\Au<n+l) \\ 

and we get the well-known Kellogg's iterative method 
(see Ref. [9] [16], p. 260 and [11]). 

(C) Let X be a Hilbert space of vector functions 
defined on 8l. The inner product in X we denote (x,y) 
where x E X,y E X. It is known that in that case the con
tinuous linear form on X can be expressed as (y,x') 
=(y,x) where x' E X',xE X; thus X'= X. 

Let us put zn' = Yn' = v*<P>, where pis a fixed index. 
We get the following iterative process 

(U(n), v*<P>) 
Acn>= (u<n+l>, v*<P>)" See [10], p. 71. 

If we put Zn' = Yn' = v*<n>, Zn = Yn= U(n), we get the 
iterative processes for which 

,\( ) _ (U(n), v*<n>) ,\ ) * _ (U(n)) v*(n)) 
n - (u<n+I>, v*<n>)' <n - (U(n), u*<n+l>) 

Evidently 

Ac )-,\< >*- (T2nx<O>, x*<O>) (2l) 
n- n -(T2n+lxCO>, x*<O>) 

This process is optimal in the following sense. If we 
find the minimal value of the function 

gn(v)=(vu<n+l) -U(n), vu*<n+1l -v*<nl) 

we get the argument vn =Acn>. where Acn> is defined in 
Eq. (21), for which the function gn comes into a mini
mal value [14]. 

APPLICATIONS OF THE ITERATIVE METHODS 

With the help of the mentioned iterative methods, 
the original eigenvalue problem can be transferred to a 
sequence of inhomogeneous problems. Then we must 
solve equations of the type 

Lu-Bu=v (22) 

Solutions of these equations can be found appr~xi
mately particularly with the help of iterations. The 
Eq. (22) must still be transferred to systems of linear 
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algebraic equations for the continuous model. This 
arrangement depends on the form of the operators 
L,B,C, i.e., it depends on the model in which the 
neutron transport is investigated. 

For the discretization of equations of the neutron 
motion the Carlson's Sn-method (see Ref. [4] [15, 
Carlson, p. 243] [17, p. 164]) and the Pn-method of the 
spherical harmonics (see for example Ref. [17, p. 142] 
[10, p. 290]) are used. The method of characteristics is 
used for the case of spherically symmetric domains 
(see Ref. [10, p. 365] [17, p. 118] [27]). 

For the discretizations of diffusion equations the 
net-methods are used. Of special importance is the 
question of the convergence and the stability in the 
case with discontinuous functions (see Ref. [18-21] 
[10, p. 139] [3 I]). 

Iterative methods are also the basis for the construc
tion of solutions of neutron transport equations with 
the· help of Monte Carlo methods (see Ref. [5, 7] 
[15, Richtmayer, p. 215] [28]). 

As R. S. Varga shows in his book [23], the over 
relaxation methods and the Chebyshev semi-iterative 
methods are fully satisfactory for the solution of the 
Eqs. (1), (3), and (22) when the operators (L- B)-1, 
(L -B)-1C are finite-dimensional. For the solution of 
Eqs. (I) and (3) we give also one iterative method. 
This method is advantageous particularly if the know
ledge of the minimal characteristic value of Eq. (2) is 
needed. This iterative method makes use of some 
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approximations of the value .\o. The rapidity of the 
convergence of this process is greater than the rapidity 
of the convergence of the usual successive approxima
tions. The approximative solutions of Eqs. (1) and (3) 
can be found with the help of Neuman's series, i.e., in 
the form 

A(n) n 
Zn+l = ~ Wn+I +I: Wk, (23) 

"(n) -" k=O 

A( ) * n 
Zn* +1 = ,\ ; AWn* +1 +1: Wk*, (24) 

(n) - k=O 

where A(nh A(n>* are defined by Eqs. (14) and (16), 
wo=(L-B)-1s, wo*=T*s* if T=(L-B)-1C; if 
T= C(L- B)-1, then A(nh A(n>* are defined by (18) and 
(20), wo = Ts, wo* = (L *- B*)-1s* and in both cases 
Wk = (,\T)kwo, Wk * = (XT*)kwo *. 

Theorem 2. Assume I,\ I < Ao. Then there exists one 
and only one solution x of Eq. (1) and one and only. 
o~e solution x* ofEq. (3). The sequences (23) and (24) 
converge to these solutions x, x*: Zn~X, Zn*~x* and 
the following estimates hold, 

llzn -xi!Lc1aan,llzn* -x*!!Lc14an, 

where a=l.\vl, .\o-1 > v>J.' and where 1-' denotes the 
radius of the circle C containing the set a(T) - {1-'o}. 

Note. Evidently the improvement of the convergence 
according to usual successive approximations will be 
the greater the smaller is the value Aof'-
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ABSTRACT -RESUME-AHHOTALU·1JI-RESUMEN 

A/632 Tchecoslovaquie 

Methodes d'iteration pour Ia resolution 
d'equations du transport des neutrons 

par I. Marek 

Dans un probleme independant du temps, les equa
tions du transport des neutrons peuvent etre mises 
sous la forme 

Lx = Bx +ACx + s (1) 

ou les operateurs L,B,C et les vecteurs x,s ont la 
signification suivante: 1' operateur L represente la 
diffusion et !'absorption, B la dispersion, C la fission; 
le vecteur x le nombre volumique de neutrons ou le 
flux de neutrons, et s les sources exterieures. Soit 
l'equation (1) qui exprime le transport des neutrons 
dans un domaine limite f!ll. La forme des operateurs 
L,B,C depend de !'approximation a laquelle se rap
porte le transport des neutrons (voir G. J. Habetler, 
M.A. Martino, G. Birkhoff, G. I. Marcuk, I. Marek, 
R. S. Varga, V. S. Vladimirov). Dans les travaux qu'ils 
ont publies, ces auteurs ont prouve entre autres que 
I' equation 

Lx=Bx+ACx (2) 

a une solution xo qui est positive dans f!ll. Cette solu
tion correspond a la valeur caracteristique positive Ao 
pour laquelle l'inegalite I A I > Ao est satisfaite pour 
chacune des differentes valeurs caracteristiques A de 
l'equation (2). En outre, cette equation n'a dans f!ll 
d'autre solution non negative que cxo, ou c represente 
une constante positive. Cela decoule des proprietes des 
operateurs(L- B)-1C,C(L -B)-1. On peut facilement 
prouver que la valeur p,o =Ao-1 est la valeur propre 
dominante de l'operateur T, T representant un des 
operateurs (L- B)-1C,C(L- B)-1. 

II est possible, au moyen de methodes d'iteration, 
d'etablir les elements propres de !'equation (2) et les 
solutions de I' equation (1). Le memoire a pour objet de 
presenter un processus general d'iteration et de 
prouver sa convergence. 

Soit X un espace de Banach de fonctions de vecteurs 
dans f!ll et Yn',zn',y' des fonctionnelles continues dans 
lesquelles 

Yn'(x)-+y'(x),zn'(x)-+y'(x) 

pour toutes les valeurs de xEX et 

Yn'(Ax) ="-Yn'(x), Zn'(Ax) =Azn'(x) 

pour toutes les valeurs de xEX etA> 0. 
Soit les relations Yn'(x))!: 0, zn'(x))!: 0 qui s'ap

pliquent a tous les vecteurs non negatifs XEX; d'ou 
y'(x))!: 0 s'applique a tous les vecteurs. Soit en outre 
y' (xo) > 0, ou xo est le vecteur propre positif de 
l'equation (2). 

On pose Xn+l=t-tn-1TX<n> 
ou X(o) est un vecteur positif. Soit, en outre, 

Zn'(TX(n)) 
{-tn = --;-;--:-

Yn'(X(n)) 

Theoreme 1. Les series f.un}, {x<n>} soot conver
gentes 

f-tn-+Ao-1, X(n)-+CXo, 

ou Lxo = Bxo +AoCxo et c est une constante positive. 
On peut, pour construire des solutions de !'equa

tion (1), utiliser les formules suivantes: 

A(n) n 
Zn+ 1 = ---'if"n+l +~'if"k 

A(n) -A k~o 

ou S(n) =t-tn-1, 'if"~c=(AT)Ic'if"o et 'if"o=(L-B)-1s 
lorsque T=(L-B)-1C et 'if"o=C(L-B)-1 lorsque 
T=C(L-B)-1 

Theoreme 2. Soit l'inegalite I A I < Ao, qui est satis
faite. 11 existe alors une solution z et une seule de 
I' equation (1) ou s est un element arbitraire dans X. En 
outre, dans la norme de X, Zn+1-+Z est conservee. La 
rapidite de la convergence est plus grande que dans la 
methode courante des approximations successives. 

A l'aide de fonctionnelles speciales Yn' ,zn', les 
auteurs sont parvenus a quelques methodes d'itera
tion connues, d'une part, et a des processus d'iteration 
non encore utilises, d'autre part. 

A/632 ~exocnosaKHH 

HeKoTopble HTepau,HOHHbte MeTOAbl 
nocrpoeHHH peweHH~ ypaaHeHH~ 

nepeHoca He~TpoHoa 
H. MapeK 

}'paBHeHHH nepeHOCa HeHTpOHOB B CTa~HOHap
HOM CJiyqae MOiRHO 3aiTHCaTb B BH,IJ;e 

Lx=Bx-'ACx-\-s, (1) 

r,IJ;e onepaTopLI L, B, C H BeRTOPLI x, s HMeroT 
cJie,IJ;yrom.ee 3HaqeHne: onepaTop L o6oaHaqaeT 
,IJ;nlf>!f>yanro H norJiom.eHne, B - pacceHHne, C -
,IJ;eJieHne; BeRTOp X o603HaqaeT llJIOTHOCTb HeH
TpOHOB HJIH HeHTpOHHLIH ITO TOR, S - BHeiDHHe 
HCTOqHHRH. Mhl npe.n;noJiaraeM, 'ITO ypanHeHne (1) 
OllHCLIBaeT nepeHOC HeHTpOHOB B ,n;aHHOH orpa
HH'leHHOH o6JiacTH !fl. Bn.n; onepaTopon L, B, C 
3aBHCHT OT npH6JIHiReHHH, B ROTOpOM paCCMaTpH
BaeTCH nepeHoc HeiiTpoHOB (Bnpro!J>!J>, Xa6eTJiep, 
MapTHHO, MapqyR, MapeR, Bapra, BJia,n;nMnpoB 
H .n;pyrne). B pa6oTax 3THX anTopon RpoMe .n;py
rnx pe3yJibTaTOB ,IJ;ORa3aHo, 'ITO ypaBHeHHe 

Lx = Bx + 'ACx (2) 
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o6Jia~aeT IIOJIO)KIITeJibHhiM B o6JiaCTII .1/, pemeHHeM 

x0 • iho pemeHHe OTBeqaeT IIOJIOa\HTeJibHOMy Xa

paKTepiiCTlJqeCKOMY aHa'JeHIIIO A0, ~JIJI KOToporo 

HMeeT MecTo HepaBeHCTBO 1 A I > A0 ~JIJI KamAoro 
Apyroro xapaKTepiiCTH'JecKoro aHa'JeHHJI A ypaB
HeHHJI (2). Bonee Toro, aTo ypaBHeHHe He HMeeT 

B o6nacTII .1l ApyrHx HeoTpHn;aTeJILHhiX pemeHH:ii, 

KpoMe Cx0 , rAe C- nonomHTeJILHaJI KOHCTaHTa. 

8ToT ~aKT JIBJIJiercJI cneAcTBIIeM cnoiicrB onepa

TopoB (L- B)- 1C u C (L- B)- 1• MomHo Jienw 

y6eAHTLCJI B TOM, 'JTO !lo = A-~ JIBJIJieTCJI AOMII

HaHTHLIM co6CTBeHHLIM aHa'JeHHeM onepaTopa T, 
rAe T OAIIH 113 onepaTopoB (L- B)- 1C HJIII 
C (L- B)- 1 • 

)l;JIJI npH6JIHmeHHoro nocTpoeHIIJI coucTBeH
HLix aJieMeHTOB ypaBHeHIIJI (2) H pemeHHH ypaBHe

HHJI (1) BblrO~HbiMH JIBJIRIOTCJI HTepai.J;HOHHble 

MeToALI. Hama n;enL - npHBecTH HeKoTopyro o6-

m;yro liTepaTIIBHYIO CXeMy II ~OKa3aTb ee CXO~II

MOCTb. 

IJyCTb X - HeKOTOpoe 6aHaXOBO DpOCTpaHCTBO 

BeKTOp-~yHKI.J;IIH Ha .1/,. IJyCTh {y~}, {z~}, y' -
IIOCJieAOBaTeJibHOCTH HenpepbiBHbiX ~YHKI.J;IIOHa
JIOB, TaKIIX, 'JTO 

y~ (x) ~ y' (x), z~ (x) ~ y' (x) 

AJIJI X EX II 

y~ (Ax)= AY~ (x), z~ (Ax)= Az~ (x) 

AJIH X EX, ').. > 0. 
IlycTL AJIH HeOTplln;areJILHLIX neRTopon x EX 

BbiDOJIHHIOTCH COOTHOmeHIIR y;,_ (x):;:;,:. 0, Z~ (x) > 0, 
TaK 'JTO AJIH TaKIIX x y' (x) > 0. RpoMe Toro, 

nycTh y' (x0) > 0 f];JIH nonomHTeJILHoro co6-

crBeHHoro BeKTOpa X0 ypaBHeHIIH (2). 
IIonomHM, qro X(n+t) = !l~ Tx (n)• rAe Xo -

BeKTOp IIOJIO)KIITeJibHbiH B ~ II 

z' (Tx<n>) 
!ln= '( )' Yn, X<n> 

T e o p e M a 1. IIocJieAOBaTeJILHOCTH 

{X(n)} CXOAHTCH.: 

II C - DOJIOj{\HTeJibHaH. DOCTOHHHaH. 

)l;nn np116JIIIiKeHHoro nocTpoeHIIR pemeHIIH 

ypanHeHIIH (1) Mbl MOa{eM IIOTOM IICIIOJib30BaTb 

~OPMYJIY 
n 

Am> W ' L} W Zn+t = , , n+il k• 
"-<n>-"' 

k=O 

l'Ae 

A(n)=!l;;\ Wk=(AT)"W0 11 W0 =(L-B) s-1
, 

eCJIH 

T = (h-Bt 1C HJIH W0 = C (L -Bt1 

ecJIH T = C (L-Bt1
• 

T e o p e M a 2. ECJIH 1 A I < A-0 , TO cym;e
crnyeT OJ];HO II TOJibKO Of];HO pemeHIIe Z ypaBHe

HHH (1), I'Ae S- IIpOH3BOJibHbiH aJieMeHT 113 npo-
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cTpaHCTBa x, nplJqeM B HOpMe X Zn+t -+ z. Ilp11 

<ITOM CKOpOCTb CXOAIIMOCTH 6oJII,me, 'JeM y o6blq

HbiX IIOCJie~OBaTeJibHhiX 1Ipii6JIII)KeHIIH. 

Cnen;HaJILHhiM BLI6opoM ~YHKI.J;HOHanon y~, z~ 
Mbl MOmeM IIOJIY'JIITb HeKOTOphle H3BeCTHhle IITepa
I.J;HOHHble CXeMbl II Aame HeKOTOpble HOBble, IIOKa 

He IICIIOJib30BaHHhle IITepai.J;IIOHHhle MeTOA:Ll. 

A/632 Checoslovaquia 

Algunos metodos iterativos 
para Ia construcci6n de soluciones 
de las ecuaciones del transporte de neutrones 

porI. Marek 

La ecuaci6n del transporte de neutrones se escribe, 
para el estado estacionario 

Lx = Bx +.\Cx + s (I) 

donde los operadores L, By C y los vectores x, s tienen el 
significado siguiente: el operador L representa la 
difusi6n y la absorci6n, el B, la dispersion, el C, Ia 
fisi6n; el vector x representa la densidad neutr6nica o 
el flujo neutr6nico, y s, las fuentes exteriores. Supon
gamos que Ia ecuaci6n (1) describe el transporte de 
neutrones en un volumen finito dado !Jl. La forma de 
los operadores L, B y C depende de la aproxima
ci6n en que se considere el transporte de neutrones 
(vease G. J. Habetler, M. A. Martino, G. Birkhoff, 
G.I. Marchuk, I. Marek, R. S. Varga, V. S. Vladimirov). 
En trabajos de estos autores se demuestra, entre otros 
resultados, que Ia ecuaci6n 

Lx=Bx+.\Cx (2) 

tiene una soluci6n xo que es positiva en !Jl. Esta solu
ci6n corresponde a un valor propio positivo .\0 tal que, 
para cualquier otro valor propio .\ de la ecuaci6n (2), 
se tiene I .\I > Ao. Ademas, esta ecuaci6n no tiene nin
guna soluci6n no negativa en !Jl diferente de Ia cxo, 
donde c es una constante positiva. Esta hecho es 
consecuencia de las propiedades de los operadores 
(L-B)-1C y C(L-B)-1. Es facil demostrar que el 
valor /LO =.\o-1 es el valor propio dominante del opera
dor T, donde T es uno de los operadores (L -B)-1C, 
C(L-B)-1. 

Para construir los elementos propios de Ia ecuaci6n 
(2) y las soluciones de la ecuaci6n (1), existen metodos 
iterativos adecuados. Nuestro prop6sito es presentar 
un esquema iterativo general y pro bar su convergencia. 

Sea X el espacio de Banach de las funciones-vector 
en !Jl. Sean Yn', zn', y' funcionales continuas tales que 

Yn'(x)~y'(x), Zn'(x)~y'(x) 

para xEXy 

Yn'(.\x) =.\yn'(x), Zn'(.\x) =Azn'(x) 

para xEX y .\> 0. 
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Supongamos que se cumplen las relaciones Y11'(x) ~ 0, 
z11'(x) ~ 0 para todo vector no negativo xeX. Para 
estos vectores se tiene, pues, y'(x) ~ 0. Ademas, sea 
y'(x0) > 0 para el vector propio positivo, xo, de Ia 
ecuaci6n (2). 

Hagamos X(11+l) =JL11-1 Tx{11) 

donde X<o> es un vector positivo. Sea, ademas. 

Z11'(TX(11)) 
JLn= 

Y11'(X(11)) 

Teorema I. Las sucesiones {JL11 }, {x(11)} soil con
vergentes, JLn-+Ao-1, X(11)-+Cxo, 
dondeLxo = Bxo +AoCxo y c es una constante positiva. 

Para construir soluciones de Ia ecuaci6n (1), se 
pueden emplear las formulas siguientes: 

P/632 I. MAREK 

_\(11) II 

Z11+1 = ~ ir 11+1 +l:: irk, 
/\(11) -/\ k=O 

dondeA(11)=JLn-1, irk=(.\T)kif'"o y iro=(L-B)-1s, 
siT= (L- B)-1C, y ir 0 = C(L- B)-ls, 
si T=C(L -B)-1. 

Teorema 2. Supongamos que se cumple la desigual
dad lA I < .\o. Existe una soluci6n y solo una, z, de Ia 
ecuaci6n (1), donde s es un elemento arbitrario de X. 
Ademas z11+1-+z en·norma-X. La convergencia es mas 
rapida que en el metoda ordinaria de aproximaciones 
sucesivas. 

Utilizando funcionales especiales para Y11',z11' se 
obtienen, de una parte, algunos metodos iterativos 
<:onocidos, y, de otra, procesos iterativos no empleados 
hasta ahora. 
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Analytical treatment of neutron thermalization in 
two-medium Wigner-Seitz cells of cylindrical symmetry 

By H. Kusters* 

The practical calculation of neutron thermalization 
problems relies almost exclusively on numerical 
methods [1-3]. An analytical representation of the 
neutron spectrum in the moderator of a heterogeneous 
reactor in diffusion and heavy gas approximation was 
obtained by Kunze [4] by idealizing the fuel rods to 
line absorbers with ~n effective absorption as in the 
monoenergetic theory of Meetz [5]. However, this 
method gives no information about the spectra in the 
fuel rods which are of primary importance for quanti
tative calculation of heterogeneous systems. 

The object of this paper is to obtain analytically the 
energy and space dependent neutron distribution in a 
two-f\ledium Wigner-Seitz cell of cylindrical sym
metry. With regard to its scattering properties, the 
moderator is treated as a monatomic gas. The energy 
loss of scattered neutrons in the fuel is neglected. In 
the numerical evaluation of the method the para
meters important in thermalization problems for 
heterogeneous reactors are discussed. The influence of 
anisotropic scattering of neutrons in the moderator is 
shown by comparing with the spectra for isotropic 
scattering. Finally, the amount the spectra calculated 
in P1 approximation may deviate from exact solutions 
is estimated. 

BASIC EQUATIONS AND SCATIERING KERNELS 

Let us consider an infinitely long unit cell. The space 
dependence of the neutron distribution is then charac
terized by the distance r from the axis of symmetry. 
The transport equation is given by: 

1 _,. _,. _,. 
.Eo flvifi(r,e,Q) +at( e )!/l(r,e,fJ) 

~ ~ ~ ~ 

= I de' I dfJ' Us (e' --+E,fJ--+fJ)l/J(r,e',Q') (1) 
0 471 

where .Eo is the constant scattering cross section for 
high neutron energies, at(e)=.Et(e)f.Eo,e=E/KT (T 
=moderator temperature) and as ( e' --+e,Q' --+Q) is the 
macroscopic transfer cross section divided by .Eo. One 
has to solve (I) in each medium under the following 
boundary conditions; 

(2.1) 

• Kemforschungszentrum, Karlsruhe. 

1/JM(p,e,Q) =1/Ju(p,e,Q) (2.2) 

1/Ju(r,e,Q) regular for r~ (2.3) 

1/J(r,e,Q),...,Ife for e--+00 (2.4) 

R being the radius of the unit cell, p the radius of the 
fuel rod, and M and U characterize the moderator or 
f~el zone, respectively. 

In a stationary thermal reactor a space independent 
1/e spectrum appears above the thermal energy region 
[6]. Therefore, one can describe the thermalization 
region with the homogeneous equation (1) and con
dition (2.4). For solving the problem we expand the 

flux 1/J (r,e,Q) and the transfer cross section in spherical 
harmonics; 

1/J(r,e,Q) = 1: </>1m (r,e) Y!m(Q) (3) 
lm 

as(e'--+e,Q'--+D)= _L 21+ l Kl(e',e)Pz(D. Qt) (4) 
. I 4w 

Y1m (Q) are the spherical harmonics, normalized to 

one and Pt(D. Q') are the Legendre polynomials. 
Taking into account the symmetry properties of the 
problem, one obtains in P1-approximation (for the 
general formulation in higher P £-approximation 
see [7]); 

at( e)t/>oo)r,e)- .Eo~6 ( :, + ~) t/>u(r,e) 

_ IooK ( , ).1. o(r ') d , I otf>oo(r,e) - o e ,e '1'0 ,e e -
o .Eov6 or 

co 
+at(e)t/>u(r,e)= I Kl(e',e)t/>u(r,e') de' (5) 

0 

In the fuel zone Eq. (4) can be replaced by; 
_,._,. 1 

Us U(e'--+e,fJ'fJ) = 4w o(e'- e) (6) 

where o(e' -e) is the delta function. The system (5) has 
to be modified correspondingly. The scattering kernels 
for the moderator are given in the monatomic gas 
model by (M is the mass of the scattering medium, the 
neutron mass is set equal to one); 

(7) 
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K1(e',e)= b2,J(~){(eb-e'a-yM)F1 
2e ee 

+ (e'b-ea-yM)F2 + 2.. [(ve+ ye')£1 VTT 
±(ye'-ye)£2]} (8) 

where 

b=!(vM+ )M);a=!(vM- -v~); 
EI = ~-<hv'•-av'•'>• E2 = e-<hv'•+av'•'>"; 

F! =Erf(by E-av e')=f(Erfby E +ave') 
F2 =e-<•-•') [Erf(bye' -aye) 

2 X 

± Erf(bye' +aye)]; Erf(x)= -:;· J e-t• dt (9) 
v 7T 0 

The upper sign is to be taken fore'< e (scattering up), 
the lower sign for e' > e (slowing down). For the total 
scattering cross section in the moderator one obtains: 

q 8M(e) = ( 1 + 2e~ )Erf ( y(e)M) + V:-;M. (10) 

In solving the system (5) we notice that for high 
energies e ~ 1 the neutron mostly loses energy in a 
collision with a moderator atom, while for ef':::il the 
neutron may take up energy. These two energy regions 
are naturally not separated physically, however, one 
can use the different character of the moderating and 
equilibrating processes in the choice of the method of 
solution (epithermal solution or thermal solution, 
respectively). As a consequence of the strong absorp
tion, hardening and depression of the spectra will 
result in the fuel, but apart from these effects, the 
whole character of the solution in the moderator is 
transferred to the spectrum in the fuel, so that the 
mathematical treatment is the same for both media. 

EPITHERMAL SOLUTIONS 

We suppose a 1/ye absorption in the moderator and 
the fuel zone, then solve the system (5) in the epi
thermal region e ~ 1 by; 

-~. epl( ) =:o + Azm(r) + Bzm(r) + (ll) 'f'lm r,e 10 312 2 ••• 
E E E 

Equation (11) contains the condition (2.4) that the 1/e 
part of the flux is space independent for high energies 
and Sn' is Kronecker's symbol. 

It is customary to neglect the temperature motion of 
the moderator atoms for epithermal energies e;:: 16 
and to take the simple expressions of the kernels (7) 
and (8) for T = 0. The application of this method to 
the infinite medium case, however, has shown [7] that 
the discontinuity of the scattering kernels (T = 300 °K 
in the thermal region, T = 0 in the epithermal region) 
may produce considerable errors in the spectrum. 
Therefore, all integrals of the right-hand side in (5) 
have to be evaluated with the asymptotic expansion of 
the temperature dependent kernels. Then one has to 
calculate integrals of the form; 
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00 

J 
e-y• 

In(e)= (y+bye)n'dy 

-vii 
One obtains an excellent approximation by replac

ing the integrand by a Gaussian of the same value and 
same curvature at the maximum. This results in; 

(12) 

With (12) all integrals can be evaluated analytically [7]. 
If one inserts (11) into (5) an unhomogeneous set of 
differential· equations for the functions A 1m(r) and 
Btm(r) will result for every power in 1/ye (the term le 
satisfies (5) identically). The special solution of the 
unhomogeneous system in the moderator zone is 
identical with the solution for the infinite medium; the 
general solution of the homogeneous system leads to 
an eigenvalue problem and is given by the modified 
Bessel functions of the second kind. For instance, one 
easily obtains; 

Co-aM 
Aoo(r)=---0 +Bilo(Kir)+CIKo(Kir), with 

1-al 

o-aM = EaM(e = 1)/EoM, an° 

= _2_1-yan+2' a=(M -1)2• 
n+2 1-a M+ 1 (l3) 

K1 =L'oMV3(1-ai0)(1-ai1), a11 

=b2yM[~(l-ya3)-a(l-u)] (14) 

The determination of the other space dependent 
functions is analogous (7]. In the fuel zone one 
obtains, instead of (13), in P1-approximation; 

AooU(r)=Au+! co-aU(Eour)2 (15) 

The functions B1mU(r) contain further powers in r. 
Bessel functions appear for the first time in Fa
approximation in the epithermal solution for the fuel 
medium [7]. The free constants Au,B~,C1 in (13) and 
(15) (and also the constants in Bzm(r)) are determined 
by the boundary conditions (2). The result is; 

H 

Mcf>tmepl(r,e) = c/>M(e)Sm + I: (Bjlm(KJT) 
j~l 

+ ( -l)mCjKm(KjT) )Xtmf(e) 
H 

Ucf>lmepl(r,e) = c/>u(e)SIO +I: {.Eour)2m-fo/zmi(e) (16) 
j~l 

where c/>M(e) and c/>u(e), respectively, are the space 
independent parts of the solutions, for instance; 

C Co-aM 1 
c/>M{E)=-- ---

E 1 -al0e3/2 

+ [ (o-aM)2 +2M -1]_!_ =f . . . (17) 
1 -a10) (1 -a20) M e2 

H determines the number of positive eigenvalues Vf in 
the epithermal region (Kf=.Eovj), for an expansion up 
to 1/en/2 one obtains H = n- 2 in PI-approximation. 
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xzmi( E) or !fzmi( E) are the energy dependent parts of the 
solutions coupled to the corresponding Bessel function 
or r-powers, respectively. For instance, the quantity 
xoo1( E) is given by; 

1 boo U> 
xool(E)= 3!2 + -2- + ... , 

E E 

where boo <1 > is a known constant. The term (2M- 1 )/ M 
in (17) results from the temperature dependence of the 
scattering kernel and is important for weak absorp
tion. 

THERMAL SOLUTIONS 

We extrapolate the complete epithermal solution 
continuously to E = 0 by multiplying by a damping 
function which is unity in the epithermal region and 
vanishes with a sufficiently high power for low 
energies; 

</>zm *{r,E) = gJt(E)</>zmepl(r,E) 

gJt{E) = e-•(e•- ~ Ek) 
k~ok! 

gJt(E) has the required properties; 

forE~ 1 
for E--+0 

(18) 

(19) 

(20) 

,\ must be large enough so that the last term considered 
in the asymptotic expansion becomes regular for E = 0 
by multiplying with (19). 

Now, the difference of the true spectrum and this 
extrapolated solution has to be determined; 

tJcpzm(r,E) = </>zm(r,E) -.Pzm *(r,E) (21) 

Insertion of (21) into (5) gives an unhomogeneous 
system for tJ.Pzm(r,E). If we abbreviate the system (5) by 
B</>zm(r,E) =0, the result is; 

BtJ.Pzm(r,E) = - B</>zm *{r,E) = Qzm(r,E) (22) 

ForE~ 1 the quantities .Pzm *{r,E) = </>zmept(r,E) solve the 
system approximately and the unhomogeneity Qzm(r,E) 
vanishes correspondingly. We look for a solution of 
(22) by an expansion of the difference spectrum and 
the unhomogeneity in a system of orthonormal 
functions; 

tJ.Pzm(r,E) =!: TzmP(r)wp(E) 
p 

Qzm(r,E) =!: qzmP(r) wp(E), with 
p 

(23) 

(24) 

The basis wp(E) has to obey the following conditions; 
(a) The principle of detailed balance for the scatter

ing kernels has to be guaranteed for representa
tion in this system. 

(b) The adjoint functions w;{E) must decay ex
ponentially, otherwise divergent integrals may 
arise. 

From the first condition it follows for unsymmetrized 
kernels that; 

(25) 

Condition (b) results, if one considers the expansion 
of the unhomogeneity in (23); 

c:o 

qzmP(r) = J w;(E)Qzm(r,E) dE (26) 
0 

If one has found the exact epithermal solution, then 
Qzm(r,E) is zero forE~ 1 and all the moments (26) can 
be determined. As one can find the epithermal solution 
only approximately (for instance in equation (11) up 
to the power 1/En), however, it follows that; 

Qzm(r,E)=O Cn1H) 
If the adjoint functions w;(E) are only polynomials of 
the order p in E (with Eq. (25) the Laguerre poly
nomials result, see [7]), these polynomials cannot be 
used for p > n -1/2, because the integration in (26) has 
to be carried out up to infinity. For the description of 
the thermal energy region at least four basis functions 
are necessary, therefore n is > 7/2. Now, the determina
tion of the epithermal solution for higher n values is 
tedious and unnecessary-on physical grounds. On the 
other hand, one cannot choose n very large anyway, 
because the asymptotic expansion is semi-convergent. 
Moreover, the application of Laguerre polynomials 
shows that, because of weighting with EP, the thermal 
spectrum is very sensitive on the accuracy of the epi
thermal solution [4]. 

These considerations led to the introduction of an 
exponentially decaying term in the adjoint functions. 
Thus, all difficulties are removed and the interesting 
energy region can be treated without any cut-off. Both 
the thermal and epithermal solutions join continuously. 
For the adjoint functions we put; 

w;{E) = e-vPp(E), (27) 

where Pp{E) is a polynomial of the order pin E. With 

Sp=p/8. (28) 

A highly optimal basis system results for thermaliza
tion problems after orthonormalization, showing good 
convergence in the infinite medium case [7] even for 
relatively strong absorption parameters (J = 1, (8]). 

3.0 

.0,4 

figure 1. The basis functions w,.(~) =~e-(l+Snl'P,.(e-) for S.=n/8 
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w:(i) 

' ., 
€ 

10 15 

' ., 

_, 
\ ' ., 

Figure 2. The adjoint functions w~(£) = e-sn•P,.(£) for S,. =n/8 

It' is important that the Maxwellian distribution €e-" 
be the first term of an expansion into this system. This 
is guaranteed by (28). In Figs. 1 and 2 the first four 
basis functions and the adjoints are shown. 

The unhomogeneous system (22) then can be solved 
without any difficulty. First, one determines the 
moments qtmP(r) and obtains the special solution of 
the unhomogeneous equation with a formulation 
corresponding to the form of the unhomogeneity. For 
instance one finds in the moderator medium ( cf. ( 16) ) ; 

CXl 00 

qooP(r) = f wp + (€){ f Ko(e',€)g;t(€')c/>M(e') de 
0 0 

H 

- atM(e)g;t(E)cPM(e)} de+~ (Bj/o(KJT) +CJKo(KjT)) 
j=l 

(29) 

The following formulation is tried for the special solu
/'. 

tion .Jcf>lmM; 

N 

+ ( -l)mCJKm(KJT) ~ 'TlmiPwp(e) (30) 
p=O 

where N is the number of basis functions taken into 
account. Then the space dependence on both sides of 
Eq. (22) is described by the same Bessel functions. The 
resulting system has to be satisfied for every r. One 
obtains from the equations for the energy variable, by 
multiplying this system with w;(e) and integrating, an 
unhomogeneous set of equations for ypM and TtmPl in 
(30). 

The particular solutions of the homogeneous equa
tion (22) are the Bessel functions lm(Ar) and Km(Ar), 
where A =Eo!-' and 1-' is an eigenvalue for the thermal 
region. As for epithermal energies one obtains an 
eigenvalue problem, when the number of positive 
eigenvalues is equal to the number of basis functions 
which have been taken into account. The general 
solution i:p of the homogeneous system is obtained by 

superposition of all possible eigenvectors Rtml; 
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N 
+( -1)mCHJMKm(AMir)) ~ RtmlPwp(e) (31) 

p=O 

In the fuel medium the method of solution is quite 
analogous, but because of (2.3) one has to take into 
account only Bessel functions Im(Ar). The free con
stants BHiM,CHJM and the corresponding constants in 
the fuel are again determined by the conditions (2.I) 
and (2.2). The detailed equations are found in [7]. 

RESULTS AND CONCLUSIONS 

The method has been applied to a unit cell contain
ing natural uranium and a heavy water moderator 
(R=9.5 em, p= 1.6 em). The calculations are done 
with the following cross sections (40°C moderator 
temperature); 

Eau(e= 1)=0.347 cm-1, EaM(e= I)=7.74 
X 10-5 em -1, Eou = 0.387 em -1. 

Accuracy of the method 

The expansion of tl;le epithermal neutron distribu
tion was terminated at I/e2• In the thermal region five 
basis functions have been considered. 

As an examination of the calculation method and of 
the approximations in the epithermal and thermal 
region we use the integral neutron balance equation 
for the unit cell, which is quite independent of the 
special method one has chosen to solve the problem. 
One obtains for I/y'e absorption; 

00 de 
Vu. Ea U(e =I) f c/>u(e)-

o y'e 
oo_ de + VMEaM(e =I) J c/>M(e) - = VMc(gEoM) (32) 
o y'e 

where ¢;(e) is the spatially averaged spectrum of the 
appropriate medium (c/>(r,e)=c/>oo(r,e)), c is the 
normalization constant for the I/e part, Vu and VM, 
respectively, are the volumes of the fuel and the 
moderator and g is the mean logarithmic energy loss 
per collision. The right-hand side of (32) counts the 
number of neutrons which enter the region of thermal
ization per unit time. 

The integral expression (32) also allows a differen
tial interpretation. At first, the absorption rate in the 
moderator (AM) in (32) is very small for the systems 
considered here (AM R> O.Ql Au), so that (32) is mainly 
a test on Au. The main contribution to the integrals in 
(32) arises from energies of around e R> 1. (the thermal 
spectrum decreases about a factor of IOO from € R> 1 to 
e = IO). The region around e R> 1 must have been calcu
lated correctly, if (32) is satisfied. By this method a 
correct thermal spectrum is obtained only if the epi
thermal solution is correct, because the asymptotic 
solution is the source in the equation for the thermal 
spectrum. Therefore, Eq. (32) is a test for the average 
fuel spectrum, too, especially on the ratio of the maxi
mum value near e = 1 to a representative value at 
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epithermal energies. Because of the strong coupling of 
the solutions at the fuel/moderator interface, the average 
spectrum in the moderator is also tested indirectly by 
(32). The error in the balance equation is about 0.1 % 
for all interesting cases. 

Important parameters for thermalization 
problems in heterogeneous systems 

lf one treats the moderator as a monatomic gas, the 
question arises what mass M one has to choose in the 
scattering kernels (7) and (8). Spectra in infinite media 
are not very sensitive to the mass, if L:a(«= 1)/tL:o is 
taken to be constant [7,8]. This quotient is also the 
important quantity for spectrum calculations in 
heterogeneous systems, for it follows from (32) and 
the above discussion that because of the weak absorp
tion in the moderator the average fuel spectrum is 
practically fixed by the product gL:oM (apart from 
geometry and normalization constants). gL:oM is known 
for the system considered, e.g., gL:oM = 0.178 em -1 for 
DzO. The way of selecting the individual factors g or 
L:oM should be without great influence on the average 
fuel spectrum, however. The spectrum in the modera
tor only may show a relatively major change, but only 
within the limit of the balance (Eq. 32). In Fig. 3 the 
spectra for M = 2 and M = 8 with gL:oM =0.178 em - 1 

are compared. With the same normalization c only a 
difference of about 1 % results in the average fuel 

- -
spectra for «= 1. The flux depression c/>M(«)/</>u(«) 
increases with increasing mass (decreasing mean free 
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4
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Figure 3. Spatially averaged spectra in a unit cell of natural 
uranium (p = 1.6 em) and DsO (R = 9.5 em) for different masses of 
the moderator; M = 8 (broken lines) and M = 2. The slowing 
down power in both cases is fEo=0.178 cm-1 

path in the moderator), while the average fuel spectrum 
is nearly unchanged. If one takes for L:oM the scattering 
cross section for D20 (L:oM =0.353 em -1), the effective 
mass M = 3.26 results from gL:oM = 0.178. The average 
spectra in the fuel for M = 2, M = 3.26 and M = 3.6 
(Sachs-Teller mass) are indistinguishable within the 
limit of drawing accuracy. In particular, it is to be 
pointed out that the scattering of neutrons with oxygen 
is not to be considered separately, because this is 
included in the slowing down power gL:oM· A change in 
the scattering cross section L:ou of uranium of about 
10% has a negligible influence on the fuel spectra. 

Influence of anisotropic scattering in the moderator 

An idea of this effect is also conveyed by the balance 
equation. As the right-hand side of (32) is independent 
of the anisotropic scattering, only a. more thermalized 
spectrum in the moderator can result in the case of 
isotropic scattering ( ~ 5 %). The calculation gives a 
diffe.tence of less than 0.1% in ~u(«). 

Comparison with the results obtained by Kunze 

In Fig. 4 the solutions obtained by Kunze in the 
heavy gas approximation in the centre of the modera
tor and at the fuel boundary (broken lines) are com
pared with the results of this paper. It is seen that 
towards the centre of the fuel rod appreciable harden
ing and depression result as a consequence of the 
strong absorption. The maximum values of the spectra 

104 ~------~--.-------~--,-------~----_. 
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Figure 4. Comparison ofthe spectra obtai.ned by Kunze [4] in the 
centre of the moderator and at the fuel boundary (broken lines) 
with the results of this paper. g:1::0 = 0.233 em -1 
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are for energies E =I (cell boundary), E = 1.2 (fuel 
boundary), E = 1.24 (average spectrum in the fuel) and 
E = 1.35 (rod centre). 

Influence of higher spherical harmonics 

If one looks for the spatial distribution of neutrons 
in the Wigner-Seitz cell for different energies E, the 
ratio c/>M(R)/cl>u(r = 0) increases with decreasing energy 
as a consequence of the strong absorption in the fuel. 
Now, it is known from cell calculations [9, 10] that the 
P1-approximation underestimates the flux depression. 
As the error increases with increasing absorption in 
the fuel, it is to be expected that in higher PL-approxi
mations hardening of the spectra in the fuel will result 
in comparison with the PI-approximation, in addition 
to an increase in flux depression. In the Ps-approxima
tion, the depression, for the geometries considered 
here, is larger by about l 5% than in the PI-approxima
tion (E ~ 1). In varying the mass of the moderator from 
M = 2 to M = 8, we have found a higher flux depres
sion ( ~ 25 %, cf. Fig. 3), where the average spectrum 
in the fuel practically did not change. As the balance 
Eq. (32) with the right-hand side unchanged has to be 
satisfied, too, by the exact solution, one can expect 
that major deviations from the average spectra in the 
fuel calculated here in PI-approximation will not 
appear. The remaining uncertainty in the value of the 

flux depression can be eliminated sufficiently well by 
averaging the absorption cross sections with the calcu
lated average spectra in the fuel and the moderator 
and then determining the flux depression in the unit 
cell monoenergetically with high accuracy ({-calcula
tions). 
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A/643 Republique federale d'AIIemagne 

Traitement analytique de Ia thermalisation 
neutronique dans des cellules Wigner-Seitz 
a deux milieux de symetrie cylindrique 

par H. Ki.isters 

II s'agit d'une methode analytique qui donne Ia solu
tion du probleme de Ia thermalisation dans l'espace et 
l'energie dans une cellule cylindrique de Wigner-Seitz. 
Cette cellule contient une barre de combustible de 
longueur infinie au milieu d'un moderateur qui est 
traite comme un gaz monoatomique. 

Pour les deux milieux, l'equation de Boltzmann est 
resolue par developpement de Ia distribution des 
neutrons et de la section efficace de diffusion de trans
feet en harmoniques spheriques. II en resulte, pour les 
coefficients du developpement dependant de l'energie 
et de l'espace, un systeme d'equations integro
differentielles. Ce systeme est d'abord resolu pour les 
energies des neutrons epithermiques ( E::::: I6kT). Dans 
cette zone le comportement energetique du spectre est 
decrit par une serie en puissances de 1/yE, si l'on 
considere que !'absorption est en 1/yE. On s'aper~oit 
que le modele de ralentissement ne peut etre utilise si 
Ia temperature du moderateur est zero. Pour cette 
raison toutes les integrales de diffusion furent evaluees 
par voie analytique utilisant la representation asymp
totique de Ia section efficace differentielle. 

Cette methode nous fournit un systeme d'equations 
differentielles inhomogenes dont Ia solution est donnee 
par des fonctions de Bessel modifiees du type 2. Quant 
aux calculs du combustible et du moderateur, les cons
tantes libres sont determinees par les conditions aux 
limites de la cellule. 

La solution epithermique est extrapolee a l'energie 
zero par multiplication par une fonction d'amortisse
ment qui disparait avec une puissance suffisamment 
elevee pour E ---+0. La difference entre le vrai spectre et 
cette fonction artificielle est ensuite developpee en 
serie de fonctions orthonormales ayant un comporte
ment asymptotique exponentiel. II en resulte une equa
tion inhomogene pour le spectre designant cette diffe
rence. En operant avec le noyau de diffusion non 
symetrique, les fonctions de base doivent obeir a une 
condition definie garantissant le bilan detaille de Ia 
representation du noyau dans ce systeme. D'autre part 
les fonctions adjointes doivent inclure un facteur 
exponentiel pour eviter que les coefficients du develop
pement de l'inhomogeneite ne deviennent infinis. 

Le calcul general pour obtenir le spectre de diffe
rence s'effectue ensuite sans autres complications. La 
solution homogene des equations inhomogenes pour 
le moderateur ainsi que pour le combustible pose un 
probleme de valeur propre. 

Cette methode fut d'abord appliquee au cas d'un 
milieu infini dans le but de considerer des questions de 
convergence et de consistance. A titre d'epreuve, le 
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bilan integral des neutrons fut calcule. En utilisant 
quatre fonctions de base et un developpement asymp
totique jusqu'a 1/"-4, Ie n!sultat est tres superieur a un 
pour cent. Les calculs pour Ia cellule effectues a 
!'approximation pl contribuent egalement a un bilan 
superieur a un pour cent avec un developpement epi
thermique jusqu'a 1/£2• La correlation entre les 
spectres et la masse du moderateur est etudiee ainsi que 
!'influence d'une diffusion anisotrope. II devient 
evident que le spectre moyen dans le combustible 
s'ecarte sensiblement du spectre a Ia surface de 
!'element. 

La formulation mathematique est effectuee jusqu'a 
une approximation en P3; les calculs numeriques 
s'arretent cependant en P1. 

A/643 lllPr 

AHanHTH'"IeCKaR o6pa6orKa AaHHbJX 

no TepMa1lH3a4HH He~TpOHOB B R'"le~KaX 

8HrHepa-3e~T4a C 4H1lHHApHL1eCKO~ 
CHMMeTpHe~, COCTORW.HX H3 ABYX CpeA 

X. K10crepc 

B ;n;oR~a;u;e npe;n;cTaB~eH aHanHTHqecRnii MeTo;n; 
pemeHHH npo6neMhl TepMa~naa~HH c npocTpaH
CTBeHHo-:mepreTHtJecRoii 3aBHCHMOCTblO )J;H.JI ~H
HHH)J;pHtieCROH HtJeiiRH BnrHepa-3eiiT~a, co;u;ep
maw;eii 6ecRoHetJHO ;u;nnHHhlii TennOBhi)J;enmow;nii 
:meMeHT, ORpymeHHhiH aaMe)J;H.HTe~eM, ROTOphiH 
paccMaTpHBaeTC.JI RaR O)J;HOaTOMHhiH raa. IloTepH 
:meprnn B npo~ecce pacce.RHHH HeiiTpOHOB Ha 
H;n;pax Tonn.HBa npeHe6pemHMO Mana. 

PemaeTcH ypasHeHHe Bo~b~MaHa B ;u;syx cpe
;u;ax nyTeM paanomeHHH Ha c!llepntiecRHe rapMo
HHRH llpOCTpaHCTBeHH0-3HepreTH'IeCROrO pacnpe
;n;eneHH.JI HeiiTpOHOB H cetJeHHH pacce.RHHH. CncTe
Ma conp.RmeHHhiX HHTerpo-;n;H!II!IIepeH~HanbHhiX 
ypaBHeHHH .JIBH.ReTC.JI peayJibTaTOM paanomeHH.JI 
ROa!II!IIH~HeHTOB, aaBHC.Jilli;HX OT llpOCTpaHCTBa 
H aHeprHH. ::ha cncTeMa CHatJana pemaeTc.R ;u;nH 
HeiiTpOHOB 3llHTellJIOBbiX :meprHii (e >- 16 kT). 
B aToii o6nacTH cncTeMa MmReT onHChiBaTb aHep
reTHtJecRne pacnpe;u;eneHHH cneRTpa c noMODJ;blO 

cTeneHHoro p11;n;a 1 !Ve, ecnH paccMaTpHBaeTcH 
TOHbRO nornow;eHHe THna 1 !VB. B aToii o6nacTH 
3HeprHH CHCTeMa He MOil\eT HMeTb ;n;eno C .R)J;pOM 
aaMe;n;~eHHH npH HyneBoii TeMnepaType aaMe;n;~H
TenH. IIoaTOMY Bee HHTerpanhl pacce.RHHH o~eHH
Banncb aHaHHTH'IeCRH C aCHMllTOTH'IeCRHM npe;n;
CTaBneHHeM CROppeRTHpOBaHHOro H)J;pa aaMe;n;
JieHH.JI. 

YRaaaHHaH MeTO)J;HRa npHBO)J;HT R cncTeMe 
Heo;n;Hopo;n;Hhlx AH!II!IIepeH~HanbHhiX ypaBHeHHH, 
ROTOpMe MoryT ObiTb pemeHhl c noMODJ;blO Mo;u;n!IIH
I~HpoBaHHhiX !IIYHR~Hii Beccen.R BToporo po;u;a. 
CBo6o;n;Hhle ROHCTaHThl ;u;nH Ton~HBa 11 aaMe;n;
~IITenH onpe;u;en.RIOTC.R na rpaHH'IHhiX ycnosuii 
.RtJeHRII. 

PemeHHC )J;JHI an11Ten~osoii o6naCTH aRcTpa
nonHpye-rcH 1\ uynenoii aHeprHH nyTeM yMHOiHe
HH.R Ha !IIYHKI~HKl <<3aTyXaHHH>>, ROTOpaH )J;OBOHb
HO OhiCTpo CTpeMHTCH R Hynro npn e, C1'peMHDJ;eM
CH R Hymo. 3aTeM pa3HH~a Mei!i)J;Y ;n;eiicTBHTeHb
HhiM cneRTpOM H Bhi'IHCJieHHOH !IIYHR~HeH paa
naraeTC.JI B CIICTeMy OpTorOHa~bHhiX !IIYHR~IIH, 
IIMelODJ;HX :mcnOHeH~HaHbHhiH aCHMDTOTII'IeCRIIH 
xapaRTep. iha paaHn~a BhlpamaeTcH Heo;n;Hopo;u;
HhiM ypaBHeHHeM. ,lJ.n.R CJiy'la.R C HeCHMMeTpH311-
pOBaHHhiM .R)J;pOM pacce.RHH.R OCHOBHMe !IIYHR~HH 
;u;onamM y;u;osneTBop.RTb onpe;u;e~eHHOMY ycno
BIIlO, ROTOpoe ypaBHOBeiDIIBaeT .R)J;pO, npe)J;CTaB
neHHOe B :3TOH CIICTeMe. C ;n;pyroii CTOpOHhl, 
conp.RmeHHhle !IIYHR~HII ;u;onmHhl co;u;epmaTb 
31\CllOHeH~HaHbHhiH qneH, TaR RaR B DpOTHBHOM 
cnyqae paanomeHne Roa!II!IIII~HeHTOB MomeT npii
BeCTII R 6ecROHetJHOCTH. 

Ilp11BOA111'CH o6ru;Hii pactJeT paaHH~hl Mea>;n;y 
)J;eHCTBIITeHbHhiMII II pactJeTHhiMH CneRTpaMII. 
O;n;Hopo;n;Hoe pemeHne Heo;n;Hopo;n;HhiX ypaBHeHIIH 
RaR )J;H.JI 3aMe)J;HIITeH.R, TaR II )J;H.JI TOll~HBa DpHBO
)J;HT R aa;u;aqe o co6cTBeHHhiX aHatJeHIIHX. 

(hoT MeTo;n; 6hln BnepBhle npHMeHeH )J;JI.R cnyqa.R 
6ecRoHetJHOii cpe;n;LI npn pemeHHII aa;u;aq11 o cxo
AIIMOCTH II HenpOTIIBOpetiiiBOCTH. ,lJ.nH nposepRII 
6hln Bhi'IIICJieH 6anaHc HHTerpanhHoro noToRa 
HeiiTpoHoB. PeaynbTaThl, IIMerow;ne TO'IHOCTb Bhlme . 
o;n;Horo npo~eHTa, nonyqeHhl c noMODJ;blO tJeThlpex 
OCHOBHhiX !IIYHR~IIH"H aCIIMDTOTII'IeCROro paanome
HH.JI ;u;o qneHa 1 /e 4. PactJeThl .RtJeiiRII, c;u;enaHHhle 
B P1-npH6~HmeHIIH, ;u;aroT 6anaHc c TO'IHOCTblO 
Bhlme o;n;Horo npo~eHTa np11 aniiTennoBoM paano
meHHII ;u;o tJJieHa 1 I e 2. IIccne;u;osanacb aaBIICH
MOCTb cneRTpa OT MaCChi aaMe)J;HHTeH.R, a TaRme 
BHIIRHIIe aHII30TponHoro pacce.RHII.R. 0Raaa
JIOCb, 'ITO ycpe;n;HeHHhiH ClleRTp B TOD~IIBe aaMeTHO 
OTHII'IaeTC.JI OT CUeRTpa Ha rpaHH~e TODJIIIBa. 

MaTeMaTIItJecRoe npe;n;cTaBneHne BhlllOJIHeHo 
B P3-np116~11meH1111, o;n;HaRo tJIICJieHHhle pactJeThl 
c;u;enaHhl TOJibRO B P 1-np116nHmeHIIII. 

A/643 Republica Federal de Alemania 

Tratamiento analltico de Ia termalizaci6n 
de neutrones en las celulas Wigner-Seitz 
de dos medios con simetrfa cilfndrica 
por H. Kusters 

Se presenta un metodo analitico para Ia soluci6n del 
problema de termalizaci6n en el espacio geometrico y 
de energias para una celula de Wigner-Seitz, que 
contiene un elemento combustible infinitamente largo, 
rodeado de un moderador, considerado como un gas 
monoat6mico. Se desprecian las perdidas de energia 
de los neutrones dispersados en el combustible. 

Se resuelve Ia ecuaci6n de Boltzmann en los dos 
medios, desarrollando Ia distribuci6n de neutrones y 
Ia secci6n eficaz de transferencia de difusi6n en 
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armonicos esfericos. Se obtiene para los coeficientes 
del desarrollo, que depend an tanto del espacio como de 
Ia energia, un sistema de ecuaciones integro-diferen
ciales. Este sistema se resuelve primero para las 
energias epitermicas de los neutrones (E;;:; I6kT). En 
esta region puede describirse el comportamiento ener
getico del espectro mediante una serie de potencias de 
1/\/ E, si solo se considera Ia absorcion 1/ v E. En esta 
region no puede considerarse el nucleo de Ia modera
cion para Ia temperatura cero del moderador. Por 
consiguiente, todas las integrales de dispersion han sido 
calculadas analiticamente, con Ia representaci6n 
asint6tica del nucleo correcto. 

Este procedimiento conduce a un sistema de ecua
ciones diferenciales inhomogeneas que puede resol
verse mediante funciones modificadas de Bessel de 
segunda especie. Las constantes indeterminadas, 
correspondientes a las soluciones en los medios com
bustible y moderador, se fijan mediante las condiciones 
en los limites de Ia celula. 

La solucion epitermica se extrapola a las energias 
cero mediante Ia multiplicaci6n por Ia funcion << de 
amortiguamiento >> que se anula con una potencia 
suficientemente elevada para E --+0. A continuaci6n se 
desarrolla Ia diferencia entre el espectro real y esta 
funci6n artificial en un sistema de funciones orto
normales, con comportamiento asintotico exponen
cial. Como resultado, se obtiene para este espectro 
diferencial una ecuaci6n inhomogenea. Si se considera 
el nucleo de dispersion no simetrico, las funciones de 

base deben obedecer a una cierta condicion que 
asegure el equilibrio microscopico de Ia representacion 
del nucleo en este sistema. Por otra parte, las funciones 
adjuntas tambien deben incluir un factor exponencial, 
puesto que en el caso contrario los coeficientes del 
desarrollo de Ia inhomogeneidad puedan resultar 
infinitos. 

El calculo general que conduce al espectro diferen
cial no presenta dificultad. La soluci6n homogenea de 
la ecuaci6n inhomogenea, tanto en el medio com
bustible como en el moderador, conduce a un pro
blema de valores propios. 

Este metodo ha sido aplicado primero al caso de un 
medio infinito para el estudio de Ia cuesti6n de la con
vergencia y de la consistencia. Como verificacion se ha 
calculado el equilibrio integral de neutrones. Se ha 
obtenido una precision mucho mejor que el uno por 
ciento con cuatro funciones de base y un desarrollo 
asint6tico hasta l/E4• Los calculos de las celulas, 
realizados en una aproximacion P1 consistente, repro
ducen tambien el equilibrio mejor que al uno por 
ciento, con un desarrollo epitermico basta ljE2. Se ha 
estudiado Ia correlaci6n entre el espectro y Ia masa del 
moderador, como tambien Ia influencia de Ia disper
sion anisotr6pica. Se observa que el espectro medio del 
combustible difiere apreciablemente del correspon
diente a los limites del mismo. 

Se ha llevado a cabo Ia formulaci6n matematica 
basta Ia aproximaci6n en Pa, pero los calculos numeri
cos se han limitado a Ia aproximacion en P1. 
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L'optimisation du coefficient initial de regeneration d'un 
reacteur nucleaire: un probleme de Ia theorie des jeux 

par I. I. Purica* 

Un des problemes actuels dans le domaine de la 
physique des reacteurs nucleaires est de trouver le 
meilleur moyen d'utiliser la quantite disponible de 
noyaux fertiles d'uranium 238 et de thorium 232. Dans 
ce but, on emploie les reacteurs nucleaires regenera
teurs soit a neutrons thermiques, avec uranium 233-
thorium 232, soit a neutrons rapides, avec pluto
nium 239- uranium 238. 

Le probleme specifique pour de tels reacteurs est 
d'obtenir le plus grand nombre de noyaux fissiles par 
capture de neutrons dans le materiel fertile, tout en 
perdant le moins possible de noyaux fissiles necessaires 
a la masse critique et au fonctionnement, a une puis
sance donnee, du reacteur. 

Or cela depend, entre autres, de la distribution 
spatiale initiale du materiel fertile et fissile dans le 
reacteur et de la quantite de materiel fertile utilisee. 

On demontre ici que le probleme de trouver la dis
tribution optimale se reduit a un probleme de la 
theorie des jeux a deux matrices, a somme non null e. 

Prenons par exemple un reacteur a plutonium -
uranium 238, et supposons qu'on emploie dans ce 
reacteur une quantite donnee de noyaux d'uranium U 
et qu'on dispose d'une quantite de noyaux de plu
tonium P plus grande que celle Pc necessaire pour la 
masse critique. 

Le volume total V du reacteur est divise en 
q volumes Vt = Yt V(i = 1,2, .. . q). 

Chaque volume V1 contient un nombre Ut =p,t U de 
noyaux d'uranium 238 et un nombre Pt = g,p c de 
noyaux de plutonium. Ainsi la structure geometrique 
et materielle du reacteur est caracterisee par les 
distributions Yt,p,t,gt, nombres purs satisfaisant les 
relations: 

q q q 

~ Yt= ~ P,t= ~ gt= 1. Yt>O; P,t>O; g,>O (I) 
i~l i~l i~l 

avec 
(2) 

condition restrictive due a la limitation de Ia densite 
totale, N, des noyaux dans un volume donne, pour les 
motifs physiques connus. , 

Pour un volume minimal, Ia relation (2) se reduit a 
une egalite, et: 

* Institut de physique atomique, Bucarest. 

Vp+Vu=Vet Vp=PcfNet Vu=UJN 

Pour une distribution supposee connue (p,t,gt) et 
pour une quantite y donnee, ces relations determinent 
Yt si Pc est connu par la condition de criticite du 
reacteur, condition plus ou moins complexe, fonction 
du modele de reacteur employe. 

Limitons-nous au modele a un groupe de neutrons, 

oil le flux c/>t(i) satisfait Ia relation connue: 

(3) 

Les valeurs propres Bt2 sont determinees par les 
sections efficaces macroscopiques moyennes de diffu
sion, d'absorption et de fission de !'uranium et du 
plutonium, pour le spectre d'energie des neutrons dans 
le reaateur, a !'aide de: 

Bt2 = 

Bp2gt2€2 + (Bp2 Du + Bu2 Dp) gtiJ-t€ + Bu2/Lt2 
Dp Du (4) 
(/Lt +gt£)2 

oil Bp2,Dp,Bu2,Du sont les laplaciens et les coefficients 
de diffusion respectivement pour le plutonium et 
!'uranium a la densite maximale N, et 

£=Pc/U= Vp/Vu pourladensiteN. 

L'equation (3) s'applique a chaque volume Vt avec 
des conditions de continuite du flux et du courant de 
neutrons sur les surfaces de separation des volumes, et 
avec la condition que le flux soit fini et qu'il s'annule a 
Ia surface exterieure extrapolee du reacteur. 

On obtient ainsi un systeme homogene a 2 q equa
tions algebriques, dont la condition de compatibilite 
determine la valeur € pour une distribution (/Lt,~t) 
don nee, et par suite Ia valeur de P c necessaire au fonc
tionnement du reacteur. Ainsi, le reacteur est complete
men! determine par les conditions ci-dessus, si l'on 
donne la quantite d'uranium U et la distribu
tion {!Ldt). 

La quantite de noyaux d'uranium se transformant 
en plutonium par capture neutronique et avec une 
section efficace microscopique aucP, dans !'unite de 
temps et pour chaque noyau d'uranium present dans 
le reacteur, sera: 

(5) 
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ou la valeur moyenne du flux neutronique dans le 
vol1.1me Vt est: 

cf>t=- c/>t(r)dV 1 J ---+ 

Vt Vi 

De meme, le nombre de noyaux de plutonium qui 
disparaissent par fission et par capture non fissile, pour 
chaque noyau d'uranium, pendant le fonctionnement 
du reacteur est: 

1 q J ---+ q 
K2= u7!:

1 
~paNtPc/>t(r)dV=apa ";~/tcf>t (6) 

Les flux neutroniques cf>t dependent de la distribu
tion {tt, g, et de "· Pour chaque couple de distributions 
{IL",gt) avec 1-1-"== {fttk}; gt== {gn et, pour une valeur U 
donnee, nous aurons un couple de valeur (K1,K2) bien 
determinee. Pour un nombre fini de couples (p,k,~l); 
(k,l = 1,2, ... m,n), on a pour K1 et K2 des valeurs qui 
forment des matrices d'indice (k,l). 

Notre probleme se reduit au calcul des distributions /L 
et g pour lesquelles K1 est maximal et K2 minimal. 

Le rapport Kt/ K2 = R, comme le coefficient de 
reproduction d'un reacteur nucleaire regenerateur. 

Sous cette forme, on peut aisement interpreter notre 
probleme a l'aide de la theorie des jeux. Supposons, 
par exemple, deux joueurs, l'un possedant la quantite 
d'uranium U, qu'il· distribue suivant 1-1-", tandis que 
I' autre distribue la quantite de plutonium P c suivant g1• 

Le gain du premier est donne par les termes de Ia 
matrice Kt(k,l) et la perte du deuxieme par ceux de 
K2(k,l). Le premier est done interesse a choisir telle 
distribution 1-1-" qui realise un maximum pour K1(1Lk,gt) 
quelle que soit la distribution gt choisie par le 
deuxieme, et le deuxieme choisira Ia distribution don
nant un minimum K2(k,l) pour n'importe queUe distri
bution ,a" choisie par le premier. 

P/674 I. I. PURICA 

Ainsi, nous avons affaire a un jeu r (K1,K2) bi
matriciel, a somme non nulle. 

Or,. il arrive en general qu'on ne trouve pas une 
paire de distributions satisfaisant a la fois les deux 
conditions, c'est-a-dire qu'on ne trouve pas toujours 
une solution d'equilibre du jeu dans }'ensemble des 
strategies pures (p,k,gl). 

II est connu que, dans ce cas, Ia solution est donnee 
par des strategies complexes representees par des 
vecteurs X= (xk); Y = (Yt), dont les composantes sont 
les frequences d'utilisation des strategies pures p.",gt et 

m n 
satisfont ~ Xk = ~ Ye = 1. 

k=l 1=1 
Les solutions des equations: 

X. Kt (k,l). Y*~K1 (k,. )Y*; (k= 1,2, ... m) 

X. K2 (k,l) Y* ~X. K2 (.,!);(I= 1,2, .. . n) 

donnent les conditions d'equilibre de notre jeu. 
lei Y* represente le transpose du vecteur Y, Kt(k, . ) 

la k-ieme ligne de la matrice Kt(k,l), et K2( . ,/) la 
/-ieme colonne de la matrice K2(k,l). 

Les solutions d'equilibre du jeu bimatriciel ont ete 
donnees par Vorobief en 1958 [1]. 

Le probleme d'optimisation du coefficient de repro
duction par la distribution spatiale du materiel fertile 
et fissile dans un reacteur nucleaire se reduit done a un 
probleme etudie et resolu dans la theorie des jeux. Les 
calculs necessaires pour resoudre ce probleme, meme 
pour des cas simplifies, necessitent l'emploi de calcu
lateurs electroniques. 
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A/674 Romania 

Optimization of the initial conversion ratio 
of a nuclear reactor considered as a games 
theory problem 

By I. I. Purica 

It is shown that the problem of obtaining a maxi
mum initial conversion ratio (by non-homogeneous 
spatial distribution of the fissile material), together 
with minimum fuel consumption, has the structure 
of a two-matrix game with a non-zero sum. 

The volume of the reactor is regarded as being divi
ded into q separate, indeterminate volumes, each con
taining Ut = 11-t U fertile nuclei and Pi = gtP c fissile 
nuclei, where U is the total number of fertile nuclei 
and Pc is the number of fissile nuclei necessary for 
critical mass. 

These conditions of maximum density and criticality 

make it possible to determine the geometrical structure 
and the value of P c for a given U and a given distribu
tion {/Lt,g,). 

The number of fissile nuclei produced in a reactor 
in unit time is 

and the number of fissile nuclei disappearing is 
q 

K2 = apa € ~ gtcf>t 
1=1 

where aucp is the cross section ofthe process leading to 
the appearance of a fissile nucleus, apa the cross section 
of the process leading to the disappearance of a fissile 
nucleus, cf>t the mean neutron flux in the region i, and 
E=Pc/U. 

The gain K1 and the loss K2 of fuel are functions of 
the distribution (/Lt,6) adopted and of U. 
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The ratio K1/Kz is the breeding ratio of a breeder 
reactor. 

Let us assume two players, one possessing U fertile 
nuclei and adopting the distribution 1-"tk, the other 
adopting the distribution g,e of Pc fissile nuclei. 

The gain of the first is given by the terms of the 
matrix K1 (p.,k,gte) and the loss of the second is given 
by those of the matrix Kz (p.,k,gte). The first is there
fore interested in choosing the 1-"tk distribution which 
makes K1 a maximum for any 1-"te distribution chosen 
by the second. The second will choose the ge, distribu
tion making Kz a minimum for any 1-"tk distribution 
chosen by the first. 

The problem thus corresponds to the structure of a 
two-matrix game with a non-zero sum T(K1,Kz). 

For fast neutron breeder and two-region thermal 
reactors, an analysis is made of the information that 
can be obtained by studying the strategy of the game. 

A/674 PyMbiHHR 

0nTHMH3aU,Hfl Ha4anbHOrO K03tfltflHU,HeH

Ta BOCnpOH3BOACTBa fiA8pHoro peaKTO

pa KaK aaAa4a reopHH Hrp 

H. H. nypHKa 

floKa3aHO, 'ITO 3a~aqa DOJiycieHIUI MaKCHMaJib· 
HOfO Ha'IaJibHOfO ROacl>ci>H~HeHTa BOCDpOH3BOACTBa 
(nyTeM HeroMOfeHHOfO DpOCTpaHCTBeHHOfO pac
npe~eJieHH.R ~emun;eroc.R MaTepuaJia) OAHOBpe
MeHHO C MHHHMaJibHLIM paCXO~OM roproqero HMeeT 
CTPYKTYPY 6uMaTpH'IHOH urpLI c HeHyJienoii cyM
MOH. 

,ll.JIH :noii ~eJIH o6'LeM peaKTopa paa~eJI.ReTc.R 
aa q OTAeJibHLIX HeAeTepMuHuponaHHLIX o6'LeMoB. 
Ram~LIH ua HHX co~epmHT U; = 11;U HAep cLipbe
noro H Pi = S;Pc H~ep ~eJIHIIWrocH MaTepuaJia 
(U - DOJIHOe 'IHCJIO HAep CLipbeBoro MaTepHaJia, 
Pc - KOJiuqecTno AeJI.R~HXCH HAep, aeo6xOAHMoe 
AJIH ~ocTumeHu.R KPHTH'IHOCTH). 

¥cJIOBHH MaKCHMaJihHOH DJIOTHOCTH H KPHTH'I
HOCTH ~aiOT B03MOii\HOCTb OIIpe~eJieHH.R reoMe
TpH'IeCKOH CTpyKTYPLI H neJIH'IHHLI Pc AJIH ~aH
HLIX ij H pacnpe~eJieHHH (l1i• s;). 

RoJIH'IecTBO ~eJI.R~HXCH .R~ep, npouaBOJJ;HMoe 
B peaKTOpe B eAHHH~Y BpeMeHH, onpeAeJI.ReTC.R 
nLipameHueM 

a KOJIH'IecTRO ncqeaaro~ux AeJIH~HXCH RJJ;ep onpe
,n,eJI.ReTcH nLipameHueM 

rAe a «tf- acl>clleKTHBHOe ce'IeHne npo~ecca, KOTO
pLiii BeAeT I' DO.RBJieHHIO OAHOfO JJ;eJI.R~eroc.R 

HApa; a~ - aci>cl>eKTHBHoe ceqeHue npo~ecca, ne
)J.y~ero I{ HC'IeaHoneHHIO O)J;Horo JJ;eJIR~erocH HApa; 

Cf>i - cpeAHHH IIOTOK B o6JiaCTH i H e = PciU. · 
BLiurpLim k1 u noTep.R k 2 roproqero - ci>YHK

I~HH OT pacnpeAeJieHHH (l1i• Si) u oT U. 
0THomeHue k1 I k2 - Koacl>clluT'HeHT nocnpoua

no)J.CTBa peaKTopa-6pu)J;)J;epa. 
flyCTb eCTb JJ;Ba HrpoKa - O)J.HH HMeeT KOJIH'Ie

CTBO ChlpheBhlx HAep U u peaJiuayeT pacnpeAeJie-

HHe 11~, APYfOH peaJiuayeT pacnpe~eJieHue s\ 
ncex Pc JJ;eJI.R~HXCH .1111;ep. BLiurpLim nepnoro AaeT-

c.R 'IJieHaMH MaTpH~LI k1 (11~• S~), DOTep.R BTOpO

fO - 'IJieHaMH MaTpHI~LI kz (11~' s~). CJieJJ;ona
TeJibHO, nepnhlii )J.OJiiKeH Bhl6paTb Taiwe pacnpe-

11. 
JJ;eJieHHe l1i , KOTOpoe CAeJiaeT k 1 MaKCHMaJILHLIM 
AJIH JIIOOOfO pacnpe~eJieHHH s1

, BLI6paHHOfO BTO
pLIM. BTopoii BLIOHpaeT pacnpeJJ;eJieHue sL ROTO
poe c~eJiaeT k 2 MHHHMaJibHLIM ~JIH JII06oro pac-

npeJJ;eJieHHH 11~, BLIOpaHHOfO nepBLIM. 
3aAa'Ia, TaKHM o6paaoM, uMeeT CTPYKTYPY o~

HOH 6uMaTpH'IHOH urpLI c neHyJienoii cyMMOH 
r (kt. k2). 

,ll.JIH peaKTopon-6pHA~epon aa 6LicTpLix HeiiT
poHax H JJ;JI.R peaKTOpOB Ha TeDJIOBhiX HeHTpO
HaX c ABYMH aonaMH AeJiaeTCH anaJiua uncl>opMa
~HH, KOTOpyiO MOii\HO DOJIY'IHTb nyTeM H3ycieHH.R 
cTpaTeruu urpLI. Pac'IeThl OLIJIH npouane)J.eHLI 
n P1-npu6Jiumenu~. 

A/674 Rumania 

La optimizaci6n del coeficiente inicial 
de regeneraci6n de un reactor nuclear 
como problema d,e Ia teorfa de juegos 

por I. I. Purica 

Se demuestra que Ia estructura del problema de 
obtener un coeficiente inicial de regeneraci6n maximo 
(mediante una distribucion espacial no homogenea del 
material fisionable) junto a la obtenci6n simultanea 
de un consumo minimo de combustible, es la de un 
juego bimatricial de suma no nula. 

Se considera para ello el volumen del reactor dividido 
en q volumenes distintos, indeterminados, que con
tienen cada uno Ut=I-LtU nucleos fertiles y P,=gtPc 
nucleos fisibles, siendo U el numero total de nucleos 
fertiles y P c la cantidad necesaria de nucleos fisibles 
para conseguir una masa critica. 

Las condiciones de densidad maxima y criticidad 
permiten determinar la estructura geometrica y P c, 
para un U y una distribuci6n {p.t,g,) dadas. 

El total de nucleos fisibles producidos en el reactor 
por unidad de tiempo es: 
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y el total de nucleos fisibles que desaparecen: 

q 

K2 =apa € ~ gi•h 
i~l 

donde, aucp es Ia secci6n eficaz del proceso que con
duce a Ia aparici6n de un nucleo fisible, apa Ia secci6n 
eficaz del proceso que conduce a Ia desaparici6n de un 
nucleo fisible, tPi el flujo neutr6nico medio en la region i, 
y €=Pc/U. 

La ganancia Kt y Ia perdida K2 de combustible son 
funciones de Ia distribuci6n f-ti, gi adoptada y de U. 

La relaci6n K1/ K2 es el coeficiente de reproducci6n 
de un reactor nuclear regenerador. 

Supongamos dos jugadores, uno que posee un total U 
de nucleos fertiles y que efectua la distribuci6n f-tik, y 

otro que efectua Ia distribuci6n gi1 de Pc nucleos 
fisionables. 

Las ganancias del primero estan dadas por los 
terminos de Ia matriz K1(p,ik,gi1) y las perdidas del 
segundo por las de Ia matriz K2(f-ttkltl). El primero 
esta interesado en elegir una distribuci6n f-tik tal que 
haga K1 maximo, c~alquiera que sea Ia distribu
ci6n gi1 elegida por el segundo. El segundo eligira una 
distribuci6n gt1 que haga a K2 minimo para cualquier 
distribuci6n f-tiJc elegida por el primero. 

El problema requiere, por lo tanto, Ia estructura de 
un juego bimatricial, de suma no nula F(K1,K2). 

Se hace un analisis de las informaciones que se 
pueden obtener a partir del estudio de las estrategias 
del juego para los reactores regeneradores de neu
trones rapidos y los reactores termicos de dos zonas. 
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Determination, par Ia methode de Ia 'caracteristique 
de frequence, de Ia deformation du spectre des neutrons 
thermiques dans les milieux heterogenes * 

par I. Purica, N. Seferian et E. Racata.ianu ** 

CONSIDERATION$ TH EORIQUES *** 
Le probleme de la deformation du spectre neu

tronique a fait I' objet de nombreuses etudes a cause de 
!'importance qu'il presente pour les reacteurs ther
miques. 

Si pour les milieux homogenes on dispose main
tenant d'une grande quantite coherente de donnees 
experimentales et d'analyses theoriques de ces donnees, 
pour les milieux heterogenes les resultats existants ne 
sont pas satisfaisants. 

Nous nous proposons ici d'apporter quelques con
tributions concernant Ia deformation du spectre 
neutronique dans les milieux heterogenes. Dans ce but 
nous avons employe la methode de Ia caracteristique 
de frequence exposee dans nos communications 
anterieures. 

Par Ia methode de la caracteristique de frequence, on 
mesure !'amplitude de !'oscillation du flux neutronique 
pour ditferentes frequences. C'est Ia transformee de 
Fourier de la caracteristique d'impulsion qui est 
determinee couramment par Ia methode de Ia source 
pulsee. On obtient ainsi les valeurs ptopres avec toutes 
les informations qu'elles peuvent fournir. 

Les conditions d'applicabilite et les relations ,qui 
existent entre cette methode, d'une part, et Ia methode 
de Ia source pulsee et l'etude de Ia propagation des 
ondes neutroniques, d'autre part, ont ete analysees par 
no us dans [1 ], et quelques resultats experimentaux ont 
ete exposes dans [2]. 

Nous employons comme source de neutrons un 
faisceau neutronique qui provient d'une colonne 
thermique, done ayant un spectre de Maxwell; le bruit 
neutronique provenant d'autres sources est elimine par 
la maniere dont on mesure !'amplitude des oscillations. 

C'est pour ces motifs que nous avons considere 
cette methode comme indiquee pour l'etude de la 
deformation du spectre des neutrons thermiques dans 
les milieux heterogenes. 

Pour interpreter les resultats experimentaux, nous 
avons utilise un modele qui sera brievement expose ici. 

*Travail effectue par contrat de recherche n° 229/RB 
AIEA-Vienne. 

** Institut de physique atomique, Bucarest. 
** * Par I. Purica. 

Le probleme du spectre neutronique dans un reac
teur a ete aborde en suivant une conception utilisee 
dans l'etude des milieux moderateurs [2], [3], [4]. La 
variation avec l'energie du flux est decomposee dans un 
systeme de fonctions bi-orthonormales 2n(E/Eo), 
.!£' n +(E/ Eo) construit avec les polynomes de Laguerre 
Ln <1> ponderes sur une fonction qui represente une 
distribution maxwellienne du flux (E/Eo) e-<EfE•>. 

Lorsqu'on considere un flux q,o"6,E,t) dans le 

moderateur et un flux q,1(f,E,t) dans les barres com
bustibles, on peut tenir compte de la difference des 
spectres respectifs, en considerant: 

q,o(;,E,t) = ~ ~n °{f,t).!£' n(E/ Eo) 
n {1) 

if.1{f,E,t) = ~ ~n1"6,t).!£' n(E/Eo) 
n 

Si nous nous limitons aux deux premiers termes du 
developpement en serie (1), on peut approcher une 
distribution maxwellienne deformee par une autre 
distribution maxwellienne .A(E/ Em)=.!£' o(E/ Em) dont 
l'energie la plus probable est ditferente de Eo. 

Ainsi les flux ¢>0•1"6,E) peuvent etre representes par: 

q,o,1(7,E) =~.A O,(l)(;).A(E/ E,. ;(m1) ) - - ~ = ~oO,(l)(r)2o(E/Eo) +~1°•<1>(r).f£'1(E/Eo) 

Le systeme de fonctions bi-orthonormales .!£'k,.!£'kt 
est defini par: 

!l'k(E/Eo) = Lk(l>(E/Eo) . E . e-E/Eo 
Vk!(k+l)! Eo 

!£'kt(E/Eo) = Ln<l>(E/Eo) 
v'k!(k+l)! 

De cette definition resultent immediatement les 
relations suivantes: 

E 
.A(E/Em0,m1) =!£'o(E/Emo,mJ = ";;~"'1 !£'o(E/Eo) 

(3) 
+ -y12 Emo,m1(1 _ Emo,m1)!£'1(E/Eo) 

Eo Eo 
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De la comparaison des relations (2) et (3) resulte: 

!fo0,1(7} = Em •. m, if 0,1(,:) ( 4) 
Eo .A 

1/JI0,1(7} =v/2 Emo,m'(l _ Emo,m')if 0,1~) 
Eo Eo .A 

et done: 

[ 
l _,. _,.] 

Emo,m1 =Eo l- V
2 

o/1°•1(r)/o/o0•1(r) (5) 

On peut definir ainsi un spectre Maxwell caracterise _,. _,. 
par Em si l'on connait le rapport o/1(r)/o/o(r). 

Or, ce rapport depend en general de Ia position 
spatiale. 

La distribution spatiale du flux neutronique peut 
etre exprimee par une serie dans Ia base des fonctions 

propres XP~) orthonormees du laplacien avec les con
ditions aux limites convenables. 

Dans ce cas, pour chaque harmonique xn"6)t, Ia 
valeur de l'energie Emn est fonction seulement des 
caracteristiques nucleaires du milieu. 

Lorsque le flux ¢>(7,E,t) est une fonction periodique 
de pulsation: 

¢>(7;E,t) = Re ¢> (7;E)efwt 

l'energie Emn est une valeur complexe qui pour w = 0 
devient l'energie correspondante de Ia vitesse Ia plus 
probable de Ia distribution Maxwell pour l'harmo
nique spatial, n, dans une distribution spatiale 
stationnaire. 

Une source de neutrons thermiques, modulee 
sinusoi:dalement, excite dans un reseau multiplicateur 
ou non multiplicateur tous les harmoniques spatiaux. 
Pour les reseaux multiplicateurs, lorsque Ia condition 
de criticite est satisfaite, la distribution spatiale et ener
getique des neutrons est donnee par Ia fondamentale 
seule, pour une source d'intensite nulle. La condition 
de criticite, pour une structure geometrique de Ia cellule 
et une structure nucleaire donnee, depend seulement de 
Ia valeur du laplacien Bg2. 

On peut done obtenir des informations sur le 
spectre des neutrons thermiques dans un reseau multi
plicateur en etudiant le spectre de Ia fondamentale 
dans un milieu non multiplicateur ayant la meme 
structure geometrique et les memes sections d'absorp
tion et de diffusion, a la condition que la source soit 
thermique. Or, ces conditions peuvent etre realisees en 
utilisant la methode de la caracteristique de frequence. 

La formule (5) montre que, pour Ia fondamentale 
spatiale, le spectre des neutrons est caracterise soit par 
o/1/o/o soit par Em. La connaissance des facteurs qui 
determinent if>n permettra done le calcul de Em, et ces 
facteurs peuvent etre determines par l'etude de An. 

L'equation qui resulte de Ia condition de conserva
tion du nombre des neutrons dans un milieu fini, 
parallelepipedique, Mterogene, dont les heterogeneites 
sont des barres disposees dans un reseau quadratique 
et pour un regime oscillant a une pulsation w, est: 

I. PURICA eta/. 

J d; j; if>o"6,E) = J d;HOif>O 

v v 

- ¥o ~f drE1a(E)if>1~,E) + f drS{f.E) (6) 
k,J v·., v 

ou l'operateur Ho est: 

co 

JO(E',E) = J dE'[E80(E-+E') -E80(E' -+E) . S(E',E)] 
0 

....,. 
et Ia source S(r,E) contient les termes de la source de 
fission SF"6,E) et de Ia source exterieure sex(7;E). 

La variation avec le temps du flux ¢>0(7,E,t) et de Ia 
source exterieure est donnee par: 

..... _,. _,. 
if>O(r,E,t) = Reif>O(r,E)eiwt; sex(r,E,t) 

= Resex"6,E)e-Jwt 

V' ki est le volume de Ia barre cylindrique dont I' axe est 
situe en (xk,y1,z). 

Pour des pulsations w relativement petites, on peut 
considerer le flux if>1(7;E) comme solution de l'equa
tion de diffusion des neutrons dans la barre (xk,Yf,Z), 
d'une symetrie cylindrique, avec une distribution max
wellienne et avec Ia condition: 

(7) 

Apres avoir homogeneise par: 

+a +b 

L-+ _!_ Jdxkfdyi 
. Sc 

k,J .!..a -b 

(8) 

si on utilise Ia relation (4), le terme qui donne l'absorp
tion dans les barres fait ainsi que l'equation (6) devient 
une equation differentielle qui contient seulement le 
flux dans le moderateur. 

Cette equation differentielle peut etre reduite, par 
les methodes connues, a un systeme d'equations 
algebriques: 

avec 

Hik•s'ICo = Diko Bg1Jr;2 -Eiko-jiko 

Les indices k,j se rapportent aux coefficients de Ia 
decomposition en serie par rapport aux !l' k(E/ Eo), et 
les indices g,rhl aux coefficients de Ia decomposition en 
serie des harmoniques spatiaux Xg(x).Xn{y)xr;(z)I, OU Sc 

est Ia surface de Ia cellule et so celle du moderateur, Qc 
est le coefficient d'ecran de Ia barre, different pour 
differents harmoniques spatiaux {, a cause de Ia 
hauteur finie des barres. 
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Considerons DO(£) constant et .Ea(E) =.Ea.( vofv); 
alors: 

Dtk0 = DoJk;.EJk0 = .Eao(~ )ik = .EaoWJk (10) 

et 

(- ~)Jk = f d(:J!ft+(E/Eo) v;;) .!fk(E/Eo)=WJk 

La source exterieure est une source ponctuelle avec 
une distribution maxwellienne, telle que: 

sex -{soex,~'T/{;j=O 
j .€'1/~- 0 ; j =I= 0 (11) 

La source de fission peut etre calculee en negligeant 
le temps de ralentissement par rapport au temps de 
diffusion, utilisant le deuxieme theoreme des reacteurs 
nucleaires et prenant pour les noyaux de ralentisse
ment: 

.Yt(B€"1~2,E) =pe-:T<E)Be"~'"o(E- Er) (12) 

ou pest Ia probabilite d 'eviter I' absorption de resonance, 
:T(E) l'age Fermi jusqu' a l'energie E, et ou S(E -Er) 
specifie que nous considerons les neutrons de fission 
thermalises comme une source de neutrons ayant 
l'energie Er. 

Finalement on obtient: 

SJJF.s'IJ~= ~ Qr,lr.E!olp. e-ff(E,)Bt"~'"[Wo!Jl/Joo.s'l/r, 
so 

+ Wo1tP1°.s'IJ~ -v2 Wo1 Em,~Em"t/Jo1°,h&] (13) 

X SlF,S'IJ!,=SoF,€'1/1;( 2- !:) 
L'introduction de (13) dans (9) conduit a un sys

teme d'equations algebriques qui permettent la deter
mination de t/J00, ifJ10 pour Ia fondamentale spatiale 
(g,'T/,{) ={1,1,1). 

Lorsque Ia criticite est realisee, pour Bu12 = 
Bcr.2, s0ex=O; w = 0 vu Ia condition de compatibilite 
du systeme d'equations (9), on peut exprimer le 
rapport qui caracterise le spectre par: 
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Nous avons explicite Ia difference entre les energies 
Em,,Em. caracterisant Ia distribution Maxwell ~quiva
lente pour les barres et pour le moderateur, celle-ci 
etant directement accessible a l'experience. D'ailleurs, 
(Em,-Em.)/ Eo pourrait etre calcule si necessaire. 

Les elements qui determinent t/J1°/tPo0, done Emo• 
soot susceptibles d'etre mesures par l'etude des valeurs 
propres,\ du systeme d'equations (9). 

Etant donne le manque de place pour l'etude 
experimentale presentee dans ce memoire, nous nous 
limiterons aux milieux heterogenes non multiplica
teurs pour k co = 0. La plus petite valeur propre ,\0 peut 
etre mise sous Ia forme habituelle: 

- -
.\o = .Eovo + DoB2 - CoB4 

Mais, dans ce cas, Ies valeurs l:o,bo,Co soot 
donnees par: 

ou 

c (} = Sl Q ,l.Eaol v2 Em, -Em. 
so Eo 

Pour Em,= Em. les formules se reduisent a celle 
calculee par Pourohit [3]. On a considere le rapport 
48/M2°~l. 

La variation de .Ea.1 permettra Ia determination de 
Qr,1(Em, -Em.)/Eo comme fonction de .Ea.\ section 
d'absorption dans les barres. Si les caracteristiques 
nucleaires des barres utilisees pour realiser un milieu 
non multiplicateur soot les memes que celles des 
barres combustibles, on a un moyen de separer 

(14) 
D 0ro M2 Wo1 - ar • .Eovo+ --Bcr2 + -- - -kcp.EoEre-., (E,)B •• 
Wu. 4Wu Wu 

Les definitions pour io,Jo, k<r!, Er sout les suivantes: 

.Eo est Ia section d'absorption totale homogeneisee, 
sans tenir compte de Ia difference spectrale entre la 
barre et le moderateur 

/o est le facteur d'utilisation des neutrons thermiques, 
kco Ie coefficient de multiplication dans un milieu 
infini: 

!'influence sur le spectre Maxwell equivalent, dans le 
moderateur et dans les barres, due a !'absorption dans 
les barres, de !'influence produite par Ia thermalisation 
du spectre de fission, caracterisee dans notre modele 
theorique par le facteur Er = 2 - Er/ Eo. 

RESULTATS EXPERIMENTAUX 

Les verifications experimentales des possibilites 
offertes par la methode de la caracteristique de fre
quence pour determiner Ia deformation du spectre 
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maxwellien des neutrons thermiques dans les milieux 
heterogenes ont ete faites avec le reseau de !'ensemble 
sous-critique a uranium enrichi et graphite de l'lnstitut 
de physique atomique de Bucarest. 

Dans la premiere etape nous avons verifie la possi
bilite de determiner par Ia mesure de Ao(B2) les facteurs 
1:, bo,Co, et Ia variation de ces valeurs avec Ia section 
d'absorption dans les barres; nous avons determine 
ainsi Ia difference de temperature Tm,- Tm.lk = 
Em,- Em. du spectre Maxwell equivalent des neutrons 
dans les barres et le moderateur. 

La temperature absolue du spectre des neutrons 
dans les barres a ete determinee par une comparaison 
de l'effet produit sur Ao par un absorbant dont Ia sec
tion effective suit la loi << 1/v>>, le bore, et l'effet produit 
par le cadmium. 

On a modifie le laplacien B2 dans le domaine 
I0-2-J0-3 cm-2 en conservant une hauteur constante 
du prisme en graphite. 

On a utilise comme source de neutrons thermiques 
le faisceau axial de la colonne thermique du reacteur 
VVR-S. Le faisceau a ete module sinusoi'dalement a 
l'aide d'un disque en cadmium et diffuse par une cible· 
situee a l'interieur de l'ensemble sous-critique. Le flux 
neutronique a ete mesure par un scintillateur a bore et 
un photomultiplicateur. Le schema electronique utilise 
permet la mesure simultanee de la valeur moyenne, de 
!'amplitude de !'oscillation et de la phase. Une descrip
tion plus detaillee du systeme de mesure et les carac
teristiques geometriques du reseau ont ete donnees 
en [2]. 

Pour controler !'exactitude des valeurs determinees 
par la methode de la caracteristique de frequence, nous 
avons verifie l'independance de l'efficacite spectrale du 
detecteur, !'influence des harmoniques spatiaux supe
rieurs, et nous avons constamment fait un test speci
fique de Ia methode et du schema d'analyse harmo
nique utilise. 

La source que nous avons utilisee peut etre repre
sentee par !'expression analytique: 

s(-;,E,t) = Re So'&G--;s)Ms(E) [l +a eiwt] 
..... 
r8 etant le vecteur de position de Ia cible, a Ie degre de 
modulation, w la pulsation, M(E) la distribution 
energetique supposee isotrope. 

On peut demontrer que le rapport entre le carre de 
!'amplitude mesuree A 2(w) pour w=O et le carre de Ia 
valeur moyenne mesuree doit etre, en premiere 
approximation, independant du spectre de Ia source et 
de l'efficacite du detecteur: 

ks= A~(O) =4 a2 
(N)2 772 

pour a= I, on devrait obtenir ks = 0,4083. 
Pour une cible en graphite nous avons obtenu 

kc = 0,431 + 0,0027, et pour une cible en paraffine 
kp = 0,455 + 0,0009. . 

La difference entre kc et kp, qui est tres petite, 
semble etre due ala difference entre les spectres apres 
leur diffusion sur les cibles respectives. 

1.8 A2 xro·"s· 2 

f.~ a -0--e---
<g "' " S- source 12 c::,- "" "" <::; <::! 

C-ddecleur ... ., +I 
1.0 "' - ~ ::!:- ~-

a a 
{/6 

Figure 1 

L'influence des harmoniques superieurs a ete 
etudiee en pla9ant Ia source et le detecteur dans 
differentes positions qui favorisent )'influence de 
l'harmonique deux ou trois. 

Parce que la variation du carre de !'amplitude 
avec w2 est une hyperbole: 

on peut utiliser les proprietes des hyperboles pour 
separer les harmoniques superieurs. 

Dans la figure I, on peut voir les valeurs de A0 pour 
Ia fondamentale separee des caracteristiques de 
frequences A 2(w), pour trois positions du detecteur 
caracterisees par un puissant harmonique d'ordre deux 
et trois sur l'axe vertical du prisme. Meme dans cette 
situation, nous avons obtenu Ao avec une precision 
de 2-5%-

L'independance de Ia valeur A de l'efficacite du 
detecteur au spectre des neutrons enregistre a ete 
verifiee en utilisant deux scintillateurs de carac
teristiques differentes, dont le rapport des impulsions 
enregistrees a ete : 

-dans Ia colonne thermique: (k1/k2)= I,71; 
-pour Ia configuration avec Bg2=2,9. I0-3 cm-2 

(note par C5) de !'ensemble sans uranium: 
(kt/k2) = 24,04; 

-pour la meme configuration avec des barres 
d'uranium (k1/k2) = I6,40. 

Ces vaieurs denotent une grande difference de 
l'efficacite des scintillateurs dans differents spectres des 
neutrons. 

Malgre les grandes variations de l'efficacite des 
scintillateurs, les valeurs de Ao mesurees avec eux con
cordent dans Ia limite des erreurs experimentales. 

La pulsation w a ete maintenue constante pour 
chaque point de Ia caracteristique de frequence par Ia 
stabilisation de la vitesse du moteur avec une precision 
determinee par experience de 2-0,4%- Les erreurs 
statistiques ont ete de l'ordre de I%, et on a utilise un 
nombre de 25-35 points pour chaque courbe A 2(w). 
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La verification de la variation de E0 ,D0 et Co avec Ia 
variation de Ia section efficace d'absorption dans les 
barres a ete faite en utilisant des solutions d'acide 
borique et de sulfate de cadmium, a des concentrations 
differentes. 

On a utilise sept configurations de geometries 
differentes. Nous avons considere ce nombre suffisant 
etant donne que notre intention n'etait pas d'obteni; 
la precision maximale. 

Dans les figures 2 et 3, on voit la variation de A avec 
Bg2 pour des barres en tubes d'aluminium, d'un dia
metre interieur de 1,3 em et d'un diametre exterieur de 
1,5 em~ remplies avec de l'eau et avec du diphenyle. 

Quotque la valeur moyenne du flux neutronique soit 
tres differente pour la cible en graphite, par rapport a 
celle en paraffine, les valeurs de .\0 sont concordantes. 

L'approximation par une parabole, utilisant la 
methode des moindres carres, donne: 

~r------------------------------------, 

5 

/ 

/ 
/ 

/ 

/ 
/ 

/ 
/ 

/ 

~c•Q+S9 -.---e--e--a..--------e------_..!e_ 'S 

~-a~B------------------------------

Figure 3 
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AHzO = 211 ± 11 + (171 ± 6) . 103 B2 
- (5,5±0,5). 106 B4 

.\0 , = 260 ± 5 + (159 ± 2, 7) . 1 oa B2 
- (6,3 ± 0,22) . IQ6 B4 

La valeur du facteur de refroidissement C se situe 
dans le domaine des valeurs obtenues pour le graphite 
par Ia methode de Ia source pulsee (2,5 ~ C ~ 5). 

Le coefficient de diffusion est beaucoup plus affecte 
par Ia diffusion dans les barres. Pour le graphite pur, a 
1,6 g/cm3, la valeur est Do= 208.103 s-1 cm2. 

L'empoisonnement des barres par du bore et du 
cadmium conduit a Ia modification de .\0• Pour 
quelques configurations, la variation de .\0, avec Ia 
section efficace a 0,0253 eV pour 1e bore et le cadmium, 
a ete representee dans Ia figure 4. 

Dans Ia meme figure, on peut voir Ia variation de 
reactivite produite dans le reacteur VVR-S par les 
memes barres contenant des concentrations differentes 
de bore et de cadmium. Pour le domaine .EB(Cd)1 = 
0,0-0,25 em -1 la variation est presque lineaire, ce qui 
montre que le coefficient Q ~;1 est constant. Lorsque 
.EB(Cd) 1 varie dans ce domaine, les calculs effectues 
donnent une variation de 0,999 jusqu'a 0,90 -0,92, 
selon Ia temperature du spectre neutronique. 

A partir des courbes, telles que celles representees 
dans Ia figure 4, pour differentes configurations 
geometriques, on peut determiner la variation de 
i:o, Do, et Co en fonction de Ia section d'absorption 
dans les barres. 

Dans la figure 5, sont representees les courbes 
obtenues avec les erreurs les plus probables. 

La variation est dans le sens prevu par les for
mules (15). 

• • ,d 
Gl 

~B 0~~~--~~~~L-~~Q~t~~~~~QLJ~--J 

r~ •(CtiJ cnr' 

Figure 4 
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Onadeduitde.Eo(L'n1)la valeurde(Em, -Em.)/Eoen 
employant pour Q ~;1 la valeur calculee, qui concorde 
d'ailleurs avec celle mesuree par le coefficient du 
danger. 

Avec Ia difference de temperature ainsi obtenue, on 
a deduit de Co Ia valeur de M2o, qui a ete 0,0215, en 
bon accord avec les resultats obtenus pour le graphite 
avec Ia methode de Ia source pulsee, mais presque trois 
fois plus petite que la valeur calculee par Kothari. 

Avec cette valeur pour M2o on a calcule Ia difference 
entre la temperature dans les barres et dans le modera
teur a }'aide des formules (15). 

Les resultats sont representes dans Ia figure 6, oil 

dT1o = 293 (Em,- Ema)/Eo CC) 
La difference de temperature croit lentement avec Ia 

section d'absorption dans les barres, ce qui signifie que 
l'effet de Ia croissance de Ia section d'absorption dans 
les barres se ressent fortement sur le spectre dans le 
moderateur. 

Cela s'explique par Ia presence d'eau dans les barres 
que nous avons utilisees. 

Dans ce cas, les neutrons thermiques qui ont 
penetre dans les barres ont une probabilite de retourner 
dans le moderateur plus petite que celle des neutrons 
plus rapides se trouvant dans les barres. 

La valeur de Ia difference de temperature deduite de 
Ia variation de Do tend vers les valeurs deduites de 1:0 

et Co Iorsque L'a. 1 est grande par rapport a Ia section 
d'absorption de l'eau. Pour les petites valeurs de L'00

1 

la formule (15) n'est valable que dans une premiere 
approximation. Des etudes plus detaillees sont en 
COUTS. 
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En conclusion, nous pouvons affirmer que Ia 
methode de Ia caracteristique de frequence represente 
un moyen puissant pour l'etude de Ia deformation du 
spectre des neutrons thermiques dans les milieux 
heterogenes, multiplicateurs ou non. 

Les resultats experimentaux confirment le modele 
theorique que nous avons employe, expose dans la 
premiere partie. 
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ABSTRACT-RESUME-AHHOTA~I-iJI-RESUMEN 

A/675 Romania 

Determination of thermal neutron spectrum 
deformations in heterogeneous media by 
frequency response method 

By I. Purica et a/. 

The paper analyses the possibilities offered by the 
frequency characteristic method for determining the 
deformation of the thermal neutron spectrum in a 
multiplying lattice. Use is made of the P1L2 approxima
tion. 

The theoretical results are compared with experi
ments carried out on an enriched uranium-graphite 
subcritical assembly. Separation of the effect of ab
sorption in the uranium on deformation of the neutron 
spectrum is achieved by substituting suitable absorbing 
and diffusing substances for uranium. 

A/6'76 PyMbiHHJI 

OnpeAeneHHe HCKa.H<eHHH cneKTpa 
TennOBbiX HeHTpOHOB B pa3MHO.H<al0• 
~eH peweTKe MeTOAOM LfaCTOTHOH xa
paKTepHCTHKH 

H. nypHKa et al. 

AuaJIHaupyiOTCR B03MO>KHOCTH MeToAa 'laCTOT

HOH xapaKTepHCTHKH AJIR HaMepeHHR oTKJioHeHHR 

OT MaKCBeJIJIOBCKoro pacrrpeAeJieHHR crreKTpa Ten-

JIOBLIX HeHTpOHOB B pa3MHO>KaiO~eH peme•rKe B 

paMKax P1L2-rrpu6JIH>KeHHR. 

TeopeTH'IecKHe peayJILTaTLI cpaBHHBaiOTCH c 

aKcrrepHMeHTaJILHLIMH AaHHLIMH, rroJiy'leHHLIMH 
AJIR IIOAKPHTH'IecKo:H pemeTKH c ecTecTBeHHLIM 

ypauoM H rpa~HTOM. BLIAeJieuue a~~eKTa rrorJio

~euua HeHTpOHOB B ypaHOBLIX CTep>KHRX, UpHBO

AR~ero K Ae~opMa~HH cneKTpa, CAeJiaHo nyTeM 

aaMeHLI ypaua MaTepuaJiaMu, o6JiaAaiO~HMH OAH
HaKoBLIMH C HHM UOrJio~aiO~HMH HJIH AHcflcflyaH

OHHLIMH CBOHCTBa:MH. 

Af67S Rumania 

Determinacion de Ia deformaci6n 
del espectro de neutrones termicos 
en un medio multiplicador 
por el metodo de Ia 
caracterlstica de frecuencia 

por I. Purica et a/. 

Los autores analizan las posibilidades ofrecidas por 
el metodo de la caracteristica de frecuencia para deter
ininar la deformaci6n del espectro de neutrones 
termicos en un medio multiplicador, utilizando la 
aproximacion P1L2. 

Los resultados te6ricos se comparan con los obteni
dos de un experimento subcritico a base de uranio 
enriquecido y grafito. El efecto de absorci6n en el 
uranio sobre la deformaci6n del espectro neutr6nico se 
ha separado sustituyendole por absorbentes y dis
persores adecuados. 
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Penetration of neutrons in cylindrical air ducts in 
diffusing media 

By A. Etemad and J. M. Pictet* 

The study of the neutron penetration in channels 
within a diffusing medium is of great importance in the 
physics of reactors, particularly in the subject of 
reactor shielding. 

The streaming of neutrons along the channels is a 
source of difficulty since it diminishes the efficiency of 
the reflector or that of the shielding. 

The problem of the propagation of neutrons in 
media pierced by channels does not easily lend itself to 
rigorous theoretical treatment, due to the geometric 
complexities. The simplified methods [1], [2], [3] that 
one normally uses to calculate neutron fluxes in these 
configurations give poor results. Alternatively, very 
good results may be obtained by the use of the Monte 
Carlo method, but the computations are usually very 
prolix, and the cost prohibitive. 

The present study sets out a tentative theory of 
channels, which yields sufficiently exact results after 
only a reasonable amount of computation. This theory 
has been applied to the case of channels within light 
water. 

An experimental study was undertaken in order to 
verify the precision of the theoretical predictions. The 
comparison of the theoretical and experimental results 
exhibits a very satisfactory agreement. 

Definition of the problem and 
general considerations 

Let us consider a semi-infinite diffusing medium, 
bounded by a surface or volume source, and contain
ing parallel cylindrical channels whose axes are per
pendicular to the plane separating the source and the 
diffusing medium (Fig. 1). 

The problem is to compute the neutron flux in the 
channels and in the diffusing medium surrounding the 
channels. 

The neutron flux tl>i at a given energy, at a point P 
inside a channel, can be considered to be made up of 
three components (Fig. 1 ), they are: 

(a) The direct component tl>a made up of neutrons 
which penetrate the channel from its mouth and 
travel directly to the point P. 

(b) The reflected component tl>b made up of neutrons 
which penetrate the channel from its mouth and 

* Swiss Federal Institute for Reactor Research, Wi.irenlingen, 
Switzerland. 

arrive at the point P after having been reflected 
by the material medium surrounding the 
channel. 

(c) The leakage component tl>c comprising the 
neutrons which arrive at the point P without 
having passed through the channel mouth; these 
neutrons enter the channel via its lateral walls. 

In the diffusing medium the component tl>a does not 
exist and the neutron flux is made up of the com
ponents tl>b and tl>c, analogous to those which have 
just been defined for the interior of the channel. 

We will suggest, below, a calculation method in 
which the neutron flux is treated by transport theory 
within the channels and by diffusion theory within the 
diffusing medium; these theories are coupled by a 
reasonable choice for the angular distribution of 
neutrons entering the channel. 

/ channel mol.lh 
\ 

\ 

\\~=====:~~~--+---.---

channel 

diffusing medium 

Figure 1. Layout of a channel in a diffusing medium 
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Figure 2. Layout of a cell considered in a lattice of channels' 
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In a lattice of channels we define a cylindrical cell of 
radius R, made up of a channel of radius ro and a 
certain quantity of moderator around it (Fig. 2); this 
quantity of moderator being chosen so as to conserve 
the moderator: channels volume ratio. In laying down 
proper boundary conditions on the external surface of 
this cell, one may take into acoount the influence of 
the other cells. It is precisely this isolated channel 
which is the subject of our study. 

In order to simplify the notation we shall use, in the 
calculations, dimensions scaled to the channel radius ro 
taken as unity; un-sealed dimensions appear as "over
lined" letters. 

The determination ofthe flux in the 
diffusing medium 

The diffusion equation and boundary conditions 

In the case of cylindrical symmetry the diffusion 
equation for group "i" may be written as, 

o2cpt + ! oc])t + ozcpt ->..tzcpt = St (1) 
or2 r or ox2 

where At is the reciprocal of the relaxation length for 
the neutrons, and cpi and St are respectively the flux 
and the source at the point (x,r). 

The flux c])t(x,r) is subject to the following boundary 
conditions : 

where 

cpot0 : given 

limit cp,(x,r) = 0 
X-+ CO 

Jri(x,R)= -Dt- r=R=O oc])t J 

or 

L 

I;;(x) = Qt(x) + J f;j(x') . F(x,x') . dx' 
0 

(2) 

(3) 

(4) 

(5) 

cpot0 = the flux at the point x = 0 when there is 
no channel, 

frt(x,R) = net radial neutron current at the point 
with abscissa x on the external surface of 
the cell, 

Dt = the diffusion coefficient, 
}rt(x) = radial neutron current at the point with 

abscissa x on the lateral wall of the 
channel (the sign ( +) designates the 
current entering the diffusing medium, 
and the sign (-) that entering •the 
channel), 

Qt(x) = neutron current entering the diffusing 
medium at the point with abscissa x on 
the lateral wall of the channel and 
coming directly from the channel mouth, 

F(x,x') = neutron current entering the diffusing 
medium at the point with abscissa x on 
the lateral wall of the channel and com
ing from a zone of the wall, of unit 
length, situated on the abscissa x' and 
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emitting one neutron per second and per 
unit surface, 

L = length of the channel. 
The boundary condition (5) sets up the neutron 

book keeping at a point with abscissa x on the wall of 
the channel. It is of great importance since it allows 
one to take correct account of the neutron penetration 
in the channel. 

The determination of the functions Q(x) and f(x,x') 

According to the theory of neutron transport in a 
void, the neutron current J;(M) arising from a surface 
S and crossing a unit surface normal to a unit vector 
at the point M is given by, 

J;,(M) = ("(z .tj(N) .f(p,). ~. dS (6) 
s p p 

where 

j(N) = total current leaving the source at the 
point N, 

p = NMandp=NM, 

f(}.t) = the angular distribution of the neutrons 
emitted by the source, 

p, = cosO; 8 being the angle between the direction 
of emission and the normal to the surface. 

In the relation (6) it is assumed that the angular 
distribution depends only on the angle 8. 

Rewriting relation (6) for the case of the configura
tion of Fig. 3 we have 

Qi(x) = fS coscp .fri; .f(}.t) . ~. S . dy . dS, (7) 
p 

where j ti is the current entering the channel via its 
mouth. We assume that the current .it; is constant 
over the whole surface formed by the mouth of the 
channel. 

If f(}.t) is given by Fermi's law of angular distribu
tion [4], we have, 

f(p.)~ ~r~~·r (S) 
7r 1 + y'3 

Substituting (8) into (7) and integrating [5] one 
obtains, 

medium 

Figure 3. Configuration considered for the calculation of Q(x) 
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(9) 

with 
H(x) = (2- k 2) • E(k)- 2(1 - k2) . K(k) (10) 

where, 

k= 2 
v(x2+4) 

(11) 

K(k) and E(k) are complete elliptic integrals of the first 
and second type respectively. 

The function F(x,x') is obtained in a similar fashion 
by writing out equation (6) in the case of the configura
tion of Fig. 4; we thus obtain, 

., 1 
F(x,x') = 2 J cosy .. ft¥) . 2 . dfJ. (12) 

0 p 

Assuming that the angular distribution of neutrons 
emitted by the lateral wall of the channel follows a 
linear law in the cosine of the emission angle, one 
obtains 

f(JL) = 1!:.. (13) 
7T 

Introducing {13) into (12) and integrating [5] we get, 

F(x,x') = F( I x - x' I) 
=!{1 lx-x'j[(x-x')2 +6]}· (14) 

[(x - x')2 + 4 ]3/2 

The solution of the diffusion equation 

On account of the complexity of the boundary con
dition (5) on the wall of the channel, the analytical 
solution of Eq. (l) is attended by considerable mathe
matical difficulties; a numerical approach is equally 
ruled out as it involves extremely lengthy calculations. 

In order to avoid this difficulty we may let ourselves 
be guided by physical considerations in order to arrive 
at an approximate expression for <l>(x,r). 

Since the void in the channel offers no obstacle to 
the axial penetration of neutrons, we may suppose that 
in the diffusing medium and near the channel, the 
axial flux variation is sufficiently small to justify the 

diffusing medium 

x'-x 

F 

Figure 4. Configuration considered for the calculation of F(x,x') 

A. ETEMAD and J. M. PICTET 

neglect of its second derivative with respect to x in 
Eq. (l). On the other hand, at some distance from the 
channel, the radial variation of the flux becomes 
negligible, leaving only the second derivative with 
respect to x alone in the equation. With these con
siderations in mind we may replace Eq. (l) by two 
equations, each involving only one variable: 

(15) 

(16) 

with 
(17) 

The source term s, is considered as the result of the 
superposition of two sources S,P and s,c by virtue of 
the same reasoning as led us to consider the solution of 
Eq. (I) as the superposition of the solutions of Eqs . 
(15) and (16). In fact the source is, apart from a con
stant factor, the solution of an equation of the type (1) 
applied to neutrons of the preceding group (i -1). 

The solutions of the Eqs. (15) and (16) may be 
written: 

The constants Et and Ft can be found with the help of 
the boundary conditions (2) and (3); condition ( 4) 
allows At to be expressed as a function of Bt (At= 
atBt); finally condition (5) shows that At and Bt should 
be considered as functions of x. 

The expression for the flux <l>t(x,r) hence becomes: 

<l>t(x,r) = Mt • e-A,x + St'P(x) . Nt(x,r, R) . Bt(X) + 
St'c(x,r) (20) 

with 
Mt = <1>ot0 -St'P(O) (21) 

Nt(x,r,R) = at(x,R)Io(A.tr) + Ko(Atr). (22) 

In order to find Bt(x) we use the boundary condi
tion (5). The currents j~(x) and j-;i(x) are expressed 
as follows: 

. +( ) _ 4>1(x,r = 1) .,- Dt o<l>,(x,r) I _ 1 } ri X - 4 I 2 or r- (23) 

Substituting relation (20) into (23) and introducing the 
result into (5) one obtains an integral equation for 
Bt(x) of the following general form: 

L 

Bt(x) =Gt(x) +fJtf Bt(x'). F(x,x')dx'. 
0 

(24) 

Under certain conditions an approximate solution 
of this equation may be derived analytically. However, 
a numerical treatment by means of a digital computer 
is frequently simpler and speedier. 

Now, knowing Bt(x), Eq. (20) allows us to find 
<l>t(x,r). 

We may compute the reflected and leakage com
ponents separately by applying the superposition 
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principle which follows from the linearity of the diffu
sion law (obtained solution) and that of the integral 
operator (boundary condition (5) ). 

Since the reflected component is, by definition, 
independent of the first two terms of the second part 
of Eq. (20), we may write, 

<I>bt(x,r) = Nbc(x,r,R) • Bbc(x) + Sbl0(x,r) (25) 

<I>c~(x,r) = Mt e-A,x + St'P(x) 

+ Nct(x,r,R) . Bet( X)+ Sc~'0(x,r). (26) 

Eq. (24) hence resolves itself into two similar equa
tions for Bbt(x) and Bct(x) respectively. 

The computation of the flux inside the channel 

The wall of the channel forms a source emitting 
neutrons towards the interior of the channel. The flux 
within the channel is hence obtained by integrating the 
source intensity (neutron current leaving the diffusion 
medium) over the surface of the wall of the channel. 

In the void the neutron flux <I>(M) at a point M, 
originating from a surface sourceS, is given by, 

<I>(M) = f j(N) .f(p,) . I
2

• dS. 
s p 

(27) 

Writing out this relation in the case of the configura
tion of Fig. 5 one obtains, 

<I>,(z) = j;; j /I(p,). ~. 2TTr. dr 
o Pl 

+ J Iri(x) ./2(,.,). ~. 2TT. dx (28) 
o P2 

where <I>t(z) is the flux on the channel axis. 
Assuming a Fermi angular distribution for neutrons 

coming from the mouth of the channel, and a cosine 
distribution for neutrons originating from the channel 
wall, we find: 

L 

<I>t(z) = <I>at(z) + J j";,(x) . H(x,r) . dx 
0 

with, 

<I> ( )- 2jo~ [l + y3 _ 1 
a' z - 2 T ( 1 )1/2 

I+ v3 I+ i2 

- y3/2] 
I+_! 

z2 

Channel 

diffusinQ medium 

(29) 

(30) 

Figure 5. Configuration considered for the calculation of the flux 
on the channel axis 
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H(x,z)=2 [(z-x)2+ 1]-3/2 (31) 

Note that <Pat is the direct contribution to the flux and 
the integral in the second part of relation (29) gives us 
the reflected <I>bt and leakage <Pet contributions, if one 
replaces j ri by j rbi and j ,-;; respectively. 

It remains to indicate how j0~ may be determined. 
It is clear that the direct and reflected components of 
the flux in the channel are proportional to j0~, where
as the leakage component is independent of j0~. The 
total flux at the channel mouth may therefore be ex
pressed by the following symbolic relation : 

<Pot =ptjo~+qtj~+st = (Pt +qt)j~+ St. (32) 

Similar reasoning allows us to express the current 
leaving the channelj Oi by the following relation: 

j Oi = Utj~ + Vt. (33) 

According to diffusion theory we may write: 

j~+ joi= l <I>o. (34) 

The three relations (32), (33) and (34) yield: 

(35) 

The computation of j;; by means of relation (35) is 
handicapped by the difficulty of determining the 
difference between two nearly equal quantities. It is 
possible, at the price of a small sacrifice in accuracy, to 
obtain j~ in a very simple manner. We assume that 
the current j~ is equal to the current j8t at the same 
position the channel being absent. Knowing the flux 
distribution in the diffusing medium without a channel, 
one may findj8t and hencej~ quite easily. 

Application of the method 

The choice of a problem 

We have used the above method to calculate the 
thermal neutron flux in the case of channels surround
ed by light water. 

Two principal reasons have influenced this choice. 
The first is that in light water sufficiently far from 
sources, the neutron spectrum attains an equilibrium 
value, and the thermal neutrons follow the same atten
uation law as the fast neutrons. This equilibrium 
allows us to introduce an important simplification in 
the calculation of the thermal neutron flux, which con
sists in considering only one group (thermal), provided 
that group constants which take proper account of the 
effect of fast neutrons are employed. The second 
reason is that the experimental study of the thermal 
neutron flux in the case of channels surrounded by 
water can be effected relatively simply in the pool of a 
swimming pool reactor. 

In the equilibrium hypothesis, the expressions for 
fluxes <I>b and <I>c in the water surrounding the channel 
are written: 

(36) 
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<Pc(x,r) = e-Ax + Bc(x) [ ~~~:: Io(N-) + Ko(>..r)] (37) 

where >.. represents the reciprocal of the slowing down 
length of fast neutrons. These fluxes are normalized 
with respect to the value of the flux at the position of 
the channel mouth, the channel being considered 
absent. 

The expressions (36) and (37) are valid in the case of 
a lattice of parallel channels and for a cell of radius R. 
In order to obtain the corresponding relations for an 
isolated channel, one lets the pitch of the lattice tend to 
infinity; the ratio KI(>..R)/h(AR) then tends to zero and 
the terms in /o(>..r) disappear. 

The functions of Bb(x) and Bc(x) are fixed by the 
following equations valid on the wall of the channel: 

L 

o1Bb(x) = Q(x) + 02 I Bb(x') . F(x,x') . dx' (38) 
0 

L 
O!Bc(x)=P(x)+od Bc(x'). F(x,x'). dx' (39) 

0 

where Q(x) is given by equation (9), and where, 

L 
P(x)=l- [ -e-Ax+ I e-Ax'. F(x,x'). dx'] (40) 

0 

{
KI(>..R) · 

01,02 = l- h(AR) [/o(Aro) =f 2AD!t(>..r0)J 

+ Ko(Aro) ± 2>..DK1(Aro)} (41) 

D standing for the thermal neutron diffusion co
efficient. 

•r-------------------------------. 
----toleii!Ux 
- -- - reflected flux 
-- -- leakoQe flux 

' ' " ' '~ tO"'':l-------------:::,.._~,------l 

Figure 6. Distribution of thermal flux on the wall of channel 1 
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Numerical computation 
Case of a single channel 

Our study has been applied to two channels of 
different dimensions, that is: 

Channel 1 : 5.9 em in diameter by 170 em in length; 
Channel2: 12.5 em in diameter by 250 em in length. 
The value of >.. was taken as the reciprocal of the 

square root of the Fermi age of fission neutrons to 
thermal energy. From [6] we have 7- = 33 cm2; which 
gives us A= 0.174 cm-1. For the diffusion coefficient 
we have taken D =0.16 em [7]. 

The results of the computations, relating to the 
thermal flux on the wall as well as inside the channel, 
are displayed in Figs. 6 and 7 for channel I and in 
Figs. 8 and 9 for channel 2. Note that in Figs. 7 and 9 
the fluxes within the channel are scaled to the value of 
the flux at the channel mouth. 

Case of a lattice of channels 

We have considered a regular lattice consisting of 
channels of 6 em in diameter and 60 em long. The 
thermal neutron flux was calculated on the channel 
wall for varying lattice pitches as follows: 

1 
2 
3 

Case Lattice pitch 

20em 
15 em 
12em 

Cell radius (R) 

11.28 em 
8.46em 
6. 77 em 

The results of the calculations are set out in Figs. 10 
and 11. 

~ r-----------------------------~ 

----- total calculated flux 

---direct flux 

- - - reflected flux 
-- -- - leakage flux 
- - - 10101 meas..-ed flux 

~'~----------------------~ 

3!1 40 45 50 !6 
z 

Figure 7. Distribution of thermal flux on the axis of channel1 



SESSION 3.1 

---total flux 
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Figure 8. Distribution of thermal flux on the wall of channel 2 
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figure 9. Distribution of thermal flux on the axis of channel 2 
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Figure 10. Distribution ofthermal flux (reflected and leakage) on 
the wall of a channel within a lattice of channels 

ro,. 3cm 
L • 60cm 
(!) pitch r/11he lo1toce • 20cm 

~ " 15cm 
~-------- G • 12cm 

10"'-t----,-...,.----,,---,--,---,--,.--,--;---.-----' 
0 i01214'16820 

Figure 11. Distribution of thermal flux on the wall of a channel 
within a lattice of channels 
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The experimental study 

The experimental study relating to channels I and 2 
were performed in the pool of the swimming pool 
reactor SAPHIR [8] in order to check the accuracy of 
the results of the calculations for the single channel 
case. The reactor core was used as the neutron source. 
The channel mouth was placed I5 em from the surface 
of the core; at this distance the equilibrium between 
the fast and thermal neutron fluxes is practically 
attained [9). 

The thermal flux was measured by means of 
Dysprosium detectors inside the channel and by means 
of a BFa counter outside the channel. The totality of 
measurements performed is described in detail in 
reference [5]. 

We have on Figs. 7 and 9 given the thermal fluxes 
measured within channels 1 and 2; these fluxes are 
scaled to the value of the flux at the channel mouth. 
The thermal flux measured on the wall of channel 2 is 
indicated in Fig. 8. No measurements have been per
formed as yet upon a lattice of channels. 

CONCLUSIONS 

Figs. 7, 8 and 9 allow us to make a direct com-

A. ETEMAD and J. M. PICTET 

parison between theoretical and experimental results. 
This comparison shows a very good agreement 
between calculated and measured fluxes. The dis
crepancies are, actually, very small; the maximum dis
crepancy does not exceed 22% for the flux in channel I 
and I4% for the flux in channel 2. This agreement 
shows that the suggested method provides very satis
factory results in cases which we have been able to 
check so far. Furthermore, the necessary computations 
for the use of this method are not overlong and 
remain within acceptable limits. 
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A/688 Suisse 

Etude de Ia penetration des neutrons 
dans des canaux cylindriques vides 
traversant un milieu diffusant 
par A. Etemad et J. M. Pictet 

Ce memoire constitue une tentative pour trouver une 
solution intermediaire entre, d'une part, les methodes 
simples d'evaluation du flux de neutrons thermiques 
dans des canaux cylindriques droits fournissant 
generalement des resultats mediocres et, d'autre part, 
des calculs de Monte-Carlo d'une longueur prohi
bitive. 

Une methode est elaboree pour Ia determination du 
flux de neutrons thermiques dans un canal dil aux 
neutrons de toutes energies emis par une source plane 
perpendiculaire a l'axe du canal. 

Le flux thermique dans Ie canal est forme de trois 
composantes: a) composante directe; b) composante 
reflechie; c) composante diffusee. 

La determination de Ia premiere composante ne 
presente pas de difficulte. Le probleme principal 
consiste a determiner les deux autres composantes. 

La methode proposee est basee sur !'application de 
Ia theorie du transport a l'interieur du canal et de Ia 
theorie de Ia diffusion a deux groupes dans le milieu 
entourant le canal. La liaison entre ces deux theories 
se fait au moyen d'un choix raisonnable de distribu
tions angulaires pour les neutrons entrant dans le 
canal. 

On suppose qu'il y a equilibre entre les flux rapide 
et thermique dans le voisinage du canal, ce qui 
implique Ia presence d'une quantite suffisante d'hydro
gene dans le milieu materiel. Cette hypothese d'equi
libre introduit une simplification importante dans Ia 
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methode en permettant d'effectuer les calculs pour le 
groupe thermique seulement. 

La condition aux limites sur la paroi du canal est 
satisfaite en etablissant un bilan exact des neutrons a 
chaque point, compte tenu de la reflection multiple 
des neutrons par le milieu materiel entourant le canal. 
Cela nous conduit a une equation integrale de Fred
holm dont Ia resolution constitue Ia partie Ia plus 
importante des calculs numeriques. 

A titre d'exemple, la methode est appliquee au cas 
de canaux entoures par de l'eau. 

Afin de verifier Ia validite de cette methode, des 
mesures du flux thermique sont effectuees au moyen de 
feuilles de dysprosium, dans des tubes de plexiglas 
hermetiquement fermes et immerges dans l'eau du 
bassin du reacteur piscine SAPHIR en utilisant le 
creur du reacteur comme source de neutrons. 

La comparaison entre les flux calcule et mesure dans 
deux canaux de dimensions differentes montre que les 
resultats theoriques sont en tres bon accord avec les 
resultats experimentaux. L'ecart relatifmaximal est de 
14% pour un canal de 250 em de long et de 12,5 em de 
diametre et de 22% pour un canal de 170 em de long 
et de 5,9 em de diametre. L'attenuation maximale du 
flux thermique dans ces canaux est respectivement 
6.10--4 et 2.10-4. 

A/688 WB8H4BPMR 

npoHHKHOBeHHe Tennoa~X He~TpOHOB 
B ~HnHHAPH~eCKHe KaHan~, npOXOAft
IJ..\He ~epea BOAOPOAHYIO cpeAy 
A. 8TeMaA, J+{. M. nHKTeT 

PaooTa npeACTaB~JieT coooi DODhlTKY HaiTH 
npoMemyTo'IHoe pemeHne, c OAHOH cropoHhl, Me-
1RAY npOCThlMH MeTOAaMH on;eHKH DOTOKa Ten~o
BLIX HeHTpOHOB B npHMhlX D;H~HHAPH'IeCKHX , Ka
Ha~ax, KoTopLie oohl'IHO AaiOT nocpeACTBeHHhle 
peayJibTaThl, n pac'leTaMH no MeTOAY MoHTe-Kap
~o, c APYroi CTopoHhl, or~n'laiOID;HMHCH Henoa
BO~HTe~LHoi A~HTe~LHOCTLIO. 

Paapa6oTaH MeTOA A~H onpeAe~eHHH noToKa 
TeD~OBLIX HeHTpOHOB B KaHa~e, OOYC~OB~eHHOtO 
HeiTpoHaMH paa~H'IHLIX aHeprai, acnycKaeMhlMH 
ll~OCKHM BCTO'IHHKOM, nepneHAHKY~HpHhlM K OCH 
HaHa~a. 

Ten~OBOH llOTOK B KaHa~e oopaayeTCJI TpeMH 
COCTaB~JIIOIIJ;HMH: a) npHMOH COCTaB~HIOID;ei; 
b) COCTaB~HIOID;eH OTpameHHH; C) COCT8BnHIOID;eH 
paccesHHH. 
OnpeAe~eHHe nepBoi cocTaB~JI.IOID;ei He npeA

CTaB~HeT aaTPYAHeuai. OcHoBHaH npoo~eMa aa
K~IO'IaeTcH B onpeAe~eHBH ABYX APYrHx cocTaB
JIJI.IOID;HX. II peA~omeHHLii MeTOA ocHouau Ha 
npnMeHeHHH Teopna nepeHoca BHYTPH KaHa~a H 
AByxrpynnouoi Teopnn pacceHHHH B cpeAe, oKpy
maiOID;ei KaHa~. CBJiaL Me>KAY aTHMH ABYMH Teo
pHHMH OCYIIJ;eCTB~HeTCJI C llOMOID;LIO paayMHOtO 
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Bhloopa yr~oBhlX pacnpeAe~eHni A~H HeiTpoHoB, 
nonaAaiOID;HX B KaHa~. 

,l.J;onyCKaiOT, 'ITO B6~H3H KaHaJia CYIIJ;eCTByeT 
paBHoBecue Me>KAY nQTOKaMH OhlCTphlx n Ten~o
BhlX HeiTpoHOB, 'ITO npeAno~araeT Ha~nqne AO
cTaTO'IHoro Ko~nqecTBa BOAOPOAa B cpeAe BeiD;e
CTBa. 3Ta runoreaa paBHoBecuH BBOAHT BamHoe 
ynpoiD;eHHe B MeTOA, DOBBOJIJIJI DpOB3BOABTL Bhl
'IBCJieHBJI TO~bKO A~H rpynnhl TeDJIOBhlX aei
TpOHOB. 

fpaHH'IHLie yc~OBHJI Ha CTeHKe KaHa~a YAOB• 
JleTBOpHIOTCJI nyTeH ycTaHOB~eHHJI TO'IHOrO HeH
TpOHHOtO 6anaHCa B Ka>KAOH TO'IKe C yqeTOM MBo
meCTBeHiloro OTpameHHJI aeiTpOHOB B cpeAe Be
ID;eCTBa, OKpymaiOID;ero KaHa~. 3TO npHBOAHT K 
HHTerpaJILHOMY ypaBHeHHIO <!)peAXO~bMa, peme
HHe KOTOporo COCTaB~HeT HaH6oJiee Ba>KHYIO '18CTb 
'IHC~OBhlX paC'IeTOB. 

HarrpuHep, aToT HeTOA rrpuxeaux B cnyqae 
Kaaa~oB, oKpymeHHhlX BOAOi. 

C n;e~LIO npoBepKH npaBH~bHOCTH aTOrO MeTo
Aa npOBOAHJIBCb HSHepeHBH llOTOKa Ten~OBbiX 

HeHTpOHOB C DOMOID;biO AHCDpOBHeBOH cpo~LrB B 
repMeTH'IeCKB BaKphlTLIX Tpy6KaX H3 n~eKCBrHa
Ca, KOTOpLie norpymaJIHCL B BOAY 6acceiaa rro
rpymHoro peaKTopa SAPHIR, npu aToM B Ka'le
cTBe .BCTO'IHIIKa HeHTpOHOB HCIIOJib30BaJI8Cb aK
THBHaH aoua peaKropa. 

CpaBueane noTo.Ka, BLI'Inc~euuoro u uaMepeu
aoro B ABYX Kaaanax paa~uqaoro paaMepa, noKa
aMBaeT, 'ITO TeopeTH'IeCKHe peay~LTaThl O'le'HL 
xopomo cor~aCYIOTCH c aKcnepuMeHTa~LHhlMH. 

~aKCHMa~bHOe OTHOCHTe~bHOe OT~OHeHHe CO
CTaB~JI~O 14.% A~H KaHa~a A~HHOH 250 CM H AB
aMeTpOM 12,5 CM H 22% A~H KaHa~a A~BHoi 
170 CM H AHaMeTpOM 5,9 CM. 

~aKCHMa~LHOe OC~a6~eHHe DOTOKa Tell~OBLIX 
HeiTpOHOB B 3THX KaHaJiaX COCTaB~JieT COOTBeT
CTBeHHO 6 • 10-4 H 2 ·10-4 

A/688 Suiza 

Penetraci6n de neutrones en canales 
cilfndricos que atraviesan medios difusores 

por A. Etemad y J .• M. Pictet 

El presente trabajo constituye un intento de en
contrar una soluci6n intermedia entre los metodos 
simples de evaluaci6n del flujo de neutrones termicos 
en canales cilindricos rectos que, en general, dan 
resultados mediocres, y los calculos segun el metodo 
de Monte Carlo que son excesivamente largos. 

Se ha estudiado un metodo para determinar el flujo 
de neutrones termicos en un canal, formado por 
neutrones de todas las energias emitidos por una 
fuente plana perpendicular al eje del canal. 

EI flujo termico en el canal esta formado por tres 
componentes: a) componente directa; b) componente 
reflejada; (c) componente dispersa. 

La determinacion de Ia primera componente no 
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ofrece dificultad alguna; el problema principal con
siste en determinar las otras dos. 

El metodo propuesto se basa en Ia aplicaci6n de la 
teoria del transporte en el interior del canal y de la 
teoria de la difusi6n de dos grupos en el medio que 
rodea el canal. Ambas teorias se combinan convenien
temente mediante una elecci6n razonable de distribu
ciones angulares para los neutrones que penetran en 
el canal. 

Se supone que el flujo rapido y el flujo termico en 
la proximidad del canal se encuentran en equilibrio, 
lo que a su vez supone la presencia de una cantidad 
suficiente de hidr6geno en el medio material. Esta 
hip6tesis de equilibrio introduce una importante sim
plificaci6n en el metodo porque permite efectuar los 
calculos para el grupo termico solamente. 

La condici6n de contorno en la pared del canal se 
satisface estableciendo un balance exacto de los 
neutrones en cada punto, teniendo en cuenta la 
reflexi6n multiple de los neutrones debida al medio 

A. ETEMAD and J. M. PICTET 

material que envuelve el canal. Esto conduce a una 
ecuaci6n integral de Fredholm cuya soluci6n consti
tuye Ia parte mas importante de los calculos numericos. 

A titulo de ejemplo, los autores aplican el metodo al 
case de canales rodeados de agua. 

Para verificar la validez de este metodo, se midi6 el 
flujo termico mediante laminas de disprosio en tubos 
de plexiglas hermeticamente cerrados y sumergidos en 
el agua de la piscina del reactor SAPHIR, utilizando 
el nucleo del reactor como fuente neutr6nica. 

De }a comparaci6n entre el flujo calculado y el flujo 
medido en dos canales de diferentes dimensiones se 
deduce que los resultados te6ricos concuerdan muy 
satisfactoriamente con los resultados experimentales. 
La maxima discrepancia relativa es de 14 por ciento 
para un canal de 250 em de largo por 12,5 em de 
diametro y de 22 por ciento para un canal de 170 em 
de largo por 5,9 em de diametro. La atenuaci6n 
maxima del flujo termico en dichos canales es de 
6 x I0-4 y 2 x I0-4, respectivamente. 
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An analytical method for neutron thermalization 
calculations in heterogeneous reactors 

By J. Pop-Jordanov* 

It is well known that the use of the diffusion ap
proximation for studying neutron thermalization in 
heterogeneous reactors may result in considerable 
errors [1]. On the other hand, more exact numerical 
methods are rather laborious and require the use of 
large digital computers. In this paper, the use of the 
diffusion approximation in absorbing media has been 
avoided, but the treatment remained analytical, thus 
simplifying practical calculations. 

Theory 

Neutron distribution in the moderator 

If a moderator is assumed to be without absorption, 
the heavy gas model in the diffusion approximation 
gives [1,2]: 

E 02~~:;) +(2-E)Oif;f:) +12oL.!f(;,E)=0 (1) 

where 

·'·(;E)= N(r7E) = y'll _I_ +EN(; E) (2) 
.,.. ' m(E) 2 y'Ee ' ' 

lo = 1/(Est y(3~), N6,E) -the number of neutrons 
with energy E at point 1, E -neutron energy in units 
kTo, To- temperature of the medium, Est- macro
scopic scattering cross section of moderator, ~ -mean 
logarithmic energy loss per collision of moderator. 

The solution of equation {1) for cylindrical sym
metry can be sought for as a product of a function 
depending on r and a function depending on E. 
Including the particular solution for n =0, one gets 

<Xl 

1/J(r,E) = f(r) +~ Ln <1 >(E) [cnKo( y'(n)r/lo) 
n=l 

+ c'nlo (y'(n)r/lo)] (3) 

where f(r) is the solution of the equation 6/ = 0, 
Ln <I> -nth order Laguerre polynomial of the first class, 
and /o and Ko modified Bessel functions of the first and 
second kind, of zero order. 

In deriving equation (1) it is implicitly assumed that 
6~= 0. With t =0, one obtains the one-velocity equa
tion instead of equation (1) which is physically natural. 
On the other hand, ~ = 0 mathematically corresponds 

* Boris Kidric Institute of Nuclear Sciences, Beograd-Vinea 
Yugoslavia. 

to n = 0. Taking this into account we shall use for the 
member f(r) the solution of the complete one-velocity 
diffusion equation.* The density of neutron sources 
will be supposed to be Maxwellian with tempera
ture To. 

The above interpretation of the member f(r) makes 
it also possible to satisfy the reflective boundary con
dition at the outer boundary of the cell, which apply
ing the orthogonality of the Laguerre polynomials gives 

[
df(r)] =O 

dr r=R 
(4) 

and 

, Kt( y'n Rflo) 
Cn=Cn h(vnR/lo) 'n>O (5) 

The use of Maxwellian density of neutron sources 
and the reflective boundary condition makes the 
method non-applicable to tightly packed lattices. 

The asymptotic case R->;oo can also be treated [3]. 
Then one obtains. 

<Xl 

1/J(r,E)=f(r)+~ CnLn<1 >(E)Ko (y'(n)r/lo) 
n=l 

It is evident that at sufficient distances from the fuel, 
where r ~ lo, the energy distribution of neutron density 
becomes Maxwellian with f(r) representing the spatial 
distribution of neutrons in that region. Practically, the 
asymptotic expression can be applied when R~lo. 

The boundary condition on the fuel surface 

Inside the fuel and on its surface the diffusion 
approximation may result in large errors. Therefore, 
we assume that on the fuel surface there is a boundary 
condition for every neutron energy, which can be 
determined without using the diffusion approximation 

Applying the neutron balance method [4] to the case 
of a grey cylinder with absorption probability Fo = 

1 -!+(where j _is the current of incident neutrons and 
]-

j+ the current of neutrons scattered out or passed 

* A further improvement seems to be possible by taking for 
the zero order member f(r) a non-diffusional solution of the 
one-velocity equation (for instance in Pa approximation). Such 
a procedure seems to be physically reasonable, but yet more 
rigorous mathematical evidence is necessary. 



128 SESSION 3.1 P/705 

through without scattering), we obtain the boundary 
condition on the fuel surface: 

,\ ="-o + ~ (_!__ -1) 
3 To 

whereAo is the boundary condition for a black cylinder. 
Connecting To with escape probability Po [5, 6] we get: 

,\ -,\ + ~ [ Q(E) - !] 
-

0 
3 ioiao(E) 2 

io is the mean chord of the volume of the fuel being 
equal to 2p for a cylinder, and Q(E) =P0 -l(E)-
Eao(E)lo/2. 

Thus, the dependence of ,\ on neutron energy is 
expressed through the dependence of Po or Q on fuel 
cross sections. To determine Po(E) or Q(E) one can 
use not only the formulae from [5, 6], but also any 
sufficiently exact solution of the one-velocity equation. 

The application of the boundary condition ,\ (£) 

Taking into account the dependence on energy, we 
have 

1: [ N(r,E)] =A(E) 
sl oN(r,E) 

or r=p 

(6) 

Using the expressions (2), (3) and (5) after certain 
transformations, one gets 

co co . 

~ OnLn<1>(E)A-1(E)= 1-~ OnLn<1 >(E) z-1n (7) 
n=o n=l 

where 

Esz[(p) 
oo= f'(p) 

Esl 
On= f'(p) CnKo ( y(n)p//o) [1 + Lln] 

K1 [I-Bn] Zn-1 =v(3n~)- (v(n)p//o) -
1 
--

Ko +Lln 
K1 lo 

Lln=- (v(n)R//o)- (v(n)p/lo) 
h Ko 

K1 h 
Bn= h (v(n)R//o) K

1 
(v(n)p/lo) 

(8) 

Evidently, in the asymptotic case R-HYJ, Lln and Bn 
tend to zero. 

By integrating Eqs. (7) in energy and using the 
orthogonality of the Laguerre polynomials, an infinite 
system of algebraic equations is obtained: 

<Xl 

~ OnYnm = 8om -(1-80m) (m + 1) Zm -l Om (9) 
n=O 

where 
co 

Ynm=fEe-ELn <1 >(E)Lm <l)(E)A-1(E)dE 
0 

The solution of this system gives the coefficients on. 
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All the interesting parameters will later be expressed 
in terms of On. 

Fuel disadvantage factor 

By definition one has 
ao 
fN(p,E)dE 
0 

Ft = -=ao=----

JN(E)dE 
0 

(10) 

where the bar means the mean value over the fuel 
region. 

In determining N(p,E) we shall assume the distribu
tion of neutrons going in and coming out of the fuel to 
be isotropic, and in N(E) we shall neglect the slowing 
down in the fuel. Taking into account the connexion 
betweenh/j- and Fo, one gets: 

00 

f2U-+h)~dE 
Fj= -ao:---0 ------

f(j--j+) vSo~ dE 
r OV-"'aO 

0 

(11) 

On the other hand, connecting j _T0 with the distri
bution in the moderator and using expressions (3) and 
(6), after some transformations, one obtains 

j_To = _v_[.2_ yE e-Ef'(p) ~ onLn <1 >(E)] (12) 
3Etr yrr . A( E) n=O 

Substituting (12) in (11) one gets 
00 

~ongn 
F n=O 
j= --=oo=---

~Onhn 
n=O 

where 
ao ao 

gn = f<Pn(E)Q(E)dE, hn= ft/>n(E)dE 
0 0 

pn(E) =vE e-ELn (l>(E)A-1(E) E-1ao(E) 

The coefficients On are determined by Eqs. (9). 

Moderator disadvantage factor 

By definition one has 

~~fN(r)dV 
Fm= N(p) 

(13) 

(14) 

where integration is spread over the moderator 
volume vl. 

To determine N(r) expression (3) multiplied by 
m(E) has to be integrated over the energy. The result is 

N(r)=f(r)+;,~1ancn [ Ko (v(n)r//o) 

+ ~1 
( y(n)R/lo)lo ( v(n)r//o)] (15) 
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where 

oo r(n+!) 
an= 2_ JvE e-ELn<1>(E) dE= -

1
-

2 
v7T v7T n! 

0 

Substituting (15) in (14), after integration one gets 

/(r) + _l:L 3_ _!_ ~ anan 
f(p) R2 -p2 y'Jgaon=lnZn Fm = :....::....:___ __ -'-1--'-oo---'--.;.;.__;;...__ 

1+- ~ anan 
aon=l 

(16) 

where /(r) designates the mean value over the moder
ator region in the cell. 

Mean neutron energy and neutron temperature 

By definition one has 
00 

fEN(r,E)dE 
E(r) = .:....o oo---

fN(r,E)dE 
0 

Introducing here expression (3) multiplied by m(E) 
and integrating, one gets the mean neutron energy at 
any point of the moderator. For r=p this formula 
gives the mean energy of neutrons on the fuel surface 

1 00 1 
1--~ --anan 

E 3 aon=l 2n -1 (l7) 
(p)= 2 1 00 

1+- ~ anan 
aon=l 

The mean energy over the whole moderator can be 
obtained from the expression 

R oo 

fr drfE N(r,E) dE 
E=P 0 

R oo 

fr dr fN(r,E) dE 
p 0 

The integration over E and r gives 

/(r) _ _l:L_lo _ _!_ ~ _l_anan 
E- ~f(p) R2 -p2 y(3,)aon=t2n-1 nZn (1 8) 
-2 /(r) + __3e__~_!_ ~ anan 

f(p) R 2 -p2 v(3g) ao n=t nZn 

The neutron temperature may be defined as: 

2 
Tn= -ETo 

3 

(E is expressed in units of kTo). 

(19) 

Introducing here the above expressions one can get 
the corresponding neutron temperature. 

Results of calculation 

Comparison with other methods 

For comparison we took two typical cells with 
natural uranium for which calculations and experi
ments have already been made [7], case D-2: a heavy 
water lattice with pitch 9.2 em and radius of the fuel 
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• 7 • • 

Figure 1. The dependence of the boundary condition .\(£) on 
energy (heavy water lattice D-2) 

Case I: Po calculated using the formula from [5]; Case II: Po 
calculated using the numerical results from [8] 

rod 1.27 em; case C-1 : a graphite lattice with pitch 
19 em and radius of the fuel rod 2.13 em. 

Calculations for the heavy water system were made 
in two ways: in the first case for the probability Po we 
used the formula from [5] and in the second case the 
results of the numerical solution of the one-velocity 
integral transport equation from [8]. Figure 1 shows 
the dependence of the boundary condition >.(E) on 
energy in botli cases. As can be seen deviation from 
the constant is considerable. On the other hand both 
cases give quite close results. 

The dependence of the cross sections on energy was 
calculated from the experimental data [9]. The mean 
logarithmic energy loss for heavy water was calculated 
according to the formula for mixture and the effect of 
chemical bond was taken into account by using the 
same effective mass of deuterium as that in [7] 

'·' .. 
~· 

~· ... "· 
~· 
... 
... 
.. , 

IO!r. 

Figure 2. The integrand curves of the zero and first orders (heavy 
water lattice D-2) 
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"• 

Figure 3. The integrand curves of the second order (heavy water 
lattice 0-2) 

(Mv=3.595). Coefficients Ynm, gn and hn were deter
mined by numerical integration. The integrand curves 
for the heavy water system are given in Fig. 2. It can 
be seen that the integrals converge rapidly. Similar 
graphs have been obtained for the graphite system too. 

The results of calculating factors Ft and Fm are 
shown in Tables 1 and 2, together with results ob
tained in [7]. For comparison calculations were made 
according to the equations in [1] (where thermalization 
was taken into account by the diffusion method) and 

,. 

a. 

•• 

~-~4~----------

~~~~--~~4--Sc-~~--c-~.~ .. -W--

CELL lfMI/116 ~ 

Figure 4. Coefficients a,. for heavy water cells containing a natural 
uranium 1.27 em radius fuel rod 
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Table 1. Fuel and moderator disadvantage factors for 
the heavy water lattice D-2 

One velocity 

Dtffusion theory 
(Pi) 

ABH method 
[5) 

Transport theory 
[8) 

v 2200 2500 2200 2500 2200 2500 m/s 
F, 1.161 1.138 1.224 1.193 1.252 1.218 

Including thermalization 

Galanin's Proposed method Honeck's numerical 
diffusion method [7) Experi-

theory ment 
method Case I Case II v* = 3 v• =4 [7) 

[1) 

F, 1.152 1.197 1.210 1.214 1.210 1.198 
±2.5% 

Fm 1.349 1.350 1.376 1.371 1.347 

according to the one-velocity theory, in diffusion 
approximation (P1), according to [5], and according to 
the numerical solution of the integral transport 
equation [8]. The one-velocity calculations were made 
for two mean neutron velocities (2200 and 2500 m/s) 
so that the effect of choosing the mean velocity could 
be seen. 

Convergency of the method 

The above results were obtained with only two 
members of the series, i.e. On= 0 for n ~ 2. To check 
the convergency of the method directly, we calculated 
the case D-2 taking into account the third member of 
the series too. The obtained integrand curves of the 
second order are shown in Fig. 3 while the results for 
the coefficients On are given in Fig. 4. 

As can be seen the coefficients On decrease with 
increasing n which leads to rapid convergency. The 
result of this is a slight change of the factors Ft. Fm and 
Tn(p). Calculations with three members of the series 
gives Ft= 1.198, Fm= 1.352 and Tn(p)=313°K, 
whereas calculations with two members have given 
1.197, 1.349 and 310°K, respectively. 

Theoretically, this convergency is contributed by 
the rapid decrease of the Bessel functions Ko and K1 
with increasing argument which in our case is propor
tional to vn. 

Table 2. Fuel disadvantage factor for the graphite 
lattice C-1 

One-velocity 
diffusion 

theory (P,) 

One-velocity 
ABHmethod 

[5) 

Including 
thermalization 

Pro- Honeck's 
v=2200 v=2500 v=2200 v=2500 osed numerical 

m/s m/s m/s m/s J:ethod method [7) 
v* = 3 corr. 

Experi
ment 
[7) 

F1 1.418 1.357 1.436 1.366 1.393 1.410 1.369 1:380 
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Table 3. Fuel, moderator and cell disadvantage factors 
for the RB lattices 

Lattice pitch Proposed Experiment 
(em) method [10) 

8.0 1.1907 1.185 
F, 11.3 1.1911 1.185 

15.7 1.1913 1.185 

8.0 1.323 1.288 
Fm 11.3 1.397 1.402 

15.7 1/.465 1.482 

8.0 1.575 1.526 
11.3 1.664 1.661 
15.7 1.745 1. 756 

Application to the RB reactor 

In practice the fuel element cladding is fairly thin 
and the effects ofthermalization in it may be neglected. 
Thus, although in principle there is no obstacle for the 
proposed method to be applied to systems with a large 
number of media, in practice it is sufficient to take the 
influence of the cladding only in the one-velocity 
member f(r). 

This procedure was used for theoretical analysis of 
the experiments on the Yugoslav RB reactor (heavy 
water cells with 1.25 em radius natural uranium rods 
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in 0.1 em thick aluminium cladding). Table 3 shows 
the results of calculating the disadvantage factors for 
different lattice pitches together with some preliminary 
experimental values. 

CONCLUSION 

The proposed method for the calculation of neutron 
thermalization in heterogeneous reactors is more 
accurate, but not much more laborious than the 
diffusion theory methods. 

The convergency of the method is satisfactory. 
The limitations of the method are: small absorption 

in the moderator, negligible moderation in the fuel and 
a sufficiently large lattice pitch. The method is applic
able to heavy water and graphite systems, but not to 
light water systems. 

By applying the proposed method formulae have 
been developed for the determination of thermal 
utilization and neutron temperature. However, since 
the method does not imply ljv cross section depend
ence, it can also be used for the study of long-term 
reactivity changes. 
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ABSTRACT -RESUME-AHHOTALUAJI-RESUMEN 

A/705 Y ougoslavie 

Methode analytique de calcul 
de Ia thermalisation des neutrons 
dans les reacteurs heterogenes 

par J. Pop-Jordanov 

11 est bien connu que l'emploi de I' approximation de 
la diffusion pour l'etude de la thermalisation des 
neutrons dans les reacteurs heterogenes peut etre une 
source de fortes erreurs. D'autre part, l'emploi de 
methodes precises non fondees sur la diffusion, qui 
sont numeriques et assez complexes, exige l'utilisation 
de grandes calculatrices numeriques. La methode 
decrite dans le memoire, tout en etant analytique, ne 
comporte pas !'approximation de la diffusion. Cette 

maniere de proceder a permis de mieux comprendre Ia 
physique du phenomene et de faciliter les calculs 
experimentaux. 

Le ralentisseur est etudie sur Ia base du modele a 
gaz lourd; on ne tient-pas compte du ralentissement 
dans le combustible et on admet que Ia distribution 
angulaire des neutrons a la surface exterieure du com
bustible est isotrope. Le facteur non maxwellien de 
distribution dans le moderateur est exprime comme 
etant Ia somme d'une solution exacte a· une seule 
vitesse et d'une serie de polynomes de Laguerre mul
tipliee par les fonctions de Bessel. On a determine a 
Ia surface du combustible une condition aux limites 
variables selon l'energie par Ia methode du bilan 
neutronique sans employer !'approximation de diffu
sion, et on a rapproche la formule obtenue des proba-
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bilites de fuite correspondantes dont Ia dependance 
par rapport a l'energie est determinee a partir des 
donnees de base sur les sections efficaces. Les con
sequences de l'emploi de diverses probabilites de fuite 
ont ete etudiees. On a etabli des formules explicites 
pour calculer les facteurs de << desavantage >> du com
bustible et du ralentisseur, l'energie moyenne des 
neutrons et leur temperature. La concordance des 
developpements s'est revelee satisfaisante. On a ada pte 
Ia methode pour des calculs experimentaux a diverses 
temperatures et avec des elements combustibles 
cylindriques, y compris les gainages. 

Pour verifier Ia methode, on a fait des calculs sur 
des cellules eau lourde-graphite, a Ia fois par Ia 
methode de diffusion et par des methodes plus exactes 
en tenant compte de Ia thermalisation et aussi sans en 
tenir compte. Les resultats obtenus avec Ia methode 
proposee se sont reveles beaucoup plus exacts que 
ceux obtenus par les methodes de diffusion, et ils 
concordent bien avec les resultats calcules et experi
mentaux de Honeck. Entin, on a utilise Ia methode 
pour proceder a !'analyse theorique d'experiences avec 
le reacteur yougoslave RB. 

A/705 IOrocnaBHR 

AHanHTHYeCKH~ MeTOA a~YHcneHHH 
repManHaa'-'HH He~rpoHoa a rerepo
reHHbiX peaKropax 
~- non-~opAaHOB 

HauecTHo, 'ITO npHMeHeHHe lJ.Hif!<f>yaHOHHoro 
npH6JIHmeHHH K H3y'leHHIO TepMaJIH38D;HH He.ii

TpOHOB B reTeporeHHhiX peaKTopax MomeT npR

BeCTH K 3aMeTHbiM norpemHOCTHM. C ,n;pyroii: CTO

poHbl, 6oJiee TO'IHble Hell,HifJ<f>yaHOHHLie MeTOll,LI, 
KOTOpLie HBJIJIIOTCH 'IHCJieHHLIMH H CJIHIIIKOM rpo

M03ll,KHMH, Tpe6yiOT UpHMeHeHHH 60JILIIIHX D;Hifl
poBhiX Bhl'IHCJIHTeJILHhiX MamHH. B HacTon:w;eii 

pa6oTe OTKaaaJIHCL OT npHMeHeHH.H lJ.HifJiflyaHOli

HOrO npH6JIHmeHHH no oTHomeHHIO K nornow;aiO

In;eii: Cpell,e, npH'IeM ll!)JIL30BaJIHCL aHaJIHTH'IeC

KHM MeToll,oM. TaKoii noll,XOA o6ecne'IHJI KaK 6o

nee HCHYIO lf!H3H'leCKYIO KapTHHY 11BJieHH11, TaK J1 

6oJiee llpOCTOH CUOCo6 ll,JIH npaKTH'll'CKHX Bbi'IHC

JieHHH. 

3aMell,JIHTeJih paCCMaTpHB8JIC11 IIO 1\to,rJ,eJIH T.R

meJioro raaa, aaMelJ,Jienne B 6noKl' He Y'IHThiBa
nocr, H npelJ,UOJiaraJiocJ>, 'ITo yrJiouoe pacnpell,c

JieHHe HeHTpOHOB Ua rpauHn;e 6JioKa H30TpOHHO. 

HeMaKcBennoBCKHif <f>aKTop pacnpell,eJieHH11 B aa

Mell,JIBTene BblpameH CyMMOH TO'IHOI'O peiiieHH11 

OlJ,HOCKOpOCTHOH 38ll,8'1B H p11ll,a H3 llpOH3Bep;eHHlt 

noJIHHOMOB Jlareppa Ha <I>YHKD;HH BecceJI11. 3anu
c11w;ee oT aHeprHH rpaHH'IHoe ycJIOBHe Ha no

BepxnoCTH 6noKa onpell,eJieHo, Hcxo,n;11 Ha ycno

BH11 6aJI8HCa HeHTpOHOB, TO eCTb 6e3 .11CIIOJib30Ba

HH11 lJ.HifJ<{>yaHOHHOf() UpH6JIH)I(eHH11, H peayJIJ>TaT 

CB113aH C COOTBeTCTBYIDin;BMH Bepo11TIIOCT11MH BLI

XO,n;a, aHepreTH'IeCKa11 aaBHCHMOCTL KOTOphiX 
onpell,eJI11eTCH H3 OCHOBHhiX ll,aHHLIX JIO Ce'leHH-
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11M. HccJiell,oBaHLI a<f><f>eKThl HcnonLaoBaHH11 

paaJIH'IHLIX Bepo11THOCTeii Bhlxo,n;a. BMBe,n;eBLI 

iflopMYJILI ll,JI11 Bhl'IHCJieHH11 Koaifllf!HD;HeBTa aKpauH

pOBKH, Koaifliflun;ueHTa npourphlma ll,Jia aaMell,JIH
TeJI11, cpell,Heii: aHeprHH ueiiTpOHOB H HeHTpOHHOH 

TeMnepaTypbi. Cxo,n;HMOCTL paanomenuii QKaaa

nacL YAOBJieTBopHTeJILHoii. MeTOlJ. npncrroco6neu 

,ll;JI11 npaKTH'IeCKHX Bbi'IHCJieHHH C pa3JIH'IHhiMII 

TeMnepaTypaMH H pa3JIH'IHbiMJI D;HJIHH,ll;pH'IeCKH

MH 6JioKaMH, B TOM 'IHCJie H C o60JIO'IK8MH. 
11To6bl npoBepHTL MeTOll,, npOH3Bell,eHb1 BLI'IHC

JieHH11 ll,Jl11 CJiyqaeB T11meJIOBO,ll;HLIX H rpaifJHTO
BhiX 11'leeK c y'IeToM u 6ea yqeTa TepMaJmaan;HH 

KaK B ll,B<{>iflyaHOHHOM npH6JIH)I(eHHH, TaK H 6onee 

TO'IHLIMH MeTo,n;aMH. Y CT8HOBJieHo, 'ITO npe,n;JIO

meHHhiH MeToll, ,n;aeT peayJILTaThl aaMeTHo To•mee, 

'IeM ,ll;H<{><{>yaHOHHaH TeopHH. 3TH peayJII>TaTLI XO

pomo COBllalJ,aiOT C lJ,8HllbiMH 'IHCJieHHLIX paC'IeTOB 

H aKCIIepHMeHTaJILHhiMH peayJibT8T8MH foHeKa. 

3aTeM MeToll, 6LIJI npHMeHeH K TeopeTH'IeCKOMY 

aHaJIH3Y 3KCIIepHMeHTOB Ha IOTOCJiaBCKOM peaK

Tope RB. 

A/705 Yugoslavia 

Un metodo anaHtico para calculos 
de termalizaci6n de neutrones 
en reactores heterogeneos 

por J. Pop-Jordanov 

Es bien sabido que el empleo de Ia aproximaci6n de 
difusi6n para el estudio de Ia termalizaci6n en reac
tores heterogeneos puede conducir a errores con
siderables. Por otra parte, metodos exactos, al margen 
de Ia teoria de difusi6n, que son metodos numericos y 
mas bien laboriosos, requieren el uso de grandes cal
culadoras digitales. En este informe se ha evitado el 
empleo de la aproximaci6n de difusi6n en medios 
absorbentes, pero el tratamiento matematico sigue 
siendo analitico. Esto permite un conocimiento mas 
claro de Ia fisica del fen6meno y una simplificaci6n de 
los calculos practicos. 

En el moderador se aplica el modelo de gas pesado, 
y se desprecia Ia moderaci6n en el combustible; la dis
tribuci6n angular de los neutrones en Ia superficie de 
este se supone isotropa. El factor no-maxwelliano de 
distribuci6n en el moderador se expresa como suma de 
una soluci6n exacta para un grupo de energia y una 
serie de polinomios de Laguerre multiplicados por 
funciones de Bessel. Se ha determinado una condici6n 
de contorno, dependiente de Ia energia, en Ia super
fide del combustible por el metodo del balance 
neutr6nico, sin emplear Ia aproximaci6n de Ia difusi6n, 
y Ia formula resultante se ha ligado con las corres
pondientes probabilidades de escape, cuya dependen
cia energetica se determina a partir de las secciones 
eficaces basicas. Se ha estudiado que efectos resultan 
de utilizar diferentes probabilidades de escape y se han 
deducido formulas explicitas para calcular factores de 
<<desventaja>> del combustible y del moderador, Ia ener
gia media neutr6nica y Ia temperatura de los neutrones. 
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La convergencia de los desarrollos es satisfactoria. Se 
ha adaptado el metodo a calculos pnicticos con dis
tintas temperaturas y diferentes elementos combus
tibles, incluyendo las vainas, cilindricos. 

Para contrastar el metodo, se calcularon celdas de 
agua pesada y de grafito utilizando Ia aproximaci6n de 
Ia difusi6n y otros metodos mas exactos, teniendo en 
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cuenta Ia termalizaci6n y sin considerarla. Los resulta
dos del metodo propuesto son mucho mas precisos que 
los de los metodos de difusi6n y concuerdan mejor con 
los resultados numcricos y experimentales de Honeck. 
Finalmente, se ha utilizado el metodo para el analisis 
te6rico de los experimentos realizados en el reactor 
yugoslavo RB. 
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One-velocity neutron diffusion calculations based on a 
two-group reactor model 

By S. Bingulac, L. Radanovic, B. Lazarevic and M. Matausek* 

Many processes in reactor physics are described by 
the energy dependent neutron diffusion equations 
which for many practical purposes can often be re
duced to one-dimensional two-group equations. 
Though such two-group models are satisfactory from 
the standpoint of accuracy, they require rather exten
sive computations which are usually iterative and in
volve the use of digital computers. In many applica
tions, however, and particularly in dynamic analyses 
[1], where the studies are performed on analogue com
puters, it is preferable to avoid iterative calculations. 
The usual practice in such situations is to resort to one 
group models, which allow the solution to be expressed 
analytically. However, the loss in accuracy is rather 
great particularly when several media of different 
properties are involved. 

This paper describes a procedure by which the solu
tion of the two-group neutron diffusion equations can 
be expressed analytically in the form which, from the 
computational standpoint, is as simple as the one
group model, but retains the accuracy of the two-group 
treatment. In describing the procedure, the case of a 
multi-region nuclear reactor of cylindrical geometry is 
treated, but the method applied and the results 
obtained are of more general application. 

Another approach in approximate solution of diffu
sion equations, suggested by Galanin [2] is applicable 
only in special ideal cases. 

STATEMENT OF THE PROBLEM 

The one-dimensional, two-group approximation of 
the radial flux distribution in a multi-region nuclear 
reactor [3] results in the following set of diffusion 
equations in vector notation: 

~~~:tv~~~~~::ll·ll~~;ji\=IWIIQi{;)=o (1) 

which describe the fast and thermal flux f'l(r), Ni(r) in 
the ith region, defined by the interval: 

Rt-1~r<Rt i=1,2, ... I (2) 

I being the number of reactor ·regions. 
Coefficients anm1 of the matrix IIAi II are determined 

by the material and geometrical constants of the ith 
reactor region. * * 

• Boris Kidric Institute of Nuclear Sciences, Beograd-Vinca. 
* • See Appendix. 

The solution Qi(r) ofEq. (1) is subject to the follow
ing conditions: 

(a) at the centre of the reactor r = Ro = 0 

d- d----> 
- Ql(O) = - Qol = 0 
dr dr 

(3) 

(b) at the extrapolated boundary of the reactor; 
r=R1 

(c) at the interface between any two regions; r = Rt 

-+ -+ 
where Qti+1 = Qi+1(Rt), and 

Dt1 and Dn1 being diffusion coefficients for the fast and 
thermal group in the region i. 

The problem thus formulated requires iterative 
adjustment of two parameters to satisfy the boundary 
conditions. In most cases these two parameters are: 

(a) ratio of the fast and thermal flux at the centre of 
the reactor; qo =Fo1/Nol, and 

(b) the thickness of one of the regions; i.e. r = Rk, 
between regions k and k + 1. 

The usual procedure in solving such a problem con
sists of representing the solution of the two mutually 
coupled Eqs. (1) as a linear combination of solutions 
of homogeneous equations in the form: 

where for cylindrical geometry Xi(r) and Yi(r), co

ordinates of vector Wi(r), are solutions of [3]: 

(a) ~ Xi(r) + ~ . dXi(r) + JLt2iXi(r) = 0 
dr2 r dr 

(b) d
2 

Yi(r) + ~ · d Yi(r) - vt2 Y1(r) = 0 
dr2 r dr 

(5) 
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while the initial and boundary conditions (3) take the 
form: 

d-+ 
(a) at r=Ro:- Wo1 =0 

dr _ ___,. 

(b) at r=R1 : W 1I =0 

(c) at r=Rt: W1i+1 =[[Gi/l · Wti 
d----+ d--+ 
- Wti+l = [[Hi II . - Wti (6) 
dr dr 

where [[Gi II= [[Bi+1[[-1 · ))Bill , and 
))Hi[)=[))Di+1[). [[Bi+l)[]-1. [)Di[). )[Bi[[ 

The formulae for calculating elements binm of the 
matrix ifBi II are given in the Appendix. 

Appropriate values of initial conditions for Eq. (5) 
are then sought by iterative adjustment of the two 
variable parameters using a digital computer [4]. 

TRANSFORMATION INTO RICCATI EQUATIONS 

To avoid iterative computation it is necessary to 
formulate the problem in such a way that the two 
variable parameters can be determined separately. 
This suggests the use of first order equations with 
appropriate conditions that can be satisfied by adjust
ing one parameter. Since in most practical cases the 
nature of the diffusion process is such that there is 
always one point in the reactor where either the flux 
or its derivative is zero, we may try the substitution: 

Ui(r) = dXt(r) . _I_ 
dr Xi(r) 

Vi(r) = d Yi(r) . _I_ 
dr Yi(r) 

(7) 

which will eliminate the initial ratio of the fast and 
thermal flux as a variable parameter. 

Introducing substitution (7) into Eqs. (5) one ob
tains [5]: 

(a) 

(b) (8) 

Using substitution (7) and designating Ytif Xti by 
Zl', boundary and initial conditions (6) become: 

(a) at r=Ro=O: U1(0)= U0
1=0; V01=0 

(b) at r=RJ: [UI1 ]-1=0; [V1I]"-1=0 

(c) at r = Rt: Uti+1 =hut Uti+ h12~VttZtt 
gu i + g121Zti 

. h21 t Uti+ h22t V/Ztt 
VtHl = --..,..----

g21 i + g2ziZti 
(9) 

The original Bessel Eqs. (5) are thus transformed 
into Riccati Eqs. (8) which are of the first order. 
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EXHIBITED PROPERTIES OF 
RICCATI EQUATIONS 

135 

As can be seen from Eqs. (9) the initial values of 
Ui(r) and Vi(r) at the centre of the reactor do not 
depend on the initial values F01 and N 01. As a result, 
Ui(r) and Vi(r) are independent of the parameter q0 , 

and the original problem of iterative adjustment of 
two parameters has now been reduced to finding only 
the critical radius Rk. As a further consequence of 
Eqs. (9) the values of Ui(r) and Vi(r) are completely 
specified both at the centre of the reactor and at the 
extrapolated boundary. 

Another valuable property [5] exhibited by Eq. (8b) 
is that its solutions can be represented by the following 
asymptotic expression: 

Vji =Vi [ -(2RjVt)-1 + ( -l)(i+j) 

X V--:-1 -+-:-:( 2::-:Rc-j V-:-i)----.::-2] ( 10) 

which follows from the fact that the value of Vi(r) at 
one end of the reactor region is independent of the 
initial value at the other end if the thickness of the 
region is sufficiently large. In other words, values v1t 
are dependent only on the coefficient vi and corres
ponding radius RJ. 

As will be seen later, it is now possible by solving 
Eqs. (8), starting both from the centre (i = 1) and from 
the extrapolated boundary (i =I) and using conditions 
in Eq. (9c), to reduce the total number of regions to 
only two, and find the critical radius Rk which will 
satisfy conditions in Eqs. (9). 

DERIVATION OF THE ANALYTICAL EXPRESSION 
FOR THE FLUX EQUATION 

Owing to the previous transformations it is possible 
to determine the critical radius and the coefficients 

(11) 

for all regions and radii. 
Taking into account that the values of function 

Yi(r) and its derivatives d P(r)/dr at both boundaries 
r = R1 of each region can be expressed as 

Yl=Xitzit 

5!_ y1t = X1W1tz1t 
dr 

(12) 

where j = i- 1 and i for the left and right boundary, 
respectively, and that the values X1i = Xi(RJ) may be 
obtained by solving the one-group diffusion equation: 

d2Xi(r) + 1 dXi(r) +X"() 2 _ 0. 
--- --- ly "J.Li-

dr2 r dr 

with known ratio of initial conditions: 

dXit . 1 - U·t 
~ Xit- J• 

(13) 

(14) 

it remains only to determine the function Yi(r) within 
the boundaries of each region. 
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Y' 

dYj. 
dr 
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v: exp[- vi (R1-r)] 

Dotted function Y' (r) 

Y ~ .JOXP (·V \_ 1 (R;. !"')] 
. ' 

P/706 

v: 

dv! v', Y', 
err' 

Figure 1. Typical form of function Y1(r) with two corresponding 
exponential functions 

From Eq. (4) the thermal flux is given as: 

Ni(r) = bz1i Xi(r) + bzzi Yi(r) (lS) 

A typical form of the function Yi(r) obtained by 
solving Eq. (8b) on an analogue computer is shown in 
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Fig. 1. Taking into account Fig. I and using the exact 
values Y;i and d Yi/dr, the functions Yi(r) may be 
approximated by two exponential functions in the 
following way: 

Yi(r)~Xii~lzti~l exp [- Vii~l(Ri~l-r)] 

+ Xitzii exp [- Vii(Ri- r)J (16) 

For comparison, these two exponential functions 
are also represented in Fig. 1. 

Due to the fact that boundary values Y1i are maxi
mum and that these values are known exactly with 
their derivatives at these points, errors due to approxi
mation are negligible. Thus, using Eqs. (12) and (15) 
the thermal flux distribution can be expressed as: 

Ni(r) = bz1i Xi(r) 

+ hzzi XiiZii exp [- Vii(Ri - r)J 

+bz2iXii~1Zii~1 exp [- ViH(Ri~l-r)] (17) 

NORMALIZATION OF RICCATI EQUATIONS 

Instead of determining coefficients 

(18) 

by solving Riccati Eqs. (8) for each particular set of 
reactor parameters, it is possible to use a series of 
curves which represent the solutions of normalized 
Riccati equations, obtained once and for all [6]. 

2,5 X~ 3,1) 

y2 
I 

3,5 

y2 
2 

4,5 _x 5,1l 

Figure 2. Solutions of the normalized Riccati equation 

dy + y2 + I + 1 = 0 for different initial conditions 
dx x 
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.rn 

.08 

fa+ (s.r) 2+ 1 - .09 

I• 
.10 

Figure 3. Solutions of the normalized Riccati equation 

ddz + (s · z)2 - :_ - 1 = 0, for various s. (Initial conditions: x = 1, z = 0) 
X X 

To normalize Eq. (8a) we introduce the substitu
tions: 

Ui(r) = yi(x) · fLi and r = ~ (19) 
fLi 

and obtain: 

dyi(x) + [yi(x))2 + yi(x) + I = 0 (20) 
dx x 

The solutions yi(x) for different values of y11 = yi(x1i) 
and x1i = R1 · fLi, obtained on an analogue computer 
are shown in Fig. 2. Figure 3 represents the solutions 
z(x) of the normalized equation 

d~~) + [s · z(x)]2 -z(x)jx-I =0 (2I) 

for various s, which are necessary fori= I (last region). 
In deriving Eq. (2I) we used substitutions: 

I I r 
z(x)= R1U1(r)' z(x)= R1Vl(r)' x= R1 (22) 

The procedure of determining coefficients (I8) using 
Figs. 2 and 3 is explained in the given example. 

CONCLUSION 

As has been shown, all coefficients appearing in 
Eq. (17) may be easily determined from material and 
geometrical constants of the given reactor using simple 
formulae and the family of curves shown in Figs. 2 

and 3. Since these formulae and curves are derived 
from a two-group reactor model, the accuracy attain
able with Eq. (I7) approaches that of the two-group 
treatment. 

On the other hand, since, in addition to the two 
exponential functions, Eq. (17) contains only the 
function Xi(r) which is a solution of the one-group 
reactor model, it can be concluded that the simplicity 
of analytical treatment of Eq. ( 17) is compatible with 
one-group approximation. 

EXAMPLE 

To illustrate the practical application of this pro
cedure consider a gas-cooled power reactor with two 
active zones and one reflector. Values of the material 
constants for all regions are given in Table 1 :* 

Table 1 

i~ l i~2 ;~3 

El. 103 2.5058 2.9158 2.9112 
:J:ni • 103 5.3793 3.6946 0. 3561 
D,; 1.7042 1.5253 1.15596 
Dni 1. 3651 1.2123 0.9119 
k i 

00 1.0282 1.0815 0.0000 

* Symbols used are the same as in Ref. [3]. 
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The geometrical constants are: 

axial buckling az2 = 0.2486 · 10-4 

The radius between the first and second region r = R1 

is unknown. 

Other radii are: R?,=472 em 

Ra=550 em 

Matrices llanmill from Eq. (1) may be found using 
given material and geometrical constants of the 
reactor. These matrices are: 

Table 2 

10+311 ill -1.495 3.241 -1.912 2.618 -2.543 0.000 
,anm 1.841-3.932 2.403-3.096 3.193-0.415 

Matrices IIBi II which transform diffusion equations 
into the Bessel equations, Eq. (4), are: 

IIB1 11 

Table 3 

1.000 1.000 1.000 1.000 0.000 1.000 
0.462 1.223 0.765 1.201 1.000 1.523 

Arguments of Bessel functions (3) become: 

p.,2. 10+3 
v,2 . 10+3 

Table 4 

i=l 

0.00495 
5.46615 

i=2 

0.06915 
5.08442 

-2.54238 
0.41537 

Matrices IIGi II and IIHi II which define conditions at 
the interface between any two regions may be deter
mined using Eqs. (4) and (6). These matrices are: 

Table 5 

i=l i=2 

IIGill 0.8457 -0.0113 1.0000 1.0000 
0.1536 1.1132 2.2659 0.2993 

IIH1 11 0.9475 -0.0193 1. 3193 1. 3193 
0.1698 1.1367 2.9952 0.3854 

From Fig. 3, which gives the values of UI I -1 and 
V1 I -I, we may for x23 = R2/ R3 = 0.861, determine: 

(a) s2 = R32J.La2 = 125 

z=(U23 • R3)-1=3.5 · 10-2 

(b) s2 = R32 v32 = 770 

z=(V23 • R3)-1=7.91 · 10-2 (23) 

From Eq. (10): V2
2 =1l.07024 

I 
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Knowing U2
3; V23 and V2 2 using Eq. (9c), which 

represent a system of two algebraic equations with two 
unknowns, we find: 

Z 22 = -0.2273 

U22 = 0.01423 (24) 

According to Eq. (10) for 300 em .c:::. r = R1 < 350 em 
we have: 

V11= 0.07191±1.2·10-3 

V12 = -0.07152 ± 1.2 · 10-3 (25) 

Value y22 = U22J.L2 = 1.71 defines one end point of 
the solution yi(xi), which corresponds to x22 = 3.92 
(i = 2 and r = R2). Also, Uo1 = 0 and r = R0, Eq. (9a), 
defines one end point (y01 ;x01 = 0 ;0) for the first 
region (i= 1). 

Other end points (yll,x11) and (y12,x12) of these 
functions have to satisfy the following conditions: 

(a) R1 = x11/J.L1 = x12/J.L2, and 

(b) U11=gulU12+g211hi21. V11[1-h221Vll]-l 
hu1 g221hu1 g221 h 2 

(26) 

Condition (26b) is derived eliminating Z 11 from 
Eq. (9c) and taking into account the relations: 

h121h211 g121g211 
:--::-:---:- ~ 1 ~ I 
hu1h221 gu1g221 

Using calculated V11 and V12 and curves in Fig. 2 
from conditions (26) we get 

U11 = YI1/1-I = -0.915 · I0-3 

U12=y12J.L2= -0.847 · 10-3 

and consequently the critical radius is 

X11 X12 
r = R1 =- = - = 343 em. 

f£1 /1-2 

From Eq. (9c) we may now determine 

Z11 = -0.113525 

(27) 

Using Eq. (6c) it may be shown that the ratio 
Z12= Y12/X12 is as follows: 

g 1+g 1z 1 z12 = 21 22 1 = 0.0468 (28) 
gu1+g121Z11 

Finally, according to Eq. (17) and curves 2 and 3, 
the thermal flux distribution through active regions 
may be approximated with the expression: 

Ni(r) = {N
1
(r) for R 0 ~ r < R1} (29) 

N2(r) for R1 ~ r < R2 

where Ni(r) is given with Eq. (15). 
It should be pointed out that the radial distribution 

of fast flux Fi(r) may also be similarly obtained, if 
required. Figure 4 represents thermal and fast flux 
distributions, obtained by the proposed method. 
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F 

N 

R (em) 

Figure 4. Thermal and fast flux distribution obtained by the 
proposed method 

As has been explained earlier all constants 
i= I, 2, ... /. 
j= 1-1, i. 

n, m= I, 2. 

may be easily determined using the obtained family 
of curves and the set of formulae derived in the paper 
and appendix. 

APPENDIX 

Review of the formulae which are used in the deter· 
mination of the coefficients Onm', bnm', /Lt,vt, gnm' and 
hnmi· 

b21i 1 
- = -- [au1 -a221 
bu• 2a121 

+ v'[(au t - a221) 2 + 4a12t 021 1] 1 
b22i 1 
- = --. [au1 -a221 
b121 2a12t 

- y'[(au1 -0221) 2 + 4a12i 0211] 1 
Two of four bnmt may be chosen arbitrarily. 
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IIG1 11 = llgnmill 

I llbuib22i+1 -b21ib12H1 b12'b22H1 -b22ib12H1
11 

=I BH11 b21ibu'+1-buib21H1 b22ibui+1 -b12ib21H1 

1 llpibuib22Hl 
II Hi II= llhnmi II= I Bi+ll Pnib21ibui+l 

- Pn1b211b12iH Pt1b121b22i+l-Pnib22ib12i+lll 
- Pt1buib21i+1 Pn1b22ibui+1 -ptib12ib21i+1 

where Pi= Df'f D,t+I, Pni = Dnif Dni+l, and 

IBtl =det IIBill=b22ibui-b12tb21t. 
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ABSTRACT-RESUME-AHHOTAUV1JI-RESUMEN 

A/706 Yougoslavie 

Calculs de Ia diffusion de neutrons 
a une seule vitesse 
a partir d'un modele a deux groupes 

parS. Bingulac eta/. 

Quand on evalue les dimensions critiques et les 
distributions de flux dans des reacteurs nucleaires a 
plusieurs regions, il est avantageux de disposer d'une 
methode qui conserve la simplicite de calcul du traite
ment a un groupe tout en s'approchant de Ia precision 
que !'on peut obtenir avec un modele a deux groupes. 
De telles representations analytiques simples, suffisam
ment precises, sont tres importantes dans les etudes de 
dynamique pour lesquelles il faut obtenir simul
tanement Ia solution de !'equation de flux et de la 
fonction d'importance sur un calculateur analogique. 

Le memoire decrit une procedure permettant de 
representer Ia distribution de flux par une expression 
de la forme: 

cf>i(r) = ifh(r) + Ziiifh(Ri) exp [-Vii(Ri- r)] 

+ zii_1cf>i1(RH) exp [- Vii-1(Ri-1- r)] 

ou cf>i1(r) est la solution de I' equation de diffusion a un 
groupe dans la ieme region du reacteur, definie par 
l'intervalle: Ri -1:::;; r < Ri, tandis que Zit, Zit -1, Vit -1 et 
Vii sont des constantes. 

A chaque interface entre deux regions, Ia fonction 
cf>1i(r) doit satisfaire a une condition limite definie par: 

1. dcpi1(r) 1 _ Ui 
Im --- --- i 

r-o-R, dr · cpi1(r) 

Pour cette expression un utilise un modele uni
dimensionnel a deux groupes, adapte a !'utilisation 
d'un calculateur analogique. Les equations de diffu
sion a deux groupes sont transformees en equations de 
Riccati avec les conditions initiales et les conditions 
aux Iimites correspondantes. En utilisant les proprietes 
de Ia solution des equations de Riccati, on reduit a 
deux regions seulement le reacteur a plusieurs regions, 
avec un ensemble simple d'equations pour determiner 
les dimensions critiques et les coefficients: 

zii, zii-1, Vii, Vit-I, uii 

pour toutes les regions. 
On peut resoudre une fois pour toutes !'ensemble 

normalise de ces equations, ce qui donne une famille 
de courbes dont on peut deduire les dimensions 
critiques et les coefficients pour differents parametres 
de reacteurs. 

On peut utiliser cette methode pour des geometr~es 
spheriques et cylindriques, ainsi que pour toute dis
position des zones actives et des reflecteurs. On 
discute a l'aide d'exemples concrets !'application 
pratique et Ia precision de ce procede. 

A/706 K)rocnaBHR 

O,o,HocKopocrHoe Bbi4HClleHHe ,o,Hrprpy-
3HH Het!TpOHOB, OCHOBaHHOe Ha ,D,ByX· 
rpynnosott Mo,o,enH peaKropa 
C. 6HHrynaH et al. 

llpH onpep;eJieHHH KpHTHqeCKHX pa3M9pOB H pac
npep;eJieHHJI IIOTOKa y MHOr030HH1iiX JI,!1;8pH1iiX peaK: 
TOpOB IIOJI83HO paCIIOJiaraTb MSTOAOM, KOTOpbiH 
B OTHOillSHHH TOqHOCTil IIpH6JIHiKaSTCH K ABYX
rpyiiiiOBOH rpaKTOBKS, a C TOqKII 3p8HIIH BblqiicJie
HIIJI coxpaHJIST CBOHCTBa OAHOrpyiiiiOBOrO MSTOp;a · 
TaKoii p;ocraroqHo roqHJiiH, HO aHaJIIITIIqecKII 
H9CJIOiKHbiH MSTOA yp;o6eH, B qaCTHOCTII, AJIJI 
AIIHaMIIqSCKIIX aHaJIII30B Ha MOASJIIIpyiOIIJ;IIX 
ycTpOHCTBax, KOTOpbie qaCTO Tpe6yiOT OA~.IOBpe
MSHHOrO Onpep;eJI9HIIH pacnpep;eJI9HIIJI HSMTpOH
IIOrO IIOTOKa II ero COIIpJiiK9HHOH <}lyHK~IIII. 

B HaCTOJim;eft pa6ore npep;JiaraeTCH Merop;, 
C IIOMOIIJ;biO KOTOporo pacnpep;eJISHIIS HSHTpOH
HOrO IIOTOI\a MOiKHO npep;cTaBIITb B lf!opMe 

CJli (r) = CJJ! (r) + ZiCJl~ (R;) exp I- Vl (R;- r)] + 
+ ZLCJl~ (R;-t) exp]- vLl (Ri-1- r)], 

rp;e cp1 (r) JIBJIHSTCH pemeHIIeM op;~orpynnosoro 
,n;II!fllflyaiiOHHOrO ypaBHSHIIJI B 30H8 ~, ?IIpe~eJieH

HOH IIHTepBaJioM R;-1 <J < R,; Zi, ZI-t II 
V;-t - nocroHHHbie. 

Ha rpaHII~e Memp;y ABYMH cocep;HIIMII aoHaMII 
lflyH«~IIII CJJ1 (r) ,n;oJIJKHbl yp;osJieTBOpHTh cJiep;yro
IIJ;IIM rpaHIIqHJiiM ycJioBHHM: 

lim dq>t (r) -.1- = u~. 
-+R. dr 'Pi (r) 

! 

llpii OIIpep;eJISHHil BbipaiKSHHH AJIJI IIOTOKa 
IICIIOJib30BaHa OAHOMSpHaH p;ByxrpyiiiiOBaH 
M0,!1;8Jlb peaKTOpa, IIpllCIIOC06JieHHaH ,!1;JIH M0,!1;8JIII
pyrom;ero ycrpoftcrBa. ,lJ.syxrpynnoBble AII!fllfly-
3IIOHHble ypaBHSHIIH npeo6paaosaJIIICb B AII!fl.Pe
pen~IIaJihHbie ypaBHSHIIH P~tKKaTII c coorBeT
CTByrom;IIMII HaqaJibHbiMII II rpaHIIqHbiMII u ycJio
BIIJIMII. BJiaro,n;a pH o6Ha pymeHHliiM CBOIICTBaM 
ypaBHSHIIJI PIIKKaTII MHoroaoHHlilii peaKrop cBo
AIITCH K peaKTOpy JIIIillb C f];BYMH 3KBIIBaJI~HTH1iiMII 
30HaMII II HSCJIOiKHOH CIICTSMS ypaBHSHIIII, peme
HIIS KOTOpOH OIIp8p;8JIH9T KpiiTH~9CIUI9 pa3M8pb1 
II KOalfllf!II~HSHTbl 

i i i i i Z;, Zi-t, V;, Vi-t, Ui 
p;JIH Bcex aoH peaKropa. 

llyTeM nepeHOpMIIpOBKH 3TOH CHCT8Mb1 ypaBHS
HIIH IIOJiy'laSTCH CSMSHCTBO KpiiBliiX, II3 KOTOpbiX 
JierKo MOiKHO onpep;eJIIITb Koalfllf!II~IIeHTbl II KPII: 
riiqecKIIe paaMeplii AJIH paaJIIIT.J:HbiX 3HaqeHIIII 
peaKTOpHbiX IIapaMeTpOB. 

lfaJIOiK8HH1iiH MSTOp; MOiKHO IIpiiMSHIITb KaK 
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.1\ c<f>epH'IeCKOH, Tal\ H .1\ 1.\HJIHH,lJ;pHqec.I\OH reo

MeTpHH. IJopH,ll;O.I\ a.I\THBHhlX 30H H OTpamaTeJieii 

MomeT 6hlTb DpOH3BOJibHhlM. IJpaKTHqeC.I\Oe npii

MeHeHIIe II TOqHOCTb MeTO,D;a npo,n;eMOHCTpiipOBaHhl 

Ha CDel\II<f>fieCKOM UpiiMepe. 

A/706 Yugoslavia 

Calculos de difusi6n neutr6nica 
a una velocidad, basados en un modelo 
de reactor de dos grupos 

por S. Bingulac eta/. 

AI evaluar las dimensiones criticas y distribuciones 
de flujo en reactores de varias regiones, es ventajoso el 
empleo de metodos que poseen las ventajas de la 
simplicidad de calculo del tratamiento en un grupo, y 
cuya precision se aproxime a la lograda con el modelo 
en dos grupos. Estas ecuaciones de flujo, analitica
mente simples pero suficientemente precisas, son par
ticularmente importantes en estados dinamicos en los 
que se requiere la obtencion simultanea de la solucion 
de la ecuacion de ftujo y su ad junta, por medio de una 
calculadora analogica. 

El articulo describe un procedimiento que permite 
representar la distribucion de flujo, mediante una 
expresi6n de la forma, 

cfoi(r) =c/h(r) + Zitcfh(Rt) exp [- Vit(Ri- r)] 

+ Zii-1c/>i1(Ri-1) exp [- Vii-1(Ri-1- r)] 

donde c/h(r) es la solucion de la ecuacion de difusion 
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de un grupo en la i-esima region del reactor, definida 
por el intervalo: Rt -1:;;; r < Rt mientras que Zit, Zit -t, 
Vii y Vit-1 son constantes. 

En cada interfase entre dos regiones, Ia funci6n 
cP11(r) debe satisfacer una condici6n de contorno 
definida por, 

lim dc/h(r) . _I_ = Uit 
r-+R, dr cfoi1(r) 

Para Ia deducci6n de esta expresion, se utiliza un 
modelo de reactor monodimensional en dos grupos, 
adaptado a Ia resolucion con una calculadora ana
logica. Las ecuaciones de difusion de dos grupos se 
transforman en ecuaciones de Riccati, con las con
diciones iniciales y de contorno asociadas. Las pro
piedades de las ecuaciones de Riccati permiten Ia 
reduccion del reactor en varias regiones a otro de solo 
dos regiones, lo que unicamente precisa un sistema de 
ecuaciones simple, que determinan las condiciones 
criticas y los coeficientes, 

para todas las regiones. 
Este sistema de ecuaciones normalizado puede 

resolverse una vez por todas, con lo que se obtiene una 
familia de curvas que permiten la determinacion facil 
de las dimensiones criticas y de los coeficientes, para 
varios parametros del reactor. 

Este procedimiento es aplicable a geometrias 
esferica y cilindrica, y a cualquier disposici6n de 
regiones activas y reflectores. Se discute en ejemplos 
especificos la aplicacion practica y Ia precision del 
metodo. 



P/708 Yugoslavia 

Angular leakage spectrum of thermal neutrons 

By R. Kladnik* 

The determination of the stationary angular and 
energy distribution of thermal neutrons on the 
boundary of a finite medium is one of the important 
problems which have not yet been solved in the theory 
of thermal neutron experiments. So far this problem 
has been dealt with within the framework of a dif
fusion or P1 approximation [1]. 

The diffusion theory, corrected for the transport 
mean free path, can describe the space, and energy, 
variation of the thermal neutron flux in regions within 
the homogeneous medium which are several mean free 
paths away from the boundaries or localized absorbers 
and sources. However, no reliable results of the dif
fusion theory for the angular behaviour of the neutron 
flux are available especially for the boundary regions 
where the angular dependency of the neutron flux 
becomes important. The reason for this is the in
adequacy of the diffusion theory to properly take into 
account the boundary conditions. Some improvements 
are gained by applying the spherical harmonics 
method (PN). However, because of the poor con
vergency, the P N method in the high-order approxima
tion must be used and this requirement makes the P N 

method too cumbersome. 
If we want to obtain approximate expressions for 

the linear extrapolation distance and for the angular 
distribution of the leakage spectrum of thermal neu
trons we have to apply some other method. We shall 
use the eigenfunction expansion method in connexion 
with the variational method. The application of the 
variational method to the neutron transport problems 
of this kind has already been described by several 
authors [2-5]. 

In order to demonstrate the basic properties of the 
angular distribution of the thermal neutron flux on the 
boundary of the medium, we shall take the simplest 
geometry: the semi-infinite medium is on the left side 
surrounded by vacuum. The medium may absorb 
neutrons; however, it contains no neutron sources. 
Neutrons are supplied to the medium from the in
finity; there are no neutrons entering the medium at 
the boundary surface x = 0. 

The neutron flux tf>(x,E,t-t) (x is the spatial co
ordinate, E the neutron energy, and 1-' the cosine of an 
angle between the neutron velocity vector and the 
positive x-axis; 1-' is positive for the in-going . direc
tions), is a solution of the well-known statiOnary 

* J. Stefan, Nuclear Institute, Ljubljana. 

integra-differential transport equation. We seek the 
solutions of this equation satisfying boundary con
ditions associated with our problem. Because of the 
non re-entrant boundary surface at x = 0, we require 

tf>(O,E,t-t) = 0 (1) 

for all in-going directions, i.e. for 1-' > 0. 
Using the above boundary condition, we can inte

grate the integra-differential form of the transport equa
tion and we obtain an integral transport equation 
which we shall solve approximately by using the 
variational method. 

The problem of a finite medium can formally be 
made equivalent to an infinite medium problem pro
viding fictitious negative sources are introduced on the 
boundary surface x = 0 [6]. Our problem is then 
equivalent to the infinite medium problem with posi
tive neutron sources at the infinity (x~oo) and with 
fictitious negative sources on the boundary surface 
(x=O). 

THE EIGENFUNCTION EXPANSION 

It is hoped that neutron transport problems can be 
solved with the aid of certain eigenfunctions which 
form a complete set. These eigenfunctions may be 
searched for with an Ansatz form as [5]: 

tj>(x,E,f-' )~ M(E)g(E,f-' )e-Kx (2) 

where M(E) represents the Maxwellian flux distribution 
and where K and g(E,t-t) are the eigenvalue and the 
eigenfunction, respectively, of the following homo
geneous integral equation: 

[L'(E) -Kf-']g(E,f-') 
oo I 

= J J .E(E,t-t~E',t-t')g(E',t-t')dE'dt-t' (3) 
0 -1 

This eigenequation is obtained from the integra
differential transport equation if the detailed balance 
condition for the differential scattering probability 
L'(E,t-t~E',t-t') is used. 

The eigensolutions Kt and g<t>(E,t-t) of the above 
eigenequation may be either discrete or continuous 
and it is hoped that they form a complete set of ortho
gonal functions. If so, then the neutron flux tf>(x,E,f-'), 
being a solution of the transport equation, can be 
written as: 

(4) 
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where, for the continuous part of the set of eigen
functions, the summation sign must be replaced by an 
integration sign. The constants Ci depend upon the 
distribution of sources; they represent contributions 
of the particular eigensolutions in the spectrum of the 
neutron sources. 

It follows from the nature of the eigenequation (3) 
that, for each eigensolution Ki,g<i>(E.~-t) with the posi
tive real part of Ki, also a pair -Ki,g<i>(E,~-t) is a solu
tion of the same eigenequation. The general form of 
the neutron flux ,P(x,E,fL), Eq. (4), can then be written 
as: 

,P(x,E,~-t) = M(£)"1:, {C1g<J>(E,~-t)e-K'x 
j 

+ FJg(J>(E,- ~-t)eK,x}; (5) 

the index j runs over the eigensolutions with the posi
tive real part of KJ only. The constants C1 represent 
contributions of the sources from the left side of the 
system ( C1 values are negative in our case, since we 
have fictitious negative sources on the boundary sur
face x = 0), whereas the constants F1 represent contri
butions of the neutron sources from the right-hand 
side (F1 > 0). 

According to the geometry of our problem, regions 
with sufficiently large x are far away from neutron 
l?Ources of any kind. For such r~gions, in the develop
ment, Eq. (5), terms with the smallest real part of Kf 
will be predominant. We shall call this solution the 
asymptotic solution </>as: 

</>a.s(x,E,~-t) = M(E)[C1g(E,f1-)e-Kx 

+ F1g(E, -~-t)eKx] (6) 

Here, K represents the lowest real eigenvalue of 
Eq. (3), and g(E,fL) is the corresponding non-negative 
eigenfunction. The inverse of K is known as the dif
fusion length. 

The asymptotic solution (6) may be written in a 
more convenient form by replacing the constants C1 
and F1 with new constants C and Xo, defined by: 

C1 = -(Cj2K)e-Kxo and·Fl =(Cj2K)eKXo (7) 

We then have: 

</>as(x,E,fL) = C.M(E) [ gt(E,~-t) ~ sinhK(X + Xo) 

- g2(E,~-t)coshK(X + xo)] (8) 

where 

2gl(E,~-t) = g(E,fL) + g(E,- ~-t) 

2Kg2(E,fL) =g(E,~-t) -g(E, -~-t) (9) 

The constant C depends on the intensity of the 
neutron sources at the infinity, whereas the parameter 
Xo-the extrapolated end-point-reflects the con
ditions on the boundary of the medium. The quantity 
xo is connected with the linear extrapolation distance q 
through the equation: 

q = (JjK)tanhKXO (10) 

The asymptotic flux </>as(x,E,~-t) cannot describe the 
distribution of neutrons in regions near the boundary. 
Due to the vicinity of the fictitious negative sources, 
higher eigensolutions must be added. The expression 
for the neutron flux in the vicinity of the boundary can 
then be written as: 

rp(x,E,~-t) = </>as(x,E,~-t) + M(E)L Ctg<i>(E,fL)e-K,x 
jo 2 

where the constants C1 are negative. Write C1 
= -C.C/'. 

Then we have 

</>(x,E,~-t) = C.M(E) [ gt(E,fL) ~ sinhKX 

- g2(E,~-t)coshKX +q(x,E.~-t)] (11) 

where 

q(x,E,fL) = q.[gt(E,fL)COShKX -Kg2(E,fL)SinhKX] 

- 1: C"tg<i>(E,fl-)e-KjX (12) 
j=2 

The first term on the right-hand side of Eq. (12) 
represents the asymptotic form of the function 
q(x,E,fL). The deviation of the function q(x,E.~-t) from 
its asymptotic form is described by the higher eigen
solutions Kfg(f)(E,fL). Unfortunately, these functions 
are not yet known and we have to use appropriate 
approximations. 

With the aid of the above eigenfunctions g(E.~-t) we 
can formulate an integral form of the boundary con
dition which turns out to be very useful. To obtain this 
integral boundary condition we construct an integral 
K<i>(x) of the following form: 

00 1 

K<i>(x) = f f ,P(x,E,fL)glil(E,fL)~-tdEd~-t (13) 
0 -1 

Multiplying the integro-differential form of the 
transport equation by g<t>(E,~-t)dEd~-t, integrating over 
E and I-t• and by taking into account the eigenequation 
(3), we find that K<i>(x) is a solution of the first-order 
differential equation: 

Hence 
col 

d 
-K<i>(x)= -KtK<i>(x) 
dx 

K<t>(x) = J J ,P(x,E,~-t)g<i>(E.~-t)~-tdEd~-t 
0 -1 

= const.e-K•x (14) 

This equation is valid for all eigensolutions of 
Eq. (3). 

Suppose that the development ( 4) for the neutron 
flux is justified. The above condition (14) then gives: 

2 Cie-K'11 L M(E)g<t>(E,fL)g<i>(E,~-t)~-tdEd~-t 
i = const.e-K,x 

This equation will be satisfied for all x::::,..O only if the 
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eigensolutions g<i>(E,P-) constitute a set of orthogonal 
functions with 

oo I 

f f M(E)g<i>(E,P-)gU>(E,P-)P-dEdtt =NiB iJ (15) 
0 -1 

The value of the constant in Eq. (14) is then equal 
to CiNi. 

Since Eq. (15) actually represents the orthogonality 
condition for the eigenfunctions g<i>(E,P-), [7], we can 
conclude that the development ( 4) is correct. 

We shall use Eq. (14) for the lowest eigensolution 
pair [K,g(E,P-)1 and [ -K,g(E,P-)]: 

oo I 

f f </>(x,E,P-)g(E,P-)P-dEdP- = C1N1e-Kx (16) 
0 -1 

oo I 

f f </>(x,E,P-)g(E, -P-)P-dEdP- = - F1N1eKx ( 17) 
0 -1 

with 
oo I 

N1 = f f M(E)g2(E,P-)P-dEdiL = 2K.al2 
0 -1 

where a12 is one of the double integrals of the following 
form: 

ool 

Ujk=2f f M(E)gi(E,P-)gk(E,P-)11-dEdiL; i,k= 1,2 (18) 
0 0 

In the above derivation we have used the definition 
(9) for the functions g1(E,P-) and g2(E,11-). If we use 
expressions (7) for the constants C1 and F1 and if we 
then subtract Eq. (17) from Eq. (16) we arrive at the 
equation: 
oo I 

f f </>(x,E,P-)g2(E,P-)P-dEdP-
o -1 

= Cal2(1/K)sinhK(X + xo) (19) 

We shall need this equation in order to obtain 
explicit expression for the linear extrapolation distance 
q. If we write Eq. (19) for x = 0 and make use of the 
boundary condition (1) we obtain: 

00 1 

(1/K)sinhKXo= (ljCa12)f f </>(O,E, -P-)g2(E,P-)P-dEdP
o 0 

In the next step we replace <f>(O,E, -P-) by Eq. (11) 
and use the definition (10) for q; we obtain the final 
expression for q equal to: 

a22 1 00 1 

q = -
2 

+- J f M(E)q(O,E, -P-)g2(£,P-)P-d£d11- (20) 
U}2 Ul2 0 0 

The integrals a12 and a22 are defined by Eq. (18). If 
the function q(O,E, -11-) were known, the above 
expression would give us the linear extrapolation 
distance. We cannot determine q(x,E,P-) from the 
expression (12) since the higher eigenfunctions g<J>(E,P-) 
are not known. Hence, we have to find approximate 
expressions for the function q(O,E, -P-), for instance, 
by solving the integral equation for the function 
q(x,E,P-). 

The integral equation for q(x,E,P-) IS obtained 
directly from the integral transport equation if 
Eq. (11) is used for rp(x,E,P-)· We have: 

q(x,E,P-) = E(P-)g2(E,P-)e-x.z:<E>I,u + .f {q(x,E,P-)} (21) 

with E{P-) = 1 for 11- > 0, and = 0 for 11- < 0. The operator 
.f {q} is the well-known integral transport operator [5]. 

We shall solve the above unhomogeneous integral 
equation approximately using the variational method. 

THE VARIATIONAL METHOD 

The variational method has, for this purpose, been 
introduced by Nelkin [4] for the case of a non-absorb
ing medium with isotropic scattering. The method has 
then been generalized by Kuscer and the author [5] in 
order to include the effects of the absorption and the 
anisotropic scattering. See reference [5] for the details. 

One constructs a functional I {q} which attains its 
stationary value when the function q is a solution of the 
integral equation (21). It turns out that the stationary 
value of the functional I { q} is proportional to the 
double integral on the right-hand side of Eq. (20). 
Since the error of the stationary functional is of the 
second order in magnitude, we can, in this way, obtain 
a fairly good estimate for the linear extrapolation 
distance q. 

The problem is how to find the form of the trial 
function ij. The trial function must reflect the physical 
situation as much as possible, and simultaneously it 
must be of such form that the integral equation (3) can 
be used and that the integration over x can be carried 
out analytically. The best form of the trial function ij 
would be given by Eq. {12), i.e. 

ij(x,E,P-) = A1[g1(E,P-)coshKx -Kg2(E,P-)sinhKx] 

- ~ A1gU>(E,!J-)e-K,x (22) 
j=2 

where A1 (j= 1,2, ... ) are the variational parameters 
whose optimized values are calculated from the follow
ing system of algebraic equations, 

0 
-J{q}=0,j=l,2 ... 
OA; 

(23) 

Since the higher eigensolutions g<J>(E,P-) with KJ are 
not known, we have to use a more simple trial function, 
e.g., 

ij (x,E,P-)"""' A 1[gi(E,P-)coshKx -g2(E,P-)sinhKx] 

- [Azgi(E,P-) + A3g2(E,P-)]e-x!lo (24) 

The constant /0 is an arbitrary length; it represents 
some sort of an average decay length of the higher 
eigenfunction contributions to the flux distribution in 
the vicinity of the boundary. We shall be changing lo to 
obtain better results. 

Using the above trial function (24) we can calculate 
the parameters A~, A2, and A3 from the system of 
algebraic equations (23). We obtain the following 
results: 
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A 
1 
= aoaaa6 + a1a4a6 - a2a3as 

(a1 + aa)a6 - a2aa 

A
2 

= aa(ao -as) +a1(a4 -as) 

(a1 + aa)a6- a2aa 

A a= aoa6- a2as + a4(a2- a6) (25) 
(a1 + aa)a6 - a2aa 

with 

ao =a12/an 

a1 = ({312 + fo(f3n -an) )/an 

a2 = (f3n + loK2(/312 -a12) )/an 

aa=lo+a4 

a4 = (/322 + fo(/312 -a12) )/(/312 + /o(f3n -au)) 

as= (/312 + loK2(/322 - a22) )/(f3n + /oK2(/312 -- a12) ) 

a6 = 1 + foK2as, 

where 

f3tk = 2 I] M(E) gt(E,p.)gk(E,p-) p.dEdp. (26) 
o o 1 +p./foE(E) 

The stationary value of the chosen functional can 
also be expressed in terms of the variational para
meters A,. We then obtain the final form of the linear 
extrapolation distance q equal to [5]: 

2q = a22 + A1- an (A2a2as- Aaa1a4) (27) 
a12 a12 

Once q is known, the extrapolation end-point xo can 
be obtained from Eq. (10). 

The variational trial function (24) is too crude to be 
used as q(x,E,p.) in the expression for the angular leak
age flux (11). We gain some improvement by iterating 
the integral Eq. (21), using the variational trial func
tion as a first trial. The first iteration can be carried out 
analytically. We obtain the following result, for x = 0 
and p.<O: 

[ 
p. ] -1 

q(O,E, -p.) = A1g1(E,p.)- 1 + foE(E) 

. [ A2<g1(E,p.)- ;(~) g2(E,p.)) 

+ Aa<ErE)g1(E,p.) -g2(E,p.)) J.p.> 0 (28) 

The angular and the energy distribution of the 
neutrons leaking into the vacuum is then given by: 

cp(O,E, -p.) =N.M(E)[g2(E,p.) 

+ q(O,E, -p.)], p.>O (29) 

APPLICATION TO THE MONOKINETIC CASE 

The situation is especially simple in the case of a 
monokinetic transport theory with isotropic scattering 
and no absorption. There we have: l:(E)-+Es(E)-+E8 , 

where 1:8 is the high-energy limit of the macroscopic 
scattering cross section. g1(E,p.)-+l, g2(E,p.)-+p.jE8, [7]. 
The calculation of the variational constants (25), the 
linear extrapolation distance q (27), and the angular 

distribution of the leaking neutrons (29) is then rela
tively simple. We shall be changing the value of the 
arbitrary constant lo in order to get the best agreement 
with the exact values for q and the angular distribu
tion [2,6]. 

The results for q (27) for different values of the 
arbitrary constant /0 show that the best agreement 
(~0.005 %) with the exact value 0.71045/Es is obtained 
with f0 equal to about l/3Es, indicating that the contri
bution of the higher eigenfunctions to the flux distribu
tion near the boundary decays with the average decay 
length equal to about one-third of the total mean free 
path. A similar conclusion can be drawn from the 
comparison of the results for the angular distribution. 
In Table 1 the results for the angular distribution of 
leaking neutrons (29) are compared with the exact 
values [2] for two cases: /oEs = 1.0 and foEs= 0.3. All 
angular distributions are normalized to the unit 
integral of the angular distribution on the boundary 
surface. The error for the second case is, in the average, 
more than 10 times smaller than for the first case. Our 
method with foEs= 0.3 gives the angular distribution 
accurate to about 0.05% for all angles of leakage, with 
the exception at p. = Q, where the error sharply in
creases up to about 3 %. With foEs= 1.0, the corres
ponding average error is about 0.5 %, except for those 
angles approaching TT/2. 

LEAKAGE FROM 
MONATOMIC GASEOUS MODERATORS 

We have first to determine the functions g1(E,p.) and 
g2(E,p.) which are the even and the odd part, respec
tively, of the lowest eigensolution g(E,p.). In Ref. [7] a 
semi-analytical method for solving the eigenequation 
(3) is presented. On the basis of this method, we have 
written a FORTRAN programme which gives 
numerical values for the extrapolation distances xo 
and q, together with the angular and energy distribu
tions of the leakage neutron flux for different atomic 
mass numbers of a monatomic gaseous moderator 
with different absorption probabilities. The scattering 
cross section is supposed to be independent of the 
relative velocity between the neutron and the scattering 

Table 1. The variational solution for the monokinetic 
leakage flux cp(O,- p.) compared to the exact values of 

the leakage flux c/>ex (0,-p.), [2] 

(J. <l>ox(O,- p.) I- ¢(0,- p.)/<l>ex(O,- IJ) in% 
loE:, -1.0 foEs -0.3 

0.0 0.5000 -8.6 -2.6 
0.1 0.6236 -2.1 -0.05 
0.2 0.7251 -0.61 +0.03 
0.3 0.8212 +0.01 0.01 
0.4 0.9146 0.28 0.01 
0.5 1.0064 0.42 0.01 
0.6 1.0971 0.47 0.03 
0.7 1.1870 0.52 0.03 
0.8 1.2764 0.51 0.05 
0.9 1.3653 0.46 0.05 
1.0 1.4539 0.45 0.06 
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nucleus. Furthermore, the 1/v-dependence of the 
absorption cross section is assumed. The probability 
for absorption is measured by the parameter y, 
defined as the ratio of the average absorption cross-
section (.Ea) to the high-energy limit of the total cross
section (.Es): 

The absorption cross section is averaged over the 
Maxwellian flux distribution: i:a = yTTL'a(kT m)/2, 
where T m is the temperature of the moderator. We 
were able to run the programme only for one case, 
with lo.Es = 1.0. 

DISCUSSION 

In a previous paper [7], we have shown that the 
calculated values for the diffusion length L and the 
diffusion coefficient D of a monatomic gaseous 
moderator agree fairly well with the measured values 
for L and D for a light water moderator if one takes an 
effective mass number A= 1.9 and 2'8~2.5 cm-1. We 
obtain .E8q=0.819 in this case, or, q=0.819 x 0.40 
em= 0.33 em. This result is about 6% lower than the 
experimental value. The difference is probably due to 
the improper choice of the arbitrary length lo. 

25 1----+----i-- A •1 

---

--- A •J 

Tm = TEMPERATURE OF THE MODERATOR (°Kl 

Tn = EFFECTIVE TEMPERATURE OF THE 
LEAKAGE FWX • (O,v,-jl) 

)' • cosS 
OL---_L---~~~--~---~~-~~---~ 

1,0 0.8 0,6 0.4 0,2 

Figure 1. The effective temperature of the leakage flux as a 
function of the angle of leakage. T m is the moderator temperature 

Numerical results for the angular leakage flux (29) 
indicate the energy distribution of the emerging 
neutrons to be approximately of Maxwellian shape but 
at a temperature higher than the moderator tempera
ture (the diffusion hardening effect of the boundary). 
We define the effective temperature of the neutron 
energy distribution (Tn) with the aid of the average 
energy which we write as 3kTnf2. 

In Fig. I the effective temperature of the leaking 
neutrons is given as a function of the emerging angle 
for the atomic masses A = I and 3 at different absorp
tion probabilities (y). The temperature is higher in the 
directions perpendicular to the boundary surface than 
in the grazing directions. This variation of the effective 
temperature is less distinct in heavier moderators. The 
angular variation of the effective temperature is prob
ably not large enough to be measurable with reliable 
precision. 

In non-absorbing media the temperature of emerg
ing neutrons is higher than the moderator temperature 
for two reasons: first, in the vicinity of the boundary, 
faster neutrons have more chance to escape than 
slower neutrons because L's(E) is a decreasing function 
in energy. Second, the scattering of slow neutrons is 
more isotropic than for fast neutrons. Hence, if E is 
small, the flow of neutrons towards the boundary is 

25 

Tn- Tm 1%l 
Tm 

Tm• TEMPERATURE OF THE MODERATOR (°Kl ----+------i 
T0 = EFFECTIVE TEMPERATURE OF THE TOTAL 

LEAKING CURRENT J (O,v) 

A-

10 

Figure 2. The effective temperature of the net leaking current as a 
function of the atomic mass number of a monatomic gaseous 

moderator 
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Figure 3. The calculated spectrum of the leakage flux for the 
monatomic gaseous hydrogen compared to the measured spec· 
trum for water (8). Solid curve-calculated spectrum with A=1 
and y=O.O. Dots-measured spectrum from a 15 em cube of 
water. Both spectra refer to the direction perpendicular to the 

surface of the moderator 

scattered around more diffusely than for larger ener~ 
gies. On the other hand, the difference in the scattering 
properties of fast and slow neutrons is less pronounced 
in heavier moderators. The curve for y = 0.0 (non
absorbing media) in Fig. 2 is therefore a regularly 
d.ecreasing curve. 

In absorbing media, the hardening effect on the 
spectrum is increased because of the preferential 
absorption of slow neutrons. For light nuclei, the 
absorption effect on the spectrum hardening is not so . 

large because the scattering probability is still appreci
able. However, since the absorption effect is propor
tional to A and since the diffusion hardening regularly 
decreases with increasing A, then, for heavier nuclei 
the absorption effect becomes dominant and the curves 
with y > 0 (Fig. 2) turn upward. The turning point 
moves to lower A if the absorption strength of the 
medium is higher. 

In Fig. 3 the calculated spectrum of the leakage flux 
(for the direction perpendicular to the surface of the 
moderator) is compared to the measured spectrum [8]. 
The time-of-flight spectrum was measured from a 
water cube with the edge equal to 15 em. A good agree
ment is obtained if the monatomic gas with A= I and 
no absorption is used, whereas the effective mass 
number (A= 1.9 for the water hydrogen) gives much 
softer spectrum (compare the effective temperatures of 
A = I and A = 1.9 in Fig. 2 )than the experiment. It is 
astonishing that the free-gas spectrum with A = I 
agrees with the measurements so well. Actually, the 
free-hydrogen spectrum should be harder than the 
measured spectrum. The reason for the above agree
ment is probably due to the improper choice of the 
parameter lo. Smaller lo gives a harder spectrum. 
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ABSTRACT-RESUME-AHHOTAL\vUl-RESUMEN 

Af708 Yougoslavie 

Spectre angulaire de fuite des neutrons 
thermiques 

par R. Kladnik 

L'auteur fait un bref expose de la methode de varia
tion et d'iteration appliquee a !'equation integrale du 
transport pour des neutrons thermiques dans un 
milieu semi-infini absorbant et sans sources. Cette 
methode est utilisee pour obtenir une expression 
explicite de la longueur d'extrapolation lineaire et de la 
distribution du flux des neutrons thermiques en func
tion de Ia solution relative au milieu infini. 

On considere, a titre d'exemple, un ralentisseur 
classique a gaz monoatomique pour lequella solution 
en milieu infini a deja ete obtenue semi-analytiquement. 
On suppose que la section efficace d'absorption suit la 
loi 1/v. On a resolu la partie numerique du probleme 
a l'aide d'une calculatrice numerique IBM 704. 

On presente les resultats numeriques relatifs a la 
distance d'extrapolation lineaire pour differentes 
masses atomiques et diverses probabilites d'absorption 
du milieu. La temperature effective des neutrons de 
fuite est aussi etudiee en fonction de la masse atomique, 
de !'absorption du milieu, ainsi que pour differentes 
directions de fuite des neutrons. 

Les resultats theoriques sont compares aux valeurs 
experimentales. 

Yrnosot1 cneKrop 
HeHTpOHOB 
P. KnaAHHK et al. 

A/708 K)rocnaBHR 

yre4KH rennoBbiX 

~aeTC.R KpaTKOC OilHCaHite BapHal_\HOHHO-HTtl

paiVIOHHOrO MCTOAa peiiiCHH.II JIHTerpaJihHOrO 

ypaBHCHH.II nepeHOCa AJI.II TCTIJIOBhlX HeihpoHOB ll 

IIOJiy6ecKOHC'IHOH IIOrJIOII.\aiOII.\CH cpeAe 6ea HC

TO'IHJIKOB. :=hoT MCTOA HCTIOJih3YCTC.II AJI.II IIOJiy

qeHJI.II TO'IHhlX Bhlpamemtif AJIJIHhi JIHHerruoi1 :mc

TpanoJI.IIl.\Hif n noToKa yTe'IKH TCIIJIOBhlX neti

TpoHon 'Iepea COOTBCTCTBYIOH~He peiUCHHH AJIH 

6eCKOHC'IHOH cpCAhi. 

B Ka'leCTBe npuMepa 6hiJI Bhi6paH o6hl'IHhiii 

OAHOaTOMIIhlH raaoo6pa3Hb1H aaMCAJIHTCJih, ;J;JIJI 

KoToporo perneuue AJIH 6ecKoHC'IHoii cpeAhl yme 

OhiJio rroJiyqeuo paHCl' ru)JlyauamrTHqecKHM cno

coooM. IIpeAIIOJiaraeTCH, 'ITO CC'ICHHe norJiom;e

HHH llOA'IIIH.RCTCJI 3ai<OHY 1/V. l~IICJICHHaH CTOpO

ua npo6JICMhi ObJJia paaperneua Ha 3JieRTpOHHo

Bhi'IIICJIHTeJihHoii Marnnue IBM -704. 
llpHBOAHTCH 'IHCJICHHhie peayJihTaThi AJIHHhi 

:mcTpanoJIHl_\HH AJIH paaJIH'IHhiX aim•reunii: aToM

HhlX MaCC H AJIH HCCKOJihKHX 3Ha•teHnii BCpOHTHO

CTH norJion~eHnH B paccMaTpunaeMoii cpeAe. 

06cyatAaCTCH TaKme BOIIpOC 3<fl<fleKTHBHOJi TCMIIP

paTyphi ueifTpouon yTe'IKH n aanHCHMOCTH oT 

aTOMHOH MaCChi, TIOI'JIOII~CHHH B CPCAC 11 l(JIH paa

JIH'IHhlX HanpaBJICHHH YTC'IKH. HCHTpOHOB. 

IIpoHaBOAHTCH cpanueuue TcopeTJPieCKDX pe

ayJihTaToB C :'lKCTICpiiMCHTaJll,HblMII ~~aiTHhiMH. 

A/708 Yugoslavia 

Espectro angular de los neutrones termicos 
que escapan de un medio 

por R. Kladnik 

El autor expone brevemente el metodo de variaci6n 
e iteraci6n aplicado a la ecuaci6n integral del trans
porte para los neutrones termicos en un medio 
absorbente semiinfinito y sin fuentes. Este metodo se 
emplea con miras a obtener una expresi6n explfcita 
para la longitud de extrapolaci6n lineal y la distribu
ci6n de los neutrones termicos que escapan del medio, 
en funci6n de la soluci6n hallada para el respectivo 
medio infinito. 

A titulo de ejemplo, considera un moderador 
chisico de gas monoat6mico, para el cual ya se habia 
obtenido por un procedimiento semianalitico la 
soluci6n correspondiente al caso del medio infinito. Se 
supone que la secci6n eficaz de absorci6n obedece a Ia 
ley 1/v. Para resolver la parte numerica del problema, 
se recurri6 a una calculadora IBM 704. 

En la memoria se presentan los resultados numericos 
obtenidos para la longitud de extrapolaci6n lineal para 
distintas masas at6micas y para diferentes probabili
dades de absorci6n del medio. Asimismo, se examina 
la temperatura efectiva de los neutrones que escapan 
como funci6n de la masa at6mica, la absorci6n del 
medio y de su direcci6n de escape. 

Los datos te6ricos se comparan con los resultados 
experimentales. 
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General.ization of the Fermi Age Theory and its 
application to the calculation of resonance escape 
probability 

By G. Rakavy and J. J. Wagschal* 

The essential step in Fermi's Age Theory is to con
nect the slowing down density q(u) with the flux <f>(u) by 
the approximate expression 

q(u) = 6us(u)<f>(u) (1) 

u8(u) being the scattering cross section at lethargy u 
and 6 a constant. The exact connexion is given by the 
double integral, 

-ln(l-a) u 
q(u)=Jdv Jdu'u(u',v)<f>(u'),a=4Aj(A+I)2 (2) 

0 u-v 

where u(u, v) =! u8(u) e-v is the cross section to scatter 
a 

a neutron from lethargy u to lethargy u + v. Expanding 
u(u',v) </>(u') as a series in (u' -u) and integrating with 
respect to v one obtains: 

J 
oo ( -v)n+l dn 

q(u) =- dv n~O (n + 1)! dun [u(u,v) </>(u)J 

dn 
= I: tn+l-d F(u). (3) 

n=O un 
-ln(l-a) 

gn = -~ Jdv (- v)n e-vjn! R:> 

0 

- (( -a))n' (for a~l), F(u)=u8(u) <f>(u) 
n+I . 

The accuracy of approximating this series by its 
first term, which is Fermi's expression for the slowing 
down density, depends on the specific case. In some 
problems, the use of two terms is essential to obtain 
reasonable accuracy. 

A very simple case in which the convergence of the 
series, Eq. (3), may easily be checked is that of con
stant ratio of absorption to scattering cross sections. 
In this case, the flux far from the source behaves like a 
single exponential, </>,..._,e-Au, where ..\ is a solution of 
the transcendental equation [1]: 

(4) 

Truncating the series, Eq. (3), at the Nth term is 
..-

* Hebrew University of Jerusalem, Israel. 

equivalent in this case to truncating the series expan
sion of eA at the same number of terms. 

Considering now the slowing down of a pulse of 
neutrons through a resonance, the time dependence of 
the pulse is described by the equation: 

1 o<f> oq -- +- +ua</>=0 
v ot ou 

(5) 

If Fermi's approximation, Eq. (1), is used for q(u), this 
equation describes the motion of a pulse upwards in 
lethargy as if it were rigid. The location of the pulse 

moves with 'velocity' du =6u8 v. The resonance escape 
. dt 

probability obtained by this approximation is 

!l... = exp [-jdu' ua(u')/6us(u')] (6) 
qo uo 

which, as is well known, is too low. 
Using two terms in the expansion of q(u) induces a 

dispersion of the pulse and helps it to tunnel through 
narrow resonances. The result for the resonance 
escape probability is much improved in this approxi
mation. 

Inserting q = 6F + 6 ~~ 
ou 

into Eq. (5), we have: 

(7) 

_1 oF +6 oF +6 o2F + ua F=O (S) 
VUs Of OU ou2 Us 

In the special case vus =constant, a a =constant, a 
Us 

solution to this equation may easily be given. To 
simplify somewhat the expressions, we also assume 
a~l (i.e. A~l). We obtain: 

oF_ 2 o2F oF ua F 
oT -3 ox2 - ox - us · 

F= (8?TT/3)-t exp [-(X- Xo -T)2/(8T/3)] · 

exp ( -uaT/us) 

where X=uft a, and T=u8 vt 

(9) 

It may be observed that, contrary to the result of 
Fermi's theory, the pulse is dispersed very fast until it 
becomes a few times broader than a. If the pulse passes 



150 SESSION 3.1 P/827 G. RAKAVY and J. J. WAGSCHAL 

ut 

Figure 1(a). Stationary flux and Fermi's approximation 
The stationary flux distribution Of neutrons emanating from a 
source at a distance eight times the maximum lethargy gain from 

a resonance 
ST is the flux as given by exact calculation 
FE as given by Fermi's approximation, Eq. (6) 

Figure 1 (b). Flux as a function of lethargy at equal time intervals 
The flux distribution of a pulse of neutrons emitted from the 
source at equal time intervals after emission. The cross sections 

are the same as indicated in (a) 

a resonance with a width of the order of a, it .is quite 
strongly dispersed and leaks through the resonance, 
reducing thereby the absorption and increasing the 
resonance escape probability. In Fig. 1 the behaviour 

Table 1. Calculations of resonance escape probabilities 

Method of calculation 

Numerical solution of the 
integral Eq .. 
Time dependent - 2 terms . 
Goertzel-Greuling [2] . 
Time dependent - 1 term 
(Fermi) . 
Wigner's N. R. Formula [3] . 

qfqo % Error Equation 

0.457 
0.452 -1.1 Eq. (8) 
0.450-1.53 Eq.(I0),/=2/3 

0.389 -14.8Eq.(l0),/=0 
0.473 +3.4 Eq. (10),/=1 

of such a pulse leaking through a resonance is illus
trated. Using the two term approximation, Eq. (8), the 
exact behaviour of the pulse is very well described. 

This time dependent picture may explain why the 
Goertzel Greuling approximation for the resonance 
escape probability [2] is far superior to Fermi's ex
pression, Eq. (6). Goertzel Greuling's formula 

g_ =exp [ -Jdu' aa(u')/6 (as+/aa)] wheref::::::J ~ (10) 
~ 3 

may be obtained by using the two term approximation, 
Eq. (7), for the slowing down density. The derivative 
F' in the second term ofEq. (7) is further approximated 
by F' = -aa cf>(u)/6, as obtained in Fermi's theory. 

As an example, the resonance escape probability 
for a fictitious resonance with the following properties 
aEr/T=3.14, Ty/Tn= 1, (as)max/(as)background=2.5 
was calculated. The interference between resonance 
and potential scattering was omitted. The results 
presented (Table 1) clearly illustrate the improvement 
obtained by including the second term in the expan
sion for the slowing down density. Consequently, 
diffusion or transport calculations using Fermi's 
expression, Eq. (1), for the slowing down density may 
considerably be improved by applying Eq. (9). 
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A/827 Israel 

Generalisation de Ia theorie de l'age 
de Fermi et son application au calcul 
du facteur antitrappe 

par G. Rakavy et J. J. Wagschal 

Une generalisation de la theorie de l'age de Fermi 
est obtenue en rempla~ant !'expression g.E<f>(u) -la 
densite de ralentissement- par I' expression differen
tielle 

d 
q(u) = a1(u)4>(u) + - [az(u)<f>(u)] 

du 
d2 

+ du
2 

[aa(u)</>(u)] + . . . (1) 

Les coefficients an(u) sont definis par Ia formule 

1 
an(u) = If(- v)n a(u, v)dv (2) 

n. 

a(u,v)dv est Ia section efficace, pour un neutron ayant 
une lethargie u, de gagner une quantite de lethargie 
dans l'intervalle v, v+dv. 

Cette expression pour Ia densite de ralentissement q 
s'obtient apres une integration par termes du develop
pemept en serie de !'expression exacte pour q. Le 
premier terme dans (l) est exactement !'expression de 
Fermi pour la densite de ralentissement. Les termes 
suivants donnent la dispersion des neutrons dans 
l'espace de 1ethargie pendant le ralentissement. 

L'expression differentielle (1) pour Ia densite de 
ralentissement peut s'appliquer aussi aux calculs du 
transport et de Ia diffusion. Les auteurs presentent des 
resultats des calculs du facteur antitrappe obtenus par 
!'expression (1) en coupant Ia serie apres assez peu de 
termes. Une comparaison est faite avec des methodes 
differentes de calcul du facteur antitrappe. 

A/827 VlapaHnb 

06o6~eHHe cpepMHeBCKOH reopHH 
aospacra H ee npHMeHeHHe K pacYeraM 
aepORTHOCTH H36emaHHR pesoHaHCHOrO 
saxaara 
r. PaKaBH, ,D,m. ,D,m. Barwan 

06o6II\eHHe <J>epMnencKoi'f TeopHH noapacTa OhlJIO 
~OCTHrHyTO DyTeM 3aM8Hbi Bhlpaa.;eHHH ~~qJ(u) -
DJIOTHOCTH 3aMe~JI8HHH - Ha ~H<J><J>epeHT~HaJibHOe 
BI>TpamenHe: 

d 
q (u) = cr1 (u) cp (u) + du (O'z (u) C{l (u)] + 

r/2 + -1~2 [0'a (u) C{l (u)l + ... 
( ll 

(1) 

l{o;J<J><J>HI~H8HThl a,. (u) Onpe~eJIHTOTCH Bhlpa;.H8HH8M 

11 

O'n (u) =-- _!_, \' (- v)"a (u, v) dv, (2) 
n . .) 

r~e a(u, v) dv - a<J><J>eKTHBnoe ceqenHe npH Jie
TaprHH U ~JIH npHpOCTa JieTaprHH B HHTepna
Jie v, v+dv. 

BhlpamenHe ~JIH nJioTnocTH aaMe~JieHHH q 
llOJiyqaeTCH nyTeM pa3JIOJI>8HHH DJIOTHOCTH CO
y~apeHHH n TO'IHOM nhlpamemm ~JIH q n PH-3 
H IiHTerpHponaHHH 'IJieH aa 'IJienoM. IIepnhlu 
'IJieH n ypannenHH (1) - :no <J>epMHenclwe nhlpa
FKenHe ~JIH DJIOTHOCTH 3aMe~JleHHH. ,[l.pyrHe 'IJie
Hhi ODHChlBaiQT pacceHHHe HeiiTpOHOB B npOCTpaH
CTBe JieTaprHH B T8'1eHHe npeMeHH 3aM8~JieHHH. 

,[I.H<J><J>epeHIJ;HaJibHOe BhlpameHHe (1) ~JIH DJIOT
HOCTH aaMep;Jiel'lHH MomeT ohlTh npHMeneno n pac
'IeTax ~H<J><J>yaHH HJIH nepenoca. B ~OKJia~e npe~
CTanJieHbl peayJihTaThl Bhl'IHCJI8HHH B8p0HTHOCTH 
Ha6emanHH peaonancnoro aaxna Ta, noJiyqenni>re 
nyTeM yC8'18HHH ypanHeHHH (1) DOCJI8 H8CKOJib
KHX qJienon. PeayJII>TaThl cpanHHBaroTCH c noJiy
'IeHHhlMH p;pyrHMH M8TO~aMH paC'l8Ta nepOHTHO
CTH H36emaHHH peaonancnoro aaxnaTa. 

AJ827 Israel 

Generalizaci6n de Ia teorla de Ia edad 
de Fermi y su aplicaci6n al calculo 
de Ia probabilidad de escape a Ia resonancia 

por G. Rakavy y J. J. Wagschal 

Se obtiene una generalizaci6n de Ia teoria de la edad 
de Fermi sustituyendo la expresi6n g.E<f>(u) (densidad 
de moderaci6n) por la expresi6n diferencial 

d 
q(u) =a1(u) <f>(u) + du [a2(u) </>(u)] 

d2 + du
2 

[as(u)<f>(u)] + . . . (1) 

Los coeficientes an(u) se definen por 

1 
an(u)=,f( -v)n a(u,v) dv (2) 

n. 

siendo a (u,v) la secci6n eficaz de una ganancia de 
letargia en el intervalo v, v + d v para neutrones de 
letargia u. 

La expresi6n (l) de la densidad de moderaci6n q, se 
obtiene por una integraci6n termino a termino del 
desarrollo en serie de Ia densidad de colisi6n en la 
expresi6n exacta de q. El primer termino de (1) es la 
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notacion de Fermi para la densidad de moderacion. 
Los terminos siguientes expresan la dispersion de 
neutrones en el espacio de letargia durante la madera
cion. 

La ex presion diferencial (1) para la densidad de 
moderacion puede aplicarse en los calculos de difusion 

y de transporte. Presentamos resultados de calculo de 
la probabilidad de escape a la resonancia obtenidos 
mediante la expresion (1), limitando la serie a unos 
pocos terminos. Se hace una comparacion con otros 
metodos de calculo de la probabilidad de escape ala 
resonancia. 
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Thermalisation et spectres de neutrons 

par M. Cadilhac, J.-L. Soule et 0. Tretiakoff* 

MODELES SIMPLES DE THERMALISATION 

Depuis plusieurs annees, divers auteurs ont montre 
que le remplacement des lois exactes de thermalisation 
par certains modeles synthetiques simplifiait beaucoup 
le calcul des spectres de neutrons dans le domaine des 
energies inferieures a quelques electron-volts et facili
tait Ia discussion des proprietes physiques de ces 
spectres, tout en respectant celles de ces proprietes qui 
sont importantes en physique des reacteurs. 

Modele primaire 

La premiere tentative en ce sens est due a J. Horo
witz (1959, non publie), qui a remarque qu'un opera
teur de thermalisation depend d'une fonction arbitraire 
si on lui impose d'etre differentiel du second ordre, car 
il est alors, en vertu de Ia propriete du bilan detaille, 
necessairement de Ia forme: 

B = g L's(oo)~f(y) (Y~+ y -1) 
dy dy 

avec f(oo)= 1 (y=:r' energie reduite). On obtient 

ainsi un modele qui conserve Ia simplicite du modele 
de Wilkins (gaz lourd) correspondant af(y) = 1, mais 
permet, grace a cette fonctionf(y), de rendre compte, 
pour l'essentiel, de }'influence sur les spectres de Ia 
structure du moderateur. Ce modele de << gaz lourd 
generalise >> a ete etudie et utilise par divers auteurs 
[1,2,3], et il a ete propose, dans le cas du graphite, 
un ajustement de la fonction f(y) d'apres un spectre 
d'origine experimentale [4]. 

Ce modele, que nous appellerons << primaire >>, pre
sente toutefois un inconvenient: 

Si B est un operateur differentiel, Ia thermalisation 
des neutrons est traitee de fa~on continue, sans que 
l'on puisse tenir compte des transferts finis d'energie 
que ces neutrons subissent en realite; les spectres 
calcules deviennent par suite incorrects pour de fortes 
resonances d'absorption. 

Modele secondaire 

Pour cette raison l'un des auteurs a propose [5, 6) un 
modele << secondaire>>, plus general, qui fait intervenir 
deux fonctions arbitraires de I'energie, et dans lequel e 
est un operateur integral. Ce modele conduit a des cal
culs de spectres aussi simples que le modele primaire. 

* Commissariat a l'energie atomique. Avec Ia collaboration 
de J. P. de Brion, M. Livolant et D. Pillard. 

II comporte comme cas particulier le modele de 
Wigner-Wilkins (hydrogene gazeux monoatomique). 
Une presentation unifiee des modeles primaire et 
secondaire est possible grace a une formulation appro
priee que nous allons rappeler. 

Le flux <P(y) et Ia densite de ralentissement q(y) sont 
lies, d'une fa~on tout a fait generate, et independam
ment de Ia loi d'absorption, par Ia relation: 

dq(y) = B<P(y) 
dy 

a laquelle on peut donner Ia forme 

d <P(y) 
dy <PM(Y) =Jq(y) 

en tenant compte de q(O) = 0, et en tirant parti du fait 
que lorsque q(y) s'annule, <P(y) doit etre proportionnel 
au flux d'equilibre de Maxwell <PM(y). jest un opera
teur auto-adjoint, d'apres le theoreme du bilan detaille. 
Le modele simple que nous avons propose consiste a 
prendre J sous Ia forme d'un operateur differentiel du 
second ordre auto-adjoint: 

J=j(y)- ~k(y)~ 
dy dy 

ce qui introduit deux fonctions j(y) et k(y). 
Si k(y) =0, Jest en fait un operateur multiplicatif: 

J=j(y) 

et on retrouve sans peine le modele primaire, avec 

f(~) =rEs( oo )yj(y)<PM(Y) 

Si k(y) =FO (modele secondaire), on peut voir que 
<PM(y')L's(Y' --+y) est une fonction de Green, du type 
u(y < )v(y > ). On voit ainsi que l'hydrogene gazeux 
monoatomique est un cas particulier du modele. On a 
dans ce cas: 

J ~ ( l -- d~) L'"(y)~M(Y) ( l + :J 
A haute energie (y ~ I), le raccordement avec Ia 

theorie classique du ralentissement impose aux fonc
tions j(y) et k(y) un comportement tel que les fonc
tions: 

G(y) =tL's(oo) yj(y)<PM(y) 

H(y)=gL's(oo) k(y)<PM(Y) 
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aient des limites finies lorsque y-HD, avec G( oo) = 1. 
Le modele degenere alors, et la relation entre <P(y) et 
q(y) prend la forme: 

1/>(y) = _I_[G(y)q(y)- H (y) dq(y)] 
ti:s( 00) y dy 

On retrouve les modeles simples connus en theorie 
du ralentissement [7] : 

a) Le modele de ralentissement continu de Fermi 
(H(y) = 0) correspond au modele primaire; 

b) Les modeles de Wigner et de Goertzel-Greuling 
(H(y)-::/= 0) generalisant l'hydrogene gazeux cor-
respondent au modele secondaire. · 

SPECTRES EN MILIEU HOMOGENE 
Determination du spectre 

La determination du spectre d'equilibre 1/>(y) en 
presence d'une source permanente de densite S(y), 
d'une source d'energie infinie d'intensite Q et d'une 
absorption .I:a(y), doit s'effectuer a partir de la relation 
de thermalisation: 

j_ <P(y) = ·c ) c ) - j__ [k< ) dq(y)] CI) 
dy <l>M(Y) J y q y dy y dy 

et de !'equation du bilan: 

d q(0)-0 
dy q(y) = I:a(Y) <P(y)- S(y) q( oo): Q (2) 

Par substitution de (2) dans (I) et regroupement, on 
· obtient: 

~[C+!:Mx:a) 1/>-ks]=jq (3) 

Les equations (2) et (3) constituent un systeme differen
tiel du premier ordre pour les inconnues <P(y) et q(y). 
II est d'ailleurs commode de substituer a <Puneinconnue 
auxiliaire egale a (I +k<l>Ml:a) !/>- ki/>MS. 

La solution particuliere a determiner est fixee pat les 
conditions q(O)=O et q(oo)= Q. II s'agit done d'un 
probleme aux limites. On peut cependant le resoudre 
par une methode a pas successifs en partant de 
l'origine; il suffit d'effectuer les calculs avec deux 

valeurs initiales differentes de <P(y), et de determiner a 
y 

posteriori Ia combinaison qui fournit Ia bonne valeur 
de q( oo ). Si S est nul (mais non Q), un seul calcul 
suffit, avec une simple regie de trois a posteriori. 

Des precautions sont a prendre en raison des 
singularites des coefficients pour y-+ 0 et y-+ oo. 

Cas d'une absorption faible 

Les cas ou !'absorption est faible devant la modera
tion etant d'une grande importance pratique, on est 
conduit a s'interesser particulierement au probleme 
suivant: pour une source entierement localisee a 
l'infini, et pour une forme donnee de la loi d'absorp
tion, trouver le developpement qu flux en puissances 
successives de l'intensite de !'absorption. 

M. CADILHAC eta/. 

On posera done: 

_ Q _ .I:a(y) _ _ I:a(l) 
S(y)- O, ti:s( oo)- I, gi:s( oo)- ra(y), r-gi:s( oo )" 

Dans ces conditions, le flux peut s'ecrire: 

I 
<P(y) =--- <Po(y) + <P1(y) + r<P2(y) + ... 

r 

ou <Po _est un flux maxwellien normalise par la con
dition: 
f:a(y) <Po(y) dy = 1 et ou 1/>1. 1/>2, ... sont deter
mines de proche en proche par les conditions: 

1 
n= I, 2, ... gi:s(oo) B<Pn=a(y) <Pn-I(Y) 

f:a(y) <Pn(y)dy=O 

Ainsi, la determination de chaque <Pn est celle d'un 
flux en presence d'une source, sans absorption. Le 
flux 1/>1 se comporte toujours comme 1/y pour y-+ oo. 
Les flux 1/>1, 1/>2, ... sont des caracteristiques de Ia 
loi a(y) et du moderateur. Ceux qui sont relatifs a 
a(y) = v~ ont une importance particuliere. 

La fonction Go 

On sait en effet que la fonction <1>1 correspondant a 
une << loi en ljv >> est la caracteristique fondamentale 
d'un moderateur [8]. Or, dans un modele secondaire, 
1/>1 depend a la fois de G et de H. On peut remplacer Ia 
fonction G dans la presentation de ce modele par une 
fonction Go qui determine entierement 1/>1. Considerons 
en effet l'identite entre operateurs: 

J = j-~ k j_ = jo - _!_ j_ k l j_ _!_ 
dy dy qo dy 0 dy qo 

avec 

et prenons 

On a alors: 

. . I (k ')' ]o=J-- q o 

qo(y)= 

qo 

~Jy Vy'e -y' dy' v7T o 

d <P1(y) . 
- --=Jqo=]oqo 
dy <l>M(Y) 

ce qui montre bien que 1/>1 ne depend que de jo, ou 
encore de 

Go(y) = gi:s( oo )yjo(y)<PM(Y) = 

G(y) _ y2e-Y j_ [H(y)] 
f~yy' e-Y'dy' dy VY 

Remarquons que G et Go ont le meme developpement 
asymptotique. 

Influence de G0 et H sur les spectres 

Lorsque !'absorption est faible et proche d'une loi 
en ljv, la partie non maxwellienne du spectre ne depend 
pratiquement que de Go; en outre, on peut dire qu'en 
gros, dans la zone epithermique, le spectre est le pro
duit par Go du spectre qui regnerait dans le gaz lourd. 
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Figure 1. Flux cJ>1 des moderateurs usuels (a 20 oq 

Ce fait est illustre par Ies figures 1 et 3, oil I' on peut 
comparer les 1/>1 et les Go de differents moderateurs. 

Le role de H se manifeste lorsque l'intensite de 
!'absorption croit, en particulier quand Ia loi d'absorp
tion presente des resonances marquees. C'est en effet 
cette fonction qui traduit Ia possibilite plus ou moins 
grande offerte aux neutrons de franchir les resonances 
par un petit nombre de diffusions. 

Pour voir clairement !'influence de H sur les flux, on 
doit comparer des modeles ayant meme Go. En par
ticulier, on peut associer a un modele secondaire le 
modele primaire defini par G =Go, H = 0. 

L'influence de H est illustree quantitativement par 
Ia figure 2, oil I' on montre le flux obtenu en presence 
de 239Pu et d'un moderateur <<hydro gene gazeux >> selon 
qu'on conserve ou qu'on annule Ia fonction H. 

REPRESENTATION DES MODERATEURS USUELS 
Principe de l'ajustement 

Pour chaque moderateur usuel ( et a chaque tem
perature), on doit determiner Ia paire de fonctions 
Go, H (ou G, H) qui represente correctement les pro
prietes moderatrices du milieu; autrement dit, on doit 
effectuer un ajustement. Ce qu'on desire en pratique, 
c'est evidemment que les flux qu'on sera amene a 
calculer avec ce modele soient suffisamment exacts; en 
fait, ces flux sont ceux qui correspondent a une certaine 
famille de lois d'absorption. Plus precisement, il est 
possible ,de respecter exactement deux flux (outre <PM 
en !'absence d'absorption) puisqu'on dispose de deux 
fonctions arbitraires. Etant donne !'importance des 
lois d'absorption en Ifv, il parait nature! d'ajuster le 
modele de fa~on a respecter les <Pl et <1>2 relatifs a cette 
loi. On definit ainsi un procede canonique d'ajuste
ment permettant d'effectuer de fa~on systematique les 
comparaisons entre moderateurs et les tests de validite. 

Ajustement sur les moments 

Si le moderateur reel est assez voisin d'un modele 
secondaire, on peut ajuster sans inconvenient sur deux 
flux presque quelconques. Dans le cas contraire, un tel 
ajustement peut servir de premiere approximation a 
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H gaz et 239 Pu 
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Figure 2. Influence de Ia fonction H 

I'ajustement definitif. Or l'ajustement sur 1/>1 et c]j2 
presente !'inconvenient d'obliger a calculer les sections 
differentielles du modele reel (pour Ia determination 
de <P1 et 1/>2). II est done interessant d'etudier des 
ajustements qui evitent ces calculs longs et delicats. 
Dans le cas oil le modele physique qui represente 
correctement le moderateur est de type << normal >> ou 
gaussien (ce qui est maintenant admis pour tous les 
moderateurs usuels) on sait calculer directement les 
<<moments>> f;;' L'(y-?-y') (y'n_ yn)dy' pour n entier et 
tout y [9]. On peut donner une justification particu
liere au procede d'ajustement qui consiste a respecter 
les deux premiers moments du modele physique [ou, 
plus precisement, ces moments multiplies par un meme 
facteur - toujours tres voisin de l'unite - choisi de 
fa~on que gL's( oo) soit conserve]. En particulier, on 
peut montrer que le Go ainsi obtenu possede un 
developpement asymptotique a l'infini dont les trois 
premiers termes sont identiques a ceux du Go ajuste 
sur 1/>1. 

Lorsque le spectre de liaison des atomes du modera
teur est relativement etale (cas du graphite) on constate 
que cet ajustement est' excellent. Par contre, dans 
le cas de l'eau ou de l'eau lourde les liaisons intra
moleculaires se traduisent sur Go par des oscillations 
qui doivent etre eliminees de l'ajustement definitif. 

Resultats 

Dans Ies figures 3 et 4, on presente les fonctions Go 
et H obtenues a Ia temperature ordinaire pour les 
moderateurs suivants: graphite, eau lourde, eau Iegere, 
en prenant comme reference les modeles physiques 
definis ci-dessous. 

Graphite: modele d'Egelstaff, rectifie par Wikner 
et al. [10]. Selon ce modele, le spectre de vibration est 
isotrope, et la densite est continue de 0 a 2550°K 
(d'abord proportionnelle a w2 jusqu'a 30°K, puis 
proportionnelle a w jusqu'a 300 °K, et constante pour 
leteste). 

Eau h~gere: modele de Nelkin [11], ou I' on a substi
tue les donnees experimentales de Haywood et 
Thorson [12] en ce qui concerne Ies liaisons inter
moleculaires. 
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Figure 3. Fonction Go des moderateurs usuels (a 20 oq 

Eau lourde: modele de Butler [13] modifie de meme 
(l'oxygene est pris en compte, mais non les inter
ferences). 

En fait, dans chacun de ces trois cas il subsiste 
quelque incertitude sur le poids a attribuer aux <<modes 
optiques >>(liaisons fortes), et nous avons ete amenes a 
envisager plusieurs modeles pour les comparaisons 
avec !'experience [14]. 

On donne a titre d'exemple dans les figures 5 et 6 des 
spectres obtenus respectivement avec le modele exact 
(section differentielle) ou les modeles secondaire puis 
primaire correspondants. 

TRAITEMENT HETEROGENE 
DE LA CELLULE 

Le calcul du spectre est avant tout un moyen 
d'evaluer correctement le bilan de neutrons; on peut 
en general decomposer Ia cellule en un petit nombre de 
regions physiquement homogenes dans lesquelles on a 
besoin de connaitre les spectres moyens 1/>(y). Dans de 
nombreux cas on se limitera a deux regions: l'une 
englobant le combustible, !'autre le moderateur. 

1,5 

Graphite 

Figure 4. Fonction H des moderateurs usuels (a 20 oq 
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FigureS. Test du modele secondaire 

La conservation des neutrons a chaque energie 
permet d'ecrire de far;on rigoureuse: 

C9utPu(Y) = L'u(y)tPu(Y)- l(y) 

C9mtPm(Y)'= L'm(y)tPm(Y) + Vu /(y) ( 
4
) 

Vm 
eu et em etant les operateurs de thermalisation qui 
representent respectivement les proprietes du com
bustible et du moderateur, /(y) etant le courant net de 
neutrons du moderateur vers le combustible (par unite 
de volume de combustible). 

Absence de ralentissement dans le combustible 
(C9u = 0) 

Dans ce cas particulier, une generalisation de la 
methode Amoyual-Benoist-Horowitz permet d'obtenir 
tPu(Y) et tPm(Y) par l'intermediaire du calcul de Ia 
distribution du spectre dans le moderateur de Ia 
cellule. 

Rappelons qu'en theorie monocinetique cette 
methode [15] consiste a prendre pour 1/>(r) dans le 

Eau lourdel Fac:teur ontitrappe Graphite I Facteur antitrappe Pp • 0,586 

+ 240 Pu pour x • 5,5 P p • 0,586 + UOPu pour x • 5,5 p • • 0,689 

0,01 

p. • 0,823 p .. 0,700 

p - 0,834 

0,03 

mod81e exact I. (2200) • 0,0
2 

e:!:, <~, 

Figure 6. Test du modele secondaire 

.-~ .,. 
• 7 
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moderateur Ia solution de !'equation de diffusion avec 
source uniforme: 

D L:,<l>(r) + S=O 

Ies conditions aux limites etant d<l> (b)= 0 (peripherie 
dr 

de Ia cellule) et )..~c)= <I>( c), Ia longueur d'extrapola
dr 

tion ).. tenant compte des effets de transport au 
voisinage du combustible (calcul choc par choc). 

L'equation precedente se generalise so us Ia forme: 

D(y) L. <l>(r,y) + B<l>(r,y)- L'm(y)<l>(r,y) = 0 

Les conditions aux limites spatiales deviennent 

dcp(by)=O et )..(y)dcp(c,y)=<l>(c,y); la longueur 
dr ' dr 
d'extrapolation )..(y) est maintenant calculee par Ia 
methode A.B.H. pour chaque energie. 

Si l'on adopte pour B le modele secondaire, on 
obtient les equations: 

d 
dy q(r,y) = - D L. <l>(r,y) + L'm(y)<l>(r,y) 

d I [ H(y) d ] _ 
y<I>M(Y) dy <I>M(Y) <l>(r,y) + gL's( oo) dy q(r,y) -

G(y) 
gL's( oo) q(r,y) 

les conditions aux limites pour q(r,y) etant: 

q(r,O) = 0 q(r, oo) = Q = constanttl 

La solution peut etre obtenue [8, 16] en utilisant 
pour <l>(r,y) le developpement 

<l>(r,y) =~c(y)<l>t(r,y) 

les cf>t(r,y) etant les fonctions propres de l'operateur L. 
(L. cf>, + Bt2(y)C/>1 = 0) verifiant chacune les conditions 
aux limites en r =bet r =c. 

Les termes successifs de cette serie decroissent 
asymptotiquement comme l/Bt4 et sa convergence 
est uniforme en y. 

Compte tenu du bilan dans le combustible: 
_,. 

VuL'u(Y )cf>u(Y) = - D J Vm ,6. <l>(r, Y )dr 

le calcul precedent donne le spectre moyen dans le 
combustible et le courant /(y) = L'u(y)cf>u(y). 

La convergence de la methode est illustree par Ia 
figure 7, qui represente lesfonctions h(y) = cf>u(Y)/cf>m(Y) 
obtenues en limitant le developpement de C/>(r,y) a 
K termes (K = 1,2,5) dans un exemple caracteristique. 

L'approximation du premier ordre est suffisante 
lorsque Ia loi d'absorption du combustible ne presente 
pas de resonances accentuees. 

On remarquera que cette approximation equivaut a 
1a relation: 

l(y) = y(y)[C/>m(Y)- cf>u(y)] (5) 

oil y(y) = L'u(Y) h(y) est relie directement a la lon-
1-h(y) 

gueur d'extrapolation )o.(y). 
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I diffusion du combustible • 0,4 

I absorption du cOtnbustlble , 239 Pu 
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Figure 7. Cellule cylindrique c = 1, b = 8 

Cette relation, qui ramene formellement la resolu
tion du systeme (4) a un probleme du type homogene, 
est couramment utilisee en pratique. 

Ralentissement dans le combustible 

Lorsque le combustible contribue aux phenomenes 
de thermalisation, on peut caracteriser ses proprietes 
par un operateur Bu. Si l'on utilise pour Bu et Bm le 
modele secondaire, le systeme a resoudre s'ecrit: 

y<I>M ~ _1 [cf>u + Hu(Y) dqu] = Gu(Y) qu 
dy cf>M gL's( 00 )u dy gL's( 00 )u 

ycf>M _! _1 [C/>m + Hm(Y) dqm] = Gm(Y) qm 
dy cf>M gL's( 00 )m dy gL's( OOm) 

dqu =L'u(y)cf>u -l(y). ddqm =L'm(y)C/>m + VVu /(y) 
~ Y m 

Les conditions aux limites du probleme sont main
tenant: 

qu(O) = qm(O) = 0 qm(oo) = Q 
gL's( oo)m 

On complete en pratique ces equations par la 
relation (5), dont !'utilisation a ete etudiee par 
D. C. Leslie [17]. 

Elles se transposent aisement au cas oil le com
bustible et le moderateur sont a des temperatures 
differentes. 

APPLICATIONS 

L'emploi des sections efficaces effectives (Westcott, 
1958) presente !'interet de mettre en evidence dans le 
calcul du bilan de neut:t;ons en milieu heterogene des 
grandeurs dont certaines sont directement accessibles 
a !'experience: 

Distribution spatiale de la densite de neutrons (taux 
de reaction d'un detecteur en 1/v) par les mesures de 
structures fines (manganese). 

Sections efficaces effectives pour differents pheno
menes en un meme point, par la mesure d'indices de 
spectre {rapport de deux a dans le spectre etudie, 
normalise a l'unite dans un spectre maxwellien de 
refer~nce). 
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Le formalisme correspondant est employe syste
matiquement dans un code faisant appel aux modeles 
et aux methodes decrits dans cette communication. Le 
calcul du spectre et des principales sections efficaces 
effectives demande de quelques secondes a une minute 
(IBM 7094) suivant Ia complexite du probleme et le 
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volume des resultats. Differentes variantes de ce code 
sont adaptees a chaque probleme particulier: inter
pretation detaillee d'experiences (structures fines, 
indices de spectre, mesure des proprietes de milieux 
multiplicateurs), association avec les codes de calcul 
de reseaux. 

On peut eviter le recours a Ia machine lorsql,le 
certaines conditions sont reunies: pas d' effets de re
thermalisation, absorption du combustible voisine de 
Ia loi en 1/v. Pour un moderateur donne, les sections 
efficaces effectives couramment utilisees sont alors 
tabulees en fonction de trois parametres: T (tempera
ture), r (intensite de la source a l'infini rapportee fL Ia 
densite de neutrons) et Z (parametre caracterisant 
l'heterogeneite du reseau) [8]. On peut comparer dans Ia 
figure 8 les valeurs de l'indice de spectre 239Puf235U 
(fission) tirees de ces tables avec les valeurs experi
mentales correspondantes pour un reseau type ura
nium naturel-graphite. 

On trouvera, dans d'autres memoires presentes par 
le CEA a cette conference, les exemples d'utilisation 
les plus importants. 
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ABSTRACT-RESUME-AHHOTAL..Ut1JI-RESUMEN 

Neutron thermalization and spectra 

By M. Cadilhac et a/. 

A/73 France 

The investigation of the neutron spectra in thermal 
reactors is of increasing importance because of the 
part played in them by plutonium. It has been re
marked that, whatever the absorption law, the 
scattering law in the moderator affects the spectrum 
only through certain over-all properties. It would thus 
seem possible to develop a simplified representation of 
this effect which would lead to a clear understanding 
of the phenomena, reducing at the same time the 
volume of numerical calculations required. 

The "synthetic" model employed by the authors 
presents the advantage of reducing the determination 
of the spectra in a homogeneous medium to the resolu
tion of a second order differential equation, like the 
Wigner-Wilkins model (monatomic gaseous hydrogen) 
and the "generalized heavy gas" model of J. Horowitz, 
which, incidentally, are both special cases. The model 
is, on the other hand, sufficiently general to allow a 
correct treatment of the situations met with in prac
tice and in particular the important case where the 
presence of plutonium introduces absorption reson
ances at low energy. Actually, the chemical or crystal
line bonds of the moderator are introduced into the 
proposed model through two energy functions. These 
functions have been adjusted for the usual moderators 
(graphite, heavy water, light water) by means of known 
theoretical scattering laws. 

In a heterogeneous medium, the most important 
factor is the mean spectrum in the fuel of one cell, 
obtained by a generalization of the Amouyal-Benoist
Horowitz method. The proposed model lends itself 
particularly well to such calculations and also allows 
the effects of rethermalization (for instance when the 
cooling system and the moderator are at different 
temperatures) to be treated. 

Finally, some examples are given of practical 
applications: codes for spectra and effective cross
section computations (publication of tables), codes for 
the treatment of the neutron balance in a lattice or for 
the interpretation of experiments (spectral indices, 
criticai experiments on plutonium, diffusion para
meters). 

A/73 UlpaHU,Hl'l 

TepManHaa~HH H cneHrp~ HeRrpoHos 

M. KaAHnaK et al. 

JiccJie;~.onaHIIe CIH.'nTpon neiiTpoHoB, upeo6Jia

;~.aroll(ux B peaRTopax ua Ten.10BhiX neiiTpoHax, 

rrpHo6pctaeT nee 6oJihmee aHa'leHne B CBH3H c 

IIpHMCIIeiHICM IIJIYTOHHH. Y CTaHOBJICHO, 'ITO Ha 

CilCRTp HeiiTpOHOB HC3aBHCHMO OT xapaRTepa llO

fJIOiqCHHH BJIHHIOT TO!IhRO OIIpep,eJICHHhiC o6:rqne 

aaRoHoMepHoCTH ,rt;HifllflyaHH aaMeP,JIHTeJIH. CJie,rt;o

BaTeJihHO, a priori B03MOiKHO COCTaBHTh yrrpo:rqeH

JIO(l Bbipaii\CHHC <'ITOJ'O HBJICHHH, IWTOpOe ,p,aeT OT

'I('TJIHBOC npe,p,cTaBJICHHe o npoiJ,ecce B IJ,e.rroM u 

YMCHhlUliT 06'heM IIC06XOP,HMhiX paC'ICTOB. 

<<CHHTCTif'ICCRaH>> MO,ACJih, llpHHHTaH aBtopal\fH, 

,~aCT B03MOiKHOCTh CBCCTII onpep,eJICHHe CIICRTpon 

uell:Tpouon B roMoreHnoii cpep,e R pemeHHIO ~mi>
IflepeHIJ,HaJihnoro ypannennH BToporo nopHp;Ra, no

p,o6no Mo~eJIH Burnepa- YnJIRHnca (aToMapnhrii 

raaoo6pa3HbiH BO,ZWpop,) ll MOACJIU fopOBHIJ,a, .1\0-

TOpbie, BHpO'ICM, o6e HMCIOT Ol'HOlllCHHe K CIIell,II

<lJibHhiM CJiyqaJIM. BMCCTC C TCM MOP,CJih lll\H'CT 

CJIHlllROM o6III,Hii: XapaRTep, 'IT06bl ee MOiKHO 6bl

JIO liCIIOJih30BaTh ,AJIH TO'IHhiX IIpaKTH'ICCRIIX pa

C'ICTOB, OC06eHHO CCJIH HpHCYTCTBHe llJIYTOIIHH 

Bhl3hiBaeT . IIOHBJICHHC pe30HaHCOB I!OfJIOIII,CHHH 

npn HH3RHX aneprHHX. B npaRTH'ICCRHX ycJioBUHX 

:XHMH'ICCI\Jle II RpHCTaJIJIH'ICCI\Jie CBH3Il 3aMcP,JIH

TCJIH OCJIOiKliHIOT npep,JIOiKCHHyiO MO,ACJih aa C'ICT 

p,nyx lfJYHRIJ,nii :meprnii. 8Tn lflynRIJ,Hn yto'IHCHLI 

;l,JIH 06bi'IHbiX 3aMCP,JIHTCJteif ( rpalfJHT, THiKCJiaH 

If o6hi'IIIRH nop;a) na ocnone nanecTHhiX Teopetn

"ICCRHX aaRonon AH!fllflyanH. 

B reTeporennoii cpep;e upemp;e ncero p,o.rrmcH 

6h1Th li3BCCTCH cpep,HHH CIICKTp HCHTpOIIOB B TOil

JIHBe H'leii:Rif, 'ITO ll03BOJIHCT C03,rt;aTb o6ll(IIH Me

TOP, AMyiiaJih - Benya - fopoBniJ,a. llpep;Jiarae

MaH Mop;eJih oco6enno npuMcH»Ma AJIH atnx pac

'ICTOB, noaBOJIHH op;nospeMenno y•IHThiBaTh alfl!flei<

Thi peTepMa.rrnaaiJ,nH ( Ror;J,a, nanpnMep, TenJioHo

CHTCJih HMC('T TCMITepatypy, OTJIII'IHYIO OT TCMIIC·

paTypbl 3aMe,AJIHTCJIH). 

B aaRJIIO'IeHHe npHBCACHhi npnMepbi npaRTH'Ie

cKoro HCITOJih30BaHnH Mop,e.rrn: lflopMyJihi, pacqeTJ.I 

CllCRTpOB HeHTpOHOB, paC'ICT alfllfleKTJIBHhiX CC'Ie

IIHH npn cocTaBJieHHII Ta6JIHI\, pemeHne npo6Jie111 

neiitpounoro 6aJianca B aRTJIBHoii aone, o6-bJicne

HUe peayJihTaTOB 31\CnepHMCHTOB (UHP,CRCbl CITCK

TJ>OB, RpUTIJ'ICCRHe OIIhiThi C HJIYTOHlleM, napaMCT

)lhl 1\IH{Jrf>y:nm). 

A/73 Francia 

Termalizaci6n y espectros de neutrones 

por M. Cadilhac et af. 

El estudio de los espectros de neutrones que reinan 
en los reactores termicos ha tornado una importancia 
creciente debido a! papel que en ello desempefia el 
plutonio. Cualquiera que sea, por otra parte, Ia ley de 
absorci6n, se comprueba que la ley de difusi6n del 
moderador solo actua sobre el espectro a traves de 
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ciertas propiedades globales. Es, pues, posible, a 
priori, establecer una representacion simplificada de 
esta accion, que conduzca a una comprension clara de 
los fenomenos, reduciendo el volumen de los calculos 
numericos necesarios. 

El modelo << sintetico >> adoptado por los autores 
presenta Ia ventaja de reducir Ia determinacion de los 
espectros en medio homogeneo a Ia resolucion de una 
ecuacion diferencial de segundo orden, como el 
modelo de Wigner-Wilkins (hidrogeno gaseoso mono
atomico) y el modelo de << gas pesado generalizado >> de 
J. Horowitz, que son, por otra parte, el uno y el otro, 
casos particulares de aquel. Pero, ademas, este 
modelo es bastante general para permitir tratar cor
rectamente las situaciones halladas en Ia practica, y en 
particular el caso importante en que Ia presencia de 
plutonio hace aparecer resonancias de absorcion de 
baja energia. Los enlaces quimicos o cristalinos del 
moderador intervienen, en efecto, en el modelo pro-

M. CADILHAC et al. 

puesto por intermedio de dos funciones de Ia energia. 
Estas funciones han sido ajustadas, para los modera
dores usuales (grafito, agua pesada, agua ligera), a 
partir de leyes teoricas de difusion conocidas. 

En medio heterogeneo importa ante todo conocer 
bien el espectro medio en el combustible de una celda, 
lo que permite una generalizacion del metodo de 
Amouyal-Benoist-Horowitz. El modelo presentado se 
presta particularmente bien a estos calculos, y permite 
tratar igualmente los efectos de retermalizacion 
(cuando, por ejemplo, el refrigerante esta a tempera
tura diferente de Ia del moderador). 

Se dan, finalmente, ejemplos de utilizacion practica: 
codigos que permiten calcular los espectros, las 
secciones eficaces efectivas (publicacion de tablas), 
tratamiento de problemas de balance neutronico en 
una red, o interpretacion de experiencias (indices de 
espectro, experiencias criticas con plutonio, para
metros de difusion). 
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Perfectionnements dans les methodes de calcul 
neutronique des reacteurs thermiques 

parR. Naudet, A. Amouyal et P. Benoist* 

Le present memoire rassemble un certain nombre de 
theories nouvelles et de methodes de calcul relatives 
aux reseaux a neutrons thermiques mises au point 
au CEA. L'etude de la thermalisation des neutrons fait 
I' objet d'un memoire separe {11]: les progres realises 
en France dans ce domaine constituent certainement 
la nouveaute essentielle dans les methodes de calcul. 
Mais d'autres problemes existent en dehors de celui-la, 
ou en constituent des applications particulieres. 

CALCUL DES COEFFICIENTS DE DIFFUSION 
DANS LES RESEAUX COMPORTANT 

DES CAVITES 

Les etudes theoriques realisees a Saclay sur le trans
port des neutrons ont permis d'etablir des expressions 
simples des coefficients de diffusion, applicables en 
particulier lorsque les reseaux comportent des cavites. 
On trouvera un expose general dans [1]; une publica
tion. partielle avait ete donnee anterieurement dans [2]. 
Rappelons que la premiere theorie sur ce sujet avait 
ete publiee en 1949 par Behrens [3]; on a reconnu 
depu.is assez longtemps deja ses insuffisances, qui 
provtennent d'hypotheses de base trop schematiques. 

Le calcul des fuites dans un reacteur heterogene de 
dimensions finies se presente en theorie d'une maniere 
extremement compliquee. En particulier, des que les 
fuites ne sont pas infiniment petites le coefficient de 
diffusion ne depend pas uniquement des proprietes 
intrinseques du milieu mais aussi de ses dimensions. 
Pou~ une pile suffisamment grande, cependant, on peut 
neghger cette correction, ce qui conduit dans le cas 
d'un milieu homogene a la representation classique 
de l'aire de diffusion par le sixieme du carre moyen de 
Ia distance franchie en ligne droite de Ia source a 
}'absorption. Mais on peut demontrer que cette repre
sentation n'est plus exacte en toute rigueur dans un 
reseau (comme l'avait admis en particulier Behrens): 
il apparait dans }'expression du coefficient de diffusion 
un terme supplementaire, qui ne tend vers zero qu'avec 
!'absorption. Enfin d'autres difficultes proviennent du 
fait qu'on n'a pas le droit a priori de negliger le 
couplage entre groupes d'energie. 

P. Benoist a presente une formulation tres generate 
du calcul des fuites de neutrons, qui permet de ne 

• Commissariat a l'energie atomique. 

negliger au depart aucun des phenomenes mentionnes 
ci-dessus, et par suite d'en apprecier }'incidence dans 
chaque cas. On montre d'ailleurs que, dans Ia plupart 
des applicati9ns pratiques, les diverses corrections 
indiquees peuvent etre negligees sans erreur grave. 

Le probleme le plus important dans le cas d'un 
reseau consiste a savoir definir un milieu homogene 
equivalent du point de vue de Ia migration des neu
trons. Chaque milieu i constitutif de la cellule peut 
alors etre caracterise par un libre parcours de trans
port"' (qui peut etre eventuellement infini: c'est le cas 
du vide); on cherche a obtenir une moyenne ponderee 
de ces ..\,. 

Pour donner une idee simple de Ia forme des 
expressions auxquelles on est conduit, supposons un 
instant que l'on puisse negliger les correlations angu
laires entre parcours successifs. On peut alors demon
trer que la moyenne du libre parcours pour un neutron 
ne dans le milieu i est £1 Pii..\t, oil Pii est Ia probabilite 
pour ce neutron d'avoir sa premiere collision dans le 
milieu j. La moyenne du libre parcours pour Ia cellule 
s'obtient en ponderant les expressions precedentes par 
les volumes et les flux. On remarque que si tous les 
milieux sont grands par rapport aux libres parcours, 
:EJPtJAJ#At, et on retrouve Ia regie elementaire de pon
deration; au contraire, si un des ..\1 devient infini, les 
produits PtJAJ restent finis: il n'y a done aucune diffi
culte a supposer qu'un des milieux de Ia cellule est 
constitue par du vide. 

Cependant les proprietes de diffusion du milieu ne 
sont pas isotropes en general (meme si le choc est 
isotrope): il faut done definir un coefficient de diffu
sion Dk dans une direction donnee; on est amene pour 
cela a substituer aux Pti des probabilites << orientees >> 

Pii,k dont le calcul fait intervenir le cosinus de !'angle 
entre Ia direction du neutron et Ia direction consi
dereek. En particuliersi c est l'indice relatifa un milieu 
vide, les expressions P cc,kAc font intervenir des gran
deurs caracterisant Ia geometric de Ia cavite (rapport 
du carre moyen des cordes de direction donnee au carre 
de Ia moyenne de ces cordes): on retrouve le terme de 
transport de Behrens. La formulation indiquee est 
cependant deja beaucoup plus generale, puisqu'elle 
permet de tenir compte correctement des differences 
de libre parcours et de flux dans Ia cellule (on voit 
apparaitre par exemple un terme nouveau qui traduit 
Ia transparence de l'element combustible). 
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En realite l'insuffisance Ia plus grave de Ia theorie de 
Behrens, aussi bien que de }'approche qui precede, est 
le fait de negliger les correlations angulaires entre par
cours successifs (on voit bien en particulier que si un 
neutron vient de traverser une cavite, il a plus de 
chance de parcourir une grande distance lors de son 
parcours suivant s'il est diffuse vers l'arriere que s'il 
est diffuse vers l'avant). Or il est possible de deduire de 
Ia formulation tres generate de la reference [1 ], dans 
le cas oil on admet seulement les hypotheses faites 
plus haut, une expression qui a Ia meme forme que 
celle qui vient d'etre donnee mais qui Ia generalise 
largement *: 

avec 

Ak 1 f.VtcfotP*tj,kAJ 
Dj = - = - _;:.V_=-::-::-:---

3 3 l:Vtc/>t 
i 

co 

P*tJ,k=PtJ,k+"J:. P<1>tJ,k 
I~ I 

les termes d'ordre I faisant intervenir les correlations 
angulaires entre des parcours separes par I collisions. 

Dans le cas d'un reseau usuel a deux dimensions, ces 
correlations n'existent que pour le coefficient de diffu
sion radial. Pour calculer pratiquement les P*tJ,r, plu
sieurs methodes ont ete proposees. Dans la reference [2] 
on calculait les premiers termes du developpement 
en I; cette methode a l'inconvenient de converger 
lentement. Une nouvelle methode dite <<integrate>>, qui 
calcule globalement l'ensemble des termes de correla
tion angulaire, a alors ete etudiee. 

On est ramene en fait a resoudre !'equation de 
transport pour une source anisotrope particuliere, 
proportionnelle au cosinus de l'angle de Ia direction 
d'emission avec Ia direction k, et pouvant etre con
sideree comme uniforme dans chaque milieu i. Il est 
commode de definir alors un certain mode fictif de 
naissance et de capture des neutrons: les P*tJ,k seront 
regardes comme des probabilites pour un neutron ne 
<< fictivement >> dans i d'etre capture << fictivement >> 
dans j; on peut de meme definir des pro ba bilites de sortie 
<<fictive >> d'un milieu; ces nouvelles definitions sont 
justifiees par I' existence d'une relation de conservation 
des neutrons << fictifs >> en tout point analogue. a celle 
qui regit les neutrons reels (elle traduit physiquement 
la conservation des quantites de mouvement dans Ia 
direction k). Ainsi formule le probleme devient 
analogue formellement a celui du facteur d'utilisation 
thermique, et on est amene alors a un mode de raison
nement tres voisin de celui developpe dans la refe
rence [9]. Moyennant des hypotheses raisonnables sur 
les distributions angulaires d'entree dans chaque 
milieu, on peut traiter separement les differents 
milieux, et, de meme que dans [9] on << ajustait >>. une 
longueur d'extrapolation sur celle du corps noir, de 
meme ici on << ajuste >> un terme sur le cas particulier 
d'une cellule a canal vide. Pour ce probleme du canal 

* Bien qu'obtenue a partir d'un forrnalisme different, ]'ex
pression obtenue par Leslie [4) est equivalente. 

R. NAUDET et a/. 

vide, Carter [5] et Leslie [4] ont obtenu une formule 
simple et precise, mais qui s'appuie sur une interpola
tion assez arbitraire; on a etabli une formule d'une 
precision comparable et qui ne necessite pas d'inter
polation. En definitive les P*tJ,r s'expriment simple
ment en fonction des PtJ,r· 

Pour les geometries usuelles de cellule, en symetrie 
cylindrique, les fonctions PtJ,z et PtJ,r ont ete tabulees 
ou tracees sous forme d'abaques (l'une d'entre elles 
n'est autre que Ia fonction Qk de Behrens). En outre 
un programme de calcul est en cours d'ecriture pour 
le cas complexe d'une cellule comportant une grappe 
de barres de configuration quelconque dans un canal 
cylindrique, a partir de formules etablies sans approxi
mation dans [1]. Ces fonctions PiJ,k ont l'avantage de 
pouvoir egalement servir au calcul de e, f et p. 

Enfin une methode variationnelle a ete programmee 
qui est precise, mais extremement lourde: elle a ete 
utilisee pour apprecier la validite des calculs prece
dents. On trouve ainsi que la methode integrate con
duit, pour des cellules de type courant, a un ecart ne 
depassant pas 2 a 3 milliemes sur le coefficient de 
diffusion radial; l'ancienne formule [2] limitee a 
l = 2 conduit a un ecart de l'ordre de 1 a 3% sur le 
coefficient radial pour des cellules normales, cet ecart 
croissant tres vite avec les dimensions du canal; Ia 
formule de Behrens conduit, tant pour le coefficient 
axial que pour le coefficient radial, a des ecarts beau
coup plus considerables. 

On donne dans [I] uncertain nombre de corrections, 
facilement utilisables, permettant de rendre compte 
des effets envisages au debut: correction dependant du 
laplacien, qui peut affecter fortement le coefficient 
axial pour des piles de faible hauteur; correction liee a 
l'absorption, qui n'affecte que le coefficient radial 
(sans action sur l'aire de migration, elle apparait dans 
le calcul separe des coefficients thermique et rapide). 
On a etudie egalement les effets d'interaction de canal 
a canal qui s'introduisent dans des reseaux a pas serre. 

Une autre application interessante de Ia theorie est 
Ia suivante: on peut montrer que le flux reel n'est pas 
separable en un produit du flux macroscopique et de 
Ia structure fine, mais qu'il s'ajoute a ce produit un 
terme supplementaire proportionnel au produit du 
gradient du flux macroscopique par une fonction 
periodique antisymetrique a l'echelle d'une cellule. 
L'intensite C de cette composante antisymetrique est 
proportionnelle a Ia quantite: 

Dr c/>m 

!Am -Tt 
z 

oil ?!m est le libre parcours et c/>111 le flux moyen ordinaire 
dans le moderateur, et cf>t le flux moyen dans toute 
la cellule. La mesure de Ia quantite C, meme avec une 
precision limitee, determine alors le coefficient radial 
Dr avec une precision bien meilleure. 

Par exemple on a fait Ia mesure dans AQUILON 2 
pour des grappes de 19 crayons d'U02 enrichis a 3,5% 
gaines d'aluminium de cf>e 9,5 mm, places dans des 
tubes de gaz c/>e 80 mm dans un reseau de pas carre 
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170 mm: deux dispositions ont ete etudiees, une dis
position serree avec les crayons jointifs, et une autre 
ou les crayons sont espaces de 6 mm entre gaines. 
Deux methodes differentes ont ete utilisees pour la 

determination de C. Les valeurs de 
1 
Dr obtenues pour 

-Am 
z 

les neutrons thermiques sont les suivantes: 

Experience Experience Nouvelle 
structure fine macroscopique formule Behrens 

Grappe ecartee. 1. 207 ±0,02 1. 205 ±0,02 1. 207 1. 076 
Grappeserree . 1.196±0,02 1.196±0,02 1.217 1.237 

(la formule de Behrens donne un resultat trap faible 
dans le premier cas, parce qu'elle ne tient pas compte 
de la <<transparence>> de la grappe, qui est alors tres 
grande; dans le second cas, le fait de negliger les cor
relations angulaires devient predominant; s'il s'agis
sait d'un barreau encore plus opaque, la formule de 
Behrens donnerait de ce fait un resultat nettement 
trap fort). 

REPARTITION DES DENSITES 
NEUTRONIQUES DANS LES DIFFERENTS 
MILIEUX CONSTITUANT UNE CELLULE 

Le spectre variant en tout point, il est necessaire en 
theorie de tenir compte simultanement de Ia diffusion 
et de la thermalisation des neutrons pour obtenir leur 
repartition dans Ia cellule. D'ou, dans plusieurs labo
ratoires, la mise au point de codes de transport a un 
tres grand nombre de groupes de vitesses. A Saclay, 
en particulier, de tels codes existent. Les calculs 
numeriques sont extremement lourds. Toutefois, les 
recherches sur Ia thermalisation en milieu hetero
gene [13] ont montre qu'une solution de base- qui 
constitue d'ailleurs une approximation suffisante dans 
Ia plupart des cas pratiques - consiste a prendre en 
consideration Ia repartition des densites partielles a 
chaque vitesse, obtenue en theorie monocinetique avec 
des sources uniformes et les sections efficaces corres
pondant a cette vitesse. Dans ces conditions Ia resolu
tion du probleme monocinetique conserve tout son 
interet. 

Calculs a une vitesse 

Extension de Ia methode 
des doubles harmoniques spheriques 

J. Yvon avait presente en 1955 une methode dite. 
<<double Pn >>, qui a ete utilisee avec succes depuis de 
nombreuses annees en geometrie plane [7]. Son exten
sion aux geometries spherique et cylindrique infinie 
comportait une difficulte due au fait que le produit de 
la masse de Dirac 8 (p,) et de Ia fonction echelon 
unite U(f.L) n'est defini qu'a une constante multipli
cative pres: 
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U(p,)8(p,) =AD(f.L) oil,\ est une constante arbitraire. 
A. Amouyal a montre que la vitesse de convergence 

des developpements associes a Ia valeur A.= 1 (singu
larite orientee vers l'exterieur) est relativement satis
faisante, ce qui nous a incites a ecrire une serie. de 
programmes utilisant ce type de methode. 

Les result'ats numeriques, par comparaison avec la 
methode Pn ordinaire ou avec les methodes type Sn [8], 
montrent que double P1 est meilleur que Ps ou S4, et 
que double P2 est meilleur que Ss. 

Generalisation de Ia methode << ABH >> 

La resolution de !'equation du transport, meme en 
se bornant a une vitesse et en utilisant les calculs nume
riques les plus appropries (par exemple double Pn), 
reste tout de meme assez lourde. On est done 
amene a rechercher des methodes simplifiees per
mettant d'atteindre des resultats suffisamment corrects 
avec des moyens de calcul beaucoup mains lourds. 
Celie decrite dans la reference [10] repond a cet objet. 

Les auteurs de la reference [9] avaient propose une 
methode tn!s simple, qui est connue parfois sous le 
nom d'<< ABH >>. De nombreuses verifications nume
riques par comparaison avec Ia resolution des equations 
du transport ont justifie sa validite: toutefois elle ne 
s'appliquait qu'au cas oil la cellule,· supposee cylin
drique, comporte uniquement un barreau de com
bustible et du moderateur, avec eventuellement une 
gaine d'air entre les deux. Dans les cas pratiques on est 
souvent amene a considerer un certain nombre de 
milieux supplementaires: refrigerant, tube de guidage, 
isolement thermique, tube de force. La methode 
exposee dans [10] est une generalisation qui permet de 
traiter un nombre quelconque de milieux concen
triques. 

On utilise Ia methode choc par choc, comme on le 
faisait deja pour le combustible, pour le traitement des 
differents milieux, a }'exception du dernier (modera
teur), qui peut etre traite comme auparavant par une 
theorie de diffusion avec condition ajustee sur la 
surface interne. Les memes hypotheses simplificatrices 
sont admises (isotropie des densites angulaires entrante 
et sortante a chaque frontiere- probabilite de sortie 
apres un ou plusieurs chocs obtenue en rempla~;ant Ia 
source de premier choc par sa moyenne dans ce 
milieu). 

Dans les cas rencontres en pratique, Ia limitation de 
precision introduite par ces hypotheses est Ia plupart 
du temps negligeable. 

La methode presente l'avantage d'etre standard quel 
que soit le nombre de milieux et de ne pas exiger un 
traitement particulier des milieux vides. Elle peut 
fournir egalement un calcul approche des densites dans 
une barre combustible devenue heterogene par suite de 
!'irradiation: il suffit de la decomposer en plusieurs 
zones homogenes concentriques. La methode a fait 
l'objet d'un code pour calculateur IBM 7094; le 
temps de calcul est extremement court, compris dans 
les cas usuels entre une fraction de seconde et quelques 
secondes. 
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Prise en compte de Ia thermalisation 

Considerons le rapport des densites moyennes dans 
deux milieux, par exemple le combustible et le modera
teur. Pour utiliser !'hypothese mentionnee plus haut, 
il faut connaitre pour toute vitesse v le rapport h(v) des 
densites partielles calculees en monocinetique a cette 
vitesse; alors si n( v) est le spectre moyen dans le 
moderateur, normalise a l'unite, le rapport des densites 

00 

totales est h = J h(v)n(v)dv. Cette integration est 
0 

effectuee automatiquement en meme temps que le 
calcul du spectre. 

Soit hM la valeur de h pour une vitesse moyenne, par 
exemple Ia vitesse Ia plus probable du spectre de 
Maxwell a la temperature du moderateur. h sera en 
general different de hM, et ille sera davantage si la loi de 
capture du combustible est compliquee (par exemple, 
barreau contenant une forte proportion de plu
tonium). L'exemple suivant montre comment varie li 
par rapport a hM, pour des reseaux a eau lourde 
formes de barres d'uranium naturel </> 44 en fonction 
du pas: 

Pas 1/hM 1/h (en mrn) 

130 2299 2157 
170 2490 2427 
210· 2651 2636 
250 2791 2806 
290 2913 2950 

Dans le cas oil la cellule comporte uncertain nombre 
de milieux entre combustible et moderateur, on peut 
gagner du temps de calcul en n'effectuant le calcul 
detaille pour la generalisation de Ia methode ABH 
mentionnee ci-dessus que pour une vitesse moyenne, 
et en definissant les variations h(v) par un traitement 
plus elementaire des tubes; il suffit de recaler ces fonc
tions sur les valeurs hM. C'est ce qui est fait en particu
lier dans le code pratique de calcul des reseaux a eau 
lourde. 

COMPETITION ENTRE FUITES ET CAPTURES 
DANS LE DOMAINE THERMIQUE 

Le calcul de l'aire de migration des neutrons se 
formule simplement dans deux cas limites: celui du 
ralentissement pur, dans lequel on neglige Ia vitesse 
des noyaux diffusants et oil il n'y a pas de captures, et 
celui de la diffusion thermique, dans lequelles neutrons 
sont supposes en equilibre dans un milieu de capture 
faible et uniforme. Dans un reacteur thermique, on 
peut a la rigueur utiliser ces deux schemas au debut et 
a la fin de Ia vie du neutron, mais il faut bien aussi 
considerer une zone de transition oil les phenomenes 
soot visiblement beaucoup plus complexes. Comment 
effectuer le raccordement, et comment depend-il de Ia 
repartition des captures? 

On voit bien par exemple que la forme de la loi de 
capture joue un role important: si le combustible est 
forme essentiellement de plutonium, une fraction 
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notable des neutrons disparaissent au votsmage de 
0,3 eV, avant d'atteindre le domaine thermique, et leur 
migration est done plus courte. Les theories elemen
taires nous laissent desarmes devant ce probleme, car 
on ne sait pas comment definir la section de capture 
moyenne qui intervient dans l'aire de diffusion. 

Deux methodes differentes ont ete etudiees a Saclay 
pour resoudre ce probleme [14]. Elles soot comple
mentaires et s'eclairent mutuellement; el1es reposent 
en definitive sur le meme formalisme, et on montre 
qu'on peut les ramener l'une a l'autre. Dans la 
premiere methode on suit le neutron au cours de ses 
chocs successifs, et on s'interesse en particulier a la 
maniere dont varie sa probabilite de capture; dans la 
seconde, on considere globalement le spectre, en 
ecrivant a chaque vitesse le bilan des neutrons qui 
arrivent et disparaissent. La premiere methode donne 
lieu a des interpretations interessantes qui permettent 
une meilleure comprehension des phenomenes phy
siques; Ia seconde donne lieu a des calculs plus com
modes. 

Dans le premier cas on ecrit: 
00 

M2 =~ V(N)!J(N)G(N) 
N~1 

avec 
N N-1 

L2(N)=L.f2(n) G(N)=TI [1-.Q(n)] 
n~1 n~1 

Q(N) etant Ia probabilite pour un neutron qui a subi 
N -1 chocs d'etre capture lors du choc suivant, et 
/2(N) etant l'accroissement de M2 du a ce choc supple
mentaire. Le calcul des quantites .Q(N) et f2(N) neces
site la connaissance des spectres partiels constitues par 
les neutrons qui ont subi un nombre donne de chocs: 
on est done amene a utiliser directement les sections de 
diffusion differentielle, et a reconstituer le spectre 
total par generations successives; on n'a d'ailleurs 
besoin dele faire que pour un nombre restreint de chocs. 
Cette maniere de raisonner permet en particulier 
d'interpreter tres facilement les effets lies a l'intensite 
et a Ia distribution de la loi de captures ou aux carac
teristiques geometriques de la cellule. 

On peut obtenir les memes resultats si les echanges 
d'energie provoques par le moderateur soot definis 
globalement au moyen d'un operateur << synthetique >>: 
designant par n(v) la densite partielle pour les neutrons 
de vitesse v, et par H l'operateur en question, on ecrit: 
Hn(v)=n(v)v. [.Ea(v)+D(v)B2]. En faisant !'integra
tion de chacun de ces deux termes sur le spectre 
d'equilibre, on obtient les proportions relatives de 
neutrons disparaissant soit par absorption, soit par 
fuites. Les nouvelles theories de thermalisation 
developpees a Saclay [12] permettent precisement de 
faire appel a des operateurs qui se pretent a des calculs 
commodes. 

Pour montrer comment on peut interpreter les 
resultats, prenons un exemple tres simple: supposons 
que le milieu soit homogene, que BZ soit extremement 
petit, que D soit independant de Ia vitesse, et que 
!'absorption soit en 1/v. La proportion relative de 
fuites aux captures est le produit de B2 par: 
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D v 
M2= --fn(v)-dv 

~a( Vo) vo 

Decomposons n( v), qui est supposee normalisee, en 
deux termes: n(v) = M(v) + E(v), M(v) etant une max-

"' wellienne normalisee (ce qui implique f E(v)dv=O). 
0 

Le premier terme fournit l'aire de diffusion classique 

2 D . I 4T d d" 0 0 L =~--vn-· Le secon terme Ivergerait si on 
~a(vo) To 

poursuivait l'integration jusqu'a l'infini; mais on 
remarque que si v1 et v2 soot tous deux tres grands, 
compte tenu de Ia forme asymptotique du spectre, Ia 

contribution de l'intervalle (VI, V2) est ~~6 Log c~r: 
on retrouve Ia forme elementaire de l'aire de ralen
tissement T. Conservant pour VI une vitesse arbitraire 
suffisament grande, utilisons maintenant cette expres
sion pour definir V2, en ecrivant qu'elle est egaJe au 
deuxieme terme de l'integrale ci-dessus jusqu'a VI. Tout 
se passe comme si on pouvait juxta poser les deux pro
cessus elementaires evoques au debut, avec une borne 
definie par v2. 

Voici, a titre d'exemple, les valeurs deE*= S~
2

, en 

fonction de T= ~~(So) v' To, d'une part pour le modele 
r:,E6 T 

<< gaz infiniment lourd >>, d'autre part pour un modele 
de thermalisation representant le graphite: 

0,01 
0,05 
0,10 
0,15 
0,20 

(en kT) 
E* gaz lourd 

5,3 
6,0 
6,8 
7,7 
8,7 

E* graph1te 

1,6 
2,1 
2,8 
3,5 
4,6 

On remarque que la borne equivalente n'est pas kT, 
mais une valeur un peu plus elevee, et que T devient un 
peu plus court lorsque Ia capture moyenne du milieu 
augmente. D'autre part !'utilisation du modele gra
phite au lieu de celui du gaz lourd provoque un allon
gement de T, parce que le ralentissement est moins 
efficace au voisinage de l'energie thermique a cause 
des liaisons cristallines. 

Le cas elementaire qui vient d'etre presente peut 
etre generalise. II n'y a aucune difficulte a utiliser un 
D(v) variable qu'on peut recaler sur les valeurs experi
mentales des mesures de I' age, ou de l'aire de diffusion 
thermique. Si la capture n'est pas en ljv on est amene 
a remplacer dans !'expression L 2 Ia section de capture 
a 2200 m par la section effective au sens de Westcott; 
en outre Ia position de v2 est modifiee par suite de Ia 
deformation de spectre par effet de <<self-shielding>>. 
De meme dans le cas d'un milieu heterogene, on est 
amene a utiliser des rapports de densite entre les 
differents milieux tels qu le ii defini au paragraphe 
pn:!cedent et dont le calcul- on l'a vu- fait intervenir 
lui-meme le spectre de neutrons. 
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Enfin lorsque 8 2 n'est pas infiniment petit, c'est-a
dire que les fuites interviennent de maniere notable 
dans Ia disparition des neutrons, cet effet est tout 
naturellement pris en compte par !'equation d'equi
libre ecrite plus haut, et reagit bien entendu sur le 
spectre. 

ETABLISSEMENT DU BILAN DE NEUTRONS 

Comme on a pu s'en rendre compte dans les para
graphes precedents, plutot que de recourir a des 
methodes multigroupes qui soot non seulement tres 
lourdes, mais posent le probleme du choix des 
constantes numeriques, on prefere, grace a l'emploi de 
methodes synthetiques, faire en sorte qu'on puisse 
integrer de maniere continue les phenomenes sur tout 
le domaine d'energie. 

Pratiquement on est amene a distinguer deux 
domaines, separes par une energie de l'ordre de 
quelques eV, qui n'a d'ailleurs pas besoin d'etre fixee 
avec precision. DansIe domaine inferieur, le bilan est 
obtenu a chaque vitesse en ecrivant que Ia resultante de 
transferts d'energie (obtenue grace a l'operateur de 
thermalisation) compense exactement les neutrons qui 
disparaissent soit par absorption dans Ies differents 
milieux [chacun avec sa loi de capture propre E(v) et 
sa densite neutronique moyenne h(v)], soit par fuites. II 
suffit ensuite d'integrer ces divers evenements sur Ie 
spectre d'equilibre pour obtenir le bilan des fissions, 
des absorptions parasites et des fuites. Ces operations 
soot particulierement commodes puisqu'on est con
duit a un systeme d'equations differentielles; un calcul 
de reseau ne demande que quelques secondes sur 
IBM 7094. 

Dans le domaine superieur on peut en principe pro
ceder de meme; le spectre moyen est beaucbup plus 
simple, le ralentissement n'etant qu'une forme dege
neree de Ia thermalisation; en revanche Ies problemes 
d'heterogeneite s'y posent de maniere plus aigue, d'une 
part a cause de Ia localisation des sources dans Ies 
barres d'uranium, d'autre part a cause des tres fortes 
resonances de l'uranium-238, qui donnent lieu a des 
effets de << self-shielding >> complexes. 

II reste done a dire quelques mots sur les problemes 
poses par l'uranium-238 dans le domaine du ralen
tissement. 

CALCUL DU FACTEUR ANTITRAPPE 

Des leur naissance, les neutrons soot captures dans 
l'uranium-238. La relative petitesse de Ia section de 
capture aux hautes energies est compensee par une 
presence beaucoup plus frequente des neutrons dans 
!'uranium. Avant meme qu'ils aient quitte Ie barreau 
qui leur a donne naissance, une fraction non negli
geable est absorbee (par exemple 1,5% dans le cas d'un 
barreau de 44 mm de diametre); il est facile d'incor
porer ce calcul dans celui de € comme l'a montre 
B.I. Spinrad il y a longtemps. Mais il est bien evident 
qu'apres leur premiere sortie du barreau Ies neutrons y 
retournent frequemment et restent relativement 
groupes autour de lui; ce n'est qu'aux energies assez 
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basses, et a condition que le pas du reseau ne soit pas 
trop grand, qu'on peut considerer leur densite comme 
uniforme. 

C'est dire que meme si le spectr~ moyen est en 
dE/ E, on n'a pas du tout une loi de cette forme dans le 
combustible. Cela est particuliereinent vrai dans les 
reseaux a eau lourde, oil la distance entre barres est 
tres souvent largement superieure a l'aire de ralen
tissement. Or la contribution relative des resonances 
situees a energie elevee dans l'integrale effective, si elle 
est tn!s faible en milieu infiniment dilue, n'est pas du 
tout negligeable dans des barreaux compacts; en effet, 
le <<self-shielding>> s'applique tres inegalement et 
attenue surtout les grandes resonances situees a basse 
energie. 

II faut done separer les effets dus a 1a geometric du 
barreau et ceux dus a la geometric de 1a cellule, en 
introduisant 1e spectre dans le barreau et en l'integrant 
sur la section de capture. 

Le calcul est rendu difficile pour les raisons sui
vantes. D'une part la decomposition de l'integrale de 
resonance effective en fonction de l'energie est delicate, 
particu1ierement dans 1e domaine compris entre 1 et 
30 keY, qui est celui oil on ne connait qu'une distribu
tion statistique des parametres de resonance: or, c'est 
ce domaine precisement qui intervient 1e plus dans 
l'effet indique. D'autre part la repartition spatia1e des 
neutrons a une energie donnee ne peut etre calcu1ee 
simp1ement; elle est en particulier fortement perturbee 
par la presence de !'uranium, dont les proprietes de 
ralentissement sont tres differentes de celles du 
moderateur. 

Les etudes faites a Saclay sur ce sujet [15] ont porte 
sur les deux points. En ce qui concerne 1e premier, une 
nouvelle presentation de 1a methode << NR >> a perm is 
de traiter correctement les fluctuations dans la zone 
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statistique, et d'ajuster 1e mieux possible le raccorde
ment de la courbe de capture pour chaque geometric 
de barreau, d'une part avec la zone des resonances 
resolues, d'autre part avec la zone rapide. 

En ce qui concerne le second, on a etudie le ralen
tissement des neutrons dans le reseau par la methode 
de Monte Carlo. Lorsqu' on reduit les barres d'uranium 
a de simples sources filiformes, on retrouve des distri
butions spatiales a chaque energie qui sont analogues 
a celles qui peuvent etre predites a partir de methodes 
analytiques telles que celles des moments [16] (la 
theorie de l'age etant bien entendu tres incorrecte). La 
methode de Monte Carlo n'est done pas absolument 
necessaire dans ce cas, sauf cependant aux energies 
elevees, c'est-a-dire pour les neutrons qui ont subi tres 
peu de chocs; par contre elle est pratiquement indis
pensable pour apprecier les perturbations apportees 
par !'uranium (on peut ensuite en deduire des facteurs 
correctifs semi-empiriques). On a pu egalement 
etudier de maniere fine l'effet d'ombre des resonances 
les unes sur les autres, c'est-a-dire !'attenuation de la 
densite du fait des captures qui ne se fait evidemment 
pas de fa<;on uniforme dans la cellule. 

On peut traduire les resultats par la valeur !l.Ierr 
qu'il faut ajouter a l'integrale de resonance effective 
definie dans un spectre en dE/ E, pour que la formule 
elementaire du facteur antitrappe donne le resultat 
correct. Voici a titre d'exemple les valeurs de !l.Ierr 
calculees pour des barres d'uranium de 2 em de rayon, 
en fonction de la quantite de moderateur associee: 

Vm (cm2 ) 200 300 400 500 600 700 800 900 

ill err (barns) 0,08 0,41 0,89 1,51 2,24 3,04 3,87 4,81 
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ABSTRACT-RESUME-AHHOTAltr..1JI-RESUMEN 

A/74 France 

Improvements in methods of neutron 
calculation for thermal reactors 

By R. Naudet et a/. 

A number of new theories and calculation methods 
for thermal neutron lattices are reported in this paper. 
Recent achievements in thermalization theory repre
sent the main improvement in reactor physics: this 
work is described in a separate paper. But there are 
many other problems, and the target is eventually to 
obtain a better understanding of the over-all neutron 
balance. Among the topics discussed are the following: 

Calculation of diffusion coefficients in lattices with 
cavities; 
Distribution of neutron densities in the different 
media forming a cell; 
Competition of leakage and absorption in the 
thermal range; 
Establishment of the neutron balance; 
Calculation of the resonance escape probability. 

A/74 lllpaH~HA 

YcoaepweHCTBOBaHHe MeTOAOB HeH
rpoHHoro pacYera peaKropos Ha ren
noBbiX HeHrpoHax 

P. HOAS et al. 

HacTOHJJ~II ii ;~OJ>:ra;~ IIOCBHll\CH o·Upl';(f'.'H'HHoii 

rpyune HOBhiX paapa6oTaHHhlX 11 1-\oMnccapua.n• 

HO ilTOMHOif ;mppntlf Teopnii If Mf'TOJlOB pUCl.(CTa . 

i:U\TifBHbiX :JOH pcanT!JpOII HU TCIIJIOllhlX fieliTpo

uax. TeopnH TepMaJinaar~nH HBJIHCTCH TeMoii oT

JlCJihHoro Coo6ll.(eHHH: ycuexH, JlOCTHI'HYThle HO 

<DpaHIJ;HI1 II 3Toii o6JiaCTif, HCCOMIJeHHO, II jll';{CTUH

.'IHIOT Cyll.(eCTBeHHhlH BfiJIUJl B MCTO;(bf paC'ICTa. 

)].an o6aop llPYrux npo6JieM, paaunnaiOll.\HX u Ho

tro.'lHHIOiu;nx TeopuiO TepMamtaau;nH • .LJ:ocTm«eiUIIl 

B :3THX pa3JIJI4HhiX o6JittCTHX o6eCII('l.(lf8HIOT B HH

CTOHII(CC BpeMH 3HH4IITP.'lbHO JIY'Illll'C IIOHIIMUHI1t' 

HCHTpoHnoro 6ananca 11 peaKTopax ua TeUJIOBht x 

HeiiTpOHUX. llocJie;(oBUTPJJbHO OCBCll\l'Hhl CJle,'J:YIO

lll,liC npo6JH:'Mhl: 

pac•reT RoatfuiJHIJ,lieHTa ucnoJIJ,aonaHIIH Tt'H

.'IOBhiX IICiiTpOHOB II o6'bl'Ml'. o6pa30BUHHOM 

KOHI(t'IITJJH'IeCKifMii CpC,'\aMH, 110 MOHOiiHH('

TII'WCIWii Tl'Oplllt C y'leTOM TCpMaJIH3UI~UH; 
ycTanoHJICJUte aauncuMoCTH MemAY yTe•moi1 

nei1TpoHOH B o6JiaCTH 3aMCAJJCHHJI. If yTe'l

lWH HeiiTpOHOB 8 o6JiaCTif TCIIJIOBblX neif

Tp<lHOB; 

Roa<fltflm.\HCHThi An<fJ<}Iy:nm n paaMHomaiO

~eii cpe,n:e, BKJifOl.(810ll.(CH UOJIOCTH; 

CfJCRTp HeiiTpOHOB IIpH aaMCJ(JICHHH H pa• 

C'leT BepoHTHOCTH H36emaHHH pC30HaHCHOf0 

aaxBaTa; 

cmpeAeJienue 6aJianca neiiTpouou; 

cneJ\IfaJJhHhle npo6neMhl: npnMeHenue MeTo

nos reTPporenuoro pac'leTa, TpaRToBRa 

ypasnenHH uepenoca no .n:uoiinoMy No,n:y Pn, 
TOHJ\03epH1tCT3H CTpyKTypa TOIIJIJ1Ba II T. 11. 

B <lTHX o6JiaCTHX .n:oCTHrHyTLI uamHhiC yconep

mencTBOBaHnH, IWTOphle yme JICITOJih3YIOTCJI )l;JIH' 

npaRTH'I('CRHX paO'ICTOB peiTICTKif. 

Af74 Francia 

Perfeccionamientos en los metodos 
de calculo neutr6nico de reactores termicos 

por R. Naudet et a/. 

La comunicaci6n presente reune un cierto numero 
de teorias nuevas y de metodos de calculo, relativos 
a redes de neutrones termicos, puestos a punto en 
el CEA. La teoria de la termalizaci6n es objeto de una 
comunicaci6n separada: los progresos realizados en 
Francia en este dominio constituyen ciertamente la 
novedad esencial en los metodos de calculo, pero 
otros problemas se entrelazan con el y le completan. 
A ellos se les pasa revista en este trabajo. Los pro
gresos realizados en estos diferentes dominios per
miten ahora una comprensi6n mucho mejor del 
balance neutr6nico en los reactores termicos. Se 
exponen sucesivamente los problemas siguientes: 

Calculo de los coeficientes de difusi6n en redes con 
huecos; 
Repartici6n de las densidades neutr6nicas en los 
distintos medios que forman una celda; 
Competici6n entre fugas y capturas en la region 
termica; 
Balance neutr6nico; 
Calculo de la probabilidad de escape ala resonancia. 
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Evaluation, storage and processing of nuclear data for 
reactor calculations 

By J. S. Story,* M. F. James,* W. M. M. Kerr,** K. Parker,** I. C. Pull,* and 
P. Schofield.*** 

Through the use of large computers reactor calcula
tions are nowadays much more detailed and precise 
than was possible in the early years of the atomic 
energy industry. Safety problems and the increasing 
complexity of advanced reactors have stimulated this 
advance, and it is being supported by large measure
ment programmes to provide nuclear reaction data of 
improved accuracy and extent [I]. However, prepara
tion of the derived quantities needed for reactor cal
c~lations can be most laborious. To attack this task in 
a systematic way scientists in the UKAEA are building 
up a computer data library on punched cards and 
magnetic tape of all needed nuclear cross sections, 
with versatile processing programmes to generate the 
derived quantities required. 

Part I of the paper describes this work. At the time 
of writing the library contains differential neutron 
cross-section data in the range I meV to I5 MeV for 
39 materials, including angular distributions from 
scattering collisions and neutron spectra from non
elastic reactions. Some gamma ray cross sections are 
also available. Complete and detailed differential 
cross sections are obtained from experimental mea
surements, interpreted and extended as necessary with 
the help of nuclear theory. We refer to these as 
"evaluated data", and have outlined some of the 
practical aspects of evaluation. 

A variety of computer programmes is associated 
with the data library: these include programmes for 
assembling the library, programmes for converting 
parametric to tabular data, and the processing pro
grammes GALAXY and DICE, for preparing the 
derived quantities needed in reactor calculations. 

The data are stored in form of binary-coded deci
mals, and the associated computer programmes are 
written in Fortran, so that they can be used with 
different computers.**** This is important because we 
believe there is great need for international collabora
tion and exchange of evaluated nuclear cross section 
data. 

* UKAEA, Atomic Energy Establishment, Winfrith. 
** UKAEA, Atomic Weapons Research Establishment, 

Aldermaston. 
*** UKAEA, Atomic Energy Research Establishment, 

Harwell. 
* *** These features differ from those of the earlier Aldermaston 

data system described by Parker [2]. 

Part 2 summarizes work on the evaluation of data 
on thermal neutron scattering laws: several of the 
points made in general terms in part I are aptly illus
trated by this example. The differential cross section 
cannot be measured over the whole range of initial and 
final energies and scattering angles at all the tempera
tures required. So it is necessary to lean heavily on 
theory in correlating and extrapolating the measure
ments. The adequacy of scattering laws generated in 
this way may be tested by appeal to measurements of 
neutron spectra in moderating assemblies. 

PART ONE 
1. THE PROCESS AND PROBLEMS OF 

EVALUATION 

A data file***** for a single nuclide, however accu
rate and comprehensive, is of little value alone. The 
first phase of the work, if it is to be of general use for 
reactor calculation, is to establish a preliminary library 
for all the more important materials. This itself is quite 
a large undertaking. All cross sections needed must be 
represented over the full energy range, although it may 
not be necessary to attempt the same degree of accu
racy for all the materials, nor for all the different cross 
sections or different parts of the energy range. 

Having produced the preliminary library, the tasks 
remain of improving it and extending it to include data 
for other materials of interest, and of revising the data 
from time to time in the light of new information. The 
last is a continuing and exacting task, though on 
average the data for a single nuclide may be revised 
only once in every few years. In view of the large and 
increasing rate at which new experimental data are 
being produced it is desirable to mechanize the tasks of 
evaluation as much as is practicable. 

In deciding the order in which new evaluations 
should be undertaken one needs to know about the 
status of new measurements, and their importance in 
reactor calculations. Evaluators in the UKAEA have 
been helped in this task by regular contacts with data 
measurers and with reactor physicists. The general 
procedure followed in evaluating data may be out
lined: 

* * * ** We use this term to denote a complete set of evaluated 
neutron (or photon) cross section data for a single 
material. A data library consists of data files for a 
number of materials. 
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(a) The literature must be searched for relevant 
references. The Brookhaven reports BNL 325 and 
BNL 400 [3-5], Howerton's compilations [6], and 
Nuclear Science Abstracts are obvious starting points. 
However these generally provide little information 
about new measurements in progress, which are often 
of the greatest interest for reactor calculations. There 
is a great need for a much more complete and up-to
date reference index than is available at the time of 
writing; see section 6, item (b). 

(b) The references must be studied and the data 
compared; discussion with data measurers can some
times shed light on discrepancies. They should be com
pared with theoretical predictions and any gaps in the 
data made good by recourse to theory. For this stage 
of the work, it is very desirable to have the experi
mental data in tables or on punched cards; the 
graphical presentations usually available are rarely 
satisfactory. 

(c) A set of preferred values is prepared on punched 
cards, and these must be carefully checked. This would 
be an arduous task but it can mostly be done mecha
nically with the help of a programme such as CHECK 
which is described in section 4. To aid checking it is 
worth while to include some otherwise redundant 
information; for example we record the total cross 
section as well as the partial cross sections ; energy 
values are repeated with each cross section. 

(d) Finally the details of the evaluation, and the 
justifications for the choices that have been made, 
should be described in a report. It is often not worth 
while to perfect all parts of a new evaluation, especi
ally if it is known that new experimental data will soon 
be available: it is therefore very important that all 
known shortcomings of the evaluation should be 
frankly reported, as a guide to users and to help in 
future revisions. 

2. THE DATA LIBRARY 

The library contains basic microscopic neutron and 
photon cross-section data over energy ranges of about 
1 meV to 15 MeV for neutrons, and 10 keY to 20 MeV 
for photons. The data include the number of secon
daries from a collision and their distributions in energy 
and direction. The information currently contained in 
the library is described in the references cited in the 
appendix. Neutron cross-section data· are available for 
H, D, T, 3He, 4He, Be, B, loB, C, N, 0, F, Na, AI, Si, 
Cl, Ca, Cr, Fe, Ni, Cu, Zr, Cd, 135Xe, Au, Pb, Th, 
233U, 235U, 236U, 23BU, 237Np, 239Pu, 240Pu, 241Pu, 
HzO, DzO, and BeO. Photon cross sections are avail
able for H, Be, C, N, 0, AI, Fe, Pb, U, and Pu. Most 
of the data were evaluated at A WRE Aldermaston and 
AEE Winfrith, but other evaluations have been used 
for some materials. 

All data are represented on IBM punched cards in a 
standard format which allows six pieces of informa
tion and a label on each card. The working medium is 
high density magnetic tape containing the same infor
mation as the corresponding cards, in BCD mode 
(binary-coded decimals). BCD mode is convenient for 
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the Fortran programmes associated with the library, 
and facilitates transmission of the data between dif
ferent laboratories with different computers. 

A full description of the format may be found in 
reference [7]. It is sufficiently flexible to allow inclusion 
of many different kinds of reaction data, in point-by
point tabulations or in parametric forms. Three dimen
sional arrays may be included, such as the scattering 
law S(a,f3) considered as a function of temperature. 
Data are first classified among thirteen general classes 
which include cross sections for neutrons and photons; 
angular distributions and energy spectra of secon
daries; neutron resonance parameters; statistical 
parameters for the unresolved resonance range; and 
thermal scattering laws. There is next a particular 
classification by reactions so that, for example, 
neutron elastic scattering is distinguished from the 
(n,2n) reaction. 

Every complete set of data in the library is organized 
into several sections each preceded by a short "heading 
section", which is an index to the nature and number 
of the data following it. The format is designed to 
facilitate checking through the inclusion of some 
redundant information on heading cards and data 
cards; for example see sections 1 and 4. A complete set 
of data for a particular material is labelled with a 
"nuclide identification number". When a revised set of 
data is prepared for the same material a new identifica
tion number is assigned and both sets are stored in the 
library, so that reactor physicists may continue to use 
the older compilation if they wish. 

3. CONVERSION OF PARAMETRIC TO 
TABULAR DATA 

Some of the cross sections in the data library are 
obtained most naturally by calculation from para
metric forms whose parameters are determined from 
the experimental data. Examples are: (a) the thermal 
neutron scattering law derived from the frequency 
function p(f3) (see part 2 of this paper); (b) resonance 
parameters, which may be derived from the measure
ments even when the instrumental broadening is not 
accurately known; (c) the parameters of statistical 
distributions of resonance widths and spacings, which 
can be used to convey not only the average cross 
sections but also their probable fluctuations. In each 
of these examples the parametric forms have physical 
significance and may be used to correlate the results of 
a number of separate experiments. 

Use of parametric forms can yield a great saving of 
storage space in the data library. Thus, to represent 
the cross sections in the resolved resonance region 
accurately requires at least ten tabular points per 
resonance for each cross section and for each tempera
ture, whereas five or six parameters would suffice to 
convey all the information needed. 

At the time of writing all the data in the library are 
in point value tabulations, to suit the processing pro
grammes GALAXY and DICE (see section 5) which 
currently accept data only in this form. For the future 
we envisage the use of a master data library containing 
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tabular and parametric data as may be most con
venient. Special computer programmes would be used 
to generate secondary data libraries containing only 
point tabulations for specified temperatures. 

Several such programmes are alrady in use. The 
uses of the programmes LEAP [9] and PIXSE [10] are 
described in part 2 of this paper. The programme 
GENEX [II] is used to calculate Doppler broadened 
cross sections from resonance parameters input in the 
library format; a subsidiary programme RESP is used 
to sample for resonance parameters in the unresolved 
region using statistical data. 

Further programmes to make use of resonance para
meter data are being developed. One of these will use 
the multilevel Breit-Wigner approximation and will 
calculate penetrabilities and shift factors for neutrons 
with orbital angular momenta /L5, and for charged 
particle emissions. Another programme performs simi
lar calculations for I= 0, using the more accurate 
formulae of Reich and Moore [12] for non-fissile 
nuclides. For fissile nuclides a programme using the 
formulae ofVogt [13] is already available. 

4. ANCILLARY COMPUTER PROGRAMMES 

Production of the data library is simplified by using 
a number of ancillary computer programmes. Current 
versions of these programmes operate on one or both 
of the IBM 7090 or IBM 7030 (STRETCH) computers, 
or on the IBM 1401: but most of them are written in 
Fortran so that they can readily be adapted for'other 
computers of similar calibre. 
NDTP. The preparation of magnetic tapes from 
punched cards is accomplished by using the IBM 1401 
programme NDTP described by Webster [14]. This 
writes data on tape, copies tapes, modifies specific 
records (cards), rearranges the ordering of data on 
tape and provides a printed listing of the contents of a 
tape. 
CHECK. Before any part of a data library is put into 
use it is essential to check the accuracy of representa
tion and the self-consistency of the data. Large num
bers of punched cards are used in preparing the library 
and a number of punching errors must be expected. 
Most of the tedium of checking can be avoided by 
using the IBM 7030 programme CHECK [15] which 
applies a great variety oflogical and arithmetical tests. 
For example, the sum of partial cross sections is com
pared with the total cross section at each energy point; 
the energy points are checked for monotonic increase. 
Our experience has been that for each data file an 
average of three CHECK runs are needed to locate and 
remove errors; the average number of errors has been 
about 5 per 1000 cards (less than 0.1 % of the units of 
information). CHECK can of course only detect in
consistencies in the data and format discrepancies. 
NDF PRINT [16] is an IBM 7030 programme for 
preparing an annotated listing of data in the library in 
an easy-to-read form. The programme output is on 
magnetic tapes from which prints are obtained as 
required by use of an IBM 1401. 
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GROD [17] is a programme used with the IBM 7030 
computer and an associated SC 4020 high speed micro
film recorder to obtain a graphic representation of 
data presented in tabular form in the library format. 
REFORM [18] is an IBM 7030/7090 programme 
which accepts data prepared in a simplified format for 
ease of punching, and reproduces them on magnetic 
tape in the standard format of the data library. 
SPLICE [19] is an IBM 7090 Fortran programme used 
to join a new set of low energy data to an existing set. 
It deletes the original data up to the junction, and 
revises the heading cards and the sequential numbering 
above it. 

These last two programmes are less general than 
might be desired, but have nevertheless proved very 
useful, because they simplify and reduce the amount of 
card punching needed in developing the data library. 

5. PROCESSING PROGRAMMES 

Processing programmes are used to prepare the 
derived quantities needed for reactor calculations from 
the basic nuclear data stored in the cross section 
library. RESP and GENEX (see section 4) and PIXSE 
(see part 2) are processing programmes developed for 
specialized purposes. GALAXY and DICE described 
below have been designed in conjunction with the 
library, to satisfy rather general requirements. 

GALAXY 

Introduction 

The function of the processing programme 
GALAXY is to produce group averaged cross sections 
for use in neutronics programmes, for instance, those 
based on Sn and diffusion approximations to neutron 
transport theory. The programme uses for input basic 
neutron cross-section data in the library format, 
together with control information provided by the 
user. The group-averaged data produced by the output 
scheme are printed. In addition special forms of the 
output will be available for direct input to some 
of the standard multigroup programmes, including 
STRAINT, an Sn code in spherical or slab geometry 
[20]; Winfrith DSN, a one-dimensional Sn code in 
cylindrical geometry [21]; and CRAM, a two-dimen
sional diffusion theory code [22]. 

GALAXY is at present written in Fortran II 
language and requires an IBM 7090 computer with 
twelve tape units (including the system tapes). It was 
decided to make GALAXY as general as possible so 
that it could be used to produce input data for many 
different varieties of multigroup calculation, although 
of course special requirements may arise which cannot 
be satisfied by it. The programme specification and 
strategy have been designed with this end in view. 
Some restrictions have been imposed, most of which 
are of minor importance and can easily be relaxed; the 
only restriction to be noted here concerns the output 
scheme which is at present limited to a maximum of 
40 groups. 
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Strategy 

Control data must be provided for each of a number 
of mixtures in turn, and must include proportions of 
constituent materials, effective temperature, and 
details of the weighting spectra to be used (see below). 
For each mixture several quantities are calculated 
which are the same for every component of the mix
ture; namely, the group widths in energy and lethargy 
units, and the group-averaged weighted mean energy, 
inverse velocity, and the energy corresponding to the 
weighted mean lethargy. If the total cross section of 
the mixture is required for spectrum weighting in the 
narrow resonance approximation it is calculated at 
each of the aggregate of energy points at which the 
cross sections of the constituent materials are given. 
An option is available to form the weighted mean of 
the inverse transport cross section. 

The programme goes on to calculate group-averaged 
cross sections for specified reactions and energy 
groups, for each constituent material in turn. Any re
action for which data are provided in the library format 
may be processed in this way. In addition the group
averaged energy release cross section is calculated. For 
any neutron producing reaction the group-to-group 
transfer cross section may be expressed as a sum of 
Legendre polynomials in the cosine of the angle of 
deflection (laboratory frame of reference): up to six 
moments of this expansion can be calculated. At the 
time of writing routines exist which calculate these 
moments for the following reactions: elastic scattering 
by a static nucleus, thermal neutron scattering in 
accordance with a scattering law of the form S(a,f3) 
(defined in part 2 of this paper), inelastic scattering to 
discrete levels and to a continuum, (n, 2n), (n, 3n) and 
(n, fission). 

Weighting spectra 

Six basic energy spectra are available for weighting 
purposes when forming the group averages. These 
basic spectra are: (a)E-x, with x~O, where E is the 
neutron energy; (b) an arbitrary Maxwellian distribu
tion; (c) any arbitrary continuous spectrum given in 
tabular form; and the further three spectra obtained 
from these by dividing by the total cross section of the 
mixture. This allows for self-shielding effects in the 
narrow resonance approximation. 

Any linear combinations of these six basic spectra 
may be used, and the spectrum may vary from group 
to group and from mixture to mixture. Different 
spectra may be specified for weighting the quantities 
(such as the group mean energy) which are the same 
for every constituent of a mixture, and for weighting 
the cross sections. Fission spectra needed for weighting 
purposes can be presented in tabular form. 

The output scheme 

Following execution by the main section of GAL
AXY the processed data described above are available, 
for each specified mixture, on a magnetic tape. These 
are the group-averaged data for each reaction separ-
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a.tely, no combination having been effected: in par
ticular the group transfer matrices have dimensions 
G( G + 2) to allow for transfers above and below the 
range of interest, where G is the total number of 
groups. 

This magnetic tape could be used as input to a 
suitably prepared neutronics programme, either 
directly or after suitable processing. However GAL
AXY contains an additional output stage which pro
vides the following general facilities: 

Mixing. The group-averaged cross sections for a 
mixture may be formed by linear combination of the 
cross sections for its constituents. 

Condensing. The computed data may be reduced to 
fewer groups, using a specified spectrum. 

Combining. Certain combinations of group-averaged 
data may be formed. For instance, all neutron capture 
cross sections may be added, (n,y)"+ (n,p) + (n,a) + 
etc. Similarly, all non-fission group-to-group transfer 
cross sections may be combined. 

Substitution. This facility will allow the user to 
replace some of the GALAXY generated quantities 
with specified alternative values, but it is not available 
at the time of writing. 

Present status and future work 

The programme is in use, although a few minor 
faults have yet to be eliminated. It is briefly described 
in Ref. [23] which gives operating instructions. Future 
work may include an improved treatment of cross 
sections in the resonance region, using resonance para
meters for input. It is also hoped to develop a funda
mental mode calculation within GALAXY, and to use 
the derived spectrum as a weighting function. 

DICE 

DICE [24] converts the nuclear data in the library 
into forms which are more convenient for use in 
Monte Carlo calculations and assists in consulting 
these data when roquired by the tracking programme. 
It is written in Sllanguage (an adaption of Fortran II) 
for use with the IBM 7030 (STRETCH) computer. The 
four main parts of DICE are: 

A programme MOULD which accepts neutron 
cross-section data in the library format, converts them 
to forms suitable for Monte Carlo calculations, and 
stores them on a library tape. Printed listings of the 
converted data are obtained. 

A routine ABSYNTH which, on being informed on 
the compositions of the various materials, abstracts 
the relevant sets of data from the MOULD library 
tape and synthesizes the data table in core storage in 
convenient forms. 

A subroutine CR which, at each collision in the 
Monte Carlo calculation, consults the data table pro
vided by ABSYNTH and calculates the properties of 
emergent neutrons. 

A subroutine EGMV which extracts the mean-free
path of a neutron from the data table, so that the 
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Monte Carlo tracking programme can determine the 
material in which the next collision occurs. 
MOULD is used only to add new sets of data to the 
MOULD library tape. CR and EGMV are embedded 
in the Monte Carlo tracking programme which uses 
ABSYNTH at the outset. An important feature of 
DICE is that it is independent of geometry, so that 
tracking programmes in one or two dimensions use 
DICE with equal facility. 

The fundamental feature of DICE is the standardiza
tion of the conversion process for all data sets. The 
ABSYNTH data table is provided with a reference 
system based on a hierarchical arrangement of six 
levels of consultation. At each level a smaller and 
smaller region of the data table is isolated in response 
to random sampling or otherwise, until a complete 
specification of the properties of a neutron emerging 
from a collision has been attained. 

Since different regions of the physical system which 
is be'ing studied may be of different materials, the 
tracking programme first sp~cifies a material and 
isolates the relevant block of data: for multi-com
ponent materials a second operation specifies the par
ticular component involved in a given collision, and a 
subset of the block already isolated is identified. This 
subset contains all the information required for every 
possible neutron reaction with the specified component 
material. The next step is to select one of the allowed 
reactions. If this reaction results in the emission of 
secondary neutrons the incident neutron energy is used 
to isolate a particular energy range within which are 
given the multiplicity, energy distribution, and direc
tional distribution of these secondary neutrons. The 
appropriate distributions are selected for each secon
dary neutron, and so the outcome of each collision is 
completely determined. 

Another version of DICE, suitable for weighted 
tracking, is available also. 

6. HOPES FOR INTERNATIONAL 
COLLABORATIOt-1 

To prepare a complete set of evaluated cross sections · 
for a single nucleus, over the full energy range, is a time
consuming process. To prepare a library of data for all 
the nuclei of interest in reactor physics, and to keep it 
up to date in the light of new measurements is a task 
beyond the capacity of a small group. Existing evalua
tion groups, working independently, have all had to 
treat some parts of the work in less detail than is desir
able. Widespread international collaboration in this 
field is an urgent necessity if full value is to be obtained 
from the money invested in experimental work. 

For this reason members of the UKAEA evaluation 
groups have participated actively in the work of Com
pilation Study Groups set up by the European Ameri
can Nuclear Data Committee; we have benefited from 
the informal collaboration which ensued, and have 
made copies of the UKAEA data library available to 
other laboratories on a reciprocal basis. Some prac
tical measures to promote the necessary collaboration 
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are described below: 
(a) The exchange and use of data files prepared in 

different laboratories would be simplified by agree
ment on a common format to be used internationally 
for storage of evaluated data on punched cards or 
magnetic tape. Several evaluation groups have already 
agreed to make use of the UKAEA format for this 
purpose as it is the most complete and flexible one 
published at the time of writing. 

(b) Every evaluation group needs a complete and 
up-to-date bibliographical reference index, but it is 
becoming increasingly difficult for each small group to 
undertake a sufficiently complete literature search and 
an adequate degree of cross-referencing. To overcome 
these difficulties several prominent evaluation groups 
have agreed to collaborate in maintaining the auto
mated reference index system CINDA devised by 
Goldstein [25]. 

(c) A list of existing compilations of evaluated cross 
section data has been prepared by Parker [26]. Un
fortunately it is often difficult to ascertain the status of 
a compilation. This emphasizes the importance of an 
adequate write-up of any new compilation; it is 
especially important that any shortcomings should be 
faithfully reported. 

Evaluation work need not be confined to the larger 
laboratories; however, access to a good library is 
necessary, and contact with theoretical nuclear physi
cists and experimental workers is important. 

PART TWO 

7. EVALUATION OF DATA ON THE 
THERMAL NEUTRON SCATTERING LAW 

Prediction of reactor parameters in advanced 
thermal reactor systems requires more detailed know
ledge of the slow neutron spectra than can be deduced 
from a limited series of reaction rate measurements on 
zero energy assemblies. This is particularly true for 
reactors in which the fuel or moderator composition 
changes during lifetime (for instance during high burn
up where plutonium is produced and burnt, and in 
spectral shift reactors); and in reactors in which there 
are moderating materials at very different tempera
tures (as in the Steam Generating Heavy Water 
reactor-SG HW). 

It is necessary to be able to do multigroup neutronics 
calculations of the distributions of thermal neutrons in 
reactor systems, and there is a need for evaluation of 
cross sections for energy transfer between neutrons 
and moderating atoms. Since it is not practicable to 
measure partial differential cross sections a(E-+E',8) 
over the complete range of incident neutron energies 
E, final energies E', and angles 8, at all temperatures 
required, it is necessary to rely heavily on theoretical 
methods of extrapolation and interpolation of the 
experimental results. The adequacy of the cross 
sections produced is most convincingly checked by 
comparing measured spectra in simple geometrical 
arrangements with theoretical predictions based on the 
calculated data. Thus the production of scattering data 
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to be used in reactor calculations involves the three 
stages of (a) measurement, (b) calculation and pro
cessing, (c) assessment. 

Measurement 

The measurement of scattering cross sections in the 
thermal region is described by Batchelor, Egelstaff, 
Ferguson and Rae [1]. The results are presented in the 
form of a "scattering law" S(a,fJ) which is related to 
a(E---+E', 8). For a moderator with a single nuclear 
species of mass A times the neutron mass, 

a(E---+E', 8) = ab(47TkT)-1V E'/E exp( -fJ/2) S(a,fJ), 

where ab is the bound atom cross section, and kTis the 
temperature in energy units. The dimensionless vari
ables a and fJ represent the square of the momentum 
transfer, and the energy transfer between the neutron 
and moderator: 

a= (AkT)-l[E+E'-2VEE' cosO]; fJ= (E'-E)jkT 

When more than one species is present, it is conven
tional to express a(E---+E',B) in the same form with ab 
referring to the dominant scatterer (e.g., protons in 
hydrogenous material). 

The general theory of the scattering law has been 
presented elsewhere [27,28]. In general S(a,fJ) consists 
of the sum of a number of terms: a "self" term for each 
nuclear species and "interference" terms both for 
interference scattering from one nuclear species and 
between different species. 

Calculation and processing 

At present the extrapolation of the experimental 
measurements is based on the "incoherent Gaussian" 
approximation. The nature of this approximation is 
described in Ref. [28], and it is thought to be sufficiently 
accurate to describe the thermalization properties of 
most moderators, though some correction is needed to 
evaluate the total cross section from it in coherent 
scatterers. Within this approximation, S(a,fJ) is ex
pressed in terms of a normalized frequency func
tion p(fJ), which, however, may be rather strongly 
temperature dependep.t. 

A related function p(fJ), given by 

p(fJ) = tfJ p(fJ) cosech(fJ/2), 

may be obtained from the experimental measurements 
[28] for a range of values of fJ, but for very small and 
very large values of fJ information about p(fJ) must be 
obtained from other sources (e.g., infra-red absorption 
for large fJ). 

Two computer programmes are now available for 
the computation of S(a,fJ) from a given p(fJ), and for 
the computation of cross sections for reactor calcula
tions from S(a,fJ). Both programmes exist in versions 
for the IBM 7090 and IBM 7030 (STRETCH) 
computers. 

The programme LEAP [9] calculates S(a,fJ), given 
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p(fJ) in numerical form, using the methods described 
in Ref. [28]. In addition to dealing with continuous 
distributions of p(fJ), the programme can also admit 
8-functions in the distribution, to represent for exam
ple, internal molecular vibrations in the scatterer. The 
running time of the programme depends very much on 
the form of p(fJ) and the mass of the scatterer, but as 
an example, a scattering law for water with ninety 
values of a and ninety of fJ takes about 25 minutes on 
the IBM 7090, or 10 minutes on STRETCH. 

The programme PIXSE [10] is a flexible processing 
programme to calculate either "point" or "group" 
scattering matrices to be used in transport calculations. 
The output of the IBM 7090 and STRETCH versions 
may be used directly in the transport theory pro
grammes Winfrith DSN [21] and STRAINT [20] 
respectively. 

The input to PIXSE is either a tabular set of values 
of S(a,fJ) (the output from LEAP), or parameters 
specifying one of two possible analytical forms of 
S(a,fJ)-the monoatomic gas or a "width model" [29] 
which corresponds to a one parameter representation 
of p(fJ). PIXSE computes: (a) the isotropic component 
and angular moments of the microscopic cross sec
tions a(E---+E',B) and (b) group-averaged cross sections 
agg', with any desired group structure and with any 
specified weighting spectrum within each group. In 
addition to cross sections within the thermal region, 
PIXSE calculates the source of neutrons in each group 
due to scattering from above the thermal region, and 
the loss of neutrons by upscatter out of the thermal 
region. A forty-group calculation from a tabulation of 
S(a,fJ) takes between 4 and 20 minutes. 

Assessment 

In order to assess the adequacy of the scattering 
laws obtained by the combination of experiment and 
theory outlined above, a large programme of measure
ments of thermal neutron spectra has been carried out 
at Harwell. As well as measurements in homogeneous 
systems, experiments have been performed in systems 
in which there are spatial variations of the spectrum. A 
review of the experimental programme has been given 
recently by Poole et a/. [30]. A more detailed assess
ment of scattering laws on the basis of these experi
ments is in preparation. 

One of the aims of this work is to see to what extent 
simplified models of the scattering law, such as the 
width model, are capable of producing adequate pre
diction of reactor parameters. It is now well estab
lished that in many cases reactor parameters are in
sensitive to details of the neutron spectrum [31-33] 
provided the variation of total cross section with 
energy is given correctly. A width model for water has 
been used with some success in predicting reaction 
rates in the SGHW lattice [34]. However, such models 
cannot be used with complete confidence for all pur
poses until they have been shown to give agreement 
with measured energy distributions in a wide variety of 
experimental conditions. 
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APPENDIX 
Key references to the data available in the library 

A brief account of the data in the library, or refer
ences to it may be found in [8]. More detailed reports 
are available for some materials, namely: 

Be Parker, K., A WRE 0-27/60 (1960) 
C Parker, K., A WRE 0-71/60 (1960) 
Na Moorhead, T. P., AEEW-R254 (1963) 
Zr Hemmings, P. J., AHSB(S)R62 (1963) 
135Xe Sumner, H. M., AEEW-Rl16 (1962) 
235U Parker, K., A WRE 0-82/63 (1963) 
23BU Parker, K., AWRE 0-79/63 (1963) 
Reference [35] gives a summary of data for many of 

the materials, but is now partially obsolete. Finally, 
Ref. [36] gives the photon cross sections for H, C, N, 
0, AI, Fe, Pb, U, and Pu. 
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ABSTRACT -RESUME-AHHOTALU·1JI-RESUMEN 

A/168 Royaume-Uni 

Evaluation, stockage et utilisation 
des donnees nucleaires 
pour les calculs des reacteurs 

par J. S. Story et a/. 

Grace a )'utilisation des machines a calculer per
fectionnees, Ies calculs des reacteurs soot maintenant 
beaucoup plus precis et plus detailles qu'ils ne pou
vaient l'etre au debut de l'industrie atomique. Ces 
progn!s ont ete favorises par les mesures des sections 
efficaces vis-a-vis des neutrons, qui ont ete ameliorees 
tant en nombre qu'en precision. Cependant, Ia prepara
tion des valeurs derivant de ces sections efficaces et 
necessaires pour le calcul des reacteurs peut etre 
extremement laborieuse. Pour surmonter cette diffi
culte d'une maniere systematique_, les chercheurs de 
l'UKAEA sont en train d'etablir une collection de 
valeurs, sous forme de cartes perforees et rubans ma
gnetiques, portant sur la gamme complete des sections 
efficaces fondamentales necessaires - cela avec des 
programmes de traitement souples pour obtenir les 
valeurs deduites des sections efficaces. 

La premiere partie du memoire decrit ce travail. On 
discute Ia maniere d'evaluer les sections efficaces de Ia 
collection. Pour que celle-ci soit facilement utilisable 
pour les calculs des reacteurs, elle doit contenir une 
gamme complete de donnees relatives aux materiaux 
les plus importants. Ainsi, la premiere etape de ce 
travail est-elle une entreprise d'assez grande envergure; 
elle est maintenant achevee en ce qui concerne Ia 
collection de donnees de l'UKAEA. A l'heure actuelle, 
cette collection comprend les sections efficaces neu
troniques dans la gamme de 1 meV a 15 MeV pour 
39 elements,, y compris les distributions angulaires et 
energetiques des neutrons secondaires. Certaines sec
tions efficaces pour les photons dans la gamme de 
10 ke V a 20 MeV soot egalement disponibles. 

La presentation utilisee dans la collection est tres 
souple et permet de representer les donnees a Ia fois 
sous forme de tableaux et de maniere parametrique. 
Cette derniere solution est tres avantageuse dans 
certaines parties de la gamme energetique, si l'on dis
pose de programmes de calcul pour !'interpretation. 
De tels programmes soot actuellement utilises et 
d'autres en preparation. Les donnees etant tres nom
breuses, un utilise plusieurs programmes auxiliaires 
afin de mecaniser les travaux tels que la verification, 
la modification et !'impression de Ia collection. 

Les principaux << programmes de traitement )> mis au 
point pour l'emploi avec la collection soot: GALAXY, 
qui donne des sections efficaces multigroupes, et 
DICE, qui prepare les donnees pour les calculs par Ia 
methode Monte-Carlo et facilite !'etude des donnees 
obtenues. 

L'extension de la collection et sa mise a jour a Ia 

lumiere de nouvelles mesures est une tache continue, 
qui deviendra vraisemblablement de plus en plus 
difficile et urgente avec ('augmentation croissante du 
nombre des nouvelles donnees experimentales. Une 
collaboration internationale est necessaire pour tirer 
pleinement parti des travaux experimentaux. Une 
certaine collaboration non officielle· est deja amorcee. 

La deuxieme partie decrit les travaux effectues sur 
!'evaluation des donnees relatives a Ia loi de diffusion 
des neutrons thermiques; cet exemple sert a illustrer 
plusieurs problemes exposes d'une far;on generale dans 
Ia premiere partie. La section efficace differentielle de 
diffusion ne peut etre mesuree dans toute Ia gamme des 
energies et angles de diffusion initiaux et finaux ainsi 
qu'a toutes les temperatures voulues. Aussi est-il 
necessaire de recourir beaucoup a la theorie pour 
interpreter et extrapoler les mesures. On verifie la 
validite des lois de diffusion ainsi obtenues en faisant 
appel aux mesures des spectres neutroniques dans des 
ensembles moderateurs. 

A/168 Coe,o,HHeHHoe KoponescTao 

Ou,eHKa, c6op H o6pa6orKa HAepHbiX 
KOHCTaHT Anfl paC46Ta peaKTOpOB 
,D, >K. C. CTopH et al. 

BJiaroAapu ncnoJILaonaHHIO Kpynublx conpeMeH

HbiX Bbi'IHCJIHTCJibHbiX MaiUHH 3H31JHTCJibHO IIOBLI

CHJI3Cb TO'IHOCTb paC'ICTOB peaKTOpa IIO cpaBHCHHIO 

C TO'IHOCTbiO B nepBLie rOAbl C03A3HHH aTOMHOii 

npOMbllliJICHHOCTH. 3TOT IIporpeCC CT3JI B03MOlliCH 

TaKme 6JiarOA3PH H3JIH'IHIO 6oJihlliOrO KOJIH'ICCTBa 

:mcnepnMeHTaJihHblx AaHHbiX no ueii:TpoHHLIM 

CC'ICHHHM, HaMepeHHbiM C 6oJiee BbiCOKOH TO'IHO

CTbiO. 0AHaKO onpe,n;eJieHHe npoH3BO,ll;HbiX BCJIH

'IHH, He06XO,ll;HMbiX ,ll;JIH peaKTOpHbiX paC'ICTOB, 

OCTaeTCH BCC e~e '1pC3Bbi'I3HHO Tpy,n;oeMKHM 

upon;eccoM. ,z::t;JIH npeOAOJieunu aToii TPYAHOCTII 

COTPYAHHKH YnpanJieunu no aToMuoii: aueprnu 

BeJIHKo6pnTaHHH aaunMaiOTCR cncTeMaTu'leCKHM 

KOMnJICKTOBaHHCM 6H6JIHOTCKJI H,n;epHbiX KOH

CT3HT, perHCTpHpyeMbiX Ha nep!floKapTaX II Mar

HHTHbiX JICHTax. PerncTpnpyeTCH noJIHhlii ,n;nana

aou HC06XOAHMbiX H,n;epHbiX CC'ICHHH H BCACTCJI 

pa3HOCTOpOHHHH o6pa6oTKa ,n;aHHbiX l);JIH IIOJIY'IC

HHH npOli3BOAHLIX BCJili'IHH. 

fiepBaH '13CTb AOKJiaAa IIOCBH~eHa onHCaHHIO 
aTHX pa6oT. 06cyml);aeTCH npon;ecc on;euKH ceqe

uHii, BKJII0'13CMbiX B 6H6JIHOTeKy H,n;epHbiX KOH

CTaH'I'. 1bo6LI 6h1Th noJieauoil AJIH pacqeToB peaK

Topa, 6H6mtoTeKa p;oJimHa co;n;epmaTb noJIHbiH 

KOMnJICKT A3HHbiX no HaH60JICC B3lliHbiM MaTe

pHaJiaM. B uaqaJibHoii CTaAHH c6op KOHcTaHT 

npe,n;cTaBJIHJI 6oJILmne TPYAHOCTH, uo B nocJiep;uee 

BpCMH 3TY !flyHKD;HIO BblnOJIHHCT 6n6JIHOTCKa 

HAepuLix KoHcTaHT YnpaBJieHBH no aToMuoii 
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3Hepruu BeJIHRo6puTaHHH. B aacTo~ee BpeMH 
6u6JIHOTeRa pacnoJiaraeT )J;aHHbiMH no aeifTpoa

HbiM Ce'leHHJIM B HHTepBaJie 3HeprHH OT 1 )1;0 

15 Mse )J;JIH 39 MaTepuaJioB, BRJIIO'IaH yrJioBoe H 

3HepreTH'IecRoe pacnpe)J;eJieuue BTopH'IHbiX ueif

TpouoB. .lfMCIOTCJI TaRme HCI\OTOpble Ce'ICHHJI )J;JIJI 

«floTOHOB B HHTepBaJie oT 10 nae 11;0 20 Mae. 
<l>opMaT 6H6JIHOTeRH O'leHb rH6RHH, OH n03B0-

11HeT )J;aBaTL RaR napaMeTpuqecRoe, TaR u Ta6-

JIH'IHoe npe)J;cTaBJieuue ROHCTaHT. IlocJie)J;Hee o6-

CTOJITeJILCTBO JIBJIJieTCJI BamHbiM )J;JIJI HeROTOpbiX 

3HepreTH'ICCRHX 06JiaCTeii B CJiyqae, eCJIH Bbi'IHC

JIHTCJibHble nporpaMMbi npHrO)J;Hbl )J;JIJI HX HHTep
npeTaqHH. HeRoTopwe ua 3THX nporpaMM uc

HOJIL3YIOTCH yme B uacToHw;ee BpeMJI, 11;pyruc 
HaXO)J;JITC.II B CTa)J;HH paapa60TKH; IloCROJILRY 

H)J;epHbiX 1\0HCTaHT O'leHb MHoro, TO B 6u6JIHOTe

Re HCnOJib3YIOTCJI HCI\OTOphle BCIIOMOraTCJibHhle 

nporpaMMbl )J;JIH MexaHuaaquu TaRux pa6oT, RaR 

CBepRa, RoppeRTHpOBRa H IIe'laTaHHe 6H6JIHOTeRH. 

OcuoBHbiMH nporpaMMaMH no o6pa6oTRe ROH

CTaHT, COCTaBJICHHbiMH )J;JIJI o6w;ero nOJib30BaHHJI 

6u6JIHOTeRoii, HBJIHIOTCH GALAXY, RoTopa.H 
)J;aeT MHororpynnoBhle ce'leHHH, H DICE, ROTopaH 

roTOBHT )J;aHHble ,li;JIH pac'leToB no MeTOAY MoHTe
RapJio H ,li;JIH BCnoMoraTeJILHLIX pac'leToB npona

BO,O:HbiX BCJIH'IHH. 

IlpoBO,li;HTCH pa6oTa no pacmnpeuu10 6u6Jiuo

TeRH H no,n:,~~;epmaHHIO ee Ha COBpeMeHHOM ypOBHe 
B cBeTe HOBbiX HaMepeuuii. TaRaH pa6oTa cTauo

BHTCH BCe 6oJiee HC06XO,li;HMOH no Mepe poCTa 

1\0JIH'IeCTBa HOBbiX 31\CnepHMeHTaJibBbiX peayJILTa

TOB. ,li;JIH uau6oJiee noJiuoro c6opa 3RcnepuMeH

TaJILHbiX ,n:aHHbiX He06XO)J;HHa OpraHHaaqHJI Me

m,ll;yHapO,li;HOfO COTpy,li;HH'IeCTBa B 3TOH o6JiaCTl1. 

HeRoTopoe ueo«fluquaJILHoe coTPYAHH'IeCTBO yme 
Ha'laTO. 

Bo BTopoif qacTH 1-WRJia,n:a cyMMHpyeTcH pa6o
Ta ITO oqeHRe ROHCTaHT, noJiy'leHHbiX H3 33ROHa 

pacceHHH.II TelJJIOBbiX HeiiTpOHOB; H91\0TOpble TO'I-

1\H OCHOBHbiX ypOBHeii, npHBe,ll;eHHbiX B nepBOH 

'13CTH, HJIJIIOCTpHpyiOTCJI npHMepaMU. ,lJ;u«fl«flepeH
qHaJibHble Ce'leHH.II paCCCJIHH.II He MOfYT 6b1Tb H3-

MepeHbl B )J;HanaaoHe OT Ha'laJILHOH )1;0 ROHC'IHOH 

3Hepruu u ,n:JIH Bcex yrJioB pacce.RHHH npH Tpe6y

eMhlX auaqeHHJIX TeMnepaTyphl. IloaToMy ueo6-

XO,li;HMO HCnOJIL30BaTb TeopeTH'IeCI\He peayJILTaTbl 
)J;JIJI HHTepnpeTaqHH H 31\CTpanOJIJiqHH 31\CnepH
MeHTaJILHbiX )1;3HHbiX. IlpHfO,li;HOCTL 331\0HOB pac

CeJIHHH, noJiyqeHHbiX TaRHM o6paaoM, onpe)J;e

JIJieTcH Ha OCHOBe H3MepeHHii cneRTpa HeifTpOHOB 

B aaMC,li;JI.IIIOID;HX c6opRaX. 

A/168 Reino Unido 

Evaluaci6n, archivo y tratamiento de datos 
nucleares para el calculo de reactores 

por J. S. Story et a/. 

Debido al uso de grandes calculadoras, los calculos 
del reactor son hoy dia mucho mas precisos que en los 

J. S. STORY eta/. 

primeros tiempos de Ia industria de Ia energia nuclear. 
Colaboran eficazmente en este desarrollo el elevado 
numero y Ia mayor precision de las medidas de 
secciones eficaces. Sin embargo, Ia preparacion de las 
magnitudes que de elias se deducen necesarias en los 
calculos puede ser extraordinariamente laboriosa. 
Para veneer esta dificultad se esta trabajando siste
maticamente en la UKAEA para preparar una colec
cion de datos en fichas perforadas y en cinta magne
tica del total de secciones eficaces nucleares basicas, 
que junto con el uso de programas versatiles de trata
miento de datos han de suministrar las magnitudes 
derivadas que se precisen. 

La primera parte de la presente memoria describe 
este trabajo. Se discute el proceso de evaluacion de las 
secciones eficaces que se incluinin en el catalogo. Para 
que una coleccion de datos sea util en los calculos de 
reactores ha de contener toda una serie de ellos para 
los materiales mas importantes. Por lo tanto, la etapa 
inicial de su preparacion es una empresa de gran 
envergadura, que ya ha sido terminada en lo que a la 
coleccion de datos de la UKAEA se refiere. En la 
actualidad, consta de secciones eficaces neutronicas en 
el intervalo 1 me V - 15 MeV para 39 materiales, 
incluyendo distribuciones angulares y energeticas 
de neutrones secundarios, Tambien estan incluidas 
algunas secciones eficaces de rayos gamma en el 
intervalo 10 keY- 20 MeV. 

El forma to de la colleccion es muy flexible, pudiendo 
incluirse en ella los datos bien en tablas, bien en forma 
parametrica. Esta ultima forma tiene considerables 
ventajas en algunas regiones del espectro energetico si 
se dispone de programas para su interpretacion, 
algunos de los cuales ya estan en uso y otros se estan 
desarrollando. Debido a Ia gran cantidad de datos se 
usan varios programas auxiliares para automatizar 
trabajos de comprobacion, modificacion e impresion. 

Los principales programas de tratamiento de datos 
desarrollados para uso general son: GALAXY, que 
proporciona secciones eficaces para varios grupos, y 
DICE, que prepara datos para calculos de Monte 
Carlo y los organiza para facilitar su consulta. 

El aumentar la coleccion de datos y mantenerla al 
dia es una labor continua que se bani probablemente 
mas precisa y urgente conforme aumente la cantidad 
de nuevos datos experimentales. Para obtener pleno 
rendimiento del trabajo experimental se hace precisa la 
colaboracion internacional. De manera no oficial 
existe ya cierta colaboracion. 

En la parte 2. a se resume la evaluacion de datos sobre 
Ia ley de dispersion de neutrones termicos; varios 
puntos examinados en terminos generales en Ia parte 1. a 

se ilustran mediante este ejemplo. La seccion eficaz de 
dispersion diferencial no puede medirse en todos los 
intervalos de energias iniciales y finales de angulos de 
dispersion, ni para todas las temperatura,s requeridas. 
Por lo tanto, es preciso interpolar y extrapolar las 
medidas con ayuda de modelos teoricos. Las leyes de 
dispersion obtenidas de esta forma se comprueban 
recurriendo a medidas de espectros neutronicos en 
conjuntos moderadores. 
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Calculation of reactor power and temperature distribution 
in three spatial dimensions 

By A. B. Whiteley,* R. Prescott,* J. J. Syrett,** J. Walsh,*** A. N. Buckler,**** 
J. G. Tyror,**** and H. E. Wrigley***** 

This paper describes the development of a large 
scale computer programme SKIP [I] to calculate 
reactor flux and temperature distributions in three 
spatial dimensions. The major section of this work is a 
diffusion theory calculation for up to five neutron 
energy groups with explicit reactivity feed-back from 
associated equations defining material temperatures 
and xenon-135 concentration. Ancillary programmes 
to calculate absorber constants (Section 4) and detailed 
local flux distributions (Section 5) have also been 
developed. 

This work, which is a joint CEGB/UKAEA enter
prise, was undertaken for the following reasons: 

(a) CEGB reasons: The safe and economic opera
tion of current and future CEGB power reactors 
requires detailed knowledge of reactor power and 
temperature distributions, often on a channel by 
channel basis. Absorber loading studies and studies of 
start-up conditions when the flux and hence tempera
ture distributions are distorted by partially inserted 
absorbers thus require a large flexible computer 
programme. 

(b) UKAEA reasons: Primarily for design problems 
and general studies of a wide range of reactor types 
including water moderated and fast reactors. 

(c) Development potentia(: The present steady state 
calculation has also been conceived as the starting 
point for elaborate three dimensional kinetic and 
burn-up programmes. Experience with other advanced 
computer programmes [2, 3] and developments in the 
computer field led to the belief that the project was 
both necessary and feasible. 

1. GENERAL PRINCIPLES OF SKIP PROGRAMME 

Explicit reactivity feed-back from temperatures 
and xenon 

The group diffusion equations are solved in a non
linear form, i.e., the coefficients are functions of 

* Computing Branch, Research and Development 
Department, CEGB, London. 

** Reactor Physics Section, Research and Development 
Department, CEGB, London. 

***Department of Mathematics, Manchester University. 
**** Reactor Development Laboratory, UKAEA, Wind

scale. 
*****Atomic Energy Establishment, UKAEA, Winfrith. 

material temperatures and xenon-135 concentration 
which in turn are functions of the neutron flux distribu
tion. In practice the equations are solved in a quasi
linear manner with periodic recalculation of tempera
tures and xenon concentration and consequent modi
fication of the diffusion equation coefficients. 

Few group diffusion equations 
Up to five neutron energy groups are allowed with a 

general scatter matrix between the groups. This feature 
permits wider application of the programme than a 
more conventional two group model. However, 
advantage may be taken of simpler scatter schemes, 
particularly when down-scatter only is present, i.e., 
neutrons scatter from higher to lower energy groups 
only. 

Restrictions on mesh size 
Considerations of computation time and programme 

organisation within the computer led to the maximum 
number of finite difference mesh points being limited 
to ,_,)5000 with cartesian mesh geometry. 

Heat transfer 
The heat transfer equations solved by the first ver

sion of the programme apply to a civil gas-cooled 
graphite-moderated reactor. The solution of these 
equations forms a self contained sub-routine with the 
minimum of linkage with the main programme. Thus 
it will be relatively straightforward to replace this 
section by another describing the thermal aspects of a 
different reactor type. 

2. MAJOR PROBLEMS 

Method of representing discrete absorbers 
The representation of discrete absorbers presents a 

problem in any diffusion programme. In the Sl<.IP 
approach there arises the additional problem of repre
senting an absorber which lies neither at a mesh inter
section nor at the centre of a mesh area. This difficulty 
arises from the fact that the number of mesh points is 
often insufficient for an individual channel representa
tion. The approach adopted and the method of obtain
ing numerical values for the absorber properties are 
discussed more fully in Section 4. 
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Combination of heterogeneous and homogeneous 
methods 

In order to study small areas of the reactor on a 
channel by channel basis, it is necessary to develop 
fine structure calculations using the diffusion solution 
to give the background macroscopic flux. This is done 
by taking an array of homogeneous fluxes covering the 
area in question. Second-order surfaces are then fitted 
to these fluxes from which the boundary conditions for 
the fine structure calculations are derived (see Sec
tion 5). 

Numerical Analysis and Programming 

The major problem in the field of numerical analysis 
was the choice of method of iterating through the non
linear flux equations. Point, block, and alternating 
direction iterative schemes were considered but the 
final choice was for a point successive over-relaxation 
scheme as the techniques were well established and 
convergence was reasonably assured in the non-linear 
situation. Convergence is accelerated by applying 
Chebychev extrapolation to the sources and the finite 
difference equations are set up by the method of 
Varga [4] (see Section 6). 

A programme of the size and complexity of SKIP is 
only practicable with computers of the class of the 
IBM 7090. Many of the programming problems are 
specific to the particular machine characteristics and 
great use has been made of the overlapping input/out
put facilities of the 7090. Much of the programme has 
been written in FORTRAN but certain sections have 
had to be written in machine language for greater 
efficiency. 

3. DESCRIPTION OF THE BASIC 
DIFFUSION PROGRAMME 

Neutronics equations 

The basic form of the few group diffusion equations 
are given in Eqs. (1), (2), (3) in Appendix 1. It will be 
noted that the effect of both fixed and movable ab
sorbers are included as local additions to the macro
scopic absorption cross-sections. 

It is implicitly assumed that the few group data can 
be calculated without detailed knowledge of the local 
neutron energy spectrum, i.e., there is effective separa
bility of spectrum and spatial effects. Spatial variation 
of nuclear properties is allowed for by defining geo
metrical regions within the core in which particular 
sets of properties exist and up to 100 sets of data may 
be used in two group cases. Fission and absorption 
cross-sections are allowed a linear temperature 
dependence, Eq. (6)", whilst the gn~up multiplication 
constants are allowed a more elaborate temperature 
dependence involving both mean moderator and mean 
fuel temperatures as shown in Eq. (5) of Appendix 1. 

Nuclear data in a form suitable for the SKIP 
programme must be obtained from independent lattice 
calculations. A number of methods are in existence 
ranging from the two-group correlated approach 
developed for the UK civil gas-cooled graphite-
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moderated reactors [5] to an elaborate scheme based 
on a 40 energy group transport theory calculation (6]. 

Fixed source ·terms may be included either as a 
uniformly distributed source or as discrete line or 
point sources. Thus sub-critical flux distributions may 
be calculated if desired. 

The external boundary conditions are general in 
form, i.e., there may be coupling between the energy 
groups via the boundary conditions. This enables 
reflector effects to be represented by the boundary 
conditions and eliminates the need for extending the 
finite difference mesh into the reflector region with a 
resulting saving in the number of mesh points at which 
the flux equation must be solved. 

The xenon concentration at each point is calculated 
directly from Eq. (4) of Appendix 1 and is recalculated 
periodically as the flux iterations proceed. Other 
fission product poisons are not calculated explicitly 
and must be included in the nuclear data. 

Heat transfer model 

The present heat transfer model is based on a 
typical UK civil gas-cooled reactor. The fuel, coolant 
channel and moderator are divided into concentric 
regions in each of which the mean material tempera
ture is calculated. These regions are distributed two in 
the fuel, one in the can, one in the coolant and up to 
ten in the moderator. In addition, temperatures are 
calculated at the centre and surface of the fuel, and at 
the channel surface of the moderator. Thus, at any 
axial point in the channel, up to 17 temperatures may 
be calculated. 

Mean moderator and mean fuel temperatures at 
each point are derived by suitably averaging the 
appropriate regional temperatures and it is these mean 
temperatures which modify the nuclear properties and 
hence the coefficients in the diffusion equations. A 
limited amount of spatial variation of heat transfer 
data is permitted to allow different fuel elements or 
channel properties to be represented in different parts 
of the core. Some temperature dependence of thermal 
properties (e.g., thermal conductivities) is also allowed. 

Criticality and normalisation options 

The solution of the steady state diffusion equations 
in an eigenvalue problem and this means in general 
that some parameter must be altered to obtain a 
critical state. Three alternative methods are available: 

(a) Alter the penetration of a group of absorbers 
(control rods) 

(b) Apply a constant multiplying factor to the group 
multiplication constants Ki at every point 

(c) Change the absorption cross-section equally at 
every point. 

The programme must also normalise the absolute 
flux level to satisfy some desired thermal criterion. 
Again, a number of alternative options are available 
and these include reactor power, coolant outlet tem
perature, maximum can temperature and maximum 
fuel temperature. 
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Data and output edit facilities 

The programme demands a large volume of input 
data and a single case can produce up to 300000 
numbers as output. It is therefore essential that exten
sive edit facilities are available to display both input 
data and output for .easy checking and assimilation. 
Two types of output format are available; one in 
which selected variables on a given horizontal plane 
are printed out in plans corresponding to the reactor 
geometry, the other printing out the axial distribution 
of neutron flux, xenon concentration and material 
temperatures in any selected channel. 

4. REPRESENTATION OF ABSORBERS 

A new method of absorber representation in finite 
difference codes has been developed to permit the 
absorbers to be positioned at any point within a mesh 
region [7]. The method is based on the expansion of 
the flux surrounding the absorber into radial har
monics retaining up to second order terms. The finite 
difference estimates of neutron currents into, and 
absorption within, the region containing the rod(s) are 
then corrected using this analytical expansion. 

Outline of method 

The two-group fluxes at any point (r,B) in a region 
containing R absorbers is expressed as: 

</>r = uZ1 -vZ2 </>th =Zt +Z2 

2 R 
~ ln(f3r) [An cos nB + Bn sin nB] + ~ Gt Yo (j:Jr' t) 
n~o i~t 

2 R 
~ In (yr) [ Cn cos nB +En sin nB] + ~ HtKo (yr' t) 
n~o i~l 

where u, v and {3,y are the conventional two-group 
coupling coefficients and bucklings respectively. 

The arbitrary coefficients are determined by equat
ing the analytical fluxes with the finite difference fluxes 
at the four corners of the surrounding region and from 
the extrapolation length boundary conditions at the 
surface of the absorber channels. In order to maintain 
the symmetry of the finite difference equations, it is 
convenient to introduce the corrections in the form of 
four pseudo-absorption cross-sections for the four 
quadrants of the mesh region. For· the jth quadrant, 
we have for each group: 

rpjf.Lj = 

~2{J1_1-Ji_-D [2</>J -(</>J-1 +rf>J+t)] +i~t S1A1} 

where S1 is the fraction of the rod surface in the jth 
quadrant. The currents J are obtained by integration 
over the boundary in question and the rod absorp
tion(s) A from A =21TaD,P(a)/'A where a is the rod 
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radius and 'A the extrapolation length into the control 
rod. 

In order to simplify the computation of the neutron 
current integrals, the Bessel functions have been 
expanded into expressions which can be integrated 
analytically and two alternative expansions have been 
investigated. 

Comparison of method with analytical solution 

Comparisons hav~ been made between the method 
outlined above used in conjunction with a specially 
written two dimensional finite difference programme 
and an analytical solution based on the methods of 
Codd and Rennie [8]. The comparisons were made 
for an array of 52 control rods distributed over a 
typical magnox reactor. These comparisons show that 
reactivity held by the rods and neutron flux can both 
be predicted to within 2% of the values obtained 
analytically. Simple "smearing" of the rods over the 
mesh region on the other hand gave errors in the order 
of 40% in the reactivity held by them. 

The methods described above are exploratory and 
do not cover all situations likely to arise in practice. 
Thus in two dimensional calculations the methods 
refer to interstitial rather than in-channel absorbers. 
For three dimensional calculations, it is suggested that 
a series of two dimensional calculations are performed 
to obtain correction factors as a function of axial 
height in the rodded zone, with the use of conventional 
finite difference equations in the region beneath the 
rods. Near the rod tip, some empirical joining function 
f(B) for rods penetrating a fraction 8 into the mesh 
volume should be applied to the correction factors. 

5. HETEROGENEOUS STUDIES 

The solution of the homogeneous neutron diffusion 
equations using a coarse finite difference mesh pro
vides a broad macroscopic picture of the reactor 
power distributions. For many operational purposes 
it is desirable however to obtain more accurate 
channel-to-channel solutions-especially near channel 
vacancies, absorbers or other lattice singularities. 

In SKIP we endeavour to meet this requirement by 
having the ability to superimpose a solution of the 
heterogeneous neutron flux equations upon the macro
scopic solution. The coarse-mesh finite difference 
solution for the reactor is used to provide a boundary 
condition on a special sub-region of the reactor which is 
then treated using heterogeneous methods. Routines 
are available for investigating small two and three 
dimensional sub-regions in this way but they are 
limited to two neutron energy groups. 

The basic heterogeneous method 

Group diffusion theory with two energy groups is 
used in the special region and the fuel channels are 
represented by a series of line sources of fast neutrons, 
sinks of thermal neutrons and thermal dipoles to allow 
for neutron streaming in the channels. The solutions 
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for the fast and thermal fluxes are: 

4><7> = ~{KF111kPk- KMkak + KDk 8kc-r -rk>} 
k _. --+ 

r-rk 

where 
pk =fast source strength of the channel at rk 
ak =thermal sink strength of the channel at fA: 
_ _.. 

Bk =dipole strength of the channel at rk 
and the Kk are the diffusion theory kernels giving 

flux distributions around sources at rk. 
In order to determine the unknowns Pk, ak and Bk, 

we require three equations for each channel. Neutron 
balance considerations in the channel for each group 
give two equations relat'ing the mean fluxes and flux 
gradients at the channel wall through the known 
neutron absorption, production and slowing down 
properties inside the channel. Considerations of dipole 
strength give a third relation; it has been shown by 
Carter and Jarvis [9] that a void acts as a polarized 
medium with the dipole strength related to the thermal 
flux gradient in it by 

-+ 

Bk= -27TDMbk(Vc/>)k 

where bk is a term depending upon the geometry of the 
channel. It is assumed that the effect of the dipoles 
may be ignored in calculating the flux gradient. 

Combination of homogeneous and heterogeneous 
methods 

The work on combining the two approaches was 
performed by C. Sheffield and J. L. Bear (then of the 
English Electric Company Limited) under a UKAEA 
contract. The source-sink and homogeneous solutions 
are matched on the boundaries of the special region. 
This is done separately for fast and thermal groups 
using bounding conditions of the form: 

~i -JLFJ [ ~~] = 0 and c/>1 -JLMJ [ ~~ J = 0 

where JLF, JLM are extrapolation lengths derived from 
quadratic surfaces obtained from the homogeneous 
solution, and d/dn is the derivative normal to the 
boundary of the special region. 

In order that the heterogeneous calculation should 
satisfy these boundary conditions, the special region 
is surrounded by fast and thermal images in the fuel 
channels immediately outside the special region. (In 
order that boundary conditions derived from the 
homogeneous, macroscopic flux may be applied to the 
heterogeneous, microscopic flux it is necessary that 
the boundary of the special region should lie mid-way 
between fuel channels.) 

The complete set of all boundary conditions may be 
conveniently written in matrix form and the resulting 
eigenvalue equation is: 

(F*-XT*) V=O 
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where V is the eigenvector of unknown source-sinks 
and F*, T* are matrices of those coefficients which do 
and do not contain the fuel multiplication factor on 
which the eigenvalue X operates. This final system of 
equations is solved by iterating for. X and V on the 
matrix (T*)-1F* and the fluxes ~C!), ,P(J) obtained 
from the expressions above. 

6. NUMERICAL AND PROGRAMMING 
TECHNIQUES 

The finite difference form of the neutron diffusion 
equations may be expressed in matrix notation as: 

_,_ I _. 
Acp = ).B</> 

where--:[, is a vector whose elements are the flux values 
at mesh points and ,\ is the largest eigenvalue of the 
matrix A -1 B. and is initially unknown. The problem 
is non-linear as the elements of A and B depend on -;J 

This equation is solved iteratively as follows: 

Al*=B;{<n> 

Following which ,\(n+l) is estimated and 

__,. 1 __,. 
.p<n+l) = --</>* 

,\ ( n+ 1) 

Initially every iteration, and later less frequently the 
auxiliary equations are solved and the matrix coeffi
cients recalculated. The flux is scaled at the same time 
to give the required power level. 

The convergence of the iterative process is acceler
ated by Chebychev extrapolation, application of 
which is delayed until the shift in eigenvalue spectrum, 
which results from the recalculation of matrix co
efficients, is small. 

The equations for 1* at each stage of the iterative 
procedure above are themselves solved iteratively 
because of the large number of zero elements in the 
matrix A. The method used is point successive over
relaxation (SOR). No thorough analysis of the prob
lem was possible due to its non-linear nature and this 
method was chosen as the one most likely to prove 
satisfactory. More sophisticated methods may prove 
less efficient in non-linear cases where the finite differ
ence coefficients have to be recomputed frequently. 
The optimum acceleration parameters for the point 
SOR method are estimated by the programme once the 
major effect of the non-linearities has been taken into 
account. 

The programme is written for an IBM 7090 com
puter with 12 magnetic tape units. Tape is used as a 
backing store and as an input-output medium. The 
majority of the programme is in the FORTRAN II 
language, but certain sections are written in IBM 
machine code. For example, a machine coded routine 
is used for reading and writing tape in parallel with 
calculation in the computer, as this is not possible 
with FORTRAN Il. 
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7. KINETIC EXTENSION OF 
STEADY STATE PROGRAMME 

P/169 

The need to carry out reactor kinetic studies in three 
spatial dimensions is discussed ·in another paper pre
sented at this Conference [I 0] and the existing three 
dimensional reactor kinetic programmes STAB/ 
STABLE [3, II] are also described. The main limita
tion of these programmes is the restricted number of 
mesh points leading to a poor physical representation 
of the reactor and in some cases to poor numerical 
accuracy. The representation of control absorbers is 
also restrictive. A new three dimensional kinetic 
programme based on the SKIP steady state programme 
is being developed which will, it is hoped, overcome 
all these objections although at the expense of com
puting time (say !-t hour per time step on the IBM 
7090). The numerical techniques to be employed are 
similar to those used in the STAB/STABLE pro
grammes, i.e., fully implicit integration in time and 
semi-analytic treatment of delayed neutrons. 

8. COMPARISON WITH OTHER METHODS 
OF CALCULATION 

A number of other three dimensional diffusion 
theory computer codes are now in existence but these 
are straightforward finite difference solutions of the 
diffusion equation requiring a fine mesh size to predict 
with reasonable accuracy the neutron flux around 
absorbers. Furthermore, these other codes do not 
allow implicitly for the reactivity feedback effects of 
xenon and temperature on the flux distribution and 
reactivity. The effect of temperature is of particular 
importance in a gas-cooled graphite moderated 
reactor where the moderator and fuel temperatures 
can vary by over 200 oc across the reactor core, with a 
significant effect on the flux distribution and on the 
reactivity taken up by partly inserted control rods. 

Fully heterogeneous computer codes also exist for 
representing an entire reactor, but limitations in 
machine size and speed restrict these to a two dimen
sional simulation of only a few hundred channels. 
However, at the UKAEA Reactor Development 
Laboratory at Windscale, theoretical development of 
the solution of heterogeneous problems by finite 
difference methods is in progress [12] and it is hoped 
that this will enable much larger three dimensional 
heterogeneous problems to be solved in a time com
parable with that required for a finite difference 
diffusion theory solution of the same problem treated 
homogeneously. 

The SKIP programme has so far only been run on 
test cases with about 2000 mesh points but extrapola
tion from these results gives a computation time of 
1 i to 2 hours for a 10000 mesh point, two-group case 
on the IBM 7090 for a fully converged flux and 
temperature solution. 

An alternative three dimensional flux programme 
which allows more mesh points to be taken but does 
not allow explicitly for temperature effects takes about 
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2!-3 hours on the IBM 7090 for a case having --50000 
mesh points and two neutron energy groups. It is still 
not clear at the time of writing how many times such a. 
calculation must be repeated with revised temperature 
dependant data to get a satisfactorily converged flux 
and temperature solution. 

APPENDIX 1 

Typical equations solved by SKIP programme 

(a) The few-group diffusion equations 

- div Dt grad </>t + £t</>t = ;~~(£Jt4>i) 
+ r/Jt {Sumi (kJ£f<!>J) + S}, (1) 

where £, = £~ + (Ft + Ct +a: X)+ ;~~'2:.:1 (2) 

and 1 ~ i, j ~ n, 1 ~ n ~ 5. 

(b) External boundary conditions 
At boundary B, 

Di ~=I B = - S~m {(rtJ) 4>1 (B)}, (3) 

where m=x, y, or z. 

(c) Xenon equation 

(d) Temperature dependence of nuclear properties 

k1=(k1)o {1 +K11J"Tm (1 +K}'Tm)} 

{1 + K)[(Tt + 273.2)"1- (273.2)"1]} (5) 

and rr=(£i)o{1 +a~Tm}. (6) 

(e) Heat transfer 
(i) Fuel 

Kr
2 

(Tr
2
-Tr1)-Kr1 (Tr1-Trs)+(1-b) 

(ii) Coolant 

Hr Su.m £f4>t = 0 (7) 
l 

W'l:11. p . bTc = _!_ hs (Ts- Tc) + hm (T ms- Tc) (8) 
z CJZ Y2 

(iii) Can 

Krs {Trs - Ts) - hs (Ts - Tc) - Y 
Y1 

{(T8 + 273.2)4 - (T ms + 273.2)4} = 0 {9) 

Nomenclature used in equations 

4> = neutron flux (group suffixes i, j) 
D = diffusion coefficient 
£ = macroscopic cross-section (s =scatter, 

a= absorption, f =fission) 
k = group multiplication constant 
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S = fixed neutron source term 
n = number of neutron energy groups 
r = term in n X n matrix boundary condition 
F = absorption due to fixed absorbers 
C = absorption due to moveable absorbers 
X = xenon-135 concentration 
r = total xenon yield per fission (direct and 

indirect) 
Ax = xenon-135 decay constant 
ax = microscopic absorption cross-section for 

xenon-135 
K,nt = temperature coefficients on group multipli

cation constant 
a = linear temperature coefficient on cross-

sections 
Kr

1
,Kr

2 
= thermal conductance terms between fuel 

regions 
Tr

1
, Tr

2 
= temperatures in fuel regions 
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Trs 
b 

Krs 

Yl, Y2 
y 

= temperature at fuel surface 
= fraction of total fuel heat generated in inner 

fuel region 
= heat generated in fuel per fission 
= coolant flow rate at co-ordinate (x, y, z) 
= coolant specific heat 
= coolant temperature 
= temperature of fuel can 
= temperature at moderator surface (channel 

wall) 
= convective heat transfer coefficients be

tween coolant and fuel can and moderator 
surface respectively 

= thermal conductance between fuel surface 
and can 

= ratios of lengths can/fuel and channel/can 
= coefficient of radiation heat transfer be

tween can and moderator surface 
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ABSTRACT -RESUME-AHHOTAU111JI-RESUMEN 

A/169 Royaume-Uni 

Calcul de Ia distribution en trois dimensions 
spatiales de Ia puissance et de Ia temperature 
d'un reacteur 

par A. B. Whiteley et a/. 

Le memoire decrit la mise au point d'un important 
programme de calcul (SKIP) ecrit pour la calculatrice 
IBM 7090 et servant a calculer la distribution en trois 
dimensions spatiales de la puissance et de la tempera
ture dans un reacteur a l'etat stationnaire. 

La majeure partie des calculs se rapporte a la solu
tion des equations de diffusion par groupes jusqu'a 
cinq groupes d'energie sous forme non lineaire, c'est
a-dire avec effets explicites en retroaction sur la 
reactivite, dus aux temperatures du materiau et a la 
concentration du xenon-135. Les equations de diffu
sion sont resolues par des methodes des differences 
finies employant le schema de sur-relaxation par blocs 

successifs, avec extrapolation Chebyshev des sources. 
Les equations auxiliaires definissant les temperatures 
et la concentration du xenon-135 sont resolues 
periodiquement; les coefficients dans les equations de 
diffusion sont ensuite evalues a nouveau et les matrices 
a differences finies sont modifiees en consequence avant 
les repetitions ulterieures de flux. Le memoire examine 
les raisons qui ont mene au choix des techniques 
numeriques employees, et expose les methodes et les 
problemes de la programmation. 

Deux nouvelles techniques ont ete mises au point en 
vue d'accroitre l'ampleur d'application des calculs de 
diffusion. II s'agit tout d'abord d'une methode servant 
a representer des absorbeurs discrets (barres de 
commande) en n'importe quel point a l'interieur d'un 
reseau a differences finies, et ensuite d'une methode 
servant a superposer le calcul d'une structure fine du 
type source positive et source negative sur la distribu
tion macroscopique des flux obtenue par calcul de la 
theorie de diffusion. Ces techniques (qui sont decrites de 



SESSION 3. 1 P/169 

maniere quelque peu detaillt~e) ont ete mises au point 
afin que l'on puisse se livrer a des etudes detaillees 
des reacteurs de puissance complets sans recourir 
a un nombre excessif de points du reseau a differences 
finies lorsqu'on resout l'equation de diffusion. 

Le programme principal de diffusion ainsi que les 
programmes auxiliaires servant a calculer Ia structure 
fine des flux et !'information relative aux absorbeurs 
ont tous ete ecrits et eprouves. Le programme de 
diffusion a accuse des rapidites satisfaisantes de cqn
vergence dans les cas aussi bien de deux groupes que de 
cinq groupes, et Ia duree des calculs est consideree 
comme etant raisonnable. 

Le memoire examine l'emploi futur auquel est 
destine le programme aussi bien par le CEGB que par 
l'UKAEA, et expose I' extension du programme fonda
mental de diffusion a l'etat stationnaire pour des etats 
qui soient fonction du temps, c'est-a-dire pour l'etude 
des conditions transitoires dans le reacteur. 

A/169 Coep,HH8HHOe KoponeacTao 

Pac1..1er MOutHOCTH peaKropa pacnpe
AeneHHH TeMneparyp~ s rpexMepHOM 
npocrpaHcrse 
A. c. Yai1Tl1H et al. 

B JJ:OKJia)];e o6cymJJ;aiOTCH uoupochi cocTaBJieHHH 

uporpaMM (SKIP) )];JIH pacqeTa ua Bhlqucmnem.

Hoii Mamuue IBM-7090 MOIQHOCTH peai\Topa B 

YCTOHqHBOM COCTOJIHHJI H pacnpe)];eJieHHJI TeMIIl'

paTyphl B TpexMepHOM 11pOCTpaHCTBe. 

0CHOBHaJI qaCTh )];OKJia)];a IIOCBJIIQeHa pemeHHIO 

l~H«f>«f>yauoHHhiX ypaBHeHHH )];JIJI IIHTH rpy1111 3Hep

rHH B HeJIHHeHHOH «f>opMe, T. e. C yqeTOM aaMeT

IIOI'O a«f>«f>eKTa o6paTHOH CBJI3ll peaKTHBHOCTH, 

o6yCJIOBJieHHOH TeMIIepaTypoii MaTepHaJia H KOH

I{eHTpauueii Xe 135• ,Z:(n«f>cpyanoHHhle ypaBHeHBH 

peUiaiOTCJI MeTO)];OM KOHeqHhlX pa3HOCTeii e 

HCIIOJlh30BaHHeM CXeMhl I10CJie)];OB3TeJihHhlX aaTy

XaHHH H 3KCTp3IIOJIJIJQHeii HCTOqHifKOB 110 MeTOJJ:Y 
lJe6hlUieBa. llpHBO)];HTCJI TaKme pemeHHe BCIIOM0-

1'3TeJihHhiX ypoBHeii )];JIH orrpeJJ;eJieHHH TeMIIepa

-ryp n KoHueHTpauuii XeJ 35 ; JJ;eJiaeTCH uou

TopHaH OueHKa K03cpcpHUIIl'HTOB JJ;UcpcpyaHOHHhiX 

ypaBHl'HHH H MaTpHUhl KOHeqHhlX pa3HOCTeii MO

j~HWHUHPYIOTCJI B COOTBeTCTBHII C BhiUieyKaaaHHOH 

MeTO)];HKOH C IIOCJie)];yiOI:Qeii HTepauHeii llOTOKa. 
06cym)];aiOTCJI IIpHqHHhJ Bhl6opa 'IHCJieHHOH MeTO

l~HKH, a TaKme yKa3hiBaiOTCH llp06JieMhl H MeTO,lJ;hl 

uporpaMMHpoBaHHH. Paapa6oTaHhl )];Be HOBbie Me

TOJJ:IIKH, paCmHpHIOlliHe o6JiaCTb UpHMeHeHUJI 

J~u«f>«f>yauoHHhiX pacqeToB. Bo-11epshlx, MeTOA 

)];HCKpeTHhiX IIOfJIOTHTeJieii ( peryJiupyiOI:QHe 

nepmHu) AJIH JII06oii TO"'IKH B npeJJ;eJiax ceTKB 

lWHeqHOH pa3HOCTH H, BO-BTOphlX, MeTO)]; IIO)];l'OH-

1\H pacqeTa TOHKoii CTPYKTYPhl Tuna BCTO"'IHHK -
UOfJIOTHTeJih K MaKpOCKOIIHqecKoMy pacnpe)];eJie

IIHIO IIOTOKa, IIOJiyqeHHOMY B peayJihTaTe ,!J;H«f>cpy

aHOHHhlX pacqeTOB. 3nt: MeTO,!J;hl ( KOTOphie B ,11;0-
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KJia)];e )];OBOJibHO ITO)];p06HO OITHC3Hhl) paapa6oT3Hhl 

C ueJibiO )J;eTaJihHOfO uayqeHHJI ITOJIHOH MOIQHOCTH 

peaKTOpOB 6ea HCITOJib30BaHBJI 6oJihUIOro qJICJia 

ToqeK CeTKH KOHeqHhiX pa3HOCTeii IIpH pemeHHH 

AIIWWY3HOHHOro ypaBHeHuH. 

BhiJIB IIOJJ:rOTOBJieHhl u onpo6ouaHhl ocHoB

naH )1;Hcpcpy3HOHH3H nporpaMMa H BCITOMOraTeJih

Hhle nporpaMMhl, 11pe)];HaauaqeHHhie ,!J;JIH pacqeTa 

TOHKoii cTpyKTYPhl noToKa H xapaKTepucTHK IIO

rJIOTHTeJIJI. ,Z:(u«f>«f>yanoHHaH nporpaMMa lloKaaaJia 

YAOBJieTBOpHTeJibHble CKOpOCTH CXO)];HMOCTH KaK B 

CJiyqae )];ByxrpyiTITOBhiX, TaK H B CJiyqae ITJITH

rpyniiOBhiX pacqeToB npu 11pueMJieMoM Manum

IIOM BpeMeHH. 

06cym)];aeTCH HCIIOJih30B3HHe 3TOH nporpaMMhl 

B 6y,!J;YJUeM KaK QeHTpaJibHhiM :mepreTuqeCKHM 

ynpaBJieHneM, TaK u YnpauJieHHeM no aToMuoi.f 

:mepruu BeJIBKo6puTaHuu; yKaahluaeTCH Ta,Kme ua 

pacmupeuue uccJie)];oBaHuii AH«f>cpyeuouuoii llpo
rpaMMhl llpUMeHHTeJihHO K MO)J;eJIH C BpeMeHHOH 

33BHCHMOCThiO )J;JIJI uayqeHHH llepeXO,!J;HhiX rrpo

I\eCCOB peaKTOpOB. 

A/169 Reino Unido 

Calculos tridimensionales de distribuciones 
de potencia y temperatura en reactores 
nucleares 

por A. B. Whiteley et al. 

Este articulo describe el desarrollo de un gran 
programa de calculo, SKIP, escrito para Ia calculadora 
IBM-7090 con el fin de estudiar distribuciones tri
dimensionales de potencia y temperatura en un 
reactor en estado estacionario. 

La parte mas importante del calculo corresponde a 
la soluci6n, para un maximo de cinco grupos, de las 
ecuaciones de difusion en forma no lineal, es decir, 
incluyendo explicitamente los efectos de realimenta
ci6n debidos a temperaturas del material y a concen
traci6n del xenon-135. Las ecuaciones de difusi6n se 
resuelven mediante tecnicas de diferencias finitas 
usando un esquema iterativo de super-relajaci6n 
sucesiva puntual con extrapolaci6n de Chebycheff para 
las fuentes. Se resuelven peri6dicamente las ecuaciones 
auxiliares que definen las temperaturas y la concen
traci6n de xenon-135; a continuaci6n se recalculan los 
coeficientes de las ecuaciones de difusi6n y, de acuerdo 
con ellos, se modifican las matrices en diferencias 
finitas antes de proseguir con nuevas iteracciones de 
fiujo. Se discuten las razones por las que se han 
elegido las tecnicas numericas empleadas y se especifi
can metodos y problemas de Ia programaci6n. 

Se han desarrollado dos nuevas tecnicas para au
mentar el campo de aplicabilidad de los calculos de 
difusi6n. La primera es una forma de representar 
absorbentes discretos (barras de control) en cualquier 
punto de una malla de diferencias finitas, y la segunda 
es un metoda para superponer un calculo de estructura 
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fina del tipo fuente-sumidero a Ia distribucion ma
croscopica de ftujo obtenida del calculo en teoria de 
difusi6n. Estas tecnicas (que se describen con cierto 
pormenor) se han desarrollado para poder hacer 
estudios detallados de reactores de potencia sin 
necesidad de usar un numero excesivo de puntos en la 
malla de diferencias finitas al resolver la ecuaci6n de 
difusi6n. 

El programa principal de difusi6n y los programas 

A. B. WHITELEY et al. 

auxiliares de calculo de Ia estructura fina y para los 
datos del absorbente ya han sido codificados y com
probados. La rapidez de convergencia ha demostrado 
ser satisfactoria para dos y para cinco grupos y el 
tiempo de calculo se considera razonable. 

Se discute el probable uso futuro del programa por 
parte de CEGB y de UKAEA, asi como la extension a 
un modelo dependiente del tiempo para el estudio de 
transitorios del reactor. 



P/263 United States of America 

Advancements in analytical methods and machine 
computations in reactor physics design 

By E. L. Wachspress, * R. G. Luce, * J. J. Taylor** and G. J. Habetler*** 

Improved reactor design evidences the advances 
made in reactor physics analysis techniques. These 
advances have been stimulated by increased know
ledge of microscopic cross-section data, improved 
numerical methods, and the availability of more versa
t~le digital computers. A review of these developments 
smce the last Geneva Conference is given. 

A more fully developed few-group diffusion theory 
remains the primary nuclear design tool because of: 
(a) intrinsic simplicity, (b) wide applicability for cal
culating multi-dimensional neutron flux distributions 
and (c) the highly developed technology for numerical 
_solution o~ the group-diffusion equations. Spatial 
heterogeneity factors and adjustment of group struc
ture and constants from supplemental high order 
transport methods are incorporated to reduce inherent 
diffusion theory inaccuracies. This results in greater 
design precision. 

The first section reviews the structure of the group 
diffusion equations and advances in numerical 
methods for solving these equations. The second section 
contains method improvements for obtaining spectral
averaged few-group constants and self-shielding fac
tors, and other adjustments of diffusion equation con
stants. These provide increased design accuracy and 
analytical standards for assessment of the validity of 
design approximations. Since transport techniques pre
?ominate _in this work, transport theory development 
1s also reviewed herein. 

These sections culminate in a model for prediction 
of the steady-state characteristics for a specific reactor 
configuration, while the third section summarizes a 
quasi-steady-state design procedure to estimate core 
depletion effects. Advances in depletion methods have 
occurred as a result of: (a) efficient calculation and 
incorporation in the few-group model of changes in 
spectra and spatial fine structure with core· life· 
(k) i~pr_oved synthesis of three-dimensional powe; 
d1stnbut10ns; and (c) digital computer automation of 
the depletion calculation procedure. 

The final section discusses application of variational 
methods to formulate a theoretically sound and 
systematic method for combining the components of 

.: Kno_lls Ato~ic Power Laboratory, Schenectady, N.Y. 
Bet~1s Atomic Power Laboratory, Pittsburgh, Pennsyl-
vama. · 

••• Rensselaer Polytechnic Institute, Troy, N.Y. 

the calculational scheme into an over-all procedure 
allowing varying degrees of refinement. 

CORE SPATIAL DISTRIBUTIONS: 
THE DIFFUSION THEORY FORMALISM 

Analytical model 

The few-group diffusion theory representation, sup
ported by auxiliary spectral and spatial calculations, 
has been subject to extensive comparison with critical 
experiments and analytical standards but still has 
remained satisfactory in concept for a variety of 
reactor types [1]. There have been many modifications 
in detail, particularly in auxiliary methods for estimat-
ing lattice parameters. · 

An adequate epithermal description can be obtained 
with ess~ntially the same few-group structure, although 
change m the thermal neutron description has occur
red. In the previous Conference summary [2], the 
the~mal neutron description consisted of a single 
eqmvalent thermal diffusion group, with group con
sta?ts determined by averaging over a single asymp
to_tlc spectrum. Advanced multi-region reactor designs 
wtth strong variations in thermal-neutron absorbing 
materials or in moderating materials (or their tem
peratures) require treatment of spatially varying 
thermal spectra. 

A representation of space-dependent spectra within 
the diffusion theory formalism by a linear combination 
of asymptotic spectra (the "overlapping group" 
method) was developed by Calame et a/. [3]. The 
coefficients of linear combination are determined by 
variational procedures. This technique results in 
equations of the same form as few-group diffusion 
theory. Calame [3,4] found that a wide range of 
spectral variation can be characterized by two infinite 
media spectra, one a Maxwellian and the other a 
hardened spectrum, characteristic of the region having 
the strongest absorption in the reactor. Buslik [5] 
found that the adjoint flux and source in the varia
tional procedure can often be replaced by the flux and 
source themselves. Discrete few-group thermal des
criptions, similar to the conventional discrete fast few
group schemes except for the addition of transfer from 
lower energy to higher energy groups (up-scattering), 
have also been developed [6, 7]. However, a range of 
application similar to that covered by two overlapping 
groups requires four discrete groups, so that !he 
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former method is more convenient calculationally and 
has wider use in design. 

The adequacy of the few-group structure discussed 
above cannot be ascertained from the formulation 
itself since the approximations involved are either 
based on heuristic reasoning (choice of few groups or 
asymptotic spectra) or on mathematical processes such 
as the variational technique which have no rigorous 
criteria of accuracy. Thus an important parallel 
development has been required of spatially-dependent 
multi-group transport methods with which the ade
quacy and the detailed form of the few and over
lapping group approximations can be determined. 
These methods have also been found useful in the 
computation of thermal lattice parameters and will be 
discussed in a subsequent section. 

A variety of digital programmes have been de
veloped to solve the group diffusion equations for use in 
nuclear design of reactors. Many have been produced 
in rectangular and polar one-dimensional geometries 
and in a variety of two-dimensional geometries (rect
angular, cylindrical, and hexagonal) and some have 
been written for three-dimensional rectangular geo
metry. 

Numerical methods 

Development has continued on methods of solution 
of the multi-dimensional group diffusion equations in 
both the formulation of difference equations and in 
their numerical solution. 

Difference equations 

Discretization of the continuous group diffusion 
equation may be accomplished by a variety of tech
niques. Conventional finite difference methods are 
most often used to obtain equations which couple 
each grid point to its neighbours. Methods based on 
eigenfunction expansions have been applied by 
Garabedian [8] to some simple configurations, but are 
not suitable for complex reactor mock-ups. 

Design interest in reactor geometries not adequately 
represented by rectangular or cylindrical co-ordinates 
led to a formulation with a uniform triangular 
mesh [9]. For some applications, restriction to uniform 
spacing resulted in a need for an excessive number of 
grid points. To reduce the number of points, the Ritz 
variational method as generalized by MacNeal [10] 
was applied by Kellogg to derive difference equations 
for a programme [11] allowing a non-uniform tri
angular mesh and retaining a periodic boundary con
dition [12] needed for design application. The seven
point difference equations in these triangular mesh 
programmes retain properties which enable solution 
by iterative methods similar to those employed for 
rectangular meshes [13-16]. 

Numerical solution of the discrete group-diffusion 
equations 
Fractional iteration 

Few-group one-dimensional and synthesized three
dimensional problems are solved by the method of · 
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fractional iteration [17, 18]. Solution of matrix three
term-linear systems by Gaussian elimination replaces 
the inner iteration of detailed two- and three-dimen
sional computations. The fission source iteration con
verges rapidly to the mode with eigenvalue closest to 
an estimated value. This enables computation of 
higher modes which may be used in the study of 
transients. 

Unfortunately, solution for the group fluxes simul
taneously by iterative methods has limited applica
bility because of the detrimental effect on inner
iteration convergence as the estimated eigenvalue 
approaches a true eigenvalue [19]. 

Inner iteration 

Two basic inner iteration procedures have been 
widely used for solving the group diffusion equations; 
successive overrelaxation (SOR) and alternating
direction-implicit (ADI) iteration. 

The discrete diffusion equation for a group may be 
written as the matrix equation; 

.... .... 
Acfo=k (1) 

where A is a symmetric square matrix containing the 
--;. 

(real) difference equations coefficients and k is a known 
non-zero vector representing the source of neutrons by 
fissioning and scattering. For application of a variety 
of iterative techniques, the matrix A is expressed in 
the form: 

A=P-(R+RT) (2) 

where P is a block diagonal matrix with diagonal 
blocks, Pt, such that; 

(3) 

may be easily solved for ;t when given ht, and R is a 
lower triangular matrix with transpose RT. SOR is 
defined by; 

(P-wR)-;j<m> =(1-w)P;J<m-1) +wRTJ<m-1) + wk 
(4) 

where w is a scalar called the "overrelaxation factor". 
Various block relaxation methods can be identified, 
depending on choice of P and the associated difficulty 
of solving (3). Methods are available for improving all 
points on a mesh line simultaneously with computa
tion time about the same as for point relaxation [16,20]. 
Simultaneous solution for all points on two adjacent 
mesh lines [21] requires only about 20% more com
putation time per iteration than point relaxation. 
More rapid convergence of block relaxation often 
yields a reduction in total computation time [15]. 

Hageman and Varga have shown that once a par
ticular partitioning of A has been decided upon the 
convergence of the iterative scheme can be improved 
upon by reduction of the iteration matrix to two un
coupled lower order matrix equations [14]. Table 1 
gives estimates of the relative asymptotic convergence 
rates of the inner iterations for these methods, derived 
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Table 1. Asymptotic convergence rates of inner itera
tions 

Iteration method 

Point SOR 
Single line SOR 
2-line SOR 
Cyclically reduced 3-line SOR 

Est. 
convergence Reference 

rate 

2 h [14] 
2v' (2) h [25] 
4 h [23] 
5.5 h [24] 

for the Dirichlet problem on the unit square with 
small uniform mesh spacing, h. 

For application of ADl iteration [22], the matrix of 
coefficients of the group difference equation is split 
into two components: A = H + V. The matrix relat
ing the error vector after n iterations to the initial 
error vector is; 

n 

Tn = 11 (V + wwl)-1 (H -wkv/) (H + WkH/)-1 

k~l 

(V -WkH/), 

where I is the identity matrix and {ww, WkH} are 
scalars chosen to enhance convergence. 

Advances have been made in the analysis of the 
homogeneous rectangular problem (the so-called 
"model problem") for which H and V commute. 
Generalization of the ADI scheme proposed by Peace
man and Rachford to permit WkHoFWkV [23] led to 
the solution by W. B. Jordan to the minimax problem; 

minO< aL.\(H)Lbl n (.\-ww)(y-wkH)I 
{w}O< cLy(V) Ld k~l(.\+wkH) (y+wkv) 

by application of the theory of modular transforma
tions of elliptic functions. 

For a homogeneous rectangle, the convergence rate 
of .the Peaceman-Rachford method varies as - cflnh 
where cis of order magnitude unity [23]. This method 
is thus considerably more efficient than SOR for solv
ing homogeneous problems with fine grids. For the 
general neutron diffusion problem, however, the 
model problem convergence rate is not 'realized and 
care must be exercised in choosing effective iteration 
parameters [24]. A convergence proof has been ob
tained by Guilinger [25], bounding the number of 
iterations needed to approximate a finite difference 
solution to a given accuracy independent of the size of 
the mesh increments. 

A compound iteration discussed by D'Yakonov [26] 
and amplified in [23] enables rigorous application of 
model-problem theory to the general group-diffusion 
equations. This compound iteration seems less suited 
for neutron diffusion computations than direct 
application of ADI with model-problem parameters. 
A theorem due to Pearcy [27] establishes convergence 
with this parameter choice even when H and V do not 
commute. Numerical studies indicate that this is an 
efficient iteration procedure. 

Other variants of ADI iteration have been de
veloped [28-30] in an attempt to increase the generality 
of application of the ADI technique. General conver
gence proofs comparable to Pearcy's have been given, 
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but numerical results are limited and these methods 
have not yet been applied to neutron diffusion 
problems. 

Algorithms for generating useful iteration para
meters for non-singular matrices H and V have been 
extended by Douglas and Pearcy to the singular 
case [31], and these results have been applied to a 
digital programme for solution of the two-dimensional 
equations for heat conduction [32] which are a special 
case of the two-dimensional neutron diffusion 
equations. 

Outer iteration and inner-outer strategy 

The outer (fission-neutron source) iteration and its 
relationship to the inner (group flux) iteration has been 
studied intensively [13, 19,33], but its complexity is 
such that convergence characteristics are not always 
predictable. A more satisfactory theoretical basis has 
been developed for flux extrapolation than for fission 
source extrapolation in the outer iteration [34, 35]. 

Chebyshev extrapolation in the outer iteration is 
less effective when the inner iteration is terminated 
before a significant error reduction is achieved. Poor 
convergence of the inner iteration leads to complex 
eigenvalues in the matrix relating successive fission 
source distributions, and convergence of .. the outer 
iteration is adversely affected by these complex eigen
values. Computer characteristics play a decisive role 
in governing iteration strategy. Problems for which the 
inner iteration can be contained in fast memory are 
often solved most efficiently by imposing stringent 
error reduction requirements on the inner iteration. 
This enables more effective Chebyshev extrapolation 
of the outer iteration, thereby reducing the number of 
relatively inefficient outer iterations. When the inner 
iteration is not memory contained, an effective 
strategy is to perform relatively few inner iterations 
with restricted extrapolation of the outer iteration. 

AUXILIARY COMPUTATIONS AND 
TRANSPORT THEORY 

Development has continued of more accurate 
methods for predicting detailed spatial and spectral 
effects which can then be incorporated into the diffu
sion theory formalism. Accurate methods are also 
required to provide "standard" calculations to assist 
in assessing the validity of the simpler design methods. 
Thus, effort has continued in the development of calcu
lational methods in transport theory proper which are 
theoretically capable of yielding any desired accuracy. 
The ensuing discussion briefly enumerates techniques 
applied in auxiliary calculations to diffusion theory 
and then reviews recent developments in application 
of transport theory. 

Auxiliary computations 
Thermal neutron description 

Recognition of the need to account for spatial 
variations in the thermal spectra has led to the use of 
thermal multi-group transport methods in auxiliary 
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"fine structure" calculations. It is commonly assumed 
in these multi-thermal-group models that the slowing 
down source into the thermal energy range (the upper 
boundary of which ranges between 0.5 and I eV) is 
isotropic with a spectrum independent of the epither
mal flux spectrum and of position. The assumption of 
space-energy separability of the source has been justi
fied only for the case in which the moderator consists 
of free protons. A relaxation of this separability as
sumption is found in a Monte Carlo programme [36] 
which uses Nelkin's kernels [37] and associated epi
thermal dependent sources. 

The various multi-group methods can be charac
terized by their treatment of the angular variable. 
Spherical harmonic expansion has been applied 
typically up to the Pa approximation and including the 
double-P approximation [38, 39]. Discrete ordinate 
methods, whose equivalence to the spherical harmonic 
expansion has been shown by Gast [40] and Lee [41] 
are also used most generally in the form of the Sn 
method [42,43] and its associated digital programmes 
[39] Honeck [44, 45]and Judge [46] have developed soluJ 
tions to the integral transport equation with limita
tions typically to a linearly ·anisotropic scattering 
kernel. Multi-thermal-group Monte Carlo methods 
have also been developed [36,47,48]. 

Since t~e primary transport effects in these fine 
structure problems are in the absorber itself, it is 
natural to use transport theory only in the absorber, 
while retaining an approximate approach in the 
scattering environment surrounding the absorber. The 
two solutions must then be matched at the boundary 
since different angular dependencies will occur on each 
side. A class of methods has been developed from this 
approach, of which blackness theory, elaborated by 
Maynard [49}, the "thin-region" approach [50], and 
the ABH and related methods [51, 52] are examples. 
Fukai [53] has compared several of these techniques 
with exact and integral transport methods. 

The results of these and other transport methods 
reviewed in a later section are incorporated in the 
group diffusion theory programmes by adjusting the 
thermal group-constants (e.g., disadvantage factors). 
There are various procedures and, except possibly for 
the calculation of disadvantage factors in uniformly 
loaded cores, they must be developed intuitively to 
handle each specific class of design problems (see 
Ref. [7], Chapter 5 for some examples). Another diffi
culty with this general technique is that the hetero
geneity is calculated in a cell for which boundary con
ditions of zero flux, zero gradient [54], or periodicity 
are set. Such conditions are not realized in many high 
performance reactors and a satisfactory method has 
not yet been developed to treat more general cell 
boundary conditions. 

Neutron slowing down and resonance capture 

Epithermal few-group constants are still principally 
determined by averaging over multi-group spectra 
obtained by the space-independent methods of 
Greuling and Goertzel [55], Selengut [56], and 
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Hellens [57). Improved digital programmes [58-63] to 
perform these calculations have been written which 
incorporate more accurate and detailed cross-section 
data, a wider range of compositions and geometry, and 
more sophisticated methods of incorporating reso
nance self-shielding. One-dimensional space-dependent 
multi-group P1 and Pa methods [64,65], discrete 
ordinate techniques [66], and Monte Carlo methods 
[48, 67] have been developed mainly to assess the 
accuracy of these approximations. This work has 
motivated studies to improve the description of heavy 
element scattering and more accurate treatment of 
resonances which do not initiate numerical oscillations 
in the multi-group calculations. 

The increased knowledge of resonance and epi
thermal cross-section data has stimulated advances in 
the accuracy of auxiliary heterogeneous neutron cap
ture calculations. Computation of resonance capture 
of uranium and thorium has been placed on a firmer 
basis and the range of validity of approximate reso
nance capture formulae has been investigated (e.g., the 
work of Nordheim [68], Chernick [69], Bell [70], 
Dresner [71], Goldstein and Cohen [72], and Draw
baugh [73]). Attention has been directed to the hetero
geneous nature of epithermal absorption which is not 
characterized by widely-spaced resonances and may 
also have a large Ijv contribution. Goldsmith [74] has 
developed few-group blackness theory methods which 
treat this problem in slab geometry and also include 
the effects of small amounts of moderator in the 
absorbing material. Similarly, Darr and Lubert 
applied the energy-dependent thin region theory 
described in [50] to obtain effective epithermal cross
sections for high-absorption regions for use in [75]. 
Many digital programmes are available to carry out 
resonance and epithermal capture calculations 
[68,76, 77]. 

Transport theory 
Investigations have continued on methods for solv

ing higher order approximations to the transport 
equation using techniques developed for diffusion 
approximations. The monoenergetic one-dimensional 
P1 or double P1 equations (up to P7 or double Pa) have 
been transformed by Gelbard into coupled second 
order equations similar in form to the few-group 
diffusion equations [78]. These may be solved using 
the existing programmes and a Gauss-Seidel iteration 
technique. The process converges quickly and the rate 
of convergence is not as sensitive to the parameters 
of the problem as it is for programmes employing 
methods of discrete ordinates [79]. 

Methods have been introduced to avoid iteration 
among the various P1 components. The first order 
equations obtained from the P1 approach can be con
sidered simultaneously and auxiliary variables intro
duced to create a set of first order equations that are 
stable and can be solved numerically by non-iterative 
techniques [80]. This is equivalent to the manner in 
which each of the group-diffusion equations is solved 
in currently available one-dimensional diffusion pro
grammes. 
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Besides the spherical harmonics methods, discrete 
ordinates methods have continued in extensive use. 
Here too there have been applications of the iterative 
techniques developed for use with the diffusion 
approximation. Successive overrelaxation [81-83] and 
Chebyshev iteration [84] have been used with limited 
success. Alternating direction methods have also been 
investigated [41]. 

Carlson's Sn method and its variations is now in use 
at many installations. Of particular importance are the 
simpler discrete Sn methods, introduced when the 
earlier Sn methods gave unrealistic flux oscillation in 
some problems [85]. These methods are extensions of 
the Wick-Chandrasekhar discrete ordinates methods. 
Their usefulness lies in the fact that they can be applied, 
quite readily, to the general problem of eigenvalue and 
source shape calculation in geometrically complicated 
reactors [86). There have been various attempts, by 
means of different averaging procedures for deriving 
difference equations, to obtain better accuracy, com
parable to earlier Sn accuracy, in some problems [87]. 

A parallel to Gelbard's method for P1 approxima
tions, is an iterative procedure which involves alternat
ing between diffusion and Sn calculations. It had been 
noticed by Carlson that the one-dimensional Sn dif
ference equations could be writte9 in such a way that by 
setting a few terms equal to zero, the diffusion dif
ference equations would result [88]. This led to the possi
bility of iterating between the diffusion and the Sn 
equations so as to obtain the accuracy of the Sn 
approach and some of the speed of the diffusion equa
tion. This is attractive in one-dimensional calculations 
where the equations are solved using "forward
backward" methods. Note that in this method ordinary 
diffusion theory is numerically imbedded in transport 
theory. One-dimensional S4 calculations can be 
speeded up by a factor of as much as two to four by this 
device. A series of two-dimensional S4 calculations 
were performed for a fast reactor [85] and the results 
were satisfactory [89]. 

Case's "singular eigenfunction method" for slabs [90] 
based on the singular integral equations theory of 
Muskhelishvilli [91] has led to a series of new, exact 
results for a variety of transport problems in slabs [92) 
and in spheres [93). Besides providing standards of 
comparison, these results yield new families of solu
tions that may be employed in finding the solution to 
more difficult problems using the synthetic method [94]. 

One method that may be used for obtaining "exact" 
answers to complicated transport problems is Monte 
Carlo. An increase has occurred in its use for multi
dimensional multi-energy thermal neutron capture 
rate calculations as a result of improved mathematical 
techniques and faster digital computers. Among the 
theoretical advances leading to increased speed of 
computation are the following: 

(a) Improved choices of unbiased estimators of 
capture rates in prescribed regions have been de
vised [95, 96], thus reducing the number of histories 
required for a prescribed variance. One fruitful 
approach has been not to do any part of a calculation 
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using random choices that can be done analytically by 
using the expected value of a random variable in place 
of a sample value. In several reactor physics Monte 
Carlo programmes, this approach has resulted in the 
choice of the track length estimator instead of the 
direct sample estimator. This results in a reduction in 
variance by as much as twenty or more for some typi
cal thermal absorber problems. The validity of this 
approach, first suggested by Goertzel, has been 
established by Spanier [95] in a more general 
setting. 

(b) Reductions in computations per history have 
been obtained by more rapid methods of generating 
random numbers [48] with both uniform and non
uniform distributions and by storing random numbers 
and other random variables in advance in the digital 
machine memory rather than generating them as 
needed. 

(c) Maynard [97] has developed a technique, par
ticularly useful for thermal absorber problems, based 
on the reciprocity theorem. A drastic reduction of the 
variance is obtained in computation of the capture 
probability in a single small region immersed in a large 
source region. To compute the capture probability in 
the small region, one solves an auxiliary (reciprocal) 
adjoint problem with unit source density in the small 
region and zero source elsewhere. A simple analytic 
relationship yields the solution to the original problem 
from that of the much more easily solved adjoint 
problem. 

The use of Monte Carlo in criticality calculations 
has not been as widespread (but see, for example, 
Refs. [98-100]). Straightforward applications of the 
usual sampling techniques employed in the source
given problems results in excessive computational 
times. However, conditional Monte Carlo methods 
employed in source-given problems [101] have been 
applied to eigenvalue calculations [102] and it is hoped 
that such techniques may provide solutions to prob
lems not susceptible to analysis by other means. A 
Monte Carlo programme has been developed by 
Rief [103] for evaluating fast fission effects. 

DEPLETION METHODS 

Lifetime behaviour of a core is not as amenable to 
investigation by critical experiments as the undepleted 
configuration, and is, therefore, subjected to extensive 
analysis. Computational methods are often verified by 
application to operating or depleted reactors for which 
data are available. The design of long life reactors 
with good fertile material conversion properties 
depends on the development of accurate and practical 
methods for predicting life-time behaviour. The slow 
rate of change of depletion effects permits a quasi
steady-state approach so that the techniques discussed 
in other sections can be applied. 

A crucial step in a depletion study is the computa
tion of time dependent number densities. The calcula
tion of isotopic depletion requires accurate knowledge 
of cross sections and decay chains of heavy elements 
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burnable absorbers, and fission products. Some 
general techniques for obtaining reliable parameters 
have been described by Garrison and Roos [104]. The 
work of Greenhow and Hansen [105], Nephew [106], 
England [107], and Wikner [108] has refined the treat
ment of fission product absorption by describing the 
individual isotopes and their decay chains instead of 
using one gross absorption parameter. Nonlinearity of 
depletion equations coupled with complex space
energy effects necessitates several approximations in 
time integrations from which number densities are 
computed. For example, it is customary to assume 
either a constant flux or fission distribution during 
each time step. Rapid computation of.fluxes enables 
shorter time steps, thereby reducing errors introduced 
by such assumptions. 

Even with the high speed digital computers and 
advanced numerical techniques currently available, 
three-dimensional calculations are sufficiently expen
sive that they are used only as standards. Attention 
has focused on performing life studies by synthesizing 
three-dimensional solutions from lower dimensional 
results. An advance has been made over previous syn
thesis techniques [109]. Kaplan [110] has described 
how flux shapes from a preliminary life study with 
large time steps may be used as trial functions for a 
more refined computation based on synthesis methods 
discussed in [111] and [112]. Another approach has 
been applied to the depletion system described in [75] 
using the multichannel synthesis method of [113]. 

Accuracy has been improved by a more detailed 
treatment of changes in neutron energy spectrum and 
self-shielding during life studies. Although in principle 
the quasi-steady-state nature of depletion permits this 
problem to be handled by repeating the basic pro
cedures used in normal steady.state calculations, this 
direct approach can lead to excessive digital calcula
tion time. Two simplifications have been introduced: 
(a) computationally rapid approximations have been 
developed to compute group constant and self-shield
ing factor changes at frequent intervals through core 
life; and (b) automatic methods have been devised for 
reinserting these changes in the depletion programmes. 
Examples of the former are curve fitting and tabular 
extrapolation procedures which choose appropriate 
group constants or self-shielding factors from a set of 
calculations done at the start of the depletion pro
gramme over the expected range of depleted com
positions. Automatic methods of reintroducing certain 
ofthe auxiliary calculations of the section on auxiliary 
computations and transport theory are required when 
spatial effects cannot be accurately represented by 
pre-computed tabular data or sufficiently simple 
auxiliary calculations. 

VARIATIONAL METHODS 
Theory [114] 

Variational techniques provide a systematic means 
for reducing the Boltzmann equation to approxima
tions which are computationally more convenient. The 
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theory may be developed for each quantity of interest 
rather than for the entire state of the system. One may 
impose general conditions of insensitivity to approxi
mation errors and derive an explicit procedure for con
structing a variational pripciple to estimate the 
desired quantity [115]. If the theory has been stated 
in differential equation form, information about the 
system environment yields boundary terms which 
remove the usual restriction that trial functions satisfy 
boundary and continuity equations. Conversely, re
quiring the resulting-functional to be stationary under 
arbitrary variations of its arguments implies not only 
the original direct and adjoint equations, but the 
boundary and continuity conditions as well. 

Computational complexity results from irregular 
behaviour of functions, the presence of many indepen
dent variables, or interaction between parts of a prob
lem each of which coufd be solved in isolation. These 
factors lead to the following four classes of trial 
functions: 

(a) Additive Approximations. If the trial function is 
written as the exact solution to a simplified problem 
plus a remainder term, a generalization of conven
tional perturbation theory is obtained from both 
source-free and inhomogeneous systems. The use of a 
linear combination of several functions leads to a 
generalized interpolation procedure which allows a 
description of the system over a wide range in terms of 
a small number of detailed calculation, e.g., the com
putation of group constants [4]. 

(b) Multiplicative Approximations. If several inde
pendent variables are involved, the trial function may 
be approximated by a product of functions each 
depending on one or more variables, or by sums of 
such products [116]. The result is a set of equations 
which must be solved simultaneously, but which is 
simpler since each equation involves fewer indepen
dent variables. If the form of all the functions except 
one is specified, the iterations required for self-con
sistency can be avoided. Applications of this approach 
are found in the "overlapping-group" approxima
tions [3], spherical harmonics and other polynomial 
expansion methods [116, 117] for solving the trans
port equation, simplified formulations of the space 
dependent kinetic equations [I 18, 119), and refined 
flux synthesis methods [110, 112]. 

(c) Moment Approximations. If the solution is 
expected to vary smoothly over the range of the kernel 
defining a theory in integral equation fol1l)., it is 
reasonable to expand the trial function in a truncated 
power series in one or more of its arguments. The 
effect of this is to replace the integral equation by a 
low-order differential equation, whose coefficients are 
the moments of the adjoint kernel. For an arbitrary 
linear equation, a similar expansion of the adjoint 
trial function, leaving the coefficients to be determined, 
leads to the requirement that the parameters in the 
approximate solution be chosen by matching the low
order moments of the equation [120]. 

(d) Subsystem Approximations. It is often con
venient to divide a complicated system into several 
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components and concentrate on their interaction while 
suppressing details of the behaviour within each sub
system. An appropriate trial function is then a linear 
combination of functions, each one of which vanishes 
outside its corresponding region. By considering the 
interior and the boundary of a medium as separate 
regions, and choosing as a trial function the exact 
solution within the medium, complicated boundary 
effects can be taken into account. This approach may 
be applied to incorporate transport effects within the 
framework of diffusion theory [116, 121-123]. 

Application of variational methods to 
flux synthesis 

Reactor design studies require simple but accurate 
computational models for complex configurations. 
Three-dimensional calculations are essential but 
detailed mock-ups are often too cumbersome for 
design studies. Synthesis computations use results of 
lower dimensional calculations (fluxes for lines or 
planes), as trial functions for a variational formulation 
of higher dimensional problems. The expression of 
stationarity of a functional with respect to arbitrary 
coefficients of combination of these trial functions 
yields exactly as many equations as there are un-
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knowns. These synthesis computations provide a tran
sition from crude to fine reactor mock-ups and thus 
furnish a means for balancing accuracy with com
plexity. Core life studies and transient analysis can be 
performed with the synthesis model, and a judicious 
choice of trial functions often yields acceptable results 
without excessive computational effort. The method of 
Galerkin, in which the adjoint fluxes are chosen to be 
the same as the direct fluxes, has given accuracy com
parable to other methods requiring additional com
putation for determining adjoint trial functions [5]. 

Seemingly diverse synthesis schemes can be derived 
from a single variational principle by various choices 
of trial functions. For conventional variational formu
lations based on a functional with second order 
derivatives [112], the trial functions must be con
tinuous. The multichannel synthesis approach [113] re
quires discontinuous trial functions and was not 
initially based upon variational methods for this 
reason. Selengut's variational formulation in terms of 
coupled first order equations admits discontinuous 
trial functions and thus provides a basis for a multi
channel variational synthesis computation. Any of the 
existing synthesis models can be obtained with this 
variational technique, and more versatile synthesis 
models are currently being explqred. 
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ABSTRACT -RESUM E-AH HOTAWIII.R-RESUM EN 

A/263 Etats-Unis d'Amerique 

Progres des methodes analytiques 
et des calculs electroniques dans Ia physique 
des reacteurs appliquee aux projets 

par E. L. Wachspress et a/. 

Les methodes analytiques en physique des reacteurs 
evoluent sans cesse; I' amelioration continue des 
filieres de reacteurs en est la meilleure preuve. Cette 
evolution a ete stimulee par une connaissance plus 
approfondie des sections efficaces microscopiques, le 
perfectionnement des methodes numeriques et la mise. 
en servicedecalculateurs numeriques presentantdes pos
sibilites plus variees. Les auteurs du memoire passent 
en revue les progres accomplis depuis la deuxieme 
Conference de Geneve sur !'utilisation de l'energie 
atomique a des fins pacifiques. 

Une theorie de la diffusion a un petit nombre de 
groupes developpee de fa<;on plus complete continue a 
jouer le role essentiel dans le calcul des reacteurs, pour 
les raisons suivantes: a) elle est intrinsequement tres 
simple; b) elle a un grand champ d'application pour le 
calcul des distributions des flux de neutrons a plusieurs 
dimensions; et c) on a elabore des techniques tres 
perfectionnees pour la solution numerique des equa
tions de la diffusion a plusieurs groupes. On a introduit 
des facteurs d'heterogeneite spatiale et des ajustements 
de la structure des groupes et des constantes, resultant 
de methodes auxiliaires de transport d'ordre superieur, 
pour reduire les inexactitudes inherentes a la theorie 
de la diffusion. 11 en resulte une plus grande precision 
des projets. 

La premiere section examine la structure des 
equations de la diffusion a plusieurs groupes et les 
progres faits dans les methodes numeriques de resolu
tion de ces equations. La deuxieme section expose les 
ameliorations apportees aux methodes permettant 
d'obtenir la moyenne sur le spectre des constantes pour 
un petit nombre de group~s et des facteurs d'auto
protection, et de faire d'autres ajustements des cons
tantes de !'equation de diffusion. Ces ameliorations 
permettent d'augmenter la precision des projets et 
fournissent des normes analytiques pour evaluer la 
validite des approximations faites dans l'etablissement 
de ces projets. Comme il s'agit surtout dans ce travail 
de techniques de transport, !'amelioration de la 
theorie du transport est aussi passee en revue. 

Ces sections terminent en donnant un modele pour 
prevoir les caracteristiques a l'etat stationnaire d'une 
configuration de reacteur donnee; la troisieme section 
indique brievement une methode pour l'etat quasi 
stationnaire permettant d'estimer les effets de l'appau
vrissement du creur. Les progres qui ont ete faits 
dans les methodes concernant l'appauvrissement 
resultent: a) de l'efficacite des calculs et de !'incorpora
tion dans le modele a petit nombre de groupes des 

changements que presentent le spectre et la structure 
fine spatiale au cours de !'existence utile du creur; 
b) de !'amelioration de la synthese des distributions de 
puissance dans trois dimensions; et c) de l'auto
matisation au moyen de calculateurs numeriques des 
methodes de calcul de l'appauvrissement. 

On discute a la fin du memoire !'application de 
methodes variationnelles en vue de formuler une 
methode systematique et bien fondee au point de vue 
theorique pour combiner les elements du plan de 
calcul en une methode generale permettant plusieurs 
degres de perfectionnement. 

A/263 CWA 

YcnexH .a pa3BHTHH aHanHTH~ecKHX 
MeTOAOB H npHMeHeHHH B~~HCnHTenb

HbiX MaWHH npH cpH3H~eCKOM npoeK
THpOBaHHH peaKTOpOB 

8. 11. BaKcnpecc et al. 

HenpephiBHhlii nporpecc npn upoeKTHponanHir 
peaKTOpOB HBJIHCTCH HCCOMHeHHhlM AOKa3aTCJihCT
HOM ycrrelllHOrO IIpHMCHCHHH aHaJIHTU'fCCKHX Me
TO~OB npu HCCJie,wmauuu tPM3MKn peaKTopon. ::ho
MY CIIOCOOCTBOBUJIO HaKOUJICHHC /.I,UHHhiX 0 MHKpO
CKOIIH'feCI\JfX ceqeHJIHX, yJiyqmeHIIC 'fHCJICHHhiX 
MeTO,LI,OB u HaJiuqJie 6oJiee ymtBepcaJihHhiX C'feTIIO
pernaiO~nx ycTpoiicTn. B AOKJiaAc CAeJiau o63op 
AOCTMmennii n aToii ooJiaCTII, noJiyqeHHhiX co npe
Menu BTopoii: llienencKoii Kon<fJepcni~un. 

OcnonHhiM TeopeTn<IecKnM MeTop;oM, npuMemr
CMbiM npn HpOeKTl:lpOBaHHM peaKTOpOB, OCTaCTCH 
ooJiee noJmo pa3BnTaH MaJiorpyrrnonaH TeopnH 
AMtPtPY3nn. i:ho o6cToHTCJihCTBo oo'hHCHHCTCH c.ae
AYIO~uMn rrpuquuaMIJ: a) npocTOTa, npucy~aH 
3'l'OH Teoplm; b) npnMeHUMOCTb ee /VIH MHoro
MepHoro pac'feTa pacnpc,LI,eJieunii noToKoB neii
TpoHon u c) xoporno pa3pa6oTaHHaH MeTOAIIKa 
'lHCJieHHoro pernennH rpynnoni>IX ypanHennii AHtP
tPY3HH. ,ll;JIH YMCHhiiiCHHH HCTO'fHOCTCii: CBOii:CTBCII
HhlX TCOpiiii AI1tPtPY3IIII, Ha OCHOBaHIIU ;:J;OIIOJIHll
TeJILHhlX MCTOAOB nepeHOCa BbiCIIIero HOpH,[J,Ka, 
Y'HITLIBaiOTCH Koa<fJ<fJ:u~uenTLI npocTpaHCTnenuoii 
reTeporeHHOCTII II yTO'fHCHIIe rpynrronoii CTpyK
TYPhl II ncrroJib3YCMhlx KOHCTaHT. Bee aTo npnno
,!l,IIT K YBCJIII'fCHHIO TO'fHOCTII, AOCTIIraeMoii: npn 
upoeKTnponaHIIII. 

B nepnoi{ qacTn A<>KJiaAa COACPiKIITcrr o63op 
KaK CTPYKTYPI>I rpyrrnonLix ypanHeH:uii AIItPtPY
aHII, Ta 1-\ H ycrreXOB, AOCTIIrHyThlX B MCTOp;ax 'fHC
J!£'HHOrO perneHHH aTRx ypanneHnii. Bo nTopo:H •m
c'JH OIIIICbiBaiOTCH YCOBCpiiiCHCTBOBUHHH MCTO)J.a 
llOJiyqeHIIH MaJiorpyiiiiOBbiX KOIICTaHT, ycpeA
HCHHhlX IIO CIICKTpy, H Koa<fJqm~IICHTOB CUM03Kpa-
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HHpOBUHHH; paCCMUTpHBUCTCJI TUKil\e yToqHeHne 
IWHCTUHT ypanHeHnii: An!Jl!Jlyann. 8Tn yconep
meHCTBoBaHim o6ecpeqnnaiOT yneJinqeHJie Toqno
crn, AOCTuraeMoii npn npoeKTnponannn, n )J;aiOT 
onpCACJieHHe HCKOTOphlX 1\pHTepneB AJIJI OD;CHKH 
cnpaBC)J,JJHBOCTif npn6JIIIii\CHifii, HCTIOJib3YCMbiX B 
npocKTe IlocKOJibKY n aToii pa6oTe npeo6JJaAaiO
ID;IIMn JIBJIJIIOTCJI MCTO)J,bl nepeHoca, B Heii TUKii\C 
co)J;epmnrcJI o6aop pa3BIITIIH reopnn nepenoca. 

8rn paa)J,eJJhi aai>anqnnaiOTCH onncanneM MOAC
.TJII il.TJJI npe)J,cKaaannH cran;nonapn:r,rx xapaHrepu
cTm\ peaHTopa co cnen:n!f>nquoii Kon<!Jurypan;neif:. 
H rper:r,eii •1aeru ileJiaercJI o6aop MCTO)J,a pacqe
ra l\HU3JICTUD;HOHapH01'0 COCTOJIHIIH, HC06XO)J,IIMO
l'O )J,JIH OD;CIIJOI BJIIIJIIlliH JICTOIIJ;CHHH aKTHBHOif 
:!OIIhl. Y CHCXU, /~OCTJffHYTbiC B MCTOiJ.UX pacqera 
JICTOIIJ;CHUJI, oeHOBHHbi Ua CJie)J,yiOIIJ;MX IJ!aKTopax: 
11) AOCTa ro•mo TO'lHhrii pacqer n ylfeT n MaJio
rpynnonoii MO)J,eJJn eneKTpaJILHblx H npocrpancT
JWHHhiX JJ3MCHCHUii llOTOKa HeiiTpOHOB B TClJ:CHUC 
rHlf3Hif aJ-tTHBHOii 30Hhl; b) yroqueHHhiH CIIHTe3 
TpexMepuoro pacnpe)J,eJieunn Morn.uocTn; n c) an
ToMaTuaau,HH IJ;HlppOBhlX RbJqiiCJJHTC'JlbHbiX Mal!HIH 
HpH paC•ICTUX ItCTOIIJ;CHIIJI. 

06cym)J,aeTCH TaRme nonpoc o upnMeneuuu lla
JmaQHOHHhiX M!'TO)J,OB )J,,TJJI tpOpMyJIIIpOBI\H Teope
TJL'!CCI\Oii OCHOBbl CTHTJICTillJ:CCKOrO MCTO,'.(U, 06'b
c;VIHHIOIIJ;Cf0 JJCC HOMIIOHCHTbi paC'lCTHOii CXI:'Mbl 
n I:')J,liHhiii o6rn.uii npou,ecc, o6ecnequnaiDrn.nii n co
oTneTCTBim C HOHKpCTHI>IMU yC.TJOBIIHMII Tpe6ye
~YIO CTl'III:'Hb TO'IHOCTII. 

A/263 Estados Unidos de America 1964 

Progresos de los metodos analfticos 
y de los calculos con maquinas en el diseno 
ffsico de reactores 

por E. L. Wachspress eta/. 

Los continuos avances en el disefio de reactores son 
prueba de los progresos experimentados en las 
tecnicas del analisis de Ia fisica de reactores. Estos 
progresos · han sido estimulados por el creciente 
conocimiento de secciones eficaces microscopicas, por 
la mejora de los metodos numericos y por Ia dis-
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ponibilidad de calculadoras digitales de caracteristicas 
mas versatiles. En esta memoria se revisan los pro
gresos realizados desde la ultima conferencia de 
Ginebra. 

La teoria de difusion con pocos grupos ha conser
vado un papel dominante en el analisis de reactores 
debido: a) a su intrinseca simplicidad, b) a su amplia 
aplicacion al calculo multidimensional de distribu
ciones de ftujos, y c) al gran desarrollo de las tecnicas 
de resolucion numerica de las ecuaciones de difusion 
en varios grupos. Para disminuir las inexactitudes 
propias de Ia teoria qe difusion se afiaden coeficientes 
de heterogeneidad espacial y se ajustan Ia estructura y 
las constantes de los grupos utilizando metodos 
suplementarios de teoria de transporte de grado 
superior. Asi se gana en precision de disefio. 

La primera seccion repasa Ia estructura de las 
ecuaciones de difusion con grupos y los progresos de 
los metodos numericos de solucion de esas ecuaciones. 
La segunda seccion se ocupa de como se han mejorado 
los metodos de obtencion de las constantes de teoria de 
pocos grupos ponderadas por espectro y de los coefi
cientes de autoapantallamiento, asi como de otros 
ajustes de las constantes de la ecuacion de difusion. 
Con ellos se aumenta mas y mas la precision y se 
obtienen criterios analiticos para juzgar de la validez 
de las aproximaciones de disefio. Como aqui predomi
nan las tecnicas de transporte, aqui tambien se repasa 
el progreso efectuado en teoria de transporte. 

Estas secciones se coronan con un modelo para 
predecir las caracteristicas estacionarias de una con
figuracion de reactor concreta, mientras que la tercera 
seccion resume un procedimiento de disefio para 
estado casi-estacionario que calcula los efectos de 
empobrecimiento del nucleo. Los progresos en los 
metodos que tienen en cuenta este empobrecimiento 
se deben: a) ala eficacia del calculo y a que se han 
incorporado al modelo de pocos grupos los cambios 
de espectro y de estructura fina espacial que ocurren al 
envejecer el nucleo, b) a que se ha mejorado Ia sin
tesis de las distribuciones tridimensionales de potencia, 
y c) a que el metodo de calculo del empobrecimiento, 
por maquinas digitales, es ahora automatico. 

Finalmente se discute la aplicacion de metodos 
variacionales a la formulacion de un metodo siste
matico y teoricamente firm.e para combinar los com
ponentes del esquema de calculo en un procedimiento 
general que permita distintos grados de refinamiento. 
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Pac'leTbt cneKTpos MeAneHHbtX HeMTpoHos 

r. H . .Map'lyK, r. A. HnS1COBa, B. H . .Mop030B, B. B. CMenoa, 

B. A. XOAOKOB 

B npooJH'Me TepMa.rrnaa~HH Hei'ITpOHOB MOil\HO 
Bhlp;emiTh Tpu HanooJiee cym;ecTneHHhlx acneKTa, 
a Hl\leHHO: IIOCTpOeHHe TeopeTHlJeCKIIX IIIO,~J;eJieft 

B3aiiliiO,~J;eiiCTBI!fi HeiiTpOHOB C nem;eCTBOM H noJiy
'!eHHe COOTBeTCTBYIOUJ;HX <f>n3II'leCHHX ROHCTaHT, 
Heooxo,u;nMhlx AJIH pactJeTa; paapaooTHa Bhl'lHCJIH
TeJihHhlX aJiropiiTMOB, n03BOJIHIOUJ;IIX C He06XO,ll;II
!IiOH TO'lHOCTbiO IIOJiy'laTb peiiieHue lllaTeMaTHlJe
CKOH aa,u;a'lii, n, HaiWHe~, npo6Jieliia nHTepnpe
Ta~nn ;mcnepHliieHTaJihHbiX ,~J;aHHhTX no H3MepeHHIO 
Cllei\TpaJibHhiX xapaKTepllCTHH nOTORa llle,~J;JieHHbiX 
HeiiTpoHon. B HacToam;eM AORJia,u;e 6y,u;yT pac
cMoTpeHbl BOnpOChl, CBH3aHHble B OCHOBHOM CO :BTO
pbiM acneRTOM npo6JieMhl. 

IlocTaHOBRa 3a,~J;a'1H 0 pacceHHHH Me,~J;JieHHbiX 

HeiiTpOHOB npHHa,u;Jieil\HT rypBIIT~Y H RoreHy 1• 2• 
Han6oJiee noJIHO :na aa,u;atJa peiiieua n paMRax 
TeopeTH'leCROH JIIO,~J;eJIH pacceHHHH HeiiTpOHOB Ha 
».a;pax o,u;Hoa TOMHoro raaa 1- 4• B nocJie,u;une ro.a;bl 
OT'leTJIIIBO BbiHCHHJiaCh He06XO,ll;HMOCTb 6oJiee rJiy
OOIWrO <J>uaHtJecRoro aHaJinaa MexaunaMa paccea
HHH HeiiTpOHOB B nem;eCTBe C ytieTOM MOJieKymip
HbiX n HpncTaJIJIU'lecKnx c:saaeii. PeayJihTaTbl nnx 
HCCJie,~J;OBaHHii IIIUpOHO npe,~J;CTaBJieHbl B MaTepHa
JiaX BpyHxeiineHcKoii I\OH<f>epeH~llll no TepMaJIH
aa~HH Heii:TpOHOB 6 • 

0TMeTnM ,u;aJiee, 'ITO B nocJie,u;HHe ro.a;hl noJiy
tJeHbl cym;ecTneHHhle peayJihTaThl TaHme n o6JiacTH 
:mcnepnMeHTaJibHoro nccJie,u;onaHHH npo6JieMbl Tep
MaJinaa~Hn ueiiTpouon 5_7• 3TH nccJie,u;onaHHH 
ll03BOJIHIOT npOBO,ll;HTh TUJ;aTeJibHOe COllOCTaBJieHne 
:mcnepHMeHTaJihHbiX ,~J;aHHbiX C COOTBeTCTBYIOUJ;HMH 
peayJII>TaTaMH TeopeTn'leCKHX paClJeTOB, BbiiiOJIHeH
HbiX Ha OCHOBe pa3JIH'1HbiX <f>H3HlJeCKHX MO,~J;eJieii. 
CJie,u;yeT OTMeTHTh, 'ITO no Mepe yrJiy6Jieana Ha
IIIHX aHaHnii o <f>HaH'leCKHX npo~eccax, nponcxo
AHUJ;HX B H,ll;epHbiX peaKTopax, IIOHBJIHeTCH Ha
CTOHTeJibHaH He06XO,ll;IIMOCTb B pa3BHTHH BCe 6oJiee 
COBepmeHHbiX H TO'lHbiX JlleTO,ll;OB pemeHHH ypan
HeHHH nepeHoCa HeHTpOHOB. 

Oco6euuocTh npo6JieMbl pac'leTa pacnpe,u;eJieHHH 
TenJIOBbiX HeiiTpOHOB COCTOHT B TOM, 'ITO Me,~J;JieH
Hble HeftTpOHbl He TOJibl\0 TepHIOT, HO H npHOO
peTaiOT aueprHio, nnu.u;y tJero HHTerpaJibHLiii one
paTop n ypanueHHH nepeHoca OHaahlnaeTCH onepa
TopoM <l>pep;roJihMa. Pemenne aToro ypanneHHH 
MomeT ObiTh BhlnOJIHeHo n paMHax Pn-npn6Jiume
HHH MeTo,u;a c!J!epnqeCKHX rapMOHHK, Sn-MeTop;oM, 

MeTOAOIII xapai<TepnCTHK, MeTop;oM MoHTe-RapJio 
11 p;p. s-1s. 

Hnme npep;cTanJieH o6aop HeiWTOpblx MaTeMa
TH'lecKHX MeTO,ll;OB peiDeHIUI ypaBHeHHH nepeHOCa, 
,~J;aHO HX COnOCTaBJieHite 1\Ieil\l~Y co6oii U cpa:sHeHHe 
c aKcnepnMeHTaJihHhiMn p;aHHhi!IIH 6- 7• Oco6oe BHH
MaHHe yp;eJieHO BOnpocy noJiytJeHHH yrJIOBhiX pac
npep;eJieHHH nOTOHa HeiiTpOHOB B H'!eiiKe peai<TOpa. 

1. PACI..fET noTOKA 1-1 UEHHOCTH 
HE~TPOHOB METO,[J.OM CttJEPJ.14ECKHX 

rAPMOHJ.1K 
CTa~HonapHhlii noToi< llte,u;JieHHhiX HeiiTpoHon <p 

B ~HJIJIH,ll;pH'leCKOii .fl'leiii<e JIIOil\eT 6hJTb onHCaH 
cJiep;yrom;nM HHTerpo-.u;n<P!flepeH~HaJII>Hbllll ypanHe
HHeM nepeHoca: 

sin e (cos 'I'~- sin 1jJ ~ + or r ow 
vrp 

+a(r, v}<p(r, v, 9, 'IJ')- ~ dv'~ dQ' X (1) 
0 

X a8 (r; v' ~v, Q'~Q)<p(r, v', 9', 'IJ'')=q(r, v), 

rp;e a 8 (r; v' ~ v, (;r ~ Q) -p;H<f>!flepeH~naJihHOe 
cetJeHHepaccenHHll; a(r, v):=a8 (r, v)+aa(r, v)
noJIHoe CelJeHHe; 9 H '\j)- IIIHpOTHhiH H a3nMy
TaJibHbiH yrJihl (puc. 1). 

z 
PHc. 1. CxeMa ,o.nR pac~eTa HanpaeneHHR cKopocTeH 

<l>yHK~HIO <p (r, V, 9, 'ljl) npep;cTaBHM B BHp;e 

<p(r, v, e, 'ljl}=Q(v)v(r, v, e, 'IJ'}, (2) 
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r}l;B Q (v) Bb16HpaeTCH C TaKIIM pacqeTOM, qT06bl 
aan6onee rronao yqecTL xapaKTep naMeaeann rro
ToKa HBiiTpOHOB <jJ (r, V, 8, 'Jl) ITO rrepeMBHHOH V. 

B KaqecTne lj>yHK~Iflf Q (v) npH pacqeTe HcnonL
aonancn :mepreTnqecKHii cneKTp lj>opManLHO roMo
reanaonaaaoii JiqeiiKH. Ma cKaaaaaoro cne}l;yeT, 
qTQ lj>yHK~IIJl V (r, V, 8, 'iJ) }l;ORiKHa 6b1Tb CJia6o 
33BHCHID;BH OT CKOpOCTH V BO BCBH o6naCTH Tep
Mannaa~HH 0 < v < Vrp· 

06JiaCTb 0 < V < Vrp paao6beM Ha m HHTepBaJIOB 
v1 < v < v1+1 (j = 1, 2, ... , m). B rrpeAeJiax Kam
AOH na :mepreTnqecimx rpyrrn v1 < v < v1+1 lj>yHK
U.HIO V (r, V, 8, 'iJ) MOiKHO ITpH6RHiKBHHO cqnTaTb 
He aaancHm;eft oT CKopocTH aell:Tpoaa. Tor}l;a, rroA
cTaBJIHH COOTHOIDBHHB (2) B ypaBHBHHH (1) H HH
TerpHpyH nocJie}l;Hee B rrpep;enax Itamp;oii na rpynrr, 
ITOJJY'IIIM CJJB,Il;yiOID;YIO CHCTBMY ypaBHBHHH: 

. 8 ( '" oqJo > sin ¢ oqJri> ) + sm cos 'Y -------or r o'ljJ 

+aU> (r) <p{i) (r, 8, 'Jl)- (1a) 
m 

- L <p(l) (r, 8', 'Jl') a!->i (r, Q' ~ Q) dQ' = qW (r), 
1=1 

rp;e 

<pw (r,e , '~'> = tljr <jJ (r, v, 8, 'I'> av; 
vj 

qU> (r) = Vjr q (r, v) dv; 

Vj 

vi+i "JH 

aU> (r) = :; ~ a (r) Q (v) dv; QJ = ~ Q (v) dv; 
Vj Vj 

a!->i(r, Q' ~0)= 

"1+1 11}+1 

= ~1 ~ Q('v')dv' ~ aa(r; v' ~v, Q' -?Q)dv. 
v1 v1 

<l>yHKU.HIO a~-+i (r, Q' ~ Q) paaJiomHM B PHA no 

ITORHHOMaM ~emaH)l;pa 
00 

a~->i(r, Q' -?Q)= 2~ ~ 
2ni 1 a~-+i(r)Pn(Jlo) (3) 

.n=O 
-+ .... 

(flo= COS (Q, Q' )}, a HBHTpOHHblH ITOTOK <pW- no 
clj>epH'IBCKHM lj>yHK~IfHM 

00 

i 1 "" 2n + 1 {i) q> (r, 8, 'Jl) = zn ~ - 2- <I>no (r) Pn (cos 8) + 
n=O 

co n 

+-1 "1 ""(2n+1)(n-m)! X 
2n ~ 4.l (n+m)! 

n=i m=i 

X <I>~ln (r) cos m'JlP~> (cos 8), (4) 
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P3-npn6numeane cooTBeTcTayeT }l;onym;eauiO, qTo 

ace <I>~ln(r) c n>-4 paBHbl ayn10. llocKoJILKY 
-+ .... 

lj>yHKU.IfH paCCBHHHH a~-+j (r, Q' ~Q) HB 38.BHCHT 

HH OT ITOrJioii1,aiOII1,HX CBOHCTB cpep;bl, Hlf OT ee 
pa3MepoB, TO B pa3JIOiKBHIIH (3) MOiKHO OrpaHH
qiiTbCH orrpe)l;eJieHHbiM 'IIICJIOM CJiaraeMblX, He CBH-
3blBaH 3TO C ITOpH,I];I\OM rrpn6JIIIlliBHIIH. )J;JIH rrpaK
THqecKIIX ~ene:U: B paanomeHHH (3) Momao orpaHH
qHTbCH ABYMH cnaraeMbiMH. B peayJILTaTe n Kam
}l;OH 3HepreTuqecKOH rpyn!JB ITOJiyqnM CHCTBMY H3 
meCTII )l;Hij><f>epeHU.HaJibHbiX ypaBHBHIIH )l;JIH lj>yHK-

U.HH <l>~m (r), KOTOpan B MaTpllqHoii: lj>op!lfB HMBBT 
Bll}l; • 

dl 1 
aoa,: +--;: T of+ ~o<I> =So; 

at~~+ ! Tt<l> + ~1/ = 3S1, (5) 

rp;e 

<I>oo <l>u Soo Su 
<1>= <1>20 ,1= <1>31 So= 0 , St= 0 

<1>22 <D33 0 0 
m 

sWJ <r> = 4nq(j> <r> + (1- 61z> ~ <I>b'J <r> a~ .... ; <r>; 
1=1 

m 

si1l <r> = (1- 61z> Y <t>W<r> ai .... 1 <r>; 
1=1 

ao, a., T0 , T1, ~o. ~ 1 -HeROTOpble MaTpuqHLie 
K031}>4>HU.HBHTLI 10• 

16
• 

McKniOqan ua CHCTBMbl ( 5) neKTop I, nony
quM ypaBHBHHe 

D-+-K--(3at o+-A <1>= d2ID 1 diD ~ 1 ) 
dr2 r dr r2 

= -3atSo+3V - +-S1 --WS. (
dSt 1 ) 6 
dr r r 

B ypaaueHHH (6): ~0 , A- }l;HaroaaJILHLie 
pH~bl, 

~0 = [0'0 , 5a, 5a/6], A= [0, 0, 4h]; 

[ 

1 -1 
D= -1

1 
f 

-g 

k=[-: 
-1 3j2 ] 

f -3f2 ; 
-1 g 

V=l-l 
0 

~]; W=[~ 
0 

gl' 0 0 
0 0 

npuqeM oV> = a(i) -a~-.;; aV> = aV> -a{->i. 

(6) 

MaT-

/ =1+18<Jt. =1+~<Jt. h=i.+!_<Jt. 
1a.'g 7a' 2 7a 

'YpaBHBHHH (6) }l;OITORHHIOTCH ltlaTpHqHbiMII 
rpaaHqHbiMH ycnOBHHMH, o6ecneqHBaiOID;HMH CHM-

• Pa~u npocTOTI>l uo~eKc ooMepa rpynnw ony~eH. 
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.Merpuro neiiTponnoro noToRa B I:(enrpe n:qeii:RH 

H ycJIOBHe orpamenH.II Ha ee rpaHHI:(e 1o, 1&. 

PemeHue cucreMhi (6) ocym;ecTBJI.IIeTc.II .Mero· 

,n;o.M urepa[(Hii no rpynnaM. ComacHo Mero,a.y 

3eii,n;eJI.II, ROTOphiH 6hiJI HCnOJib30BaH B npo[(ecce 

HTepHpOBaHH.II, lf>yHRI:(HH S~6 H sn B n-if: HTepa

I:(HH BhllJHCJHHOTC.II no CJie,n;yrom;eif: CXeMe: 

S <io> - 4.,.,.q0l (r) + ~ ..n(l) "l-+i I o ,n- ,. ·k.J o.voo,n-1'-"0 ·r 
l<i 

I ~ ..n(!) 1--+j 
., - k.J 'VOO, n ao • 

l>i 

PerneHHe l'tiHororpynnonoii: aa)J;a'IH (6) ,JJ,OJiamo 

y)J;OBJieTBOp.IITb COOTHOilleHHIO 6aJiaHCa HeHTpOHOB 

m Rrp m Rrp 

~ ~ a~> <ll~J (r) r dr = ~ ~ QV6 (r) r dr. (7) 
i=1 0 i=i 0 

EcJIH HTepa[(HOHHhiH npo[(ecc He aaROH'IeH, 

6aJiaHCHOe COOTHOllleHHe (7) He BblllOJIH.IIeTC.II. 

,lJ;o6HBa.IICb BblllOJIHeHim 6aJiaHCHOI'O paBeHCTBa 

(7) B npo[(ecce HTepupoBaHim, M01KHO aHa'IH

TeJihHO ycRopHTb cxo,n;nMocTb npor,ecca 17• B Ha

cToHm;eii: pa6oTe 3TO ocym;ecTBJIHJIOCb nepeHop

MnpoBROH HCTO'IHHROB. 

Ram)J;oe O)J;Horpynrronoe ypaBHeHne cHcTaMbl (6) 
pernaeTC.II .MeTO)J,O.M MaTpH'IHOH lf>aRTOpH3aiJ;HH 18, 

lloJiytiaeMble B peayJII>TaTe pemeHim aa,JJ,atJH 

lf>yHRI:(HH <JlhjJ ( r) = ~ <Jl(j) ( r, 8, 'ljJ) dQ MOI'YT 6b1Tb 

HCllOJib30BaHhi ,!J;Jl.II BhllJHCJieHH.II alf>lf>eRTHBHblX 

TenJIOBb!X ROHCTaHT, He06XO)J,HI\1hiX )J;JIH ,n;aJibHeif:

lllHX pactJeTOB RPHTH'IecRHX napa.MeTpoB peaKTo

poB. B p.II)J;e cJiy'IaeB, O,JJ,HaKo, B03HHRaeT Heo6-

XO,ll,HMOCTb 3HaTh yrJIOBYIO 3aBHCHMOCTh Heii:TpOH

HOI'O IIOTORa qP> (r, e, '¢). B pa3JIHlJHhiX 3Kcrre

pH.MeHTaX IIO H3y'IeHHIO CIIeRTpOB TenJIOBblX 

Heii:TpOHOB BhiBO,ll;HTC.II Heii:TpOHHb!e rrytJRH onpe

p;eJieHHblX HarrpaBJieHHif:. <JlopMyJia ( 4) n03BOJI.IIeT 

ocym;eCTBHTb paC'IeT HeHTpOHHhiX IIOTOROB B JII0-

6oM aa,n;aHHOM HanpaBJieHHU:. IlpHBe)J;eM pactJeT

Hble lf>opMyJibl ,!J;JIH nOTOROB HeHTpOHOB, HMeiOIIJ;HX 

pa3JIHlJHble HanpaBJieHH.II CROpOCTH (eM. pu:c. 1): 

<pu> <r, e = o) = 4~ l<llbjJ <r> + s ll>YJ (r)J; 

<pU> ( r, e = ~ , '¢ = ~ ) = 

1 L .... rr-.(i) 5 rr-.W 5 (j) J = 4n ""'oo(r)- 2 o.v2o(r)-4<l>22(r) 

<pW(r, 9=~, '¢={~)= 
1 [ (') 5 (') 5 . 

= 4n <Do'o (r)- 2 <I>io (r) + 4 <Db {r) ± (8) 

± ( 3<I>)i{ (r)- f <I>~/ (r) + 2: <I>~J (r)) J 
Hap.II,n;y c nOTOKOM Heii:TpOHOB <p (r' v, e, '¢) 

IIpe)J;CTaBmieT HHTepec lf>YHKI:(HH I:(eHHOCTH Heif:

TpOHa <p* (r, V, 8, 'ljl) OTHOCHTeJibHO KaROI'O-JIH6o 

r. J.1.MAP4YK et al . 

npo:o;ecca. MomHo roBopHTb, HanpHMep, o I:(eH

HOCTH BeHTpOHa OTHOCHTeJibBO noi'JIOII:(eHHH B 
6JioRe n T. n. 111- 20 • 

<l>yHRll,H.II I:(eHitoCTH .IIBJIHeTC1I peilleBHe.M CO

llpH1KeHHOI'O ypaBHeBH.II, KOTOpoe B .MHOI'OI'pyn

nOBO!Il npe)J;CTaBJieHHH HMeeT BH,!J; 

. e ( •• , 8!p*<i> sin 1Jl o!p*<i>) 
Sill COS 'I'-------- + 

or r o'ljl 

+a<i>(r)<p*(i)(r, 9, '¢)-
m 

- ~ ~ <p"'< 1> (r, 9', '¢') X 
1=1 

xa! ... 1(r, n~'?l')dQ'=q"'{j)(r, e, '¢). (9) 

RoHKpeTHblii: BH,n; npaaoii: qacm ypaBHeHH.II (9) 
;!J.HKTyeTCH Te.M lf>H3H'IeCRHM npo[(eCCOM, OTHOCH

TeJibHO KOTOpOI'O onpe)J;eJIHeTCH lf>yHKI:(H.II I:(eH

HOCTH. B tJacruocTH, ,a;JIH Bhi'IHCJieHHH I:(eHHOCTH 

Heii:TpOHOB OTHOCHTeJibHO 3aX:BaTa B 6JIOKe B CH

CTeMe (9) HymHo noJiomurL 

. { a~i) (r) B 6JioRe, 
q"'(J) (r, e, '¢) = 

0 BHe 6JIOKa. 

Pernemm cucreMbl (9) ocyl[(eCTBJIHeTc.II reMH me 

MeTO)J;aMH, 'ITO H CHCTeMbl (1a). 

<l>yHRI:(H.II I:(eHHOCTH Heif:TpOHa B CO'IeTaHHH 

C lf>YHKI:(HeH pacnpe,a;eJieHH.II Heii:TpOHHOI'O nOTORa 

HaXO,!I;HT illHpOROe npHMeHeHHe B TeOpHH B03.MY
II:(eHHH 18' 21. 

2. PACL.fET nOTOKA HEt1TPOHOB 
Sn-METO,&OM 

,Il;JI.II paC'IJeTa nOTORa TenJIOBblX Heii:TpOHOB 

B JJ'Ieii:Re peaRropa c ycnexoM MomeT 6b1Tb 

ucnOJib30BaH Sn-MeTo,a;, rrpep;JiomeHHLiii: RapJico
HOM 12 • lS. 3~eCh Mbl OCTaHOBHMC.II Ha npHMeHe

HHH MeTO~a K MHOI'OI'pyrrnOBOH CHCTeMe (1a}, 

nputJe.M aHH3oTponuro pacceHHH.II 6y~eM ytJHTbl
BaTh B TpaHCllOpTHO.M npn6JIHil\eHHH. 

PerneHHe coOTBeTCTBYIOII:(eii: cucTeMbl ypaBHe

HHii: C yCJIOBHJJMH OTpameHHJJ Ha rpaHH~e Jiqeif:KH 

ocym;eCTBJI.IIeTCH C noMOII:(hiO HTepa[(HOHHOI'O npo

I:(eCca, BKJIIO'IaiOm;ero HTepa[(HH Tpex BH~OB: HTe

paiJ;HH HeynpyrHx nepexo,n;oB, urepa[(nH ynpyrux 

CTOJIKHOBeHHii: n urepa[(HH rpaHH'IHhlx ycJIOBHii:. 

JhepupyeMOe ypaBHeHHe HMeeT CJie,n;yiOII:(HH BH~: 

o!p<i> · 8!p{j) 
V 1 - y2 COS'¢ ~/' r - Y 1 - '\'2 Sl~ 1jJ ;;t r + 

-+-a<ti) (r) m(j) = Q(j) (r) r Ts, t, r s, t ' 

rp;e j-HOMep aHepreTHtJecRoii rpynnbl 

2! ... ' m), y =cos e, 

Q~~>t (r) = ~i-+i (r) N~~)t-t (r) + Q~i) (r); 
m 

(10) 

U= 1, 

(11) 

Q~3>(r)=~ ~1--+i(r)N~~t(r)+q<i>(r); (12) 
l=j=j 
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:n; 1 

N<i>(r) = ! ~ d\jl ~ q><i> (r, '}l, y) dy; (13) 
0 0 

m 

aW (r) = ~ ~i->l (r) +aU> (r); (14) 
1=1 

W--+i (r) =a~_.; (r)(l :1= j); 

~1-.;(r)=a~-. 1 (r)-a~-.z(r) (l=j). (15) 

<l>yHK~IIII a~~) ( r) II ~ l--.j ( r) KyCO'IHOIIOCTOJJHHLI, 

qU> (r)- JIIIHeHHaH <flyHK~IIH Ha IIHTepBaJiaX, 
orpaHli'leHHLIX yaJIOBLIMII TO'IKaMII rrepeMeH
HOH r. 

J1Tepa~11H Heyrrpyrux nepexo,u;oB c HOMepoM s 
aaKJiiOqaeTCH B IIOCJie,IJ;OBaTeJibHOM pemeHIIII ypaB

HeHHH (10) ,IJ;JIJJ BCeX j C <flyHK~IIHMII Q~j) (r), 
113BeCTHMMH na rrpe,u;u,u;y~e:ii IITepa~llll ueyrrpyr11x 
nepeXO,IJ;OB. JfTepa~IIH yrrpyriiX CTOJIKHOB9HIIH 
c HoMepoM t npe,u;cTaBJIHeT co6o:ii pemeHIIe ypaa
HeHIIH CHCTeMM (10) ,IJ;JIH ,IJ;aHHOrO j C <flyHI\~IIeH 

N~i>t-t (r), ua:U:,u;eHuo:ii: B npe,u;u,u;y~e:ii: HTepa~llll 
yrrpyr11x cTOJIKHoBeHIIH. B peayJII>TaTe acex IITe
pa~n:ii yrrpyriiX CTOJIKHOBeHHii orrpe,u;eJiaeTCH lflYHK-

~~~H N~j) (r). JI, HaKoHe~, C IIOMO~biO HTepa~!fH 
rpaHII'IHLIX ycJIOBHH onpe,u;eJIHeTCH <flyHK~IIH q>~~)l, 
y,u;oBJieTBoparo~aa KpaeBMM ycJIOBHHM oTpameHHH: 
q>U>(Rrp• '}J, y)=q>(J)(Rrp• 31:-'}l, y). l1p11 IITe
pa~llll rpaHH'IHMX ycJIOBHH C HOMepoM r Ha BHeill
He:ii rpaHn~e H'leHKII CTaBIITCH ycJIOBIIe 

q>~~>t, r (Rrp, \jl, y) = 

= ~ [q>~~>t, T-1 (Rrp. y, 'll) + q>~~\ r-1 (Rrp, n-'}l, y)J 
(16) 

,IJ;JIH Bcex n/2 < \jJ < n. 

PacqeTuue cpopMyJIM Sn-MeTo,u;a, ueo6xO,IJ;IIMLie 
,IJ;JIH pemeHHH IITepllpyeMMX ypaBH9HHH (10), 6MJIH 
IIOJiy'leHM HaMil IIO o6~e:ii ,IJ;JIH BCeX BH,IJ;OB reo
MCTpiiH cxeMe, HaJiomeuHo:ii B pa6oTe 14 • lloJiy
qeuHLie IIO 3THM cpOpMyJiaM IIpH6JIRH\eHHM9 peme
HHH MHororpyrrrroaoii cncTeMM y,u;oaJieTBopJIIOT 
ycJIOBHtO 6aJiaHca Heii:TpoHoB. B cooTBeTCTBHH 
C 3TOH CXeMOH 06JiaCTb H3MeHeHHH IIepeMeHHbiX r, 
'}J H )1 IIOKpbiBaeTCH CeTbiO yaJIOBbiX TO'IeK 
(rk, '}l;, yp)· YaJIOBble TO'IKH 'YP Ha HHTepBaJie [0, 1] 
BLI611paiOTCH COOTB9TCTBYIO~HMII KBap;paTypHOH 
cpopMyJie faycca; yaJIOBble TO'IKII '}l; Ha HHTepaaJie 
(0, n) Bb1611paiOTCH paBHOOTCTOH~HMII ,u;pyr OT 
,u;pyra C marOM nfn {'IIICJIO n COOTBeTCTByet 
Sn-rrpn6JinmeHIIIO); yaJIOBLie TO'IKH rk Ha IIHTep
BaJie (0, Rrp] Bb16npaiOTCH rrpollaBOJibHO c TeM 
Jlllillb yCJIOBHeM, 'IT06bl cpe,u;n HHX 6hiJIII tO'IKH 
paaphiBa cpyHK~IIii aW (r), ~hJ (r) 11 qU> (r). 

B rrpe,u;noJiomeHIIH mmeiiHoii aaBIICHMOCTII q>(J) 
OT '}J H r Ha IIHTepBaJiaX ('~Ji-b '}Ji) H (rk-t• rkJ 
K ypaBHeHHHM CIICTeMbl (10) IIpll 3Ha'leHIIHX 
)1 = )lp nOCJie,IJ;OBaTeJibHO IIpiiMeHJIIOTCH IIHTerpaJib-

r. H.MAP4YK et al. 199 

HLie onepaTopLI 

2n 
'lilt . rh 

~ d'}l H ~ rdr. 
lt 

IP1-1 rk-1 

B peayJibTa Te noJiyqaeM aJire6paH'IeCime- ypaB:
HeHIIH, CBH3biBaiO~He Mem,u;y C06oii 3Ha'leHIIH q>(J) 

B yaJIOBbiX TO'lKaX. )l;onOJIHHH 3Ty CHCTeMy ypaB
HeHHHMII, noJiyqaeMbiMII nOCJie nO,IJ;CTaHOBKII B (10) 
3Ha'leHIIH \jJ = n C nOCJie,u;yiO~HM IlpHMeHeHHeM 
onepaTopa 

~k rdr, 

rk-1 
Mbl noJiyqaeM nOJIHYIO CliCTeMy ypaBHeHHH, 113 
KOTOpO:ii 3Ha'leHHH q>(j) (rk, \jl7 , )lp) HaXO,IJ;HTCH no 
peKyppeHTHMM cpOpMyJiaM. 

Henocpe,u;cTBeHHoe ocy~ecTBJieHHe onpe,u;eJieH
HbiX Bhlille HTepa~HOHHhJX npo~eCCOB Tpe6yeT 
O'leHb 6oJinmoro 'IHCJia HTepa~Hii. ,Il;JIH conpall\e
HHH 'IHCJia HTepa~n:ii Mbl HCnOJib30BaJIH COOTBeT
CTBYIO~He cpOpMyJihl ycKopeHHH CXO,IJ;HMOCTH HTe
paUIIOHHbiX npo~eccoB. 

YcKopeHHe cxo,u;HMOCTH npo~ecca HTepa~nii 
rpaHH'IHbiX YCJIOBHH ocy~eCTBJIHJIOCb nyTeM 
3KCTpaiiOJIH~HH HTepa~HOHHhJX H3MeHeHHH BeJIH
'IHH q>~~>t,r(Rrp, 'Pt. )lp) {i=1, 2, ... , n/2-1)Ha 
6ecKoue•moe 'IHCJio HTepa~H:ii r (MeToA JirocTep
HHKa 24). 

Y CKOpeHHe CXO,IJ;HMOCTH npo~ecca HTepa~HH 
yrrpyrHX CTOJIKHOBeHHH IIpOBOlJ;HJIOCb IIO MeTop;y 
o~eHKH HTepa~HOHRLIX OT«JIOHeHn:ii 14 •25 • II,u;en 
3Toro llteTOAa aaKJIIO'IaeTCH B npn6JIHmeHHOM onpe
p;eJieHHH OTKJIOHeHHH HTepupyeMOH cpyHK~IIH OT 
HCKOMOro TO'IHOrO pemeRHH ypaBHeHHH no ee H3-
MeHeHHIO B peayJibTaTe OAHOii HTepan;nn. CooT
BeTCTBYIO~He cpOpMyJibl B HailleM CJiyqae MOryT 
6b1Tb IIOJiy'leHLI CJieAYIDII\liM o6pa30M. <l>yHK~HH 
IJ>! ( r, '}l, y ), HBJIHIO~aacn pemeHneM ypaaue-

HHH (10) IIpH Onpe,u;eJieHHOM Q~j) (r), MOH\eT 6b1Tb 
npe,u;cTaBJieHa B aup;e 

q>~i>(r, \jl, y)=IJ>~. t(r, '}J, y)-Aq>~~>t(r, '}J, y), (17) 

r,u;e Aq>~~>1 (r, \jl, y) -nTepan;noHaoe OTimoueane, 

COOTBeTCTBYIO~ee HTepall;IIII C HOMepOM t. J1HTe
rpi1pyH (17) no '}l II y, noJiyqaeM 

Nm(r)=NU> (r)-ANU> (r) 8 8, t s, t ' (18) 

r,u;e 
:n; 1 

AN~~>t(r)=! ~ d'IJ ~ Aq>~~>t(r, \jl, v)dv. (19) 
0 0 

l1cnoJib3YH (17) II (18), Ila HTepi1pyeMoro ypaB
lleHIIH ( 10) UOJiyqaeM COOTHOilleHIIe 

11-1 2 , 1, Mq>~~l 11-1 2 sin 'ljJ a!'1q>~:? + v -y cos '1'--- v -y -----
or r o'ljJ 

+ aW (r) Aq>~~'z=~;-; (r) AN~~~-1, (20) 
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OTKy;:I.a CJiep;yeT ypaBHeHHe p;JIH Hrepa~HOHHOfO 

OTKJIOHE\HHJI Ll<p;~") t: 

Mcp(j) · fhl.m(i) 
Y1-y2cos 'ljl--s_,t_ y 1-y2sm¢ _.,._s_,t + 

ar r 8¢ 

+ a<i> (r) Llm<i> = p,.i-+i(r) LlN<i> +Llq<i> (r) tr 'fs, t t", s, t s, t , (21) 

rp;e 

Llq~~>1 (r) = ~i-+i (r) [N8, H(r)-Ns,t (r)]. (22) 

KpaeBI>Ie ycJIOBHJI p;JIH :noro ypaBHeHHJI coxpa
HJIIOT npemHIIH BII}J; ycJIOBHH OTpameHHJI. 

CJie.n;yrom,IIif mar cocTOIIT B o~eHKe BeJIII'IHHhl 

IITepan;IIOHHOfO OTKJIOHeHHJI LlN~~)t HJIH, p;pyriiMll 
CJIOBaMH, B npiiOJIIIil\eHHOM pemeHIIII ypaBHeHIIJI 
IITepan;IIOHHOH nonpaBKII (21 ). l1cnoJih3YH ro o6-
cro.areJibCTBO, qro no Mepe npu6m1memm <r!~~ 
K TO'IHOMY pemeHIIID <p~j) (r) <f>YHKD;IIJI Ll<p~~\ crpe
MHTCH K HYJIIO II CTaHOBHTCH Bee OOJiee rJiap;KOH, 

Mbl noJiaraeM npiiOJIIIllieHHO LlN!~?(r)=Ll<ps,t (r, 'ljl, y) 
II noJiyqaeM ypaBHeHIIe p;JIJI on;eHHII IITepan;IIOH-

Horo OTKJIOHeHHH Ll~!~)t(r, 'ljl, y) 

"~ ~~ ,h Mcp~~~ "~ ~~ sin¢ Mrp~~~ ..L v - y COS 't' -------;;;:- - V - Y -r - ----a:ij) 1 

+ aW Ll(j)~~~ = Llq~~>t(r ). (23) 

PemeHIIe aroro ypaBHeHIIJI He rpe6yer npo
Be.n;eHIIH ftrepan;Hif ynpyriiX CTOJIKHOBeHIIH. fio
JiyqaelltaJI npnoJinmeHna.a cJ>yHKD;IIJI cpep;uero no
TaKa 

JV<i> (r) = N°> (r)- LlN(J) (r) s, t S, t 8, t 1 (24) 

lt i 
~o 1 \ \ ~o 

LlNs:t(r)=-n ~ d'ljl.) Ll<ps~t(r, 'ljl, y)dy, (25) 
0 0 

ucnoJihayerc.a aareM B :KaqecrBe HOBoro npn6JIII
meHHH B HTepiipyeMOM ypaBHeHJm (10) H BeCb 
npon;ecc HTepHpOBaHHH II BBef!;eHHJI HTepaD;IIOH
HbiX nonpaBOK npop;omRaercn p;o rex nop, noRa 

orHomeaiie LlN~~>tl N~~>t npu Bcex r He era Her 
MeHhme onpep;eJieHHoro aa)l;aHHOro 'lHCJia e. 

TaK :KaK <f>yHHD;HH Ll(j)~~>t .n;aer JIIIIDh npuoJIII
meaayro BeJIII'IIIHY Hrepan;IIOHHOfO OTKJIOHeHHJI 
<p~·:)t OT TO'lHOrO pemeHJIH <p~j), TO B D;eJIHX COI-\pa
m,eHJUI Bhl'liiCJIIITeJibHOH paoorhl ee cJie.n;yer onpe
.n;eJIHTb B OOJiee HII3ImX np1IOJIIIII\8HHHX no cpaB
HeHU[() C npUOJIHffieHHHliiH, IICnOJib3ye!llbll\IH npu 

Bbl'llfCJieHUII CaliiOH <flyHHD;HH <p~~)t· 
B rex cJiy'laHx, Horp;a yc.uoBnH, Heooxop;nMble 

p;,1H BBe)l;eHIIH nonpaBim no <l.>opM.yJie (24), He 
BblllOJIHHJIHCb, YCI<opeHIIe CXO}J;Hl\IOCTH npon;ecca 
HTepan;nii ynpyrux CTOJIHHOBeHHH ocym,eCTBJIHJIOCb 
nyrel\1 yMHOifWHIIJI IITepupyeliiOH <f>YHHU.HII Ha oa
JiaHCHblii nopMHpOBO'IHLiii JlmomureJib 14• TaHoe 
me ycr,;opcmue cxo.n;II!\IOCTII npnMeHH.riOCh n I< upo
u.eccy urepau.uil Heynpyrux nepexop;oB. 

3. PAC4ET nOTOKA HEtiTPOHOB 
METO,&OM MOHTE-KAP no 

BJiymp;aHue HeH:rpoHa B H'IeHI<e liiOII;eJinpyercH 
C llOMOill,hiO ~n<f>pOBOH 8BM Ha OCHOBe Bepo.ar
lJOCTHhlX Xapa:KrepucTHH HeifrpoHHO-JI7J;8pHbiX B3a
HMO}J;eHCTBHH H reo!lfeTpH'leCKOH crpy:Kryphl .aqeif
KH. Ha rpaHnn;e .aqeifi<n HeifrpoH aep:KaJibHO or
pamaercH oea H3MeHeHUH CI<OpOCTH. McTO'lHHK 
B OOJiaCTH repMaJIH3aD;HH CTpOHTCJI B npep;nOJIO
lli8HHH, qro p;JIH CI<Opocreif Y > Yrp pacce.aHne 
HeifrpoHa (ynpyroe II c<J>epuqecrm CHMMerpnqHoe 
B cucreMe n;eHrpa Mace) npoucxo)l;HT Ha Henop;
BH»<HhlX CBooo.n;Hhlx np;pax; cne:Krp HeifrpoHoB 
BhliDe y rp-cJ>epMHeBCHHH. Bee BepmlTHOCTHhle xa
parnepHCTH:KH B3aHJ\10}1;8HCTBI:IH HeHTpOHa C Be
m,eCTBOM MO)J{HO aap;aBaTh TaOJIIiD;aMH, Op;Ha:Ko 
J];JIH aroro rpeoyerc.a 6oJihiDOH o6'LeM oneparuB
noif naMHTI:I MamnHhl. 

B cJiyqae raaoBoif liiOp;eJiu aaMeAJinreJIJI npo
n;ecc pacceHHHH HeifrpoHa Ha Rp;pax onpe~~;eJieH
Horo copra MOlliHO lll07J;8JIHpOBaTh B CJiell;yiOID;el\1 
nopJIJ];Ke. PaahlrphlBaerc.a a6coJIIOTHoe aHaqenue 
Y 0 C:Kopocrl:l JIJ];pa, c HOTOphlM craJIHuBaeTc.a Heif
rpoa. ,l];Jia aroro pemaercH orHocureJihHo Y0 
ypaBnenne 

K= 
1 

1 3 
~~~ IJl~o (y) + 3cpz (~) + ~ [IJla (y) -IJla (~)] + 

1 

~21Jldv)+3cpz(y), v-< ~ 

- +~ [IJlt (y)-q>1 (~)}. v > ~ 
- ; 2 1Jl4 (~) +3cpz (~)+ : [ ~ -IJla (~) J +~ [ ~-IJlt(~)] ' 

r)l;e ~ = Y IV T; y = Y 0/V T; Y- c:KopoCTb HeH:rpoHa; 
V T- naHOOJiee BepOJITHaH CHOpOCTb JIII;pa npH 
reMneparype T°K; K -cJiyqaiiHoe 'IHCJIO, 0 < K < 

z 

< 1; <pn(Z)= ~ tne- 12 dt. <l>yHKD;HH <fln (z) Bbi'IIIC-
0 

JIJIIOTCH aa pauee. 
,l];aJiee paahlrphlBaeTCH yrOJI 8 Mem~y HanpaB

JieHI:IRMI:I p;BnmeHHJI HeifTpOHa H Hp;pa-MI:IIDeHH. 

1 
cos8= 2a {1+a2-[K(1+a)s+ 

+(1- K) 11-a 13 )
2/s}, 

r~~;e a= Y 0/V; K- cJiyqaifHoe 'lHCJio. Bropoii 
yrJIOBOJI napaMerp uaxo.n;Hrc.a 1:13 ycJIOBHH paBno
npaBHH aal:lliiyraJibHhlX HanpaBJieauii. llo 1:13Becr-

HhlM cKopocrRM V, V0 aeifrpoHa 1:1 .ap;pa Bhl'li:IC
JIHerc.a CHopocrb pacce.aaaoro HeifrpoHa 

-+ 1 _,. -+ -+ -+ -+ 
Y' = M+i [V +MY0 +MjV- Y0 j·e]. 
~ 

3p;eCh e- c.rryqaifHhlH H30TpOnHhlH e)l;HHli'IHhlH 
BeKTOp. 

Haaecrao 6oJihmoe 'IHCJIO cnoco6oB HaJ<onJie
HI:IH I:IH<f>Op!llaD;JII:I 0 llOTOJ<e B npon;ecce OJiymll;aHI:IH 
ae:iirpoHa 25• 06hl'IHO B aar.re~JII:ITeJie cnei<rp cJ>op-



3ACE,llAHI-1E 3.1 P/365 r. 1-t.MAP~YK et al. 201 

MHpyeTCH 6hiCTpO. 3arpy.L(HeHHH Bbi3biBaiOT M3Jible 
no o6'LeMy H CHJibHO rrorJiolli,arom;ne yqacTHlf. 
Bhi'lHCJienue rroToKa n JII06oii qacTH H'leiiHH aa
Merno ycKopHercJt, ecmi y'lHTbiBaTb BHJia.L( or 
K3ii\,L(Of0 CTOJIHHOBeHHH, B peayJibTaTe KOTOpOrO 
noaMOii\HhiH rryrb pacceHnnoro neiirpona nepe
ceHaeT ee o6'Lellf. 

B H'leiiHax c 6oJibiDHM npeo6Jia.L(anneM o6'LeMa 
33Me.L(JIHTeJIH MOii\HO cym;ecTBeHHO YCHOpHTb Bbi
'lHCJieHHH, aaMeH.f.l.f.l y,L(aJieHHhle OT 6JIOHa Y'l3CTKH 
3aMe,L(JIHTeJIH COOTBeTCTBYIOID;HMH IIOBepXHOCTHbi
MH HCTO'lHHKaMH. XapaKTepncTHHH HCTO'lHHHon 
(cneHrp, yrJionoe pacnpe.L(eJieune H AP·) Bhl'lHC
JIHIOTCH npe.L(napureJibHO. B O.L(HOMepnhlx aqeiiHax 
aro .L(OCTHraercH oco6enno npocro. TaHHM cnoco-
6oM pacc'lHThiBaJiaeb ypan-rpa«f>HronaH H'leiiHa 
( CM. Ta6JIH~y). 

,U:JIH .L(OCTlfil\eHHH npaHTH'leCKH IIpHeMJieMOH 
TO'lHOCTH paC'leTa, HaK rrpaBHJIO, .L(OCTaTO'lHO 
70-100 ThiCH'l CTOJIKnonenuii. B pacqeTax, pe
ayJII>TaTbl Korophlx npe.L(cranJieHhl ua puc. 12 
H 13, paahlrpbiBaJIOCb ueMHoro ooJiee 100 000 
CTOJIKHOBeHHH. 

CrreKrp B rpa«f>ure (puc. 13, 6) .L(OIIOJIHHTeJibHO 
yro'lHHJICH. HHme rrpnno.L(HTCH rrpHomnKeHHLie 
3Ha'leHHH CTaH.L(apTHbiX rrorpeiDHOCTeii HeKOTOpbiX 
xapaKTepHCTIIR Bbi'lHCJieHHbiX IIOTOROB. 

B pacqerax ncrrOJibaonaJICH rpexRoMaH.L(Hhlii 
.L(aT'lHK IICeB.L(OCJIY'l3HHbiX 'lHCeJI II3BeCTHOfO THIIa: 
Xn+t =PXn (mod M). Mbl opaJIII P =55 , M = 224, 
X0 = 1 HJIH X0 = 3. ,D,aT'lHR nponepaJicH Bhl'liiC
JienneM crreRTpa MaRcneJIJia B H'leiiHe 6ea norJio
m;eHHH, a TaKme no RpHTepHHM RoJIMOropona x,2 , 

ro2 rrpn paaJIII'lHhiX oo'LeMax nhl6opoR. PeayJib
TaThl YAOBJiernopureJibHble. 

<f>yHKD;Hlf IIJIOTHOCTH1 IIOJiy'leHHble CT3THCTH
'leCRIIM MeTOAOM, noJieano crJiamnnaTb. OnpaB.L(LI
naeT ce611 cJie.L(yrom;Hii npneM 26• PaccMaTpiinaeTcH 

3oua nonuoro 

«f>yHHD;HH pacnpe.L(eJieHnH An«f>«f>epenu;nponaHHeM. 
Mhl- noJib30BaJincb rrOJIIfHOMaMH IIHTOii crenena 
npu s = 8 ( n = 80). 

4. PE3YnbTATbl PAC4ETOB 
OnncaHHble nhlme Merop,hl ucnoJII>aonaJIHCb .L(JIH 

pacqera npocrpancrnenno-anepreruqecKoro pac
npep,eJieHHH Mep,JieHHhiX HeiiTpOHOB B H'leHKaX 
ypaH-BOAHOH H ypaH-rpa«f>IITOBOH pemeTOH, 31\Cne
pnMeHTaJibHO uayqeHHhiX MocroBbiM n p,p. 6, 7. 

Ypan-nop,naH c6opKa npep,craBJIHer co6oii 
CHCTeMy 6JIOHOB npnpOP,HOrO ypaHa )J,HaMeTpOM 
3,5 CM, paciiOJIOil\eHHbiX B yaJiaX TpeyroJibHOH 
pemeTKH c maroM 5,5 eM. Ypan-rpa«f>nTonaH c6op
Ha COCTOifT H3 TaKHX me ypaHOBbiX OJIOHOB, pac
IIOJIOl:l\eHHbiX B yaJiax 1\Bap,paTHOH pemeTHH C rna
roM 20 eM. B aKcnepnMenrax ypaHOBble OJIOKH 
OT,L(eJieHhl OT 3aMe)J,JIHTeJI.f.l aJIIOMHHJfeBOH rrpOCJIOH
KOH. llpn pacqerax aKcnepuMeHTaJibHble mecrH
yroJibHaH H KBa.L(paTHaH H'leiiHH 6hlJIH aaMeHeHbl 
9.1\BHBaJieBTHblMH KpyrOBblMH rpeX30HHblMH H'leii
R3MH. 

fiepeXO,L(HM R OlllfC3HHIO pac'leTOB .f.l'leeK B 
P3-npnoJIHil\eHHH. Pacqer rroroKa Me.L(JieHHhlX neii
rpouon npOBO)J,HJIC.f.l B anepreTH'leCKOH o6JI3CTH 
0 < E < Erp = 0,67 98, B 15-rpynnonoM rrpHOJIH
meHHH. llcTO'lHHKH TeiiJIOBblX HeiiTpOHOB, o6y
CJIOBJieHHhle aaMep,JieHHeM, pacc'lHTblB3JIHCb B npe.L(
IIOJIOil\eHHH, 'ITO rrpu E > Erp crreKTP ueiirponon 
.f.IBJIHeTCH «f>epMHeBCKHM1 a MOJieKyJIHpHble H HpHC
T3JIJIH'leCKHe CBH3H npn E > Erp uecym;ecrneHHhl. 
B o6JiacrnO < E < Erp neynpyrue MOJieKyJIHPHhle 
pacceaHHH H B33HMOp,eiicTBHH HeHTpOHOB C KpH· 
CTaJIJIIf'leCKOH pemeTHOH Y'lHThlB3JIIfCb Ha OCHOBe 
pa6or Typqnua 22. 23. 

,lJ;JIH AeJIHID;IIXCH aaoronon y'lHTLIBaJIOCh or

KJIOHeHHe ceqeHHH 33XBaTa OT aaKOHa 1/V. 

CTaH,D;apTHaii norpemHoCTb, % 

DOTOI<a* UpH HSMeHeHHIIX X B HHTepuane 
nonuoro 

DOTOI<a norno~eHHII 

'YpaH-BO)l;HaJI BJIOK 0,89 
3aMe)l;JUITeJIL 0,14 

¥ paH-rpa<f>HTOBaH BJIOK 0,79 

* X=V/ V21tTo, To=300• K. 

3MIIHp11'leCHaH «f>YHHD;HH pacnpeAeJieHH.f.l BepO.f.IT
HOCTH F (X), COOTBeTCTByrom;aH Bbi'lHCJieHHOH 
«f>yHKD;HH llJIOTHOCTH. B yaJIOBOii TO'lKe XII. k = s, 
s+1, .. . , n-s, n+1-o6m;ee lfHCJIO yaJion, 
F (XII) aaMeHaercH anaqenneM P (X11), P (X)
IIOJIHHOM onpe.L(eJieHHOH CTeiieHH, MHHIIMH3Hpyro-
ID;HH BeJIH'lHHY . 

8 

~ [F (XII+i -P (XII+i)r'. 
i=-8 

CrJiameuuaH «f>yHHD;HH rrJIOTHOCTH noJiyqaercH 
Ha nocrpoeHHoii TaHHM o6paaoM 6oJiee rJiap,Koii 

0-1 1-2 2-3 3-4 4-8 

0,83 2,2 1,4 2,4 5,9 3,6 
0,36 0,94 0,55 1,1 2,3 2,1 
0,89 2,9 1,3 1,9 2,4 3,5 

Ha puc. 2 11 3 npunop,HTCH npocrpancrneHHble 
pacnpe.L(eJieHIIH cpe.L(Hero rroroHa rerrJIOBhlX neii
rponon 

Vrp 

<Doo (r) = 4~ ~ dV ~ <p (r, V, e, 'iJ) dQ, 
0 

a TaKme HanpaBJieHHblX IIOTOKOB ( CM. pa6ory 8) 

Vrp 

<Dn (r)= ~ <p (r, V, 9=0)dV; 
0 
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PHC. 2. npocTpaHCTBeHHOe pacnpe,o,eneHHe Tenno
BbiX HeihpoHOB B ypaH-BO,D,t:IOH .fl'i8HKe (T=323° K): 

{ 

<I><O> (r) (r > 0) 
1-<D00 (r); 2-<D11 (r); 3- <Df>(r)(r<0);4-<Df12>(r) 

0,625 
<It 

t''\ 
I \ 
fi":A \ 

(, 1~ ['.(3 ·~, 

b rA 
. \ 
~\ 

fil .. \ 
·~,, .. 

1 ~\ '•)., \ 
~ 

~·\_t> .. •:,' 
-.J' ~ ~ . :-- .... 1 ~~- ---E.. --.; 

0.500 

0,375 

0,250 

0.125 

0 0,25 0,5 0,76 1,0 1,26 1,60 1,76 

PHc. 4. 8HepreTH'ieCKoe pacnpe,o,eneHHe TennoBbiX 
HeHTPOHOB B ~eHTpe ypaH-BO,D,HOH .fl'ieHKH 

(T=323° K): 

1- 4~ ~ V<p(r=O, V,8)dQ;2-Vcp(r=0, V,8=0); 

3-V<p (r=O, V, e= ~); o-:mcnepRMeHTaJibHbiH 

CileKTp, HOpMHpOBaHHbiH Ha MaKCI:IMYM KpliBOH 2; 
[:,-TOT me CileKTp, HOpMI:IpOBaHHbiH Ha MaKCliMYM 
Kpi:IBOll 1 

r. H .MAPYYK et al. 

1,0 -"'-"---~~' ~ 
~'j 

' \ \ 
0,8 

,, 
' .• \: y 

0,6 

0,4 

0,2 

-10 -5 

<It 

4-.., 
I 

/!J 
~1 
'\2 

~~ "' 
1 

" iLL L 
/ 1(-2 I 

• I 
I 

/-s 
I . 

10 R3 
r,CM 

PHc. 3. npocTpaHCTBeHHOe pacnpe.o,eneHHe Tenno
BbiX H8HTpOHOB B ypaH-rpa¢JHTOBOH .fl'ieHKe 

(T=5236 K): 

{ 
<I>T (r) (r > 0) 

1-<I>oo (r); 2-<1>11 (r); 3- (n) ; 4 -ID..L(n/2) (r) 
<I> .l (r) (r < 0) 

PHC. 5. 8HepreTH'ieCKHH cneKTP TennoBbiX HeHTPO
HOB Ha rpaHHL!e ypaH-BOP,HOH .fl'ieHKH (T=323° K): 

-- -pacqeTHali KPRBali; 0-ai<crrepRMeHT 
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PHc. 6. 3HepreTH'leCKoe pacnpe,D,eneHHe TennosbJX 
H8HTPOHOB B L!8HTpe ypaH-rpaltJHTOBOH fl'l8HKH 

(T=523° K): 

1- 4~ ~ V!p (r=O, V, B) dQ; 2-VqJ (r=O, V, B=O); 

3-VqJ (r=O, V, B=:n:/2); 0-:mcrrepiiMeHTaJibHblii: 
crre:KTp, aopMIIponaHHblii: Ha Ma:KCIIMYM Kpiisoii: 2; t:,
TOT me CIIe:KTp, HOpMIIpoBaHHbiH Ha Ma:KCliMYM KpiiBOH 1 

0,76 
>I> 

0.625 "" 
;~~ \ 7 • \ 

1 ~\ 

fr \\\/3 
~·6\' 

~ :X\ j .. ,, 
2 • , 
~ 

\ . .\ 

~~~ ~:::-. \ ·' 0 -, ... ~~ '" -:..... 
'--....::::-:.::::;:.; r::..- 1 

X 

0,5 

0,375 

0.25 

0,125 

0 
1,0 1,25 0,5 0,75 0,25 1,5 

PHc. 8. 3HepreTH'leCKoe pacnpe,D,eneHHe TennoBbJX 
H8HTpOHOB B L!8HTpe ypaH-rpaq:JHTOBOH R'l8HKH 

(T=613° K): 

1- 4~ ~ V!p (r=O, V, B) dQ; 2-V!p (r=O, V, B=O); 

3 - V t:p (r = 0, V, B = rt/2); 0- 31\CIIepHMeHTaJibHbiH 
cne:KTp, HOpMHpOBaHHbiii Ha MaKCIIMYM KpHBOH 2; f:,
TOT me CIIeKTp, HOpMHpOBaHHblll Ha Ma:KCHMYM KpliBOH 1 

r. 1-i.MAP~YK et al. 203 

PHc. 7. 3Heprent'leCKHH cneKTP TennosbJX HeiiTpo
HOB Ha rpaHHL!8 ypaH-rpalflHTOBOH R'l8HKH 

(T=523° K): 

-- -pacqerHaH KPIIBaH; o-a:KcrrepHMeHT 

PHc. 9. 3HepreTH'l8CKHH cneKTP TennoBbJX Hei1Tpo
HOB Ha rpaHHL!8 ypaH-rpalflHTOBOH R'l8HKH 

(T=613° K): 
-- -pac'l'eTaaa KpHBaR; O-aKcrrepaMeHT 
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0'711'ok------,1!-;;,o----=•~~2!-;,o:------""''":::a,o 
r,cM 

PHC. 10. npocTpaHCTB8HHoe pacnpep,eneHHe !JlyH
K4HH 48HHOCTH H8HTpOHa (OTHOCHTenbHO aaxeaTa 

B t5noKe) B ypaH-BO,II,HOH fl'l8HKe: 

1- <I>* (r, E = 0,6 a8); • 2- <I>* (r, E = 0,17 a8); 

3-·<I>* (r, E=0,028 88); 4-<I>* (r, E=0,0006 88) 

PHc. 12. ConocTaeneHHe sHepreTH'leOitHX cneltTpoe 
H8HTpOHOB B ypaH-BO,II,HOH fl'l8HK8 1 paCC'lHTaHHbiX 

paanH'lHbiMH MeTo,D,aMH (T=323° K) 
a-cneKTp He:iiTpOHOB B 06'beMe 6JIOKa; 6-cneKTp 

HeiiTpOHOB B 06'beMe BaMe~JIHTeJIH; ---pac'leT MeTO~OM 
ccpepH'leCKHX rapMOHHK (P3-npH6JIHJHeHHe, 15 rpynn); 
6- pac'leT Sn-MeTo~oM (S8-npu6numeHue, 10 rpynn); 
0-paclJeT MeTo~oM MoHTe-l\apno 

r. J.1.MAP4YK et al. 

X o, 7150k-----t-..-----:;;f;;;:---..!~--+.:------;;;~ 1,0 2,0 3,0 4,0 15,0 

PHc. 11. 9HepreTH'lecKaR aaeHCHMocTb !JJYHK4HH 
48HHOCTH H8HTpOHa (OTHOCHTenbHO aaxeaTa B t5no

K8) B ypaH·BO,II,HOH R'l8HKe: 
1-B ~eHTpe 6JIOKa; 2-Ha rpaHHI\8 6JIOKa; 3- Ha 

rpaHH~e H'l8HKH 

PHc. 13. ConocTaeneHHe aHepre'fH'leCKHx cneKTpoe 
H8HTPOHOB B ypaH-rpa!IJHTOBOH R'l8HKe, paCC'lHTaH· 

HbiX paanH'lHbiMH MeTop,aMH (T=523° K) 
a-CII8KTp H8HTpOHOB B 06'beMe 6JIOKa; 6-cneKTp 

HeiiTpOHOB B 06'beMe 38Me~JIHT8JIH; 
-- - pac'leT MeTO~OM ccpepH'l8CKHX rapMOHHK 

{P3-npH6JIHlH8HHe, 15 rpynn); /:::,- paC'leT S n·M8TO~OM 
(S8-npu6numeHue, 10 rpynrr); 0-pac'leT MeTOAOM 
MoHre-l\a pJio 
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Vrp 

(!)1 (r) = ~ <p ( r, 
0 

11 \' rp 

(!J~)(r)= ~ <p(r, V, 0= ~ ,ljl= ~ )dV; 
0 

Vrp 

(!)T> ( r) = ~ <p ( r, V, e = ~ , ljl = n) dV. 
0 

.lb puc. 2 U 3 BB,AHO, 'ITO noTOK HeiiTpOHOB 
(1> II ( r) ( CKOpOCTU HeHTpOHOB HanpaBJieHbl napaJI
JieJibHO ocu JiqeiiKB) B 6JioKe yMeHLmaerca aHa
qureJibHO 6Mcrpee, qeM cpep;Huii noroK <1>00 (r). 
<l>uauqecKu aro cJiep;yer ua roro, qro ue:HrpoHbl, 
p;BHiKYII\Ueca B 6JioKe B,AOJib ero ocu, aaxsarbl
sarorca c 6oJILme:H BepoHTHOCTbiO, qeM HeiirpoHbl 
p;pyrux HanpaBJieHuii. ITo Mepe yp;aJieHuH or 
6JIOKa <1> 11 (r) craHOBUTCH 6oJibme (!)00 (r), qro 
raKate JierKo o6'LJICHJierca qmauqecKH. 

OcraHOBUMCJI nop;po6Hee Ha KpHBOH 3 (eM. 
puc. 2 .u 3). Oua onucbiBaer nyqoK HeiiTpOHOB, 
,ABUiKYII\UXCJI no p;uaMerpy JlqeHKU. JleBaJI BeTBb 
KpUBOH (r < 0) OIIUCbiBaeT HeHTpOHbl, ,ABUiKYII\Ue-
CJI K ocu JiqeiiKH, (l>T> (r). IIpaBaJI BeTBb (r > 0) 
COOTBeTCTByeT HeHTpOHaM, ,ABHiKYII\UMCJI OT OCU 
JiqeiiKH, <1>!1_ (r). 8ror 11yqoK Ha 6oJibme:H qacru 
cBoero IIYTH B 6JioKe B peayJibTaTe aaxsara re
paer 6oJibme HeiirpoHOB, qeM npHo6peraer na p;py
rHx nyqKoB aa cqer pacceHHHH. 8roMy cooT
BeTCTByer MOHOTOHHbiH xapaKrep KpHBOH 3 B 6JioKe. 
HapymeHHe MOHOTOHHOCTU nyqKa Ha BbiXO,Ae 
.ua 6JioKa CB.H3aHo c OOII\HM yBeJIHqenHeM nJioT
HOCTH HeiirpoHoB BOJIHau rpau.uqbl oJioKa. IIepe
ceKaJI aJIIOMHHHeByiO npOCJIOiiKy, 11yqoK (l>f (r} 
He nperepneBaeT Cyll\eCTBeHHbiX H3MeHeHHH 
aa cqer norJIOII\eHH.H u pacce.HHHJI, H peaKHH 
cnap; KpUBOH 3 B npOCJIOHKe OoyCJIOBJieH reoMeT
pueii npOCJIOHI\H. 

.RpuBaJI 4 (eM. pHC. 2 u 3) npep;craBJIHeT co-
6o:H pacnpep;eJieHHe no p;uaMerpy aqeiiKu rex 
HeHTpOHOB, CKOpOCTU KOTOpbiX nepneHp;UKyJI.HpHbl 

OCeBOMy ceqeHHIO .H'IeHKH, <t>T/2) (r). QqeBU,AHO, 

qTo npH r = 0 <l>f (0) = (l>Y2 (0) = (l>j_ (0). 
IIepexo,p;uM K aHaJIHay auepreTB'IeCKHX cneK

rpoB TeiiJIOBbiX HeiiTpOHOB B JlqeHKaX (puc. 4- 9). 
Ha ropuaoHTaJibHOH ocH OTKJia,AbiBaiOTCJI auaqe-

HHJI nepeMeHHOH 1/X (X= V!V2kT, T = 300° K). 
Ha BepruKaJibHOH ocu OTHJia,AMBaerca 3HaqeHBe 
IIJIOTHOCTu HeiirpoHOB n (1/V} = V2n (V) = V<p (V). 
Ha puc. 4, 6, 8 npep;cTaBJieHbl cneKTpbl Heiirpo
HOB B n;eHrpe JiqeiiKu. RpHBaJI 1 npe,p;craBJIJieT 
co6o:H ycpep;HeHnoe no yrJiaM aHepreruqecKoe 

pacnpe,p;eJieHne HeiirponoB 4~ ~ V<p(r=O, V, O)dQ. 

RpuBaJI 2 coorBercrByer aHeprernqecKoMy pac
npe,p;eJieHuro HeHTpOHHOrO 11yqKa B,AOJib OCU 
JlqeHKU V <p (r = 0, V, 0 = 0), a KpHBaJI 3 p;aeT 
ClleKTp He:HrpoHHoro nyqKa, llepneHp;uKyJI.HpHoro 
OCH Jlqeii:Ku V<p (r = 0, V, e = n/2). 
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Ha tf>uauqecKux coo6pameuu:H cJie,p;yer, qro 
cnei<TP 2 p;oJimeu oblTb 6oJiee mecTKUM 110 cpaB
HeHuiO c rJio6aJibHbiM cneKrpoM 1, a cneKTP 3-
OOJiee MJirKUM, 'ITO H IIO,ATBepiK,p;aeTCH pacqeTOM. 
IIpHBep;eHHble clleKTpbl cpaBHUBaiOTC.H c aKcnepu
MeHTaJibHO uaMepeHHbiMU 7. Merop;HKa aKcllepu
MeHra OblJia TaKOBa, qro BbiBe,p;eHHble H3 6JIOKOB 
11yqKH COCTOJIJIU npeuMyll\e~TBeHHO U3 HeHTpOHOB, 
CKOpOCTU KOTOpblX HallpaBJieHbl B,AOJib OCU JlqeH
KU. EcrecTBeHHO IIOaToMy aKcnepuMeHTaJib
Hble ClleKTpbl COnOCTaBJIJITb C lj>yHKD;H.Hl\HI V 
<p ( r = 0, V ,e = 0). O~HaKo cJiep;yer omup;aTb, qro 
3KC11epnMeHTaJibHblH ClleKTp OKaiKeTCJI HeCKOJibKO 
Marqe cooTBeTCTBYIOII\ero reopernqecKoro, raK 
KaK BLIBO,AUMbiH Heii:TpOHHbiH nyqoK qacruqHO 
<<paa6aBJieH>> Heii:rpoHaMu p;pyrux HallpaBJieHuii. 
B ypaH-BO,AHOii: aqeii:Ke aror nporHoa IIOp;TBep
mp;aerca pacqeTOM. B ypaH-rpalj>HTOBbiX JiqeiiKax 
p;aHHLIH alj>lj>eKT aaByaJIUpoBaH aaMeTHbiM CMJir
qeHUeM pacqerHoro cneKrpa B aaMe,AJIHTeJie no 
cpasHeHUIO c aKcllepuMeHTOM. IIpuquHa aroro 
CM.Hr'leHu.H IIOKa He JICHa. CpaBHeHue roro me 
aKcllepuMeHTaJibHoro clleKrpa c rJio6aJibHLIM 

4! ~ V<p(r= 0, V, e, ljl}dQ noKa3biBaeT, qTO 

3KC11epHMeHTaJibHbiH ClleKTp OOJiee iKeCTKUH. 
Ha puc. 5, 7, 9 npuBO,A.HTCJI conocraBJieHU.H 

TeopeTU:'IeCKU:X H 3KCnepHMeHTaJibHhiX CIIeKTpOB 
Ha rpaHun;e Jiqeii:Ku. PacqerDI IIOKaaDIBaror, qro 
IIOTOK Heii:TpOHOB Ha rpaHUD;e Jiqeii:KU JIBJIJieTC.II 
npaKTuqeCKU U30Tp011HhiM. 

Ha puc. 10, 11 p;aHo llpocrpaHCTBeHHOe 
u aHeprerHqecKoe pacllpep;eJieHue n;eHHOCTH Heii
TpOHOB 110 orHomeHHIO K norJIOII\eHHIO B 6JioKe 
,AJI.H ypaH-BO,AHOii: aqeiiKH. HaJIH'IHe MaKCHMyMOB 
Ha KpUBbiX 1 U 2 (eM. pHC. 11) B UHTepBaJie 
3,0 <X< 4,0 Bb13BaHo peaoHaHCOM B ceqeHHH 
IIOrJIOII\eHUJI U236 • 

IIpep;craBJIHeT uHrepec Bbl.HCHHTb corJiacoBaH
HOCTb Tpex ODliCaHHhiX BLime MeTO,l:\OB. C 3TOH 
n;eJibiO KaiK,ALIM ua Merop;oB 6DIJIH pacc'IJ:HTaHDI 
IIOTOKH TenJIOBbiX Heii:TpOHOB B ypaH-BO,AHOH 
u ypaH-rpalj>HTOBo:H Jiqeii:Kax. PacqeTDI ObiJIH llpo
nep;eHDI Ha OCHOBe ra30BOH Mop;eJIH, TaK KaK 
B aTOM cJiyqae no MeTop;y MoHre-KapJio UH,AHKa
rpuca pacceJIHU.H paaDirpDIBaerea noJIHOcTbiO. Pe
ayJibTaThl pac'leTOB npHBep;eHbl Ha pHC. 12 U 13. 
BaauMHa.H npHBJiaKa ClleKrpoB, paccqHTaHHhiX 
pa3JIU'IHbiMH MeTO,AaMH, npOH3BO,AUJiaCb 110 MaK
CUMYMY or,p;eJibHO B 6JioKe u B aaMep;JiureJie. 
IIpnBep;eHHDie cneKTPDI B OCHOBHOM corJiacyrorca 
Memp;y co6o:H B 11pep;eJiax norpemHocreii: Mero,p;oB. 

B aaKJIIOqeHne cqHTaeM npuHTHbiM p;om'oM Bbl
paaHTb 6Jiaro,p;apHOCTb B. If. MocroBOMY 
u B. C. ,ll;uKapeBy aa UHTepec K p;aHHoii: pa6ore 
u noJieaHDie o6cymp;eHUH B npon;ecce ee BblnOJI
HeHH.H. 
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Calculation of slow neutron spectra 

By G. I. Marchuk et at. 

The paper reviews the methods of calculation of 
slow neutron spectra. A multi-group kinetic equation 
is given for the flux and importance of neutrons. 
Methods have been devised whereby the slow neutron 
spectra can be calculated using the spherical harmonic 
method, the Carlson method and the Monte Carlo 
method. A comparative analysis is made of calcula
tions of the neutron spectra by these different methods. 
Angular distributions of the neutron flux are also 
given. Calculated results are compared with the experi
mental data obtained in the I. V. Kurchatov Atomic 
Energy Institute. 

A/365 URSS 

Calcul des spectres de neutrons Ients 

par G. I. Marchuck eta/. 

Le memoire expose les methodes de calcul des 
spectres de neutrons Ients. Une equation cinetique 
multigroupe est construite pour le flux et la valeur des 
neutrons. Le calcul des spectres de neutrons Ients est 

base sur la methode des harmoniques spheriques, la 
methode de Carlson et celle de Monte-Carlo. Les 
resultats des calculs effectues par les differentes 
methodes sont confrontes. On donne les repartitions 
angulaires du flux de neutrons. Les resultats des calculs 
sont compares aux donnees experimentales obtenues a 
l'Institut I. V. Kourtchatov. 

A/365 URSS 

Calculo de espectros de neutrones lentos 

por G. I. Marchuk eta/. 

En este documento se resumen los metodos para el 
calculo de espectros de neutrones lentos. Se establecen 
las ecuaciones de transporte para varios grupos 
energeticos, para el flujo y para la importancia de los 
neutrones. Se desarrollan metodos para el calculo de 
espectros de neutrones lentos basados en el metodo de 
los arm6nicos esfericos, en el de Carlson y en el de 
Monte Carlo. Se comparan los resultados de los 
calculos de espectros neutr6nicos realizados siguiendo 
los diferentes metodos. Se dan las distribuciones 
angulares del flujo neutr6nico. Los resultados calcu
lados se comparan con los datos experimentales obte
nidos en el Institut Atomnoi Energuii <<I. V. K urchatov >>. 
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New aspects in the application of collision probabilities 
in reactor theory 
By H. Markl* 

Collision probability methods are gaining more and 
more importance as a useful and practical tool in 
reactor theory. At the SSW Reactor Department, 
various computational methods involving the use of 
collision probabilities have been developed with the 
objective of basing the heterogeneous lattice calcula
tions on a common collision probability concept. 

(a) Starting from the integral transport equation, a 
set of N coupled integral equations is derived by sub
dividing the unit cell into N regions and introducing 
first-flight collision probabilities. 

By treating the integral expressions in an approxi
mate manner, the Wilkins thermalization theory for 
homogeneous media is extended to heterogeneous 
media. The resulting theory is reduced to a form which 
lends itself readily to numerical solution. 

Similarly, on applying this collision probability con
cept to the fast and epithermal energy region, the 
slowing-down theories known as Greuling-Goertzel, 
Selengut-Goertzel and Fermi-Age approximations can 
be generalized to heterogeneous lattice cells. 

(b) An alternate method of formulating neutron 
balance equations for a heterogeneous medium applies 
the concept of multiple collision probabilities (succes
sive generations) in connection with neutron currents 
at the zone interfaces. This procedure is formulated in 
a general manner for L energy groups and N zones. It 
is applied to the calculation of the fast fission effect 
taking into account backscattering and fast inter
action. Amouyal's and Benoist's method for comput
ing the thermal utilization factor is included in the 
general method as a particular case. 

(c) The practical applicability of the collision proba
bility procedures depends decisively on the availability 
of methods adequate for calculating these collision 
probabilities to a fair degree of accuracy and with a 
tolerable amount of computational work. Simplified 
methods for calculating these quantities are described 
and discussed with regard to their accuracy. 

METHODS INVOLVING FIRST-FLIGHT 
COLLISION PROBABILITIES 

Transition from the general integral transport 
equation to a set of coupled integral equations 

The energy dependent angular neutron flux <fo(7.E,Q) 
can be described by the following integral equation [1]: 

* Abt. Reaktor-Entwicklung, Siemens-Schuckertwerke AG, 
Erlangen (Germany). 

-+--i>- 00 __. ~-+ 

<fo(r,E,Q) = fdR S(r- RQ,E,Q) exp 
0 

R -+ -+ 
[- fdR'L'(r-R'Q,E)] (1) 

0 

S(7,E,Q) denotes the total source density depending on 

the space variable 7, the energy E and the solid angle Q. 
In the general case it is composed of a scattering, a 
fission and an external source term and thus itself 
depends on the neutron flux. 

With the definitions 

--+- ---+ ---+ 1 ---+ ---+ 

<fo(r,E) = f <fo(r,E,Q)dQ; cf>n(E) =- f <fo(r,E)dr (2) 
4rr Vn v. 

and the relationships?=-;- RQ; d? = l-;-fl 2dRdQ 

integration of ( 1) over -;and Q yields: 

f d7f dQ<fo(7.E,D) = Vncf>n(E) 
v,. 41T 

= f dr f e-r(r',r,E)S r' E --,----+ ct? -+ -+ (---+ -;-;; ) 
Vn J7-?J2 ' 'j7-?J 

(3) 

r(7;,E) is the "optical distance" between the two 

points--;, and--; for neutrons of energy E. 
The following considerations pertain to an infinity 

extended periodic lattice composed of uniform lattice 
cells. The lattice cell is allowed to consist of N partial 
volumes Vm' (m = 1, 2, ... N) for which the nuclear 
cross sections are assumed to be spatially constant: 

L'(7,E) = L'm(E) for 7E V m' 

Combining the equivalent partial volumes V m' of the 
different cells to a volume V m representative of the 

m-th region, the integration over ? in (3) can be de
composed into a sum of integrals extended over the 

N partial volumes V m· Defining S(7,E) and Sm(E) 
analogous to (2) we finally obtain the neutron balance 
equations: 

N -
VnL'n(E)c/>n(E) = 2: VmPmn(E)Sm(E); 

m~l 

n=l,2, ... N; (4) 
with the abbreviation: 

Pmn(E)= 

-+ d? -+ ... (... -;-? ) f drL'n(E)f -+ -+ e-r(r',r,E) S r',E, -+ -+ 

v. v··lr-r'l2 lr-r'l (S) 

f d--;' fd QS{?,E,Q) 
v,. 47r 
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Pmn(E) denotes the probability for a neutron of 
energy E generated in region m with the spatial and 

angular source density s(?,E,Q) to suffer its first 
collision in region 11. The computability of these 
collision probabilities requires the knowledge of the 
space and angular dependence of the source. Usually 
we lack this knowledge, since the source S generally 
depends itself on the flux which is to be determined. 
For practical applications, it is therefore necessary to 
make adequate simplifying assumptions with regard to 
the spatial and angular distribution of the source. 

(a) The simplest assumption concerning the 
angular distribution of the source neutrons is that of 

-- -- 1 _,. isotropy: S(r,E,Q) =- S(r,E). Fission sources prac-
4TT 

tically meet this requirement exactly; slowing-down 
or scattering sources, however, require the validity of 
isotropic scattering in the laboratory system in order 
that the above assumP.tion holds. 

(b) The simplest assumption with regard to the 
spatial distribution of the source neutrons is that of 
spatial constancy in each region m: 

s(!,E) = Sm(E) for 7E V m 

This condition holds the better, the smaller the 
dimensions of the partial volumes. 

With the conditions (a) and (b), whi.:h in the 
following are always assumed to be fulfilled, (5) is 
reduced to the simplified expression: 

(6) 

(c) Furthermore, we assume the infinitely extend
ed periodic lattice to be adequately represented by 
an ideally reflecting Seitz-Wigner c~ll. Hence, allow
ance has to be made for neutron reflexions at the 
cell bouhdary when calculating the collision proba
bilities. In case the cell dimensions are not large as 
compared to the mean free path of a neutron, this 
approximation may lead to a certain inaccuracy 
which, however, can be ruled out by relatively 
simple corrections [2]. 

As can easily be shown by use of symmetry pro
perties of the integrand in (6), the assumptions (a) and 
(b) suffice for the following reciprocity theorem to 
be valid: 

l:n(E) VnPnm(E) = l:m(E) V mPmn(E) (7) 

Application to thermal neutron spectrum 
calculations in heterogeneous media 

In two previous publications [3,4] the author has 
derived a generalization of the Wilkins theory by 
extending it to heterogeneous media making use of 
first-flight collision probabilities. 

The Wilkins model in its original form, however, 
does not give an adequate description for materials 
and energies where binding effects play a role. Accord
ing to a suggestion of Horowitz, the latter can be 
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approximately accounted for by allowing the slowing
down power to be a function of energy [5]. 

Jn the following, the theory is briefly described using 
the more general Horowitz model. 

The derivations start from the set of integral equa
tions (4), where the source densities Sm(E) are to be 
interpreted as scattering sources. Hence: 

N oo 

= 1: VmPmn(E) f l:sm(E'---+E; Tm)cf>m(E')dE' (8) 
m~l 0 

The medium considered is thought to be composed of 
N coaxial annular zones. 

The modified (Horowitz) heavy gas approximation 
consists of the following replacement: 

00 

fl:sm(E' ---+E; Tm)cf>m(E')dE'---+ 
0 

d { [ dcf>m(E) gmi:s"!'o dE gm(E) EkT m ~ 

+ (E- kT m)cf>m(E)]} +I:sm(E)cf>m(E) (9) 

T m is the average temperature ( °K) of the m-th zone. 
I:smo denotes the average macroscopic free atom 
scattering cross section of the m-th zone. gm(E) is a 
suitable function of energy determined by the moderat
ing properties of the medium and the particular prob
lem. However, for a large class of reactor problems 
gm(E) is independent of leakage and absorption and 
can be obtained from the neutron scattering law [5]. In 
the following derivations g111(E) will be assumed to be 
known and to have a first and second order derivative. 

The Wilkins approximation is given by the special 
case g111(E) == l. Substituting (9.) into (8) yields 

Vn[I:an(E) + l:sn(E)]cf>n(E) 

N { d [ ( dcf>m(E) =1: VmPmn(E) gmi:smO-d gm(E) kTmE-d-
m~l E E 

+ (E -kTm)cf>m(E))] +I:sm(E)cf>m(E)} (10) 

n= I, 2, ... , N; 0L£LE0 ;+ 

To obtain a unique solution of (10), it is necessary to 
impose 2 N suitable boundary conditions upon the 
fluxes cf>n(E). It is convenient to choose: 

'f'n(O)=O; 'f'n(Eo)=- I+- ; n=I, 2, .. . ,N .l .l Cn ( 2kTn) 
Eo Eo 

where en is a suitably chosen constant associated with 
the average slowing-down flux in the n-th zone. 

The relatively complicated set of differential equa
tions (10) can be simplified appreciably by performing 
the following operations: 

Equations (10) are at first looked upon as an 
ordinary linear set of equations for the differential 
expressions in the brackets { }. Provided that the 
collision probability determinant 
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Pn .... PN1 

($"(E))= 

does not vanish, (10) can be solved for the "un
knowns" { }. 

The functions f>n(E) are subjected to the following 
transformation: 

0.(E)~.fi.(E) exp ~;_tf;l (II) 

Hence the following set of differential equations IS 

finally obtained: 

kT d2fn(E) -" (E)·T. (E) n dE2 .tn 'j'n 

N 

+}: fmn(E)fm(E)=O; n= 1, i, .. . , N (12) 
m~l 

mi'n 

0<£LELEo 

subject to the boundary conditions 

,Pn(E) _ E [l + ~ (-1 + gn'(E))] -l. dfn(E) = O 
2 kTn gn(E) dE 

.T. Cn( 2kTn) • 1 ( Eo ) 'f'n(Eo) = Eo 1 + Eo v gn(Eo) exp 2kTn (13) 

Herein£ is a very small positive quantity (~1 x 10-3). 
The first of these boundary conditions is equivalent to 
f>n(£)- EtPn'(E) = 0 which has to be used in place of 
f>n(O) = 0, since the coefficients fn(E) and Fmn(E) 
exhibit singularities at E = 0. 

n(E)=-l __ _!_(l+ ~sn(E) ) 
4kTn E ~snogngn(E) 

+ (~an(E) + ~sn(E) )Ann( E) _ k Tn (gn'(E) )2 

(ff(E) )gn~snoEgn(E) 4 (gn(E) )2 

_ gn'(E) (I _ kTn) + kTn gn"(E). 
gn(E) 2 E 2 gn(E) ' 

fmn(E) = ( -l)n+m+l (~an(E) + ~sn(E)) 
($"(E))gn~snoEgn(E) 

Pnm(E) Amn(E)Jgn(E) exp [~ (-1- __ I_)] (14) 
Pmn(E) gm(E) 2 kTn kT m 

Amn(E) is that determinant which is obtained from 
(ff(£)) by cancelling the m-th row and the n-th 
column, i.e., the complement of Pnm(E). 

It is evident that (12) is in the form of multigroup
diffusion equations with the space variable exchanged 
for the energy variable. Hence, subdivision of the cell 
into N spatial zones leads formally (and only formally) 
to N-group diffusion equations. Note that the transfer 
matrix fmn(E) does not represent a triangular matrix. 

The advantage achieved by the formulation (12) is 
evident: provided that a suitable one-dimensional 
multigroup programme is available, it can be used 
directly to solve our thermalization problem, although 

the latter is entirely different in its nature from a 
multigroup problem. 

Our computer code SUPERMUNGO, a generalized 
version of our one-dimensional multigroup-code 
MUNGO, programmed for the Siemens DVA 2002, 
has just the virtues required to solve the equations (12). 

The method described forms the basis of the ther
malization code THERMOPYL [6] programmed for 
the Siemens DV A 2002. The programme can treat up 
to 10 spatial zones and more than 110 energy points, 
depending on the number of zones. The computer time 
required is relatively short: a three-zone case with 110 
energy points requires 15 minutes. For more than 
three zones, the computer time increases approxi
mately proportional to the square of the number of 
zones (DV A 2002 computing times: addition 450 JLS; 
subtraction 450 fLS; multiplication 1440 fLS; division 
3240 fLS). As an example, Fig. 1 shows the result of a 
7-region treatment (3 fuel regions, I zone for the pres
sure and calandria tube and 3 moderator regions) of a 
19-element CANDU-type lattice cell with D20 coolant 
and moderator at ambient temperature (23 oq. In 
Fig. 1 b the average neutron spectra in the seven zones 
are plotted versus energy. Fig. lc shows the 239Pu: 
235U fission ratios in the different zones in comparison 
with the corresponding experimental results [7]. 

Application to fast and epithermal neutron spectrum 
calculations in heterogeneous media 

In the epithermal energy region, the integral Equa
tion ( 4) to be solved takes the form: 

Vn[~an(u) + ~sn(u)]f>n(u) 
N Nil,_ 

=}: VmPmn(u)}: Sm<k>(u) (15) 
m=l k~l 

N.,_ 

where u denotes the neutron lethargy, and }: Sm<k>(u) 
- k-1 

represents Sm(u). -
Each zone n is allowed to contain Nn different 

nuclides. (In the presentation which follows, a super
script k refers to the nuclide, a subscript m denotes the 
zone; other symbols have their usual meaning.) 
3"n<kl(u) is the neutron source term resulting from 
reactions with the k-th nuclide of the n-th zone. For 
the sake of simplicity, this source term is assumed to 
involve only elastically scattered neutrons: 

ln.! - a• 
Sn<k>(u) = f }:sn <k>(u- t)f>n(u- t)Wel(kl(t)dt; 

0 
e-t 

Wei(kl(t) = --; (16) 
1-ak 

By Taylor series expansion of the integrand in (16), 
analogous to the homogeneous case [8], the integral 
source term Sm(u) can be replaced by a first order 
differential expression: 
_ Nn _ Nn 

Sn(u) =}: Sn<k>(u) =}: (L'sn<k>(u) )f>n(u) 
k~l k~l 

d Nn 
-- }: qn<k>(u) (17) 

du k" I 
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Figure 1. Thermal neutron energy spectrum in seven different zones of a 19-element CANDU-type 
lattice cell 

where qn<k>(u), the component of the slowing down 
density which results from neutron scatterings with 
nuclides k of the n-th zone, is described to a first order 
approximation by the following differential equation: 

y(k) dqn<k>(u) +qn<k>(u) =~<k>.Esn<k>(u)<{>n(u) (18) 
du 

k= I, 2, ... , Nn; n= I, 2, ... , N. 

y<k> is the so-called Greuling-Goertzel coefficient, i.e., 
the second moment of the slowing-down kernel, 
divided by two times the average lethargy decre
ment g<k>: 

y<k> =I _ ak(lnak)
2 

(1 9) 
2~(k) (I - ak) 

With (17), Eqs. (15) and (16) represent a set of 
N 

M = N + ~ N m first order differential equations for the 
m~l 

M unknown functions <f>n(u), qn<k>(u): k= I, 2, ... , 
N n; n = 1, 2, ... , N. The method described is to be con
sidered a generalization to heterogeneous lattice cells 
of the Greuling-Goertzel method. The slowing-down 
methods for homogeneous media known as "Fermi
Age" and "Selengut-Goertzel" approximations can 
be readily extended to heterogeneous media with the 
above formalism. 

The Fermi-Age approximation for a heterogeneous 
lattice cell results from the above Greuling-Goertzel 
Eqs. (15) and (18) by putting y<k> =0 for each k, and 

combining all contributions to the slowing-down 
density resulting from the different nuclides of a zone 
to one termqn(u): 

Nn Nn 

qn(u) =~ qn<k>(u) =~ g<k>.Esn<k>(u)<f>n(u) 
k~l k~l 

The Selengut-Goertzel approximation is obtained by 
N. 

splitting the slowing-down density qn(u) = ~ qn <k>(u) 
k~l 

into two terms. One term is associated with hydrogen 
H, the other term accounts for slowing down by the 
other nuclides of region n. The hydrogen term is des
cribed rigorously by relation (18) with y<H> =g<H> =I. 
The other term associated with the rest of the nuclides 
in region n is subjected to the above Fermi-Age relation 
(y(k) =0). 

In principle, the differential equations involved in 
the above theory can be solved by means of a finite 
difference method; however, this problem will not be 
dealt with in any detail. 

For the following special case, an explicit solution 
to the differential equations can be obtained: we con
sider a lattice cell consisting of two zones only, one of 
which (with subscript 1) meets the requirements of the 
so-called "infinite absorber" (lA) approximation 
whereas no restrictions are imposed with regard to the 
other (=moderator) zone (subscript 2). 

The differential equations to be solved in this case 
are (for energies below the fission spectrum): 
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V1[Ea1(u) + Esl(u)Jh(u) = VIPn(u)Esl(u),Pl(u) 

+ V2P21(u){ Es2(u),P2(u)- d~~u)} 
h[Ea2(u) +Es2(u)],P2(u) = V1P12(u)Es1(u),Pl(u) 

+ V2P22(u){Es2(u),P2(u)- d~~u)} 

y(2) dq2(u) +q2(u) = g<2)L's2(u),P2(u) (20) 
du 

After some algebra, the following solution is obtained: 

{ 

u Ea2eff(u')du' } 
qz(u) =qz(uo) exp - ~ g<2)L'sz(u') + y(2)_Ea2eff(u') 

P12(u) {Eal(u) + Esl(u)} 

.1 Pl2(u)Esl(u)+ Pz2(u)Eat(u) ( ) 
'fl(u) = g<2)_Es2(u) + y(2)L'azeff(u) . qz u 

1 
tP2(u) = g<2)L's2(u) + y(2)L'a2eff(u). q2(u) (21) 

It is easily seen that by introducing the effective 
absorption cross section 

Ea2eff(u)= 

Ea1(u)Es2(u)P21(u) + Ea2(u)[Eal(u) +Es1(u)P12(u)] 
P12(u)Es1(u) + P22(u)Ea1(u) 

(22) 

q2 takes the same form as in the corresponding homo
geneous case [9]. 

METHODS INVOLVING MULTIPLE 
COLLISION PROBABILITIES 

Derivations from integral transport theory 

The basic principle underlying the multiple collision 
probability method is again the integral transport 
Eq. (1). If applied to a radially symmetrical annular 
region with volume V and outer (inner) surface area 
So(Si), the neutron flux distribution within V can be 
written in the following way: 

</>(7) = J ~? ~ e-~d-:-1-, Es<P(?) 
V41Tir-r'l2 

+ !fov{f) +if10So(;:) +!foSi(;:) (23) 

where we have assumed isotropic scattering in the 
laboratory system and spatially constant cross sections 
in V. (For simplicity we restrict our derivations here to 

monoenergetic neutrons.) !fov(;) gives the direct con

tribution to <P(f> due to a volume source Q(7): 

~ 

dr' ~ ~ ~ 
!fov0=J ~ ~ e-~,jr-r'IQ(r') (24) 

v 41T I r- r' J2 

Similarly, if10 so(i) and !f0Si(7) give the direct contribu

tions to <PW due to neutron incurrent densities j(Q) at 
the outer and inner surface, respectively, e.g. 
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!foSo(---:) = J ~ d~ j ( :~so ) e-~. ,-;_-;:s. 1 

I r- r so I 2 I r - r so I 
(25) 

The integral Eq. (23) can be solved by a Neumann 
series expansion (10] of the form: 

with 

lfnx(;:)=Esf ~? ~ e-L',jf--;'l!fnx-l(r'); 
v 41T 1 r - r' J 2 

(n>O; x: V,So, Si) (27) 

Upon integrating (26) over V we obtain after some 
algebra 

C=EtV,P=Plvv{l 

+~ (E")i-lp2vv_p3vv .. _p1vv}. f Q(---:)d; 
j~2 Et v 

+ p 1 sov { 1 + j~2 (~:) i -lp2sov. p 3sov ... p1sov} 

So f jso(Q)dQ +P1SIV{I + ~ (.E") 
217 j~2 Et 

J -lp2s;v. p3s;v ... p1s;v}. Si f ;s;(Q)dQ (28) 
217 

f ifljV<S)(;)d-; 
with p1 i vv(SV) = v being the proba-+ E ....... ~ 

.....! f lfi -l V(S)(r)dr 
Etv 

bility that a neutron from the volume (surface) source 
which has suffered j collisions in V will suffer at least 
one more collision therein. In the analysis which 
follows, two further simplifying assumptions are m~de: 

(a) the spatial source distribution of the colhded 
neutrons of any generation j be constant; thus the 
series appearing in (28) can be easily summed as shown 
under "Multiple collision probabilities"; 

(b) the angular direction of neutrons entering a sur
face be cosine distributed; by means of this assump-

tion on j(Q), the different spatial zones can be de
coupled. 

General formulation of the method 

The foregoing considerations are now applied to a 
Seitz-Wigner cell with reflecting boundaries, consisting 
of N coaxial annular regions. The total energy range is 
assumed to be subdivided into L suitably chosen 
energy groups. The group cross sections involved are 
presumed to be known. The following notation is used: 
Vn(Sn) = volume (outer surface) of region n per unit 

length 
qni = suitably normalized average source density 

for group-j neutrons in region n. Qni = 
qni. Vn. 
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= group-j neutron current density through 
Sn in outward(+) and inward(-) direction, 
respectively. Jni± = Jni±.Sn. 

= mean number of secondary neutrons of 
group j per collision of a group-j neutron in 
region n. 

Where the symbols Wnfxy are used, the subscript n 
denotes the zone number, the first superscript j refers 
to the energy group, whereas the two subsequent 
superscripts x y indicate the process x--+y "v" "i" and 
"o" stand for "volume", "inner" and "outer", respec
tively, E.g. 
WniVV = number of collisions caused by group j 

neutrons in region n per group j neutron 
born in this region. 

WniVI = number of group j neutrons leaving the 
n-th region through the inner boundary per 
group j neutron born in region n. 

Wnflo = number of group j neutrons leaving the 
n-th region through the outer boundary per 
group j neutron injected into this region 
through the inner boundary. 

The symbols Wni1V, WnioV, WnJVo, Wni01, Wni11 , 

Wnfoo are to be interpreted in an analogous way. 
All these definitions are based on the assumptions 

that the boundaries of the region n are black to neu
trons leaving this region. 

The important quantities to be determ!ned are the 
collision rates Cn'=number of group j neutron colli
sions in region n per primary source neutron in the 
cell. 

By means of the above definitions these collision 
rates can be computed according to (28) 

Cni= QniWniVV +Jn-1i+WniiV +Jni-WnfoV {29) 

with 

Jni+ = QniWnJVo +Jn _11+ Wniio +Jni-Wnioo 

Jn -11- = Qni WniVi + Jni- Wniol +Jn-11+ Wnili {30) 

the two Eqs. (30) can be represented in a simpler form 
by the following matrix recurrence relation [11] 

hi =Mni. h-11 + Qn-i* 

with the vectors 

( 

1 Wnili ) 
Wniol' - Wnioi 

Mni = W: joo W: jli W: joo 
_n_ W: jlo n . n 
Wniol' n Wniol 

Eqs. (29) to (33) hold for n = 2, 3, ... N. 
For n =I the equivalent relations are: 

C1i = Q11W11VV +hi-W1ioV 

(31) 

(32) 

(33) 

(34) 
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Jlj =hi- ( w:joo) + Qli ( w~vo) (35) 

Applying the recurrence relationship (31) repeatedly, 
we obtain: 

hri = M N21 (-
1
-) hi-+ S Ni 

W1Joo 

where we have used the abbreviations: 

MNki=MNi. MN-11 ... Mki; MNNi=MNi; 

(36) 

SNi =~ MNki-+Qk-11* +QNi* +MN~ (-
0
-)Q11 

K=3 W11VO 

(37) 

For each energy group j, (36) represents a coupled 
set of two linear equations for the three unknowns 
JNi+,JNi-, J 1i-. In order to obtain a unique solution 
we have to add another equation; this will have to be a 
linear correlation between the two boundary currents 
JNi+ and JNi-: 

(38) 

r = I, s = 0 gives the usual cell boundary condition for 
a vanishing net current. r < I, s = 0 would mean that 
there is a net outleakage of neutrons from the cell. 

With (36) and (38), all the neutron currents at the 
zone interfaces needed to calculate the collision rates 
C Ni can be determined, provided that the collision 
probabilities W NJxy are known. Methods for comput
ing these quantities have already been given. 

Application to the fast fission effect 

The theory described in the preceding chapter can be 
directly applied to the calculation of the fast fission 
effect in heterogeneous media. Backscattering and fast 
interaction effects can be properly taken into account. 
(For a detailed description of this procedure, see [12].) 

The sources relevant to this case are given by the 
expressions (L = 2): 
Qn1=Qnth .fn1; 

}} 12+v 1# 21:1 1 
Q 2 = Q th j; 2 + C 1 n n Jn n (39) 

n n . n n Etn1 

where QNth denotes the thermal fission source 
( = VnvnthJ:1nthrf>nth) andfni* stands for the fraction of 
the normalized fission spectrum in group j. I:nti is the 
macroscopic energy transfer cross section from group i 
to group j and Etn1(Ern1) denotes the macroscopic 
total (fission) cross section for group 1 neutrons. The 
total thermal fission source of the cell is normalized as 
follows: 

N 
Qth =~ Qnth = 1 (40) 

n=i 

The fast fission ratio for the n-th zone is obviously 
given by t~e relation 

• Group j = 1 is defined as the 2asu fast fission energy region. 
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Figure 2. Fast fission ratios in the three rings of a 19-element CANDU-type duster as a function of lattice pitch 

X:tnl. Cnl 
R _ v th:Etn 
n- n -Q-nt.,.,.h-

(41) 

The average fast fission ratio for the total fuel 
assembly is 

R= 
1 N Qnth 

N Q th ~ --ui · Rn 
~ _n_n=1 Vn 

n=1 Vnth 

(42) 

which, in case the neutron fission yield vnth does not 
vary from zone to zone, reduces to 

N 
R=~ Qnth. Rn (43) 

n=l 

If the fuel element is made up of rod clusters rather 
than annular fuel zones, the error arising through 
homogenization has to be corrected by applying the 
Pershagen prescription [13]. 

The theory outlined above has been checked against 
experiments performed by Bigham et a/. [14], on 
CANDU-type fuel clusters with different coolants and 
covering a range of lattice pitches from 18 to 36 em. 

Fig. 2 shows the theoretically obtained fast fission 
ratios for a 19-element CANDU-type fuel cluster with 
different coolants in comparison with the measured 
data. The agreement between theory and experiment 
is found to be quite satisfactory. Note that the fast 
fission ratios are pitch-dependent due to the inter
action effect between neighbouring clusters. 

In a similar way, this theory can be applied to the 
calculation of the resonance escape probability of a 
widely spaced lattice in order to account for the so
called advantage factor. 

Application to thermal utilization calculations 

The well known one-group collision probability 
method for calculating the thermal utilization factor in 
a heterogeneous lattice cell, developed by Amouyal 
and Benoist [15] and extended by A. Muller [II], 
represents a special case of the general procedure 
derived in the section headed "General formulation of 
the method", differing from the latter only by a special 

diffusion theory treatment of the outermost ( =moder
ator) region. 

With the above terminology,fn, the thermal utiliza
tion of the n-th zone, can be written as follows: 

(44) 

If the moderator is subdivided into sufficiently 
numerous zones, the theory as previously presented 
can be used directly to determine fn. In most cases, 
however, it is convenient to treat the moderator in a 
diffusion theory way as suggested by Amouyal and 
Benoist. 

In order to reduce both versions to a common basis, 
the outermost ce~l region N is dealt with separately in 
any of the two cases. In place of (36), we write 

This is a set of two equations for the three unknowns 
lN -lth-, lN -ltk+, Jttk-. The cell boundary condition 

JNtk-=rJNth+ (46) 

used above as a third equation, is equivalent to 

- -
lN-lth-=QNthWNthVi+JN-lth+. WNtkii (47) 

as can be shown by substituting ( 46) into (30), where 
we have put: 

- r W tkVo W tkoi 
WNthVi= WNthVi+ • N . N 

1-r. WNthoo 

- r W thlo W tkoi 
WNthii= WNthii+ . N . N (48) 

1-r. WNthoo 

W Nth Vi is the probability for a thermal neutron born 
in V N of finally leaving this region through the inner 
boundary taking proper account of the boundary con-
dition ( 46). W Nth u is defined in an analogous way. 

If diffusion theory is used for the outermost 
(=moderator) region, relations ( 48) have just to be 
replaced by equivalent expressions obtained from 
diffusion theory. The way this can be achieved be-
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Figure 3. Neutron density fine structure of a 19-element CANDU-type lattice cell as a function of lattice pitch 

comes plain by applying the balance equation 
(Jn _1th- -Jn _1th+) + (Jnth+ -Jnth-) 

}; .th 
+~ c th=Q th 

Etnth. n n 

'---v---' 
A nth (49) 

to the outermost region (n = N). According to the 
definition of W Nth Vi only those neutrons have to be 
taken into account which originated in V N and which 
leave this region for the first time (i.e. J N _1 th+ = 0). 
For r= 1 we get: 
- JN lth- ANth 
WNthVi (Diff.)= - =I---

QNth QNth 

=(I+KN2RN2. C+.\ VN KN2 )-1 (50) 
SN-1EtrNth 

where A and Care given in [15]. 
Similarly WNthli(Diff.) can be computed as the diffu
sion theory albedo: 

WNthii(Diff.) = (1 + 4L'aNth VN) -
1 

(51) 
SN-1 

The practicability of the theory is demonstrated by 
its application to a 19-rod CANDU-type fuel element 
with different coolants, covering a range of lattice 
pitches from I8 to 36 em. Fig. 3 shows the theoretical 
flux ratios in comparison with the experimental values 
obtained by Green and Bigham [I4]. The hyperfine 
structure of the cluster has been determined by means 
of a micro-cell calculation. 

METHODS FOR COMPUTING 
COLLISION PROBABILITIES 

First-flight collision probabilities 

The following considerations are restricted to N
region cells in cylindrical geometry; for slag geometry, 
the collision probabilities Pmn can be represented 
explicitly in terms of £ 3-exponential integrals. 

The calculation of collision probabilities Pmn for 
cylindrical geometry is known to involve rather com
plex numerical integrations. A. MUller [I6], however, 
was able to reduce the problem to a single integral of 
the form 

2 Rm 

Pmn = (R 2 R 2)~ f f(r) dr 
7r m - m-1 tm 0 

(52) 

where f(r) is a sum of Kta-functions involving com
plicated arguments. A numerical integration of (52), 
though on principle no problem, is found to be rather 
time-consuming. 

The computing time can be considerably reduced by 
requiring that the neutrons cross each zone boundary 
with an angular distribution proportional to the cosine 
of the angle between the direction of flight and the 
direction normal to the surface. With this assumption, 
the collision probabilities Pmn, according to A. MUller 
[17], can be represented in a relatively simple way as a 
function of two quantities P n Vi and P n Vo which denote 
the probability for a neutron arising in zone n with a 
uniform and isotropic source density to leave this zone 
without a collision in inward and outward direction, 
respectively. We obtain: 

{

n-1 1 
II iO 
k=m+1pk 

(53) 

with 

P iV- 4Vn ~ p VI· n - --""'tn n , 
Sn-1 

(54) 

Pnoo= 1-Pnoi -PnoV; PnVV = 1-PnVI -PnVo; 

n-1 n 
Qnoo=pnoo+~ pkoo II Peoi. Peio; 

k=1 l=k+1 

QNOi=pNoi (1-PN00)-1; 

QN_1ot=pN_1oi (I -PN_1oo. pNio. QNol)-1; 

QN-2oi=PN-2ol (1-PN-200. PN-11o. PNio. QNol. 

QN -101)-1; QN+111 =I; 
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For m>n Pmn is determined from Pnm by the reci
procity theorem (7). Furthermore: 

N 

Pnn = 1 -:1: Pnm 
m~l 

mifn 

(56) 

Hence, the problem reduces to the calculation of PnVI 
andPnVo; 

2 kn [7T 
PnVI (Xn,kn) = 1TXn(1 + kn)! dt 4 

- Kta(~ ( y(l- t2) -y1
(kn2 - t2))] 

1-kn 

PnVo (xn,kn) =PnV1(Xn,kn) 

+ 1TXn02+kn)L dr[~ -K~ac:~n v(I-t2))] (57) 

According to a method of J. M. Kennedy [12] these 
two probabilities can be calculated to a high degree of 
accuracy by simply interpolating between the two 
limiting cases of a solid cylinder (k = 0) and a slab 
(k = 1) resulting in a representation in terms of two 
parameters 

Xn = l:en(Rn- Rn -1); kn = &.2_ 
Rn 

The practicability of formula (53) is illustrated by 
the following sample comparison: 
For a three-region cell with R1 = 4,85 em; R2 = 5,18 
em; Ra=14,31 em; L't~=0.74878 cm-1; L'e2= 
0.37117 cm-1; L'ea =0.68461 cm-1 
we obtain (the first figures represent exact values; the 
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figures in brackets were obtained with formula (53); 
Ll denotes the percentage error): 

Pn = 0.86443(0.86446; Ll = 0.00) 

p12 = 0.02494(0.02524; Ll = + 1.20) 

P1a = 0.11 063(0.11030; Ll = -0.30) 

p21 =0.35749(0.36188; Ll = + 1.23) 

P22 = 0.18227(0.18547; Ll = + 1.76) 

P2a = 0.46024(0.45265; Ll = - 1.65) 

Pa1 =0.01600(0.01595; Ll = -0.31) 

Paz= 0.00464(0.00456; Ll = - I. 72) 

Paa = 0.97936(0.97949; Ll = +0.01) 

Multiple collision probabilities 

The probabilities Wnfxv occuring in the chapter 
entitled "Methods involving multiple collision proba
bilities", recalling the simplifying assumption intro
duced previously and making use of relations (54). 
One obtains: 

Wn1VV = Dni. PnfVV; WnfiV =DniPnfiV; 

WnfoV = DnfPnfoV; WnJVo = Dn1Pn1Vo; 

Wnflo = Pnflo + DniPnfiV Tn1PnfVo; 

Wnfoo =PnJoo + DnfPnfoV7 n1PnfVo; WnfVI =Dn1Pn1VI; 

Wnfol =Pnfol+ DniPnfoV7 n1Pn1VI; 

Wnili= Dn1PnJIV7 niPniVI; 

with Dni = (1 - TniPnJVV)-1 and -rni as previously 
explained. 

The valuable programming work performed by 
H. Raum is gratefully acknowledged. 
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ABSTRACT-RESUME-AHHOTA~&.1JI-RESUMEN 

A/640 Republique federale d'AIIemagne 

Aspects nouveaux de !'application des 
probabilites de collision dans Ia theorie 
des reacteurs 

par H. Markl 

Les methodes relatives1 a !'application des proba
bilites de collision prennent de plus en plus d'impor
tance comme outils pratiques et utiles de la tbeorie des 
reacteurs. Au departement des reacteurs de ya Societe 
Siemens-Schuckertwerke, diverses methodes de calcul 
relatives a !'application des probabilites de collision 
ont ete mises au point en vue de baser le calcul des 
reseaux heterogenes sur une conception commune des 
probabilites de collision. 

a) En partant de !'equation integrate de transport, 
on obtient un systeme de N equations integrates 
couplees en divisant Ia cellule elementaire en N zones 
et en introduisant les probabilites de collision du 
premier trajet. 

En traitant les expressions integrates par approxima
tion, on etend aux milieux heterogenes Ia theorie de Ia 
thermalisation dans les milieux homogenes de Wilkins. 
La theorie resultante est reduite a une forme- aisement 
utilisable-pour une solution numerique. 

De fa~on similaire, en appliquant cette conception 
des probabilites de collision au domaine des neutrons 
rapides et epithermiques, les methodes de calcul de 
ralentissement connues comme approximations de 
Greuling-Goertzel, de Selengut-Goertzel et de l'age de 
Fermi peuvent etre aisement generalisees pour les 
cellules de reseaux heterogenes. 

b) Une autre methode de formulation des equa
tions du bilan de neutrons dans le cas d'un milieu 
heterogene applique la conception des probabilites de 
collision multiples (generations successives) aux ·cou
rants de neutrons aux interfaces des zones. Cette 
methode est formulee d'une maniere generale pour 
L groupes d'energie et N zones. Elle est appliquee au 
calcul de l'effet de fission rapide en tenant compte de 
Ia retrodiffusion et des effets d'interaction rapide. La 
methode generale comprend comme cas particulier la 
methode d' Amouyal et Benoist pour le calcul du 
facteur d'utilisation thermique. 

c) La possibilite pratique d'application de toutes 
les methodes relatives aux probabilites de collision 
depend essentiellement de ]'existence de methodes 
convenables pour le calcul de -ees probabilites de 
collision avec une precision suffisante et un volume de 
calcul acceptable. Des methodes simplifiees pour le 
calcul de ces grandeurs sont examinees et jugees du 
point de vue de leur precision. 

A/640 ttJPr 
Hos~e acneKT~ npHMeHeHHR eepoRT
HOCTH COyAapeHHR 8 TeOpHH peaKTO
pOB 
X. M3pKnb 

MeTO~hl BepoHTHOCTH coyp;apcHnii: npno6peTa-
10T Bee 6oJihiiiee aHa'IeHne RaR noJieaHoe H npaK
TH'Iecnoe cpe~CTBO B TeopHH peaKTOpOB. 
fl peaRTOpHOM OT~eJie qmpMhl <<CHMeHC>> 6biJIO 
paapa6oTaHO HeCROJihRO MeTO)J;OB paC'IeTa, BK;'J10-
•raH HCfiOJih30BaHHe BepOHTHOCTH coy~apeHHH. 3a
]:la'IeH HCCJiep;oBaHHH 6biJIO o6ocHOBaTh nporpaM
Mhl paC'ICTOB pemeTKH Ha OCHOBC KOHIJ,eHIJ,HH Be
pOHTHOCTH coy~apeHHii. 

a) Ha'IHHaH c HHTerpaJihHoro ypaBHeHHH nepe
Hoca, OIIHChiBa10Il.ICfO HeHTpOHHhlii IIOTOK KaK 
!pyHRIJ,H10 npocTpaHCTBa H ::meprHH, flOJiy'IeHa CH
CTeMa N CBHaaHHhiX HHTerpaJihHhiX ypaBifeHnii 
nyTeM p;eJieHnH e~HHH'IHOH JPJeiiKH Ha N o6Jia
CTeii H BBC~CHHH BepOHTHOCTCH CTOJIKHOBCHHH 
ueiiTpoHoB npn nepBoM npoJieTe. llyTeM annpoK
CHMau,HH UHTerpaJihHhiX BhlpameHHH ~JIH l'OMO
reHHOii: cpep;hi, ITOJiy'IeHHhlX Ha OCHOBe H3BeCTHoii 
Teopnn TepMaJinaau,nn YnJIKHHca, ny Teopn10 
Momno pacnpocTpaHHTh na reTeporeHHY10 cpe~y. 

floJiy'IeHHaH TCOpHH CBO~HTCH K <flopMe, KOTOpaH 
Jienw p;ocTynHa ~JIH 'IHCJieHHoro peiiieHnH. MeTop; 
IIpHMeHHM ~JIH HeKOTOpbiX CJiyqaeB, npep;CTaBJIJI-
10Il.lliX npaKTH'ICCKHH HHTepec. 

AHaJiorn'IHhiM o6paaoM nyTeM npHMeHeHIIH na
JiomeHHoii BhiUie KoHu,enu,mi l{ o6Jiacn1 aHeprnii 
6hiCTphiX H 3IIJITeii~OBhlX HCHTpOHOB paC'IeTHhJe 
MCTO;:J;hl aaMep;JieHHH, H3BeCTHhie KaK annpOKCH
MaiJ,HH fp10JIHHra - fepTIJ;eJIH, 3eJieHryTa -
fepTIJ,eJIH H <DepMH-B03paCTHaH, MOfYT 6h1Th Jier
KO o6o6II.~eHhi ~JIH H'IeeK reTeporeHHOH pernenm. 

b) B p;pyroM MeTop;e <flopMyJIHpoBaHHH ypaBHe
HHH 6aJiaHca neiiTponoB p;JIH reTeporennoii cpep;bi 
HpHMeHeHa KOHIJ,eiiiJ,UH BepOHTHOCTeft MHOrO
KpaTHhiX coyp;apeHHii ( IIOCJie;:J;OBaTeJibHhlX ITOKO
JieHnii) B r-o'IeTaHHH C HCHTpOHHhiMH TOKaMH HU 
rpanHu,ax aon. 8Ta npou,e.Qypa c<flopMyJIHpoBana 
B o6II.~eM Bn~e ~JIH L aHepreTn'IecKnx rpynn n N 
aOH. 8TOT MeTO)J, MOH\CT 6h1Th llpHMeHeH ~JIH pac
lfeTa a!jl<fleKTa p;eJieHHH na 6hiCTphiX neiiTponax 
c yqeToM o6paTHoro pacceJIHHH n a<fl<fleKTOB saa
lfMop,eiicTBHH 6hiCTpbiX HeiiTpoHOB. MeTop, AMyH
Jia n BenyacTa ).IJIH pac'IeTa IWa<fl<f!Hu,neHTa Ten
JIOBoro UCIIOJlh30BaHHH BKJI101J8H B 06Il.IIIH MeTO)J, 
J\aK 'JaCTHhiH CJiyqaii. 

ITpaHrnqecHaH npHMemiMOCTh scex Ha3BaH
HhiX MeTO)J,OB C HCIIOJlh30B3HHeM BCpOHTHOCTeii 
coyp:apeHIIH cyiiJ,eCTBeHHhlM o6pa30M 3aBHCHT OT 
HaJIJI'IHH MeTOlJ:OB, IIpHfO)J;HhiX )J;JIH Bhi'IHCJICHUJI 
3THX BepOHTHOCTeii coyp;apeHHH C paayMHOH TO'I
HOCTb10. OnncaHhi ynpo~I.~eHHhJe MeTo~hi pac'IeTa 
;)TUX BeJIU'IUH H o6cymp;aeTCH HX TOlfHOCTh. 
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A/640 Republica Federal de Alemania 

Nuevos aspectos en Ia aplicaci6n de las 
probabilidades de choque en Ia teorfa de 
reactores 

por H. Markt 

Cada vez es mas importante el papel de los metodos 
de probabilidades de choque en el campo de teoria de 
reactores como herramientas utiles y practicas. El 
Departamento de Reactores de Siemens-Schuckert
werke ha desarrollado varios metodos de calculo que 
implican el empleo de probabilidades de choque, con 
el fin de basar el programa de calculo de redes en un 
concepto corriente de probabilidad de choque. 

a) Partiendo de la ecuacion integral de transporte 
se obtiene un conjunto de N ecuaciones integrales 
acopladas subdividiendo la celda unitaria en N regiones 
e introduciendo probabilidades de choque en un primer 
recorrido. 

Tratando las expresiones integrales de modo aproxi
mado, Ia teoria de termalizacion de Wilkins para 
medios homogeneos se amplia a medios heterogeneos. 
La teoria resultante se reduce a una forma que j>ermite 
obtener facilmente una solucion numerica. 
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Analogamente, al aplicar la idea anterior a la region 
de energias de neutrones rapidos y epitermicos, los 
metodos de calculo de moderacion conocidos por 
aproximaciones de Greuling-Goertzel, de Selengut
Goertzel y de edad de Fermi pueden generalizarse para 
celdas de redes heterogeneas. 

b) Otro metodo de formular las ecuaciones de equi
librio neutronico para un medio heterogeneo emplea la 
idea de pro babilidad dechoques multiples (generaciones 
sucesivas) en relacion con las corrientes neutronicas en 
las superficies de separacion de zonas. Este procedi
miento se establece de manera general para L grupos 
de energia y N zonas. Se a plica el calculo del efecto de 
fision rapida, teniendo en cuenta la retrodispersion y 
la interaccion rapida. El metodo de calculo del factor 
de utilizacion termica de Amouyal y Benoist se incluye 
como un caso particular. 

c) La aplicabilidad practica de todos los metodos 
que emplean probabilidades de choque depende esen
cialmente de la disponibilidad de metodos adecuados 
para calcular estas probabilidades de choque con una 
precision aceptable y mediante un trabajo de calculo 
admisible. Metodos simplificados para calcular estas 
magnitudes son examinados y discutidos desde el 
punto de vista de su precision. 
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Statistical theory of neutron chain reactions 

By L. Pal* 

The customary theory of nuclear reactors is based 
on the Boltzmann equation, well-known from the 
kinetic theory of gases. The Boltzmann equation yields 
the average neutron density for any time, depending on 
the space co-ordinates and neutron energy, but does 
not give any information on the fluctuations of the 
neutron density in multiplying systems. In some cases 
(critical assemblies, pulsed reactors), however, these 
fluctuations may become appreciable, when a proba
bilistic approach to the problem of neutron multiplica
tion is warranted. 

FUNDAMENTAL RELATIONS 

In order to ensure a simple boundary condition, the 
consideration will be restricted to multiplying systems 
of convex geometry, implying that the neutrons, once 
having left the system, will never return there. 

We consider first the multiplication of a single 
neutron. Let us assume that the reactor at time t < to 
does not contain any free neutrons. At the point P;. of 
the reactor VR, a neutron of energy Eo with velocity 
unit vector !Jo is injected at time to. This neutron, 
which may be called the "triggering" neutron, when 
first colliding with nuclei of the multiplying system, 
may cause fission, can be scattered or captured. The 
neutrons released in the first collision may initiate new 
branches of the chain reaction, so, because of this 
repeated multiplication process, the injected neutron 
will have precisely m descendants at time t >to with a 
certain probability. The number m generally obeys a 
distribution law with a large variance due to fluctua
tions in the number of neutrons produced per fission 
and also in the branch lengths. 

The theoretical task is the determination of the 
probability for finding at time t >to, in a volume v; of 
the reactor VR, m neutrons with energies below E, 
with directions of velocity within a cone of angle fJfj 

around the unit vector Q, when, at the point P;. of the 
neutron free reactor, a neutron of energy Eo and direc-
tion of velocity !Jo had been injected at time t0 , Denote 
by 

p[to,IIo; t,m(S)] (I) 

this probability, where for the sake of simplicity the 
notations 

---? --+---+ ---+ ? ~ 

uo = (ro,fJo,Eo) and s = ( V ,,fJ!l,E) (2) 

• Central Research Institute for Physics, Budapest. 

have been used. The vector ;;o characterizes the type of 
the injected neutron, while the vector-; selects a class 
for the neutrons produced in the chain reaction. The 

probability distribution function p[t0 ,;;0 ; t,m(-;)] at 

time t = to is given by 

limp [to,;;o; t,mG)J = Ll(-;;o:;), (3) 
t-Ho 

where 

(4) 

The function Ll(-;;o:;) can be written more explicitly as 
follows: 

Ll(;;o,7) =LI(P-;., v;)LI(Qo,fJ!i)LI(Eo,E). (5) 

The reactor is assumed to contain r kinds of atomic 
nuclei. Denote by NI(to"lo), ... , Nr(to,;) the densities 
of nuclei at time to and at the point P; •. These densities. 
of course, can be considered as independent of time in 
a number of cases. Denote further by UJt, UJs and 
a1c (J = 1, ... , r) the microscopic integral cross sections 
for fission, scattering and capture respectively while 
the corresponding macroscopic cross sections are 
expressed as 

QJr = NJ(to7o)aJr(Eo), Qjs = N,(to-;o)aJs(Eo), 
__,. 

Qjc = N,(to,ro)ajc(Eo). (6) 

The total cross section is evidently 
r 

Qo =1: {QJr + QJs + QJc). 
j~l 

(7) 

Since the fluctuations of the neutron density are 
closely related to the fission process we require the 
probability distribution function for the number of 
fission neutrons and fragments. Denote by jj(E0 ;ko,k1, 

... ,kz) the probability that in the fission of a type j 
nucleus ko prompt neutrons and k1, . . . ,k1 fission frag
ments emitting delayed neutrons are produced after 
the capture of a neutron with energy Eo. The fission 
fragments of the type i emit the delayed neutrons of the 
group i. Since each of the neutron-active fission frag
ments emits only one delayed neutron the number of 
delayed neutrons of the group i is the same as the 
number of i type fission fragments. 

Introducing the generating function for the distribu-__,. 
tionfj(Eo,k) in the form 
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(8) 

the derivates 

(9) 

and 

(10) 

can be used to express both the first and second 
moments of the number of prompt and delayed 
neutrons. The energy and velocity direction distribu
tion of the prompt and delayed neutrons are described 
by the functions 

Rio<fl(Do,Eo;Q',E') and Rit<fl(Do,Eo;fl',E'). 

Thus, Rit(f>(flo,EoJi',E')dQ'dE' (i=O,I, ... ,1) is the 
probability that the energy of a fission neutron is 
inside the energy interval (E',E' +dE') and its direc-__,. 
tion of velocity is inside the elementary cone dQ' pro
vided the energy of the captured neutrons was Eo, and 

-+ 

its direction of velocity .!Jo. It may be noted that the 
-+ -+ 

functions R1,<t>(.Q0,E0,.Q' ,E') (i = 0,1, .. . ,1) are almost 
-+ 

independent of the variables Eo and .!Jo. 
In order to describe the neutron scattering, the 

-+ -+ 

density function R1<s>(.Qo,E0,.Q' ,E') is introduced, 
Ri<s>(flo,Eo;Q',E')dQ'dE' being the probability that the 
energy of the neutron scattered on a nucleus of type j 
is within the energy interval (E',E' +dE') and its 

-+ 

direction of velocity in the elementary cone dQ', pro-
vided that before the scattering the energy of the in-

-+ 

coming neutron was Eo and its velocity direction .!Jo. 
These definitions, as given above, are used in the 

subsequent calculations. 

DETERMINATION OF THE 
DISTRIBUTION FUNCTION 

The distribution function shall be determined by the 
so-called "first collision method". Let us follow the 
history of the neutron injected at time to and point P-;. 
of the reactor. In the time interval (to,t) the neutron 
may or may not suffer a collision. In the former case 
the first collision results either in fission, scattering or 
capture. From this it is evident that the probability 
p[to,;o;t,m{;)] is the sum of the probabilities of four 
mutually excluding events, i.e. 

p=po+Pt+Ps+Pc· (11) 

Here po gives the probability that the injected neutron 
of type ;o does not suffer collision in the time interval 
(to,t) and at time t > to,m(:;) neutrons are present in the 
reactor. pr gives the probability that the first collision 
of the injected neutron of type ; results in fission in 
the time interval (t0,t) and for times t > to,m(i) neutrons' 
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are present. The probabilities Ps and Pc can be defined 
amtlogously. 

First of all let us determine the probability denoted 
by T(to,;0 ,t) that the neutron injected at time to and 
point P;. of the reactor does suffer no collision in the 

-+ 

time interval (to,t). The function T(to,uo,t) must have 
the following property: 

T(to,;o,t) = T(to,;o,t')T(t',;',t), (toLt' Lt), 

where 

-;} = to+ vo(t' - to)Qo,iio,Eo}. 

Considering that 
-+ 

lim T(to,uo,t) = 1, 
t_.,.to 

we find 
-+ t 

T(to,uo,t) = exp {- Vo J Qo 
to 

(12) 

[t',7o+ vo(t' -to)flo,Eo]dt'}. (13) 
-+ -+ 

The determination of the probability po[to,uo ;t,m(s)] 
does not present any difficulties. Simple considera
tions show that 

po = T(to;o,t)[S(}m + (Sim- D(}m).d(;,-:;}], (14) 

where 

-;; = to+ vo(t- to)fJo,!Jo,Eo} and m = m(:;). 

The determination of the probability pr[to,;o;t,m(-:;)] 
is somewhat more involved. In this case the injected 
neutron does not collide in (to,t')t' Lt while in 
(t' ,t' + dt') causes a fission of a nucleus of type j, 
resulting in ko prompt neutrons and k1, .. . ,k1 neutron 
active fission fragments. The prompt and delayed 
neutrons are similar starting points of the chain reac
tion as the first, triggering neutron. 

Let us denote by kJo[ko,t',J;';t,mo&')J the probability 
--+ 

that, at time t,m(s) neutrons are in the reactor, pro-
vided that ko prompt neutrons were produced in the 

--+ 
fission of a j type nucleus by a neutron of type u' at 
time t' Lt. Similarly kJt[kt,t',-;} ;t,m,(:;}] is the proba
bility that m,(-:;} neutrons are present in the reactor at 
time t when kt neutron active fission fragments were 
produced in a similar fission act. 

In the terms of these probabilities we have 

t --+ r --+ 

Pt = vo J T(to,uo,t'){ ~ Qjt{t' ,r' ,Eo)~ jj(Eo,k) 
- }=1 t 

I __,. -+ 

X ~ ll kJt[kt,t',u';t,mt(s)]}dt', (15) 
mo+m1+ .•. +m,=m I= I 

where 
-+ --+ -+ 
r' = ro + vo(t' - to).!Jo. 

It is easy to show that k1o can be expressed by the 
probability p, since each of the ko prompt neutrons 
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initiates a chain reaction independent of one another. 
From this it is evident that 

ko -+ --+ ---+ --+ -+ 

k1o = :l: TI f R,o<fl(u',u")p[t',u" ;t,n;(s)]du", 
nt + ... +nk0=mo i=--1 

where the following abbreviations are used: 

R1o<o(;-,;") = o{;' - ?')RJo<f)(Qo,Eo Jj" ,E"), 

d;" = d v;,dQ" dE". 

(16) 

In the course of the determination of k1; use will be 
___,. 

made of the probability O;;(t',u' ;t,n;) that at time 
___,. 

t,ni(s) neutrons are present in the reactor, provided 
that the chain reaction was initiated in the interval 
(t',t) by the delayed neutron of an itypefission product. 

It is not difficult to see that 

1 --+ --+ --+ ---+ 
0;; =AJi f e-A,,(I" -t') f Rj;(f>(u',u")p[t",u" ;t,n;(s)] 

t' ___,. 

du" dt", (17) 

where 

Rit(f)(;' ,Jr') = o(i - ?')R,;<f>(Qo,Eo,Q" ,E"). 

Making use of Eq. (17), the probability kti can be 
brought into the following form : 

k;;=:l: ~ e->.,,(k,-k/)(t-t') k, (k ) 
k',=O k i 

k'. ---+ ~ 

:l: TI 0 1;[t',u' ;t,n;(s)]. (18) 
nt+ ... +n~;·,=m, i=O 

The probability p 8 [to,;o;t,m(7}] can be readily 
___,. 

obtained by assuming the injected u0 type neutron to 
be scattered in the first collision, since then 

t --+ r --+ 

Ps =vo f T(to,uo,t'){:l: QJs(t',r',Eo) 
to j=l 

---+ --+ -+ --+ --+ 
f R/8>(u',u")p[t',u";t,m(s)]du"}dt', (19) 

where 

R/8)c;,',;") = sP _-;')R/8>(Do,Eo;D",E"). 

Finally, we formulate the probability Pc as 

t --+ r --+ 

Pe = vo8om f T(to,uo,t'){:l: QJc(t',r',Eo) }dt'. (20) 
to j=l 

Equations (14), (15), (19) and (20) yield the equation 
to the distribution function. 

THE GENERATING FUNCTION 

For the sake of a more convenient formalism the 
generating function g of the distribution function p is 
introduced by the definition 

--+ --+ 00 -+ 4- -+ --+ 

g[to,uo;t,z(s)] = :l: em<s>z<s> p[to,uo;t,m(s)]. (21) 
m=O 

It can be shown that the generating function obeys the 
non-linear integral equation: 
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r t --+ --+ 

+vo:l: f T(to,uo,t') X {QJc(t',r',Eo) 
j=l to 

+ Qjs(t' ,?,Eo) f Ri<s>(;;',;")g[t',;" ;t,z(:;}]d;" 

+ QJt(t'},Eo)qJ[Eo,~(t',;/ ;z(;) )]}dt' (22) 

The components of the vector ~ = (x1o, XJt, .. . ,x11) 
appearing in the argument of qi are given by the rela
tions 

XJo =log f RJo(f)(Jr,-;;")g[t',-;i' ;t,z(~]d;/' (23) 

and 
t 

XJt = log{e-A,,(t-t'l + :\1; f e-A,.(I" -t'l 
t' 

S Rtt(f>(-;;',"ii')g[t",;" ;t,z{;)] d-;;"dt"} (24) 
(i=l, ... ,/) 

The derivation ofEq. (22) with respect to to leads to an 
integra-differential equation similar to the well known 
kinetic equation. Considering Eq. (12) we get 

___,. 

og(to~~:;t,z) + Tg(to,;o;t,z) 

r 

+ vo :l: {Qic + QMJ(Eo,;J]} = 0, (25) 
j=l 

where Tis the so-called transport operator defined by 

Tg(to,Z:o;t,-;) =- voQo(toJo,Eo)g(to-;o;t,z) 
--+ --+ r -+ 

+voDo · gradro g(to,uo;t,z)+vo:l: Q.;s(to,ro,Eo) 
j=l 

+ f R;<8>(t;o;')g(to,-;;' ;t,z) d-;;' (26) 

Now, we have to formulate the initial and the boun
dary conditions. The former is obtained from Eq. (22) 
as 

___,. ___,. ___,. 

lim. g(to,uo;t,z) = 1 + Ll(uo,s)(ez -1) (27) 

The boundary condition has to take account of the 
obvious fact that no chain process can be started by 
the neutron injected at a surface point of a convex 
reactor when the neutron velocity makes an acute 
angle with the outward pointing surface normal. 

Denoting by Q8 the outward pointing surface normal 
in the surface point p;s, the boundary condition can be 
formulated in the following way: 

(28) 

It is apparent from Eq. (25) that the nature of the 
fluctuations in the neutron multiplication is governed 
essentially by the probability distribution function 
jj(E0,k) the form of which can be obtained from the 
experimental data. 

GENERALIZATIONS 

Since the above considerations have been restricted ___,. 

to chain processes started by single neutrons of type uo, 
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for the study of practical cases chain processes started 
by random neutron injection must be investigated as 
well. The probability that in the interval (/o,t) exactly k 
triggering neutrons are injected into the reactor can be 
expressed as 

1 I I 

Lk(t0 ,t) = - { f i(t') dt' }kexp {- J i(t') dt' }, (29) 
k! h h 

where i(t') is the neutron source intensity at timet'. The 
distribution of the injected neutrons with respect to 

type is given by the density function F(~o). Let us 

denote by P[to,t,m&')J the probability that m(~ 
neutrons are present in the reactor at time t, provided 
that the injection of triggering neutrons has com
menced in the time t0Lt and up to the time to there 
was no free neutron in the system. 

Supposing that in (t0 ,t) exactly k neutrons had been 
injected into the reactor, the probability that the injec
tion of any one of them falls into the interval (t',t 1 + 
dt 1

), is clearly 
I 

i(t1
) dtl/ f i(t1

) dt 1
• 

to 

In this manner we find 

--+ I 

u[to,t,m(s)] = [ f i(t') dt']-1 

to 

t -+ ~ ~-+ 

f i(t1
) f F(u1)p[t1

,U
1 ;t,m(s)] du 1dt'. (30) 

to 

This expression gives the probability that at time t, 

m(i} neutrons are found in the reactor when a single 
triggering neutron had been injected in (to,t) into the 
system. With the help ofEq. (29) we get: 

_,. co 

P[to,t,m(s)] =}; Lk(t,,t) 
k=O 

k _,. 

~ rr u[to,t,mi(s)]. (31) 
mt+ ... +m.=m i=I 

Denoting the generating function of P(to,t,m) by 
G(to,t,z) Eq. (31) leads to 

_,. 
log G[to,t,z(s)] 

t ~ ~ -+-+ 

= f i(t1
){ f F(u1)g[t1

,U
1 ;t,z(s)] dul -1} dt'. (32) 

to 

Defining now the average intensity as 

. 1 J, ·c I) d I lo= -- l t t 
t -toto 

and putting io(t1
) = i(t')/io 

Eq. (32) becomes 

_,. I 

log G[to,t,z(s)] = io f io(t1
) 

to 

(33) 

(34) 

f F(;~){g[t',-;/;t,z(7}] -1} d-;?dt1
• (35) 

If io is large enough the central limit theorem can be 
applied to get the a·symptotical form of the distribution 
function. 
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If 

io(t1
) =lim. S(/o + 11 o -t~) (36) 

t'o--;.Q 

then all triggering neutrons are injected at time t 0• In 
this case, that of the pulsed neutron injection, Eq. (35) 
is somewhat simpler: 

log G[to,t,zc;)] = io J F(;o) - _,. 
{g[to,uo;t,z(s)] -I} duo. (37) 

In a number of practical problems the distribution 
function 

(38) 
_,. -> -> 

is needed. Here the classes s1 = ( Vr1,.Qf.l1 .Et) and 

;2 = ( v;;_,.Q1;2,E2) are entirely different. Two classes are 
entirely different, when neither of their volume, solid 
angle and energy intervals contain any common 
points. With similar ar~uments as above, the gene
rating function . 

G[to,t.zi(-:;';_),zz(;) = ~ exp{ml(;I)Zl(:;;_) 

__, -~ ~ 

+ m2(s2)zz(s2)} Prto,t,m1(s1 ),m2(sz)] (39) 

leads to the equation 

I 

log G(to,t,zt,zz) = io f io(t1
) 

to 

J F{~1){g(t 1,;1 ;t,Zl,Z2) -1} d;1df 1
, (40) 

where g(t' ;~ ;t,zi,zz) satisfies an equation of the form 
(25). The initial condition is given by 

lim. g[to;o;t,z1(;1),z2&'2)] 
t~to 

=1 +..1(l:o,~)[ez(s-;J -1] +..1(;o,-,;;)[ez<_;;J -1], (41) 

while the boundary condition is the same as expressed 
by Eq. (28). 

Finally, we have to evaluate the probability 
W(to,ti,t,m) that a neutron detector placed into the 
multiplying system counts exactly m neutrons in the 
interval (to,t) provided the injection of triggering 
neutrons has commenced at time to. The time tr, is an 
independent parameter characterizing the start of the 
counting. It is obvious that II Lt and to;;: t1. We shall 
consider an absorption type detector, with probability 

£(7o,Eo) dt for detecting a neutron of energy Eo at the 
point r;.. in the interval (t,t + dt). Without repeating 
the now familiar considerations the generating func
tion 

co 

·H(to,li,t,z) =}; emzW(to,tl,t,m) 
m=O 

can be written in the form 

t ~ 

log H(to,ti,t,z) = io I io(t1
) f F(u1

) 

to 

{h(t 1,-;i,ft ;t,z) -1} d;'dt', (42) 
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where 
-> 00 -> 

h(t',u' ;t1 ;t,z) = ~ emzw(t',u',tl ;t,m). 
m=O 

The distribution function w(to;o,t1;t,m) describes here 
the chain process started by a single neutron injected 
at time t0 • It can be readily seen that the generating 

-> 

function h(to,uo,l! ;t,z) satisfies,the equation 

oh(to,"il"o,fl ;t,z) + Th(to,-;;o.ti ;t,z) + voQc 
ot0 

r -> 

+voQc+vo~ QMt[Eo,Vt]+s(to,tvo,Eo,z)=O, (43) 
j=l 

where 

and 
r 

VoQc=E+vo~ Qic· 
j=l 

The components of the vector ;f ·are defined by 
Eq. (23, 24) when g is replaced throughout by h. The 
initial condition for Eq. (43) is now: 

--> 
lim. h(to,uo,II ;t,z) = 1 
t~to 

while the boundary cpndition is the same as that for g. 
It may be noted that for two detectors the generating 

function 

(45) 

can be derived in a form similar to Eq. (42) with the 
only difference that the singular term in the equation 
for h(t~,;,,ti,f2 ;t,z1,z2) differs from the expression 
(44) since 

--> --> 
s(to,h,t2,ro,Eo,z) = EI(ro,Eo)(ez' -I)LI(to- h) 

+ E2(7o,Eo)(ez• -l)LI(to- t2) (46) 

while the initial and boundary conditions are un
changed. 

MULTIGROUP DIFFUSION APPROXIMATION 

To facilitate the application of the general equations, 
the considerations are now restricted to a simplified 
model of the process. The neutron energies are re
stricted to the interval (Eo,En). Dividing this into sub
intervals: 

(Eo,EI),(EI,£2), .. . ,(En-l,En). 

The neutrons with energies in the sub-interval 
(Ek-I.Ek) are termed to be neutrons of the group k. 
Denoting by '# k(t) the number of neutrons of group k 
at time t in the volume v; of the reactor V R, it is 
obvious that the vector , 
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completely describes the neutron distribution in the 
volume v; with respect to energy groups. Now we have 

---7 ~ -+- -+-

to determine the probability Pk(t,ro,m) that '!/ (t) = m 
with the assumption that at time t = 0 and point P;. a 
neutron of group k has been injected into the neutron
free reactor. 

In order to obtain the generating function gk of the 
probability pk, both the group cross sections and the 
transition probabilities have to !?e given. The macro
scopic cross sections ofj type nuclei for fission, scatter
ing and capture in the case of k group neutrons are 
QJfk, QJsk, and QJck. respectively. By jjk (ko,k1, .. . kl) 
we define the probability that the fission of a nucleus 
of type j induced by a neutron of group k produces ko 
prompt neutrons and k1, .. . ,k1 fission fragments. 
R1(s>(k,k') is the probability that a neutron of group k 
will be scattered by a j type nucleus into a group k', 
while R1t(fl(k,k') gives the probability that the fission 
neutron is of group k' when the fission has been 
induced by a neutron of group k. 

The motion of the neutron of group k is assumed to 
be governed by the elementary diffusion equation. Let 

us denote by T k(t,7o,-;) d v; the probability that at 
time t> 0 a neutron of group k, can be found in the 
volume d v;, if at time t = 0 it has been at the point P-; •. 
This probability distribution function satisfies the 
equation 

where Dk is the diffusion coefficient for neutrons of 
group k. The initial and boundary conditions for 
Eq. (47) are given by 

(48) 

and 

lim. Tk(t;o;) =lim. Tk(t-;o-;) = 0 (49) 
~ ~ + ... 
ro--+rs r-+-rs 

-+ 

respectively. Here the vector rs sweeps through the 
points P;s of the extrapolated reactor surface. By 
describing the motion of the k group neutrons with the 

function Tk(tJo-:h the anisotropy of the scattering has 
been ignored. 

For the generating function 

gk(tJo;) = ~ e;;;;pk(t;o,;,) (50) 
~ 

m 

we get with the now familiar reasoning 

r -> 

+ Vk~ {Qjck+ Qjfkqjk(Xjk)}. (51) 
j=l 

A 

In the diffusion approximation the operator Tk has 
the form 
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A --:)ooo--). --+-----+' 

Tkgk(t,ro;z) = DkLJ;.~g(t,ro,z) 

where 

r n -+ -J.. 

+vki: Qjsk I: R1<s>(k,k') Xgk'(t,ro,z) 
j=l k'=l 

r 

Qok =I: {QJck + Qjak + QJtk }. 
j=l 

(52) 

The components of the vector -;Jk are now given by 

x1ko=log {~=t Rio<f>(k,k')gk'(t;o,7)}, (53) 

n 

XJkt = log{e-"'·1 +..\it I: Rit<fl(k,k') 
k'=l 

I __,.__,. 

J e-.>.j,l'gk'(t -t',ro,z) dt'}. (i= 1,2, ... ,/) (54) 
0 

The initial and boundary conditions can be easily 
given: 

gk(OJo;) = 1 + LJ(P;., v;)(ez• -1) (55) 
__,. --+ 

lim. gk(t,ro,z) = 1. (56) 
+ + 
ro~rs 

The generating function G(t,7) of the distribution 

function P(t,;) can be constructed from the function 
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gk(t,;:;,,;) as follows: 
__,. 1 n 

log G(t,z) = io J io(t') I: J h(ro) 
0 k=l 

{gk(t- t',7o,?) -1} d v;:dt'. (57) 

CONCLUSIONS 

The general statistical theory of chain reactions per
mits the solution of a number of practically important 
problems. The theory was used to compute the fluctua
tions in the neutron yield of pulsed reactors. The 
fluctuations in the number of neutrons per pulse was 
shown to be strongly dependent on the number of 
triggering neutrons. The details of these calculations 
are to be found in Ref. [1]. 

Another use of the statistical method was to in
vestigate the effect of delayed neutrons on the accuracy 
of prompt period measurements. For thermal neutrons 
the criteria for the applicability of the Rossi method 
were determined. The theory underlying the Moguilner 
method has been developed. It has been shown that 
this method is applicable for measuring the prompt 
period. According to this method the prompt period is 
calculated from the experimentally obtained proba
bility of zero counting in a given time interval. The 
detailed theoretical discussion of this method is given 
in Ref. [2]. 
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ABSTRACT-RESUME-AHHOTAL.t111JJ-RESUMEN 

Theorie statistique des reactions 
neutroniques en chaine 

par L. Pal 

A/652 Hongrie 

L'auteur a mis au point une th6orie statistique des 
reactions en chaine dans Ies reacteurs. 11 a etabli la 
fonction de distribution de probabilite pour Ie nombre 
de neutrons se trouvant dans un etat donne, avec des 
hypotheses d'un caracU:re tout a fait general. A partir 
de cette fonction, on obtient !'equation fondamentale 
de Ia fonction generatrice, laquelle permet de calculer 
la valeur probable et la variance de la densite des 
neutrons. On etablit des equations pour Ia fonction de 
distribution de probabilite du nombre de fissions et de 
neutrons comptes au cours d'une periode donnee. On 
etablit plusieurs theon!mes aux Iimites pour les fonc
tions generatrices. Ces theoremes jouent un role im
portant dans diverses applications de la theorie. On 
tient compte de !'approximation multigroupe dans Ie 
cadre de Ia theorie statistique. 

A/662 BeHrpHR 

CraTHCTH4eCKaR reopHR u,enHbiX pe
aKu,HA a RAepH~x peaKTOpax 
n. nan 

Paapa6oTaHa CTaTHCTHqecKaH TeopHH :u;errHhlX 

peaK:u;Hii B Hp;epHhlX peaKTopax. Orrpep;eJIHeTcH 

cPYHKIJ;HH pacrrpep;eJieHHH (<f>P) qHCJia HeHTpOHOB, 

HaXOl!;Hill;HXCH B p;aHHOM COCTOHHHH, IIpH l!;OBOJIL
HO o6m;ux rrpep;rroJiomeHHHX. Ha <l>P BhlBop;HTCH 

~yHp;aMeHTaJILHoe ypaBHeHHe ,n;JIH rrpouaBo,n;Hm;e:H 

~YHKD;HH, KOTOpaH II03BOJIUeT IIOJiyqHTb JIHHeHHOe 
HHTerpo-,n;H~~epeHn;HaJILHOe ypaBHeH'He He TOJIL

KO AJIH Cpe,n;HeH HeHTpOHHOH IIJIOTHOCTH, HO ll 
p;JIH ee p;ucrrepcuu. PaccMaTpHBaiOTCH <l>P qucJia 

,n;eJieHHH H <f>p qucJia HeHTpOHOB, aaperHCTpHpo

naHHLIX B orrpe,n;eJieHHOM IIpoMeiKyTKe BpeMeHH. 

,llJIH rrpep;eJILHhlX pacrrpe,n;eJieHHH ~oKaaLIBaiOTCH 
HeKOTOphle TeopeMhl, KOTOpbie HCIIOJIL3YIOTCJI B • 
npHJiomeHHHX. PaaBHBaeTCH MHororpyrrrroBoe 

IIpH6JIHmeHHe B paMKaX CTaTHCTHqecKOH TeOpHH. 
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A/652 Hungria 

Teorfa estadfstica de las reacciones 
neutr6nicas en cadena 

por L. Pal 

Se desarrolla una teoria estadistica para reacciones 
en cadena en reactores nucleares. Basandose en hip6-
tesis bastante generales, se deduce la funci6n de distri
buci6n de la probabilidad del numero de neutrones en 
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un estado (PDF) De esta PDF se deduce la ecuaci6n 
fundamental para Ia funci6n generatriz, lo que per
mite calcular el valor esperado y su varianza para la 
densidad neutr6nica. Se deducen ecuaciones para la 
PDF del numero de fisiones y neutrones medidos por 
unidad de tiempo. Para las. funciones genera trices se 
deducen varios teoremas de limites que tienen im
portancia en algunas aplicaciones. Se introduce Ia 
aproximaci6n de multigrupo en el esquema de la 
teoria estadistica. 
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A method for calculating collision probabilities in general 
cylindrical geometry and applications to flux distributions 
and Dancoff factors 

By I. Carlvik* 

The collision probability method for calculating 
neutron flux distributions is acquiring increasing atten
tion, particularly for its application to reactor lattice 
cells. The characteristic feature of this method is the 
calculation of the collision probability matrix. Once 
this matrix has been obtained, or, in the case of more 
than one energy group, after the collision probability 
matrices and the scattering matrices have been ob
tained, the problem of solving the flux is reduced to 
the problem of solving a system of simultaneous linear 
equations. 

Reactor lattice cells are often taken as cylindrical 
for computational purposes, and collision probability 
codes have been devised for the calculation of flux 
distributions in annular geometry, for example the 
spectrum programme THERMOS [1,2]. Several ap
proximations of a physical nature have been proposed 
in order to facilitate the calculation of the collision 
probability matrix for an annular system [3, 4, 5, 6;7]. 
Other approximations have been proposed for cluster 
geometry, e.g., the use of elementary cells [8]. 

The approach made in the present paper is to 
refrain from approximations of this kind, and to look 
for other methods to facilitate the calculation of the 
collision probabilities. It is shown how an efficient 
Gauss integration can be used in the annular case to 
the effect that quite accurate collision probabilities can 
be calculated in a rather short time. Two computer 
codes for calculating flux distributions in one group 
will be described briefly, FLURIG for the annular 
case and CLUCOP for the cluster case. 

For the closely connected problem of calculating 
Dancoff factors approximation schemes similar to 
those for the flux distribution have been propo
sed [9, 10, 11]. The approach chosen for this work was 
to calculate tables of Dancoff factors using a direct 
method, and to try to approximate the tables with 
suitable functions. Hexagonal clusters containing 7, 
19, and 37 rods and an infinite square lattice of 
circular rods were considered. 

THE PHYSICAL MODEL 

Consider a system consisting of a number of 

• A.B. Atomenergi, Stockholm. 

cylindrical homogeneous regions. The system is divid
ed i1;1to another set of homogeneous regions which 
either coincide with or are subdivisions of the regions 
of the first set. A stationary case with a prescribed 
neutron source density, constant in each region, is 
considered. Only the one-group approximation is con
sidered, the generalization to a multi-group model 
being obvious. Then the following equation is valid 
for each region 

Vtl:t~t =~ V1(S1 +Esf~J)Pt,J 
j 

(1) 

where Vt is the volume, .Et the total cross section, 
~t the average neutron flux density, Si the source 
density and Est the scattering cross section of the ith 

region.Pt,J(Pt+J) is the probability that neutrons,start
ing in regionj will make their next collision in region i. 

Pt,J depends upon the spatial and angular distribu
tion of the neutron flux in region j. The common ver
sion of the collision probability method replaces the 
correct Pt,J with the corresponding quantity for a flat 
and isotropic source distribution. This is equivalent to 
making two assumptions: 

(a) The scattering is isotropic. Usually the cross 
sections are transport corrected. 

(b) Neutrons which are scattered in a region are 
distributed uniformly over the region before 
they start again. 

BASIC PRINCIPLES 

Fundamental equations for cylindrical geometry 
It is appropriate to eliminate the axial co-ordinate 

from the beginning, and to study the system in the 
plane perpendicular to the axis. Then in a way the role 
of the exponential function is taken over by Bickley 
functions. This step has been used for many years. 

First the probability will be determined, that 
neutrons from a line source, which are emitted 'iso
tropically in a small azimuthal angle element da, will 
travel so far without colliding that the pfojection of 
the path on the plane will be -r measured in optical 
units. With notations according to Fig. l,the fraction 
of uncollided neutrons at -r in the solid angle element 

sin 8 dB da is exp (- si: 
8
). The desired probability is 
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z 

Figure 1. Elimination of the z co-ordinate in cylindrical geometry 

obtained by integrating over (J and dividing by the 
total solid angle 2 da 

+1 
P('r) = 

2 
~a J exp (- si: (J) sin (J dO da = Ki2(T) (2) 

'11 

-2 

The Kin-functions were defined by Bickley and 
Nayler [12] as 

r:t:J 

fe-x cosh u 
Kin(x)= h du 

cos nu 
(3) 

0 

Then the probability for neutrons starting uniformly 
and isotropically in a homogeneous cylindrical region 
to make their first collision in another such region will 
be derived. 

The probability (Fig. 2) for neutrons starting along 
the line in region j inside da to make the first collision 
in region i is ' 

Figure 2. Calculation of collision probabilities in cylindrical 
geometry 
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a 

Pt,J(a,y) = ~ f[Ki2(.E1(a- x) +'Tt,J) -Ki2(.E,(a- x) 

0 

+ Tt,J + Tt)] dx = .E:a [Kia(Tt,J)- Kia (Tt,J + TJ) 

- Kia(Tt,J + Tt) + Kia(Tt,J + TJ + 'Tt)] (4) 

The total collision probability is obtained by multi
plying this expression by the volume element a dy and 
the angular element da, integrating over y and a (that 
is over those regions where the line crosses both 
bodies) and dividing the result by 27T v1• ( v1 is the 
volume of body j). 

E1 VJPt,J = ;7T fda f dy[Kia(Tt,J)- Kia(Tt,J + TJ) 

- Kia(Tt,J + Tt) + Kia(Tt,J + TJ + Tt)] (5) 

Diagonal elements are given by a slightly different 
expression 

L't VtPt, t = L't Vt- L J da J dy[Kia(O)- Kia(Tt)] (6) 

The expression for L'tVtPt,i is symmetric in i andj. 
Thus this derivation proves the reciprocity theorem 
for bodies of cylindrical geometry 

E,V,Pt,t=L'tVtPJ,t (7) 

Boundary conditions 

The computer codes referred to in this paper use 
white boundary conditions at the cell boundary, .that 
is all neutrons passing out over the cell boundary 
return with an angular distribution as if they came 
from a constant source distribution in a homogeneous 
half-space outside the boundary. This boundary con
dition is very easy to apply. After the .E1 V1Pt,rmatrix 
has been computed (assuming black boundary) the 
vector R1 defined as 

R,=EJVJ- ~.EiVJPt,i 
i 

(8) 

is calculated. It is easy to show using the reciprocity 
theorem that 

.E1 v1Pt, 1wnlte = .E1 v1Pt,Jblack + RtRJ[~R,]-1 (9) 
j 

The method of integration 

For the numerical calculation of the .EVP-matrix, 
sets of parallel lines are drawn across the system, all 
intersections with boundaries are determined and the 
segments of the lines lying in each region are mea
sured. Then the segments are multiplied by their 
respective cross sections, the intersections are taken 
in pairs, the Ki3-function for the optical distance 
between the points in each pair is computed and multi
plied by the appropriate dy, and the results are added 
to the appropriate (generally 4) elements in the matrix. 
The Kia-routine used in the present work was derived 
by B. Tollander [13]. It uses polynomials of order 6 or 
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r r . . + 
I •I 

} optical lengtha 

Figure 3. Calculation of collision probabilities in annular geometry 

less in 6 regions of the argument and the maximum 
absolute error of the approximation is 3 x 10-5• 

APPLICATION TO ANNULAR GEOMETRY 

In annular geometry no integration over the azi
muthal angle is needed. It is also possible to use an 
efficient Gauss integration. The principles of a method 
which was used in a programme called "Flurig" will 
be described. Using the notations of Fig. 3 and apply-

ing the results of the preceding section one obtains 
using the Kronecker S 

E1V1Pt,J= St,JEtVt + 2 [St,J -St+t,J -St,J+I 

+ St+I,J+I] (10) 
max(rltr,) 

St,J = J [Kia{Tt,d- Kia(Tt,J+)] dy (11) 
0 

The integration over y in Eq. (II) is split up into 
elementary intervals from rt to rt-1· The integrands are 
either regular in the elementary intervals or they have a 
singularity of the type Kia f ((y) + v r1 _1 - y g(y)J, 
where f(y) and g(y) are regular functions. Ki3(z) 
behaves as z3Jnz in the vicinity of z = 0. Four different 
sets of Gauss constants were derived taking the type of 
singularity into account. Tests on various systems 
showed that a set based on the assumption that the 
integrands should be expandable in a power series 
of v r1 _1 - y was as good as more complicated sets 
based on logarithms. The Flurig code can use up to 
5 Gauss points per interval but it has been found in 
practical calculations that 2 points per interval is 
usually sufficient. 

Some computing times from a cell calculation with 
20 regions are: 

1 
2 
4 

Number of 
Gauss points 

Net computing 
time on Ferranti 

Absolute difference in tlux in % 
from 4-point calculation 

Mercury, seconds Innermost region 
Maximum in all 

other regions 

35 
53 
90 

2.5 
0.7 

0.7 
0.2 

radii (em) 

FUEL 

ZIRCALOY 

COOLANT 

MODERATOR 

Regions 1,6,7,12,13 
S= 0 
X = 0.7396 resp. 1.0405 
Xs = 0.3699 resp. 0.3699 

Regions 2, 5, 8, 11, 14, 17 
s = 0 
X = 0,35075 
x. = 0,3445 

Regions 3, 4, 9, 10, 15, 16 
s = 1.011698 
X= 0.324002 
X, = 0.323946 

Regions 18 through 26 
s = 1 
X= 0.320256 
X,= 0.3202 

15.23 

13.0 

26 
A 

2 5 

Figure 4. Cluster cell 
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These times compare favourably with times necessary 
for S4-calculations on the same problem. 

APPLICATION TO CLUSTER GEOMETRY 

The basic principles given above were used for a 
programme Clucop, which calculates collision proba
bilities in one group for a cluster cell and calculates 
the flux distribution with a given source distribution. 

The integration over the cluster region uses equi
distant lines, and the Flurig-method is used in the part 
where only concentric annuli are involved. The speed 
and suitability of a programme of this kind depends to 
a large extent upon a clever choice of the geometrical 
variety allowed, and it was decided to use rather 
limited geometrical possibilities in the programme to 
guarantee its proper operation. 

The geometry allowed consists of a number of con
centric annuli and a number of circular fuel rods, 
equally spaced in circular rings. The rods consist of up 
to four concentric layers, and they may, together with 
the coolant, be divided further by the circle through 
the centres. 

The efficiency of the programme will be illustrated 
by two flux calculations on the cell shown in Fig. 4. 
Numbers in the figure show how the regions were 
chosen. The fuel consists of Pu02 mixed with natural 
002, it is canned in zircaloy and there is a zircaloy 
shroud. D20 is used as coolant and mode1ator. 

Calculations were carried out for I % and 2 %Pu
enrichment, in both cases with 9.5 %24°Pu. 

The one-group flux distribution was first calculated 
with 17 lines over the cluster and 4 angles in the 
integration, and then repeated with 34 lines and 8 
angles. The calculations took about one hour on 
Ferranti Mercury for each enrichment. The largest 
change in flux in any of the regions when the accuracy 
was improved was 3 %. This is amazingly small with 
regard to the small number of lines and angles. 

In Fig. 5 the calculated flux is shown along a radius 
crossing three fuel rods (A in Fig. 4). Also shown is a 
flux distribution obtained by homogenization of the 
fuel zone and using blackness technique. This method 
is believed to be about as accurate as an S4-calculation 
in the homogenized zone. 

One can expect heterogeneous effects to appear in 
fuel elements with very black fuel in open clusters, 
because in such cases the homogenization eliminates 
the possibility for the neutrons to penetrate into the 
cluster between the fuel rods. In these two cases the 
fuel rods are 0.93 and 1.31 mean free paths thick 
respectively. Most of the cross section in the fuel 
represents absorption. Figure 5 shows that the hetero
geneous calculation does give a considerable flatter 
flux over the cluster. 

MIGRATION AREA 

The mean square distance to the first collision for 
neutrons starting in each region can be calcu!at~d in a 
similar way as the collision probabilities. The basic 
formula is the mean square distance, m 2, for neutrons 
starting uniformly from a line segment in a small 
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Figure S. Calculated flux distributions in a cluster cell 

azimuthal 'angular element with the projection of the 
direction parallel to the line segment. The derivation 
of the formula is straight forward 

tom2 = 2Ao [AotoKi2(0) + l:(t,A)n {tnKi2(Tn) 
n 

- Ctn + to)Ki2( 'Tn +To) 

+ (Ao +A+ n +A-n) [Kia(Tn)- Kia(Tn +To)]} 

+ l:(t,t)m {tmKh( Tm) - (tm + to)Kh( Tm +To) 
m 

+ Ao [Ki2(Tm)- Ki2('Tm +To)]}] (12) 

The mean square radial distance, m2r, is given by a 
similar expression. The only difference is that the 
order of all Ki-functions is increased by two. 

The notations are given in Fig. 6. The first sum over 
n is taken over all boundaries that the neutrons cross 
between regions with different mean free path A, and 
the second sum over m is taken over all empty regions. 
A shall be made equal to 0 for an empty region in the 
first sum. 

The mean square distance from birth to absorption 
is calculated by means of the formula 

M2 =[l:Vt(St+L'st~i)m2t] [l:VtSt]-1 (13) 
i i 

and an analogue formula for M2,. The corresponding 
axial mean square distance is obtained from 

M 2z=M2-M2r 



SESSION 3.1 

Start n J.:l region d 

-+---+- -----+--+--+----+----- vr 
tn 

rm 

Figure 6. Calculation of the mean square distance to the first 
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(~A)n =An+ -A.-n; t =true distance; T =optical distance= J~(x)dx 
0 

The axial leakage can be calculated from M2z, but 
the radial leakage cannot in general be obtained from 
a migration area, which is calculated from a rotational 
symmetric flux distribution. 

THE DANCOFF-GINSBERG CORRECTION 

General formulation 

A closely related problem is the calculation of the 
Dancoff factor for correcting shadowed surfaces in the 
determination of resonance absorption. In the classical 
formulation one considers a black body immersed in 
an infinite homogeneous medium with constant source 
density, and the Dancoff factor measures how much 
the incurrent upon the surface of the body is reduced 
by shadowing from other black bodies. 

Figure 2 is used also for this situation. A derivation 
similar to the one used for Eq. (4) gives that the in
current on i in an azimuthal angular element da. on a 
surface element with projection dy perpendicular to a. 
is proportional to 

[Kia(O)- Kia(Ti,J)J dy = [ ~-Kia(Tt,J)] dy {14) 

with the shadowing body j. Without shadowing the 

incurrent would be proportional to i dy. 

The total incurrents on i in the two cases, I and / 0 , 

are obtained by integrating over y and a.. The integra
tion over y goes from 0 to p(a.). If the Dancoff factor 
is C, then C= 1-1/Io. Using 

2" p(a) 

fda. J dy=2S (15) 
0 0 

where S is the surface per unit length of the body i, 
one obtains 

C =- da. dy Kia [T(y,a.)] 
2 f2" f'p(a) . 

77S o o 
(16) 

Dancofffactor for two parallel circular cylinders 

The "classical" Dancoff problem is concerned with 
two parallel rods. Some values were computed in the 
basic work of Dancoff and Ginsburg [14]. Larger 
tables computed later [15] are included in the second 
edition of ANL-5800 [16]. A formula for a general 
case will be derived here from Eq. (16). 
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Figure 7. Calculations of the mean Dancoff factor for two parallel 
rods 

Consider two parallel circular rods, 1 and 2, of 
different radii, each one surrounded by an airgap 
(Fig. 7). A transformation introduced in [15] used as 
the variables in the integration the sines of the angles 
between the projection of the neutron path and the 
radii in the circles to the points where the projection 
intersects the circles. The following equations can be 
derived from Fig. 7 
y=a(l-u); d sin a.=au+bv; d cos a. 

=va'z __ azuz+vb'2-b2v2+z (17), (18), (19) 

Thus changing the variables of Eq. (16) and using 
S=27Ta 

d{a.,y)=l a bl-1-=ab[d2-(au+bv)2]-l(20) 
d (u,v) -a 0 d cos a. 

cl = :2 J:: du s:: dv Kia(T) [d2 -(au+ bv)2]-l (21) 

The optical length 'Tis obtained from Eqs. (18) and (19) 

T= ~z= ~ (V d2 -(au+bv)2 

- v a'2 - a2u~ - v b'2 - b2v2) (22) 
In the case of other rods between the two considered, 

the region of integration is reduced as shown in [15}. 
A computer programme ERIC by B. Almgren [17} 
uses this method for calculating the Dancoff factor 
for a cluster. 

In the case of two touching rods the denominator in 
Eq. (21) is zero at the point u= v= 1 (and = -1). 
The pole is easily removed by subtracting (for 
b' =b=a' =a and d=2a) 

+1 +1 
TT-2 f du J d v Kia(O) [4- (u + v)2] -l 

-1 -1 

1 1 = --- from Eq. 
2 7T 

(21). 

The integrand will then be finite but many-valued at 
the points in question. A suitable average for numerical 
integration is 

.Ea 7T-a ,(1r- A1r +A arctg A+ B arctgh B) 

= 0.0455 .Ea 7T-2with A= v2v2 +2 and B 

= -v·2=-.y-=-2 ---=-2. 



230 SESSION 3. 1 

Table 1. Approximations to Dancoff factors for 
hexagonal clusters• 

m,n 7 rods 

0.0 0.74057 
1.0 -1.60041 
2.0 1.50271 
3.0 -0.49098 
4.0 0.04981 
0.1 6. 78138 
1.1 -1.77618 
2.1 -3.11695 
3.1 0.82980 
0.2 -21.42712 
1.2 13.64425 
2.2 0. 31105 
0.3 22.96655 
1.3 -8.25380 
0.4 -7.67455 

a (i) C =I; Om,nXmyn+I 
m+n-,;4 

(ii) 0~""'' 
(iii) 0.2""'y""'0.5 

19 rods 

2.35506 
-6.32717 

5.17800 
-1.61964 

0.18188 
6.30420 

17.02403 
-15.41915 

2.79879 
-44.36990 
-8.60321 
10.24963 
83.42126 

-1.28509 
-53.67943 

(iv) Maximum error probably <0.01 
(v) x =coolant cross section times lattice pitch 

(vi) y =rod radius/lattice pitch 

37 rods 

4.85166 
-9.94360 

8.01494 
-2.58422 

0.30673 
-12.09552 

33.53623 
-24.90711 

4.38837 
17.65001 

-33.44073 
18.09989 

-18.40998 
11.17206 
11.48523 

Dancoff factors for clusters and for an 
infinite square lattice 

Two computer programmes for Dancoff factors 
were written, based on Eq. (16), Dancoff-2 for clusters 
of circular rods and Dancoff-4 for an infinite square 
lattice. 

With rods of equal radii and no airgaps, the Dancoff 
factor is a function of two variables, and they were 
chosen as 
x =coolant cross section times lattice pitch 
y =the ratio rod radius to lattice pitch. 

Calculations were performed for hexagonal clusters 
with 7, 19, and 37 rods and for an infinite square 
lattice. For the clusters the results were approximated 
by rational functions and the coefficients are given in 
Table 1. Dancoff factors for the square lattice are 
given in Table 2. 

As an example of computing times, the calculation 
for the 19-rod cluster with 14 radii and 21 coolant 
cross sections took about 0.8 hours for an accuracy of 
about 3 times 10-3. 

CONCLUSION 
The method of calculating flux distributions by 

means of collision probabilities is a powerful tool for 
one- and two-dimensional cylindrical systems, particu
larly when relatively small strongly heterogeneous 
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Table 2. The Dancoff factor for an infinite square lattice 

y 

X 0.20 0.25 0.30 0.35 0.40 0.45 0.48 0.50 

0.25 0.579 0.655 0.721 0.779 0.834 0.886 0.916 0.937 
0.50 0.381 0.466 0.548 0.628 0.710 0.793 0.845 0.882 
0.75 0.268 0.347 0.429 0.517 0.612 0.716 0.784 0.834 
1.00 0.197 0.266 0.343 0.431 0.533 0.650 0.731 0.792 
1.25 0.149 0.208 0.279 0.364 0.468 0.594 0.684 0.754 
1.50 0.115 0.166 0.230 0.310 0.413 0.544 0.642 0.721 
1.75 0.090 0.134 0.191 0.266 0.367 0.501 0.605 0.691 
2.00 0.071 0.109 0.160 0.230 0.328 0.463 0.572 0.664 
3.00 0.030 0.051 0.083 0.134 0.216 0.348 0.468 0.580 
4.00 0.014 0.025 0.046 0.083 0.148 0.270 0.395 0.521 
5.00 0.006 0.013 0.026 0.052 0.105 0.216 0.341 0.477 
6.00 0.003 0.007 0.015 0.034 0.076 0.175 0.299 0.444 

systems are investigated. Because only the scalar flux 
is involved, it is often faster than other transport 
methods, which in principle solve for the total angular 
distribution. 

A drawback is the necessary assumptions of the 
model, the assumption of regionwise flat sources of 
primary or secondary neutrons, and the assumption of 
isotropic scattering. The first restriction can be miti
gated by a fine division in regions, but the second 
restriction is of a more fundamental nature. The 
application of the usual transport correction is the 
only possibility for taking anisotropic scattering into 
account. However, the same treatment is very often 
accepted also in calculations using methods where a 
more correct treatment of anisotropy is possible in 
principle. 

It has been shown in examples that heterogeneous 
effects may be important in practical fuel elements so 
that homogenization in the usual way overestimates 
the flux variation. It is also important to see how this 
is coupled with spectral effects. There are plans for 
developing a code for spectrum calculations with the 
Clucop geometry. 
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A/681 Suede 

Une methode de calcul des probabilites 
de collision en geometrie cylindrique generale 
et ses applications aux repartitions de flux 
et facteurs de Dancoff 

par I. Carlvik 

La methode des probabilites de collision pour le 
calcul des repartitions des flux de neutrons attire a 
l'heure actuelle une attention de plus en plus grande, 
surtout en raison de son application aux systemes tres 
beterogenes relativement petits, par exemple les 
cellules elementaires de reacteurs. Cette methode est 
applicable aux systemes dont la geometrie est assez 
compliquee. Etant donne _qu'elle ignore la repartition 
angulaire du flux et se concentre sur la ·quantite 
interessante, a savoir Ie flux scalaire, elle peut dans de 
nombreux cas entrainer des economies considerables 
du temps d'utilisation des calculatrices en comparaison 
avec diverses autres methodes de resolution numerique 
de !'equation de transport. L'un des inconvenients 
evidents est que cette methode presuppose generale
ment une diffusion isotropique et un flux constant par 
zones. 

La caracteristique essentielle de cette methode est le 
calcul des probabilites de collision. Les equations 
fondamentales de la geometrie cylindrique sont 
presentees dans ce memoire et sont appliquees aux 
cellules a geometrie annulaire et aux cellules contenant 
un faisceau central de barres. Les integrations neces
saires sont effectuees d'une maniere differente de celle 
communement utilisee afin d'abreger le travail 
numerique. En particulier, dans le cas de la geometrie 
annulaire, il est possible de disposer }'integration de 
maniere a obtenir une integration de Gauss efficace. 
Les constantes de Gauss sont choisies en tenant 
compte des irregularites connues de !'expression a 
integrer et en etudiant differents groupes de constantes 
possibles. 

Des moments de la premiere distance de vol peuvent 
etre calcules a peu pres de la meme maniere que les 
probabilites de collision de neutrons provenant de 
chaque region. Cela permet de calculer les aires de 

diffusion axiale et radiale avec une repartition donnee 
des sources lorsque la repartition du flux a ete resolue. 
Cette theorie est egalement presentee dans le memoire. 

Ces travaux ont abouti a plusieurs programmes de 
calculatrices et les resultats des calculs sont presentes. 
:Etant donne que le probleme etudie est le transport 
des neutrons, seuls les problemes relatifs a un seul 
groupe d'energie ont ete etudies jusqu'a present. 
Cependant, rien ne s'oppose a l'emploi de cette 
methode pour les calculs de groupes multiples. 

Seule une condition limite blanche a ete utilisee sur 
la limite de cellule tout au long des travaux exposes. La 
matrice de probabilite de collision est calculee pour 
une limite de cellule noire, et la matrice de limite 
blanche s'obtient par une correction simple. 

Un probleme du meme ordre serait le calcul des 
facteurs de Dancoff. Dans le cas de la geometrie 
annulaire les facteurs de Dancoff peuvent etre directe
ment obtenus a partir des possibilites de collision. Les 
facteurs de Dancoff peuvent etre obtenus de la meme 
maniere dans le cas de la geometrie des faisceaux, mais 
il serait plus adequat d'utiliser un programme de cal
culatrice special. Dans ce memoire il est presente une 
tbeorie pour le calcul des facteurs de Dancoff dans la 
geometrie des faisceaux, et les resultats sont groupes 
dans des tableaux s'appliquant aux faisceaux ordi
naires de 7, 19 et 37 barres. 

A/681 WB94HR 

MeTOA Bbt~HcneHHR sepoRTHocre~ 
COyAapeHH~ B 06Ll\e~ U.Hl1HHApH4eC
KO~ reoMeTpHH, npHMeHeHHe :noro 
M8TOAa K pacnpeAelleHHfiM nOTOKa H 
K93£fl£fJHU.H8HTbl .lJ.aHKOBa 
1-1. KapnBHK 

MeTO~ nepoHTHOCTH coy~apeHHii ~JIH· pacqeTa 

pacnpe~eJieHHH HeHTpOHHOrO llOTOKa B HaCTOH

II(ee BpeMH Tpe6yeT llOBhlllleHHOrO BHHMaHHH, B 

'laCTHOCTH, ~JIH IIpHMeHeHHH ero K CpaBHHTeJibHO 
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He60JILIDHM CHJILHO reTeporeHHLIM CJICTeMaM, Ha

npHMep H'leHK8M pemeTKH peaKTOpa. 3TOT MeTO;r.l 

HOH<eT 6LITb npHMeHeH K CHCTeMaM C ;IJ;OBOJihHO 

cnomHoii reoMeTpHeii. BBHAY TOro 'ITO B aToM Me

To;n;e npeHe6peraiOT yrnonLIM pacnpe;n;eneHHeM no

TOKa, a OCHOBHOe BHHMaHHe COCpe;n;OTO'lHBaeTCH 

Ha HHTepecyro~eii BeJIH'lHHe - CKaJIHpHOM nOTO

Ke, OH no3BOJIHeT BO MHOrHX CJiyqaJJx ;IJ;OCTJiqL 
3H8'lHTeJILHOH 3KOHOMHH BpeMeHH ;IJ;JIH BblqHcJie

HHH no cpanHeHHIO c paaJIH'lHLIMH ;n;pyrHMH MeTo

;n;aMH qJicJieHHOro pemeHHH ypaBHeHHH nepeHoca. 

OlleBH;IJ;HLIM He;n;ocTaTKOM aToro MeTo;n;a HBJIHeTcH 

TO, qTo B HeM npe;IJ;IIOJiaraeTCH li30TpOIIHOe paC
CeHHHe II noCTOHHHLIH ;IJ;JIH orrpe;n;eJieHHLIX o6Jia

CTeH TIOTOK. 

OcHOBHoii oco6eHHOCThiO MeTo;n;a HBJIHeTCH BLI

'lHCJieHHe nepoHTHOCTeH coy;n;apeHHH. B ;n;oKna;n;e 

rrpe;IJ;CTaBJieHLI tPYH;IJ;aMeHTaJibHLie ypanHeHHH ;IJ;JIH 

~JIJIHH;IJ;pH'leCKOH reoMeTpHH B llpHMeHeHHH K 
H'leiiKaM C KOJih~eBOH reoMeTpHeii H K H'leHKaM, 

co;n;epma~HM ~eHTpaJILHIJIH ny'IOK CTepa<HeH. 

Ilpone;n;eHo Heo6xo;n;HMoe HHTerpHponaHHe cnoco-

6oM, OTJIH'IHLIM OT 06LI'IHLIX, 'ITO II03BOJIHeT CO

RpaTHTL BLI'IHCJIHTeJILHYIO pa6oTy. B qacTHOCTH, 

;n;ns KOJIL~enoii reoMeTpHH ;n;orrycHaeTCH rrponecTH 

HHTerpHpoBaHHe T8KHM CIIOC060M, 'ITO MOH<HO npo
BeCTH · at}><J!eKTHBHOe rayCCOBO HHTerpHpOB8HHe. 

fayCCOBLI KOHCTaHTLI BLI6HpaiOTCH no OTHOIDeHHIO 

K 113BeCTHLIM HeperyJIHpHOCTHM nO;IJ;LIHTerpaJIL

HOH neJIH'lHHLI c paaJIH'lHLIMH uoaMoa<HLIMH ps

;n;aMH HCCJie;n;yeMLIX KOHCT8HT. 
MoMeHTLI paccTOHHHH nepnoro nponeTa MOH<HO 

BLI'IHCJIHTL nO'ITH TaRHM me o6pa30M, RaR Be

pOHTHOCTH coy;n;apeHHH HeHTpOHOB, o6pa30BaB

IDHXCH B K8H<;IJ;OH o6JiaCTJI. 3TO n03BOJIHeT BLI'IHC

JIJITL nno~a;n;H aKcHaJILHoii 11 pa;n;HaJILHoi ;n;H<J!<J!y-
31111 ;IJ;JIH ;n;aHHOrO pacnpe;n;eJieHHH HCTO'lHHKa, 

Kor;n;a pemeHo pacnpe;n;eneHHe noToKa. 3Ta Teo

pHs TaRme HanomeHa B ;n;oRJia;r.le. 

OrrHCLinaeMaH pa6oTa noaBOJIHJia coa;n;aTh He

CKOJILRO nporpaMM ;IJ;JIH BLI'IHCJIHTeJILHLIX MaiDHH, 

II B ;IJ;ORJia;n;e C006~aiOTCH peayJILTaTLI pacqeTOB. 

IJOCKOJILKY HCCJie;r.lyeTCH npo6JieMa nepeHOCa Heii

TpOHOB, TO ;IJ;O CHX nop Hay'leHa 33):.13'13 TOJILKO O;IJ;
HOH aHepreTH'lecKoii rpyrrrrLI. O;n;HaRo HeT HHKa

KHX BOapaa<eHHH llpOTHB HCIIOJih30BaHHH 3THX 

MeTO;r.lOB B MHororpyiiiiOBLIX paC'leTaX. 

B xo;n;e ormcaHHOH B ;n;oKna;n;e pa6oTLI ;IJ;JIH rpa

HH~ H'leHKH 6LIJIH HCIIOJlh30B8HLI TOJILKO 6eJILie 

rpaHH'lHLie ycnoBHH. MaTpH~a nepOHTHOCTH co

y;n;apeHHii paCC'lHTbiB8JI8CL ;IJ;JIH qepHOH rpaHH~bl 
sqeiiKH, a MaTjm~a 6enoii rpaHH~hl 6LIJia nony

'leHa rrpOCTOii: llO;r.lfOHKOH. 
BonLmoe aHa'leHHe HMeeT npo6JreMa BhJI!HCJIC

HHH Koa<J!<J!H~uenToB ,IJ,aHKoBa. B cJiy'Iae IWJJhi~e
nou reoMeTpHH KO::ltPtPH~HeHThl ,ZJ,aHI\OBU MOmno 
nony'lHTh Henocpe;n;cTnenno na ocnone nepoRTno

cTeii coy;r.lapeHHH. Roa<J!<J!H~HeHTLI ,D,anKona Mom
no onpe;n;eJIHTL TaKHM me nyTeM H J.~JIH reoMeTpHH 

rry'lKa, O;r.lHaKo 6onee rrpaBHJILHo 6hiJIO 6Lr Hcnonr.

aonaTL cne~HaJILHYIO nporpaMMY Bhi'IHCJieHHif. 
B aToM ;r.lOKJia.n;e H3JiaraeTCH TeopHH BLI'IHCJiernui 

Roa<fJ<fJH~HeHTOB ,lJ;aHKOBa ;r.lJIH reoMeTpHH llY'lK8 

II npHBO;r.lHTCH T86JIH~LI peayJILTaTOB, IIOJiy'leHHLIX 

;IJ;JIH 06LI'lHhiX ny'IKOB 113 7, 19 II 37 CTepmHeii. 

A/681 Suecia 

Metodo para el calculo de las probabilidades 
de colisi6n en geometrfa cilfndrica general, 
con aplicaciones a las distribuciones del flujo 
y a los coeficientes de Dancoff 

por I. Carlvik 

El empleo del metodo de las probabilidades de· 
colisi6n en el calculo de las distribuciones del flujo 
neutr6nico esta adquiriendo ahora una atenci6n 
creciente, particularmente por sus aplicaciones a 
sistemas fuertemente heterogeneos y relativamente 
pequeiios, por ejemplo las celdas de un reactor. Este 
metodo puede ser aplicado a sistemas con geometria 
bastante complicada. Debido al hecho de que este 
metodo ignora la distribuci6n angular del flujo y se 
concentra en Ia magnitud que importa, en el flujo 
escalar, permite, en muchos casos, ahorrar una con
siderable cantidad de tiempo de calculo, en com
paraci6n con otros metodos de resoluci6n numerica de 
Ia ecuaci6n de transporte. Un inconveniente obvio, es 
que este metodo generalmente considera la dispersion 
isotropa y el flujo constante en cada region. 

La principal caracteristica del metodo es el calculo 
de las probabilidades de colisi6n. En este informe se 
presentan las ecuaciones fundamentales para geo
metria cilindrica, y se aplican a celdas con geometria 
anular y a celdas con un haz central de barras. Las 
integraciones necesarias se efectuan de un modo 
diferente del comunmente empleado, con objeto de 
reducir el calculo numerico. Para geometria anular, 
por ejemplo, es posible preparar la integraci6n de tal 
modo que se pueda aplicar eficazmente el metodo de 
integraci6n de Gauss. Las constantes de Gauss se 
eligen teniendo en cuenta las irregularidades conocidas 
del integrando, investigandose diferentes conjuntos 
posibles de constantes. 

Los momentos de las distancias recorridas en el 
primer vuelo pueden calcularse del mismo modo como 
se calculan las probabilidades de colisi6n de los 
neutrones originados en cada region. Esto permite 
calcular las areas de difusi6n axil y radial para una 
distribuci6n de fuente dada, cuando la distribuci6n 
del tlujo ha sido ya calculada. Esta teoria se presenta 
tambien en el informe. 

Este trabajo ha originado diversos programas de 
calculo, presentandose en este informe los resultados 
de los calculos. Ya que el problema que se esta 
investigando es el del transporte de neutrones, basta 
ahora se han estudiado solo problemas con un grupo 
energetico. Sin embargo, nada impide el uso de estos 
metodos en calculos con varios grupos. 

En el estudio a que se refiere este informe, sola
mente se ha empleado una condicion de contorno 
blanca en el borde de Ia celda. La matriz de probabili-
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dad de colisi6n se ha calculado para un · contomo 
negro de la celda, obteniendose por un simple ajuste 
la matriz para contomo blanco. 

Un problema que esta estrechamente relacionado 
con los anteriores es el calculo de los factores de 
Dancoff. En el caso de geometria anular, los factores 
de Dancoff pueden . obtenerse directamente de las 

probabilidades de colisi6n. Para un haz de barras, los 
factores de Dancoffpueden obtenerse del mismo modo, 
pero seria mas conveniente el uso de un programa 
especial. En este informe se presenta una teoria para 
el calculo del factor de Dancoff en un haz de barras, y 
se dan tablas de los resultados para· un haz ordinario 
de 7, 19 y 37 barras. 
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The heterogeneous method and its application 

By T. Auerbach, G. Burnand and H. Soodak* 

INTRODUCTION 

Heterogeneous source-sink methods are well suited 
for calculating lattices that contain significant areas in 
which no cells with geometrically simple boundaries 
can be defined. Typical examples are substitution 
lattices, lattices containing control rods or channels, 
mixed lattices with twci or more types of fuel element, 
cores containing zones of different lattice pitch for flux 
flattening, and small assemblies, where boundary 
effects are of importance. 

The theory to be outlined was developed with D 20-
moderated systems in mind, but is not necessarily 
limited to this moderator. A correct treatment of the 
lattices mentioned above must obviously take their 
heterogeneous nature into account. It must also con
sider some important effects due to finite size and the 
existence of transition zones in substitution lattices 
which will be discussed later. ' 

The finite size of a system may be characterized by 
axial and radial bucklings, Bz and Br. Bz will cause 
axial leakage in the moderator and streaming in voids. 
Br will produce a flux asymmetry around the axis of 
an eccentric rod, resulting in radial leakage and stream
ing. This effect, which has been discussed by several 
authors [1-3], is of particular importance in lattices 
containing cluster elements. 

A second effect associated with finite systems is the 
energy dependence of the extrapolated radius. It is 
quite negligible in large, reflected systems. However, in 
bare critical assemblies, and particularly in small ex
ponential facilities, the effect may have important con
sequences for the evaluation of critical bucklings. 

In the neighbourhood of boundaries the neutron 
spectrum will change as a function of position, causing 
a variation in resonance absorption essentially propor
tional to the relative change of resonance flux to 
thermal flux. This effect, which has been discussed by 
Naudet [4], is particularly important in the transition 
zone between test lattice and reference lattice of sub
stitution experiments. A typical variation of resonance 
absorption, obtained from a heterogeneous two-group 
theory, is shown in Fig. 1. The effect of spectrum 
changes may be incorporated into the theory by expres
sing resonance absorption in terms of an absorption 
parameter at the surface of each fuel element (and not 
in terms of an over-all p ), and by using a minimum of 
three energy groups (fast, resonance, and thermal). 

* Swiss Federal Institute for Reactor Research, Wiirenlingen, 
Switzerland. 

Three groups will still be insufficient to reproduce 
effects due to spectrum variations within the resonance 
range itself, but they will definitely improve results 
obtained from the oversimplified two-group treatment. 

The heterogeneous theory to be described in this 
paper will have the following features: 

(a) Diffusion theory is used throughout for calculat
ing the flux in finite cylindrical systems with a single 
moderator in core and reflector. 

(b) Three energy groups will be used, comprising a 
fast group, a resonance group, and a thermal group. 

(c) The flux is expanded into a Fourier series in the 
azimuthal angle around each fuel element. The con
stant ("monopole") term describes absorption and 
production characteristics of the element. The sine and 
cosine terms ("dipoles") contain effects due to radial 
leakage and streaming as a result of radial buckling. 
Higher multipole terms describe higher order buckling 
effects and the influence of neighbouring elements. In 
actual practice, only monopole and dipole terms are 
needed. 

(d) Boundary conditions at the surfaces of elements 
are specified in terms of absorption and production 
constants inversely proportional to the linear extra
polation length. In practice, only those for the mono
pole and dipole terms are needed, and these will be 
discussed. The effect of axial streaming will be con
sidered in the monopole absorption constants. 

1-p 
1~po 

1.0+---------

0.95 

0.9+----.---.---.,r---......,...--T---+1 _:c;:,m_+--
10 20 30 40 50 60 70 

Figure 1. Radial variation 
1
1

- p in an exponential experiment. 
-po 

1-Po=value of resonance absorption at the centre 
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(e) The fuel elements are treated as elements of 
finite radius. 

(f) In each group the flux will go to zero at an extra
polated radius appropriately chosen for that group. 

An important point to consider is the application 
of heterogeneous methods to the interpretation of 
experiment. The theory provides a detailed analysis of 
the flux fine structure, which may be used for direct 
comparison with the measured flux. In addition, the 
characteristic determinant provides a numerical value 
for one of the input parameters. Since most input 
parameters to a heterogeneous theory are quite differ
ent from the lattice-averaged constants of homo
geneous methods, results of a heterogeneous calcula
tion cannot be related directly to some familiar and 
measurable quantities like J, p, L 2, and, most import
ant, B 2 • 

It is possible, nevertheless, to obtain these by use of 
the heterogeneous method. The quantities E, p, and f 
are defined for an infinite lattice, whose heterogeneous 
treatment is much simpler than that of a finite lattice, 
because the so-called lattice sums can be reduced 
analytically to rapidly converging series. The results 
are closed expressions for E, p, and fin terms of the 
absorption and production parameters mentioned 
under (d) above. The actual cell shape is correctly 
taken into account in these formulae, and it is of 
interest to compare results with those obtained from 
the circular cell approximation. 

In the presence of buckling the flux is very well 
approximated (except near boundaries) by the Bloch 

solution, exp(iB · 7}, for an infinite periodic lattice, 

where ;I is a vector whose components in the axial and 
proper transverse directions are the square roots of the 
associated bucklings [5]. The lattice sums can again be 
performed, resulting in the well-known multigroup 
critical equation for a bare reactor, which relates B2 to 
koo, kerr, and the diffusion areas in each group. All 
quantities are expressed as formulae involving the 
absorption and production parameters mentioned 
above. If Bz differs from zero, E, p, andfturn out to be 
slightly buckling dependent in this treatment, even 
after splitting off the non-leakage probability. 

In actual practice, both finite and infinite theories 
will be needed for the interpretation of experiment. 
Consider, for example, the problem of finding the 
critical buckling in the test zone of a subcritical sub
stitution lattice. Since some of the heterogeneous input 
parameters are as yet difficult to calculate from first 
principles, the finite theory will be used to fit one of 
them to the experiment. The quantity measured 
directly is the axial buckling. Hence, in a first step, the 
measured value of Bz is substituted into the finite 
heterogeneous theory, which solves the characteristic 
determinant by properly adjusting, say, the resonance 
absorption coefficient. Next, this value is substituted 
into the infinite heterogeneous expression for p men
tioned in the preceding paragraphs. p, in turn, is sub
stituted into the corresponding heterogeneous critical 
equation from which B2 may be derived. 
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The sections to follow will outline the theory and its 
application in greater detail. The geometrical treat
ment will be given in the next section. Absorption and 
production constants will be discussed in the section 
on parameters, whilst the last section will deal with the 
infinite lattice sums. The theory has been coded for use 
on the CDC-1604 in Zurich. 

Derivation of the flux 

For practical purposes only three energy groups 
were chosen to represent the flux in the slowing-down 
and thermal regions. More groups may be included if 
desired, but owing to the great complexity of the theory 
three groups were felt to be a reasonable compromise. 

Starting from the basic diffusion equations, 

V 2(/>I -K2I(/>l =0, (fast) 

D1 
V 2(/>2 - K22(/>2 + D2 K2I2(])1 = 0, (resonance) 

V2(/>s - K2g(/>g + ~: K223(])2 = 0, (thermal) ( 1) 

where 

K21 = (K212 + B2z), K22 =; (K223 + B2z), 

K2a = (K233 + B2z), K 2pq = Ip-->q, (2) 
Dp 

the flux in groups 1 to 3 may be written in the form, 

(1>1 = (1>11, 

(1>2 = C12(])12 + (1>22, 

(3) 

where 

Da(K22 - K2I)(K2a - K2I)' 

·D2K22a ( 4) 
c2a= . 

Da( K2a - K22) 

(l>PP is a solution of the homogeneous diffusion equa
tion for group p, and (l>pq is the same flux corrected for 

+; 

FUEL ELEMENT ; 

Figure 2. Lattice geometry 
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the extrapolated radius of group q. Since K 2p may 
become negative for large enough negative axial 
bucklings, flux expressions for both signs of K2p will be 
included in the formulae below. 

Figure 2 should be consulted to visualize the geometry. 

The flux at an arbitrary point 7 in the moderator con
sists of a sum of contributions from all rods j, given by 
the expression below: 

cJ>pq(r)= ~ A<P>li -(Kplr-rJI)cos/rfoJ 
_,. I= co{ [Kz _,. _,. 

l=O Yz 

co (1) lv 
- ~ az (pq,j) -(Kqr)fv<1>(0 -OJ) 

v=O V Jv 
q-p+t co /, ] 

- (1 - Dpq) IJ.~ 
1 

v:O b~"1 zv (pq,j) J: (Kp+p-lr)j~(ll(O -OJ) 

+ B<P> 11 [Kz (Kp I-;-~ I )sinl</>J 
Yz 

- ~ a<2>zv(pq,j)!.;: (Kqr)j<2>v(O -OJ) 
v=O Jv 

q-p+l co l 
- (1 - Dpq) l3 ~ b1'2zv (pq,j) ~ 

IJ.=l v=O Jv 

(Kp+p-lr)f<2>v(0 -OJ)] }• (5) 

where 

a<k>zv(pq,j) = 

{ }

Kv(KpRq) 
lv:_z ( ) ( )k lv+l( ) Yv 

£v - Kpr; - - 1 ( -l)l - KprJ -::----, 
Jv -l lv+Z lv( R ) - Kq q 

lv 
b1kzv(pq,j) =a<k>zv(pp,j), 

b2k (p ") - K23 - K23+p -q 
lv q,] ~ 2 2 

K 3~K 2 

{ •"' ,o(p, p + l,j)S(2 + p ~ q) ~ •'" ,,(pp,j) 

Jv 
!!:_(KpRp+l) } 

fv<ll(O) = cosvO, J<2>v(O) =sin vO, 

Dpq = 1 if p = q and zero otherwise, 

8(2 + p -q) = 1 if 2 + p -q = 0 and zero otherwise, 
£v = l if v = 0 and 1 otherwise. ( 6) 
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Rq is the extrapolated radius for pure moderator in the 
q'th energy group. The upper Bessel functions apply 
when K2 > 0, the lower when K2 < 0. 

The first coefficients of Az1 and Bli in Eq. (5) are the 
infinite moderator contributions of the j'th element. 
The second coefficients are image terms which reduce 
the flux to zero at the extrapolated radius Rq. The 
third coefficients arise as a result of different extra
polated radii in groups p and q. They are small and go 
to zero at r = Rq. 

The fuel is characterized by certain boundary con
ditions, which the moderator flux must satisfy at the 
surface of the i'th fuel element. This requires expand
ing cJ>pq around the circumference of the i'th element. 
The addition formulae below are used to evaluate the 
influence of the j'th element on the i'th element, 

Kz _,. _,. Kz 
- (K I r- r1 I )fz<n>(rfo;) =- (Kpt)Jz<n>(rfot)St; 
Yz Yz 

+ (1 - DtJ) ~ (- I )m Kl+m (KriJ) 
L. Yz+m m=-oo 

lm .. 1• - (Kpt)/1 <n>(/<pJ + mr/Ji - m</>t), 
Jm 

!.!!_ (Kr)fv<n>(O -OJ) 
lv 

= ~ (- I )m lv+m (Krt) Im (Kpi)/1 <n>( vOiJ- m</>t), (7) 
m~S Jv+m Jm 

where 

(8) 

and Pi is the radius of the i'th element. The result of the 
expansion is, 

co 

cJ>pq(pt,</>t) = ~ [c1><1>pq(m,pt)cosmrfot 
m=O 

where 

c1><4>pq(m,pt) = ~ {A<P>zJ[Kz (Kppt)DzmDtJ 
I=O Yz 

j 

+ Im (Kppt)H<1>zm(Kp,ij)- Im (Kqpi)G(pq,llzm(ij,I) 
lm lm 

- h(pq,l)(ij, 1)zm] + B<P>zJ [5: (Kppt)H<3> zm(KpiJ) 

-5: {Kqpt)G<pq,a>zm(ij,2) -h<pq,a>zm(ij,2) ]}. 

c1><2>pq(m,pt) =~ {A (p)lJ [ lm (Kppt)H<2>lm(Kp,ij) 
1=0 Jm 

j 

-5: (Kqpt)G<pq, 2>lm(ij,I)- h(pq,2>zm(ij,l)] 

+ B(P)lj[Kl (Kppt)DtmDtj- lm (Kppt)H<4>lm(Kp,ij) 
Y1 Jm 

+ 5: (Kqpt)G<pq, 4>tm(ij,2) + h<pq,4>tmW,2)]}, 
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H<n>zm(Kp,ij) =( -l)m£m(l- 8ij) 

{ Kl+m (KpTtJ )/t <n>(z~J + m~t) 
Yz+m 

- ( -l)n (-l)m Kz-m (KprtJ)ft<n>(l~i -m~t)}, 
Yz-m 

00 

G(pq,n)zm(ij,k) = L a<k>zv(pq,j)i<n>mv(KqTt,Btj), 
•~0 

h(pq,n)lm(ij,k) =(1 - 8pq) 
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q-p+l oo I 
L L ...!!!:. (Kp+p-1Pt)bl-'kzv(pq,j)i<n>mu(Kp+p-1Yt,8tj), 
"~1 •~O JM 

i<n>mu(kqrj,Btj) = £m {( -l)m lu+m(Kqrt) 
Ju+m 

- { -l)n lv-m (KqTi)}Jv<n>(Btj), 
Jv-m 

J,,<t>(8) = fv<4>(8) = cosv8, J,P>(8) = f,,<3>(8) =sinv8 
(10) 

At the surface of an element, absorption and pro
duction coefficients ')'pq(m) are defined in each group 
and for each cosmcf>t and sinmcf>t term of the flux. For 
each such harmonic the three-group boundary con
ditions at Pi can be written in the form, 

~ tl>1 <n>(m) = yu(m )4>1 <n>(m) +r12(m )tl>2<n>(m) 
dpt 

+ ')'13(m)4>3<n>(m), 

d 
- tl>2<n>(m) = ')'21(m)tl>1 <n>(m) + ')'22(m)4>z<n>(m), 
dpt 

__! 4>3<n>(m) = ')'32(m)4>2<n>(m) + 'Y33(m)4>3<n>(m), (11) 
dpt 

where 

tl>1 <n>(m) =4>u <n>(m,pt), (12a) 

tl>z<n>(m) = Ct2tl>12<n>(m,pt) + tl>zz<n>(m,pe), (12b) 

tl>3<n>(m) =Ct3tP13<n>(m,pt) + C23tl>23<n>(m,pi) 

+ 4>33<n>(m,pt). (12c) 

The parameters have the following physical signifi
cance: Yll and ')'13 account for fast absorption, as well 
as for fast and thermal fission. ytz accounts for reson
ance fission. 'Y21 is due to internal moderation from the 
fast group. Y22 is the resonance absorption parameter. 
')'32 is due to internal moderation from the resonance 
group, and 'Y33 accounts for thermal absorption. Note 
that ')'pq(m) depends only on m and not on n, i.e., sine 
and cosine terms have the same y's. 

Boundary conditions (11) result in a set of homo
geneous equations for the A's and B's, whose co
efficient determinant is made to vanish by adjusting 
Bz or one of the y's. 

The parameters y(O) and y(1) 
Ideally, the ypq(m) depend only on material proper

ties of fuel and moderator and on fuel geometry. The 
use of y(m) assumes that asymptotic diffusion theory is 
valid in the moderator. This certainly is true for 
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thermal neutrons, but for the fast and resonance 
groups it is definitely further from reality. It will never
theless be considered true for all groups in order not 
to complicate the theory still further. 

The most important parameters are y(O) and y(I ), 
corresponding respectively to monopole and dipole 
terms. y(O) is the inverse of the usual linear extrapola
tion length at the surface of a cylinder. The presence of 
axial buckling in the fuel is accounted for by making 
y(O) depend on Bz. This dependence will change the 
flux ratios within the lattice cell, and as a result the 
factors£, p, andfwill remain buckling dependent even 
after separation of the non-leakage probability. 

A number of methods exist for calculating y(O), pro
vided the element consists of cylindrical zones. The 
most useful of these are the methods of Kushneriuk 
and McKay [6], or of Amouyal and Benoist [7], and 
the Ps-method. The dependence on axial buckling may 
be obtained from a knowledge of the total amount of 
axial leakage. Thus, for example, a knowledge of Dz 
leads to the knowledge of the buckling dependence of 
y(O). Work is in progress to obtain this dependence 
directly from P3-theory. 

The constant y(l) comes into play only under con
ditions of a transverse macr.oscopic flux gradient. It is 
related to the scattering or leakage properties of the 
fuel element, and thus to the transverse diffusion co
efficient, Dr. Its value also determines the "dipole 
strength" induced in a given assembly by a macro
scopic flux gradient. These relations can be determined 
exactly within the framework of asymptotic diffusion 
theory by applying lattice sum techniques. 

The value of y(l) may be calculated in a number of 
ways: 
(a) It can be determined by using the relationship 

between y(l) and Dr and evaluating Dr according 
to Behrens [8] or Benoist [9]. 

(b) The transport theoretical value of y(O) may be 
substituted into a formula derived from P1-theory 
relating y(l) to y(O). 

(c) Ps-theory may be used for a direct determination 
of y(l). This approach is presently being used in a 
programme employing Pa-theory in r-geometry to 
obtain the multizone flux and the linear extrapola
tion length to all orders in m. 

(d) y(l) can also be obtained from a measurement on 
relative strengths of isotropic and dipole fluxes [3]. 

The y's corresponding to higher values of m repre
sent both higher effects of buckling and effects due to 
neighbouring elements. Both of these may be neg
lected in most practical applications of the theory. 

The factors TJ• £, p and f 
As pointed out in the Introduction, cell averaged 

quantities can be obtained by performing the infinite 
lattice sums. With buckling present, pole and dipole 
terms must be included in the summation, leading to 
expressions for the group diffusion areas which take 
radial leakage from fuel elements into account. The 
indicated sums can be performed, but lead to very 
complicated formulae which will not be presented here. 
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Instead, the factors TJ, E, p, andfwill be derived for the 
case of no buckling. 

For simplicity, a case will be considered in which 
there is no resonance fission (YI2 = 0) and no modera
tion inside the fuel elements (y21 = y3 2 = 0). Since 
there is no buckling, the dipole terms are zero and only 
monopole terms remain. All higher multipoles will be 
neglected. Under these conditions Eqs. (9) and (10) for 
an infinite regular lattice reduce to the simple expres
sion, 

where 

Following the method of Galanin [5], Neumann [10] 
has shown that for a square lattice, 

S(Kp)=c+ln (~) +"coth(7Tk) i 
2 2k n~l 

+ [( 1 _ !) + coth(7Ty'(n2 + k2) -1] (1 5) 
y'(n2 + k2) n y'(n2 + k2) ' 

where 

c = 0,57721 ... =Euler's constant, 

k=Ka 
27T' 

and a is the lattice pitch. 
It will be noted that Fp(p) has the same form as the 

flux in the circular cell approximation if S(K) is 
replaced by Sc(K) = K1(KR)/h(KR), where R is the cell 
radius. If K is large, the main contribution at p comes 
from Ko(Kp), in which case an error in S(K) is not 
important. When K is sufficiently small, the relative 
error between Sc and the correct S becomes small. 
Hence the equivalent cell approximation is expected to 
give nearly correct results in both limiting cases. 

Boundary conditions (11) at Pi= p now become, 

d<Pl 
dp = Yn <P1 + Y1a<Pa, (16a) 

d<P2 
dp =y22<P2, (16b) 

d<Pa dp =yaa<P3, (16c) 

where ypq is understood to mean ypq{O). 

The four factors may now. be inserted into the usual 
three-group critical equation to determine the critical 
buckling. Such a procedure is not quite consistent, 
however, for a buckling will give rise to tll.e dipole 
terms that were neglected in the present treatment. The 
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The most natural definition for YJE in the three-group 
framework is that 

'f/E =number of resonance neutrons produced per 
thermal neutron absorbed. 

To calculate YJE one realizes first that the thermal 
absorption in fuel per cell is proportional to D3d<Pafdp, 
and that the production of resonance neutrons per cell 
is the net fast current - D1d<P1jdp. Thus, 

d<P1 
7JE= -D1 dp, (17) 

when the normalization is such that Dad<Pa/dp = 1. 
Combining this with Eqs. (16c) and (16a) and writing 
<P1 =A <1> F1(p) allows A <1> to be determined. When this 
is substituted into Eq. (17) the result is, 

(18) 

where F' = dFjdp. 
The resonance absorption, I - p, is defined as the 

number of resonance neutrons absorbed per resonance 
neutron produced. The former is proportional to 
D2d<P2/dp and the latter is proportional to 

Thus 
-D1d<P1/dp= -D1AO>F1'· 

Dz d<P2 
I -p=- dp 

D1A<1>F1' 
(19) 

Using Eq. (12b), <P2 is expressed in terms of c12,A<l>Ft, 
and A<2>F2. Substituting this into Eq. (16b) results in a 
relation between A<O and A<2>, which allows <P2 to be 
expressed in terms of A <1>. This may be substituted into 
Eq. (19) with the result that 

D2 F2' Ft' 
p = 1 - C12Y22 - (20) 

Dt F2 
1-y22-

F2' 

Similarly, the thermal utilization f is the number of 
thermal absorptions in fuel per thermal neutron pro
duced. Thus, 

(21) 

Proceeding as before one finds, 

(22) 

error is not important if the leakage from a fuel ele
ment is small, as in the case of solid uranium rods. 
However, if the fuel is in the form of clusters, a more 
careful treatment, including dipole terms, will be 
required. 
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A/690 Suisse 

La methode heterogene et son application 

par T. Auerbach et al. 

Les methodes heterogenes pour le calcul des reseaux 
s'appliquent a des arrangements presentant des 
irregularites qui ne peuvent etre traitees par les 
methodes homogenes habituelles. De telles irregulari
tes apparaissent lorsque des barres de controle sont 
inserees entre les elements de combustible, dans les 
experiences de substitution ou meme dans les reseaux 
complets contenant des zones oil l'espacement des 
elements de combustible differe, comme c'est le cas 
pour la pile de Lucens. 

Le traitement habitue!, que ce soit en theorie a deux 
groupes ou en theorie de l'age, avec representation des 
elements de combustible par des sources et des absor
beurs lineaires, est suffisant pour des reseaux oil 
l'espacement des barres est grand par rapport a leur 
propre rayon. Les elements en grappe proposes pour 
les piles de puissance moderees a l'eau lourde ne 
rentrent cependant pas dans cette categorie et intro
duisent Ia complication supplementaire du streaming 
axial et radial. 

La methode heterogene a par consequent ete 
etendue en incorporant les points suivants: 

a) Trois groupes d'energie comprenant Ia region 
rapide, Ia region de resonance et la region thermique. 
Ces groupes sont necessaires pour deux raisons. La 
premiere est de definir Ia bande d'energie a l'interieur 
de laquelle ]'absorption par resonance a lieu. La 
seconde est d'introduire une zone tampon entre le 
groupe superieur et Ie groupe thermique de fa~on a 
obtenir une source de neutrons thermiques suffisam
ment plate. 

b) Le flux a Ia surface du combustible est exprime 
sous forme de Ia somme d'un terme constant (mono
pole) et d'un terme dipole. Le terme constant decrit la 
caracteristique d'absorption de !'element; le terme 
dipole est necessaire pour representer convenablement 
les proprietes diffusantes du combustible ainsi que le 
streaming radial. 

c) Les conditions limites a Ia surface du combus
tible sont exprimees en fonction des longueurs d'extra-

polation a l'interieur de celui-ci. La longueur d'extra
polation pour le terme monopole est bien connue. 
Celie pour le dipole est derivee des valeurs calculees 
des coefficients radiaux de diffusion. Un travail est en 
cours pour obtenir celles-ci directement au moyen 
d'une theorie du transport. 

d) Le buckling axial affecte dans une certaine 
mesure les longueurs d'extrapolation lineaire, speciale
ment en presence de cavites. Ces effets sont incorpores 
a la theorie afin de tenir compte du streaming axial. 

e) Pour les elements en grappe relativement grands, 
les dimensions finies des barres doivent etre traitees 
d'une maniere plus rigoureuse que celle qui consiste a 
supposer les elements lineaires puis a corriger les 
resultats pour tenir compte de leur diametre reel. La 
theorie presentee traite rigoureusement le diametre 
fini des barres mais interrompt les series obtenues 
apres quelques termes. 

La methode est entierement programmee en 
ALGOL et des resultats sont presentes. 

A/690 WseHI..\aPHfl 

rereporeHH~~ MeTOA H ero npHMeHe
HHe 
T. Aysp6ax et al. 

feTeporeHHhle MeTOAhl paC'IeTa peiiieTOK npe)l;

Ha3Ha'IaiOTC.R AJI.R peiiieTOK, HMeiOII.VIX Henpa

BHJihHOCTH, KOTOphiX HeJih3.R H36emaTh npH o6pa-

6oTKe o6hi'IHhiMH roMoreHHhiMH MeTo)l;aMH. TaKn:e 

nenpaBHJihHOCTH HpO.RBJI.RIOTC.R, KOfAa peryJIHpy

IO~He CTepmHH DCTaBJIHIOTCH MeffiAY TenJIOBhiAe

JIHIO~HMH aJieMeHTaMH, npH 3KCnepHMeHTaX Ha 

aaMe~eHHe HJIH Aame B noJIHhiX pemeTKax, co

Aepma~Hx aoHhl c paaJIH'IHhiM maroM MemAY Ten

JIOBhiAeJIHIO~HMH aJieMeHTaMH, KaK 3TO HMeeT 

M:ecTo B peaKTope B Jl10n;euce. 

06hi'IHaH o6pa6oTKa no AByxrpynnonoM: TeopHll 

HJIH TeOpHH B03paCTa C npeACTaBJieHHeM TenJIO

DhiAeJIHIOIIJ;HX aJieMeHTOB HCTO'IHHKaMH HJIH JIH

HeHHhiMH nOfJIOTHTeJIHMH HBJIHeTCH )l;OCTaTO'IHOii 

AJIH peiiieTOK, y 1\0TOphiX mar Mem)l;y CTepmHHMH 

BeJIHK no cpaBHeHHIO C pa)l;HYCOM OT)l;eJihHOfO 3Jie-
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MeHTa. TenJIOBhi,n:eJIJIIOrn;ne ;meMeHThl B nn.n:e nyq

ROB, npe,n:JIOiReHHhie .D:JIJI ;mepreTH'leCRHX peaRTO

poB C THiReJIOBO.D:HhlM 3aMe,n:JIHTeJieM, He IIO.D:XO

.D:HT R 3TOH RaTeropHH H BBO.D:HT ll:OIIOJIHHTeJibHOe 

OCJIOiRHeHue: aRCHaJihHYIO If pa,n:uaJJbHYIO <<yTe'l

RH>>. 

feTeporennhiii MeTo,n: 6hlJI pacmupen nyTeM 

nne.n:enuJI cJie,n:yrorn;nx lf>aRTopon: 
a) Tpu rpynnhi anepruii:, oxnaThinarorn;ue 6hi

CTpyro, pe3oHaHCHYIO H TellJIOBYIO o6JiaCTH. 8TJI 

rpynnhi neo6xo,n:nMhi no ,n,nyM npn'lnnaM. IlepnaJI 

3aRJIIO'laeTcH n onpe,n:eJienun o6JiacTn aneprnu, 

nnyTpn RoTopou na6Jiro,n:aeTCH pe3onancnoe no

rJiorn;enne. BTopaH COCTOHT B BBe,n:eHHH 6ylf>ep

HOH 30Hhl MeiR,n:y BhiCITieii H TCIIJIOBOii: rpynnaMU 

.D:JIH IIOJiyqeHHH f.\OCTaTO'lHOrO IIJIOCROrO HCTO'lHJI

Ka TeiiJIOBhlX Heii:TpOHOB. 
b) IlOTOR Ha IIOBepXHOCTH TOIIJIHBa BhipaiRaeT

CH D nn,n:e CYMMhi IIOCTOHHHOfO 'lJieHa (MOHOIIOJIHH) 

H f.IHIIOJJhHOfO 'lJieHa. IloCTOHHHhiH 'lJJeH OIIHChl

naeT norJJorn;arorn;yro crroco6noCTh aJieMeHTa, p;u

IIOJihHhlH 'lJieH neo6xo,n:JIM, 'lT06hi COOTDeTCTDYIO

rn;HM o6pa3oM npe,n:cTaBHTh paccennarorn;ne cnoii:

CTBa TOIIJIJIBa, a TaKiRe pa,n:naJihHYIO <<yTe'lRY>>. 

C) fpaHH'IHhle YCJIOBHH Ha IIOBepXHOCTH TeiiJIO

Bhl,n:eJIHIOIIJ;ero aJieMeHTa DhipaiRaiOTCH B 3aBHCH

MOCTH OT f.(JJHH ilRCTparroJIHI~HH BHYTPII TeiiJIOBhl

,n:eJIHIOIIJ;ero aJJeMenTa. J];JJnHa aRCTpanoJIH~uu ,n:JIH 

MOHOIIOJlhHOrO lfJieHa XOpOIIIO 113BeCTHa. ,[(JIHHa 

ilRCTpaiiOJIJI~Hll ll:JIH .D:HIIOJIH IIOJiyqaeTCH H3 Bhl

lfHCJieHHhiX paf.(HaJibHhiX Roalf>lf>H~HeHTOB paCCeH

HHH. Be,n:eTCH pa6oTa .D:JJH noJJyqenna nnx 3Ha

•Ienni'I Henocpe,n:cTnenno c noMOIIJ;hiO Teopnu ne

penoca. 
d) AKcnaJihHhiii: JianJiacnan BJiuHeT B neKoTopoii: 

CTeneHH Ha .D:JIHHhl JlHHeiiHOH ilKCTpaiiOJIH~HH OC0-

6eHHO IIpH HaJIHlfHH IIOJIOCTeH. 8TH BJIHJIHHH DDO

.D:HTCH B TeopHIO f.\JIH yqeTa aKCHaJJhHOH <<yTe'IRH». 

e) J);JIH OTHOCHTeJibHO 60JJhiLU1X aJieMeHTOB B 

BH.L(e IIYlfKOB ROHe'lHbie pa3Meph1 CTepiRHeH ll:OJI

iRHhi o6pa6a'fhlBaThCJI C 60JibiiieH TO'lHOCThiO, '!eM 

TOlfHOCTb, KOTopyro 1-~aeT IIpeAIIOJIOiReHHC 0 JIH

IIeHHhiX aJieMeHTax, c nocJief.(yron~eii: uonpanRoi[ 

na JIX ;:.\eiiCTBHTeJihHhlii ,n:HaMeTp. Ilpe)J.CTaBJieH

HaH TeopHJI CTporo paCCMaTpnnaeT l\OHe'lHhiH f.(Ha

MeTp CTepiRHei1:, HO upepbiBaeT pH,[I,bi IIOCJie He

CKOJihl\HX 'lJieHOB. 

MeToA 6~>IJI noJIHOCThiO 3anporpaMMHponan na 

ALGOL, u pe3yJJhTaTbi npep;cTaBJieHhl n ,n;oK.rra,n:e. 

A/690 Suiza 

El metodo heterogeneo y sus aplicaciones 

porT. Auerbach et at. 

Los metodos heterogeneos de calculo de reticulados 

T. AUERBACH et at. 

se aplican a disposiciones que presentan irregularidades 
imposibles de tratar por los metodos homogeneos 
habituates. Estas irregularidades aparecen al insertar 
barras de control entre los elementos combustibles, en 
los experimentos de sustituci6n e incluso en reticulados 
completos cuando los elementos combustibles no 
estan uniformemente espaciados, como sucede en el 
reactor de Lucens. 

El tratamiento habitual por Ia teoria de dos grupos 
o porIa teoria de Ia edad, que representa los elementos 
combustibles por medio de fuentes y absorbentes 
lineales, es suficiente cuando la distancia entre las 
barras es grande en relaci6n con su diametro. Sin 
embargo, los conjuntos de elementos propuestos para 
los reactores de potencia moderados por agua pesada 
no entran en esta categoria y, ademas, introducen Ia 
complicaci6n de Ia corriente rectilinea de neutrones 
(streaming) en los sentidos axial y radial. 

Hay que aplicar, por consiguiente, el metodo hetero
geneo teniendo en cuenta los siguientes facto res: 

a) Tres· grupos energeticos que comprenden las 
regiones rapida, de resonancia y termica, son necesarios 
por dos razones: para definir Ia banda de energia en 
cuyo interior tiene Iugar Ia absorci6n por resonancia y 
para introducir una zona amortiguadora entre el grupo 
superior y el grupo termico y obtener asi una fuente de 
neutrones termicos suficientemente plana. 

b) El flujo en Ia superficie del combustible se 
expresa como Ia suma de un termino constante (mono
polar) y un termino dipolar. El primero describe Ia 
caracteristica de absorci6n del elemento mientras que 
el segundo es necesario para representar adecuada
mente las propiedades de difusi6n del combustible y 
Ia corriente radial. 

c) Las condiciones de contorno en Ia superficie del 
combustible se expresan en funci6n de las longitudes 
de extrapolaci6n en su interior. Para el termino mono
polar Ia longitud de extrapolaci6n es bien conocida y 
para el dipolar se deriva de los valores calculados de 
los coeficientes de difusi6n radial. Se esta trabajando 
para obtenerlas directamente por la teoria del trans
porte. 

d) La laplaciana axil afecta hasta cierto punto a las 
longitudes de extrapolaci6n lineal, especialmente en 
presencia de huecos por lo que su efecto se incorpora a 
Ia teoria para tener en cuenta Ia corriente axil. 

e) Cuando se opera con haces de elementos rela
tivamente grandes no es suficiente tratar las dimen
siones finitas de las barras suponiendo elementos 
lineales e introduciendo un factor de correcci6n para 
tener en cuenta su diametro real. La teoria que pre
sentan los autores trata rigurosamente el diametro 
finito de las barras, pero interrumpe las series obteni
das despues de algunos terminos. 

Todo el metodo esta programado en Ia clave 
ALGOL y el documento presenta los resultados 
obtenidos. 
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Dos esquemas de calculo de reactores nucleares 

por R. Ortiz, G. Velarde, R. Caro, J. L. de Francisco y A. Bru* 

CALCULO DE CONSTANTES 

En el primer esquema, el calculo de las constantes 
nucleares para los diferentes grupos neutronicos se 
efectua siempre tomando como factor de peso el flujo 
neutronico, bien en el intervalo de moderacion, bien 
en Ia region termica. 

Calculo de constantes rapidas 

Se toma como intervalo de moderacion el intervalo 
de 0,625 eV a 10 MeV. El numero de grupos neu
tronicos en el mismo puede ser uno, dos o tres. y las 
correspondientes constantes se obtienen promediando 
las secciones eficaces segun el flujo Fo(u) obtenido 
como solucion de la ecuacion de Boltzmann, en las 
aproximaciones P1 o B1, pani una lamina homogenea 
infinita. La fuente exterior se supone isotropa. La 
densidad de moderacion, q, que para el H es solucion 
de 

oq +q=~sFo 
ou 

para los demas elementos se ha tomada igual a 

q = (AL'a +q~s)Fo 

(l) 

(2) 

con A =q2j1g. Aunque una nueva version del programa 
ISLERO preve la posibilidad de tratar por separado no 
solo el hidrogeno, sino tambien el deuterio en la 
aproximacion Greuling-Goertzel consistente, en los 
calculos realizados basta ahora la densidad de madera
cion se ha tornado en la forma (2). Generalmente se ha 
adoptado la aproximacion B1. 

Las ecuaciones indicadas se resuelven nume
ricamente mediante los programas ISLER0-0 e 
ISLER0-1 [1]. El primero da los valores de las cons
tantes macroscopicas promediadas para toda Ia celda 
o reactor y el segundo, ademas las constantes micros
copicas, elemento por elemento. Los panimetros de 
entrada son las densidades atomicas de los diversos 
elementos, Ia laplaciana (que puede no ser la misma 
para todos los grupos en ISLER0-1) y el factor de 
autoblindaje, L, de los elementos que presenten reso
nancias. Este factor, al igual que v25t, se puede ajustar 
experimentalmente para cada tipo de reactor. En el caso 
del reactor DON (combustible en haces de 19 barras 

Con Ia ayuda de programas preparados por T. Iglesias, 
F. Briones y M. R. Corella*. 

* Junta de Energia Nuclear, Madrid. 

de UC refrigerado por un liquido organico, DzO como 
moderador y Al y SAP como materiales estructurales), 
no se procedio a ajuste experimental ninguno para 
los calculos preliminares. Para v25t se adopto el 
valor 2,43 [18], y el factor de autoblindaje se ha cal
culado de acuerdo con Ia formula dada en [2]. En 
cuanto a Ia integral de resonancia, se ha tornado 

IRT = /Ro [ 1 + (a+ b ~f) (Tt (comb.) -17,1348)] (3) 

con 

IRo=A +B (Ser/M +E)t 

Ser=Su (l-C) 

(4) 

(5) 

Su es el area de la superficie geometrica y C el coefi
ciente de Dancoff-Ginsburg 

C= 1r~' JdL'Jcos fJ Kta (~sA) dfJ (6) 

En (6), A es la longitud de una cuerda entre dos puntos 
de la superficie del combustible situada dentro del 
moderador, fJ el angulo que forma con la normal a la 
superficie dirigida bacia el moderador y L' el perimetro 
del combustible. 

Los val ores de los parametros A, B, E, a y b. se dan 
en Ia tabla I. Para el caso de UC se empleanin las 
formulas de correlacion de Vernon [3] ,partiendo del 
U metaJico y del UOz. Entre ambas correlaciones, se 
ha obtenido la siguiente correlacion intermedia [4] 

/RoUC=3,64+25,87 [(Ser/M)UC]t (7) 

En cuanto al valor de C, el c~Uculo numerico para el 
caso de dos barras ha sido efectuado por Carlvik y 
Pershagen [6]. Para un haz de barras se ha empleado 
Ia correccion de Fukai (7} y en el caso de una serie de 
anillos de combustible, el calculo ha sido llevado a 
cabo por Velarde (8]. 

Tabla 1. Parametros para las integrales de resonancia 

Is6topo Metal uo. uc 

A 2,95 4,15 4,15 2,81 3,64 
B 25,80 26,60 25,60 25,315 25,87 
E 0 0 -0,02795 0,045293 0 
ax 102 0,51 0,58 0,55 0,55 0,55 
b X 102 0,50 0,50 0,50 0,50 0,50 
Referenda. [5] [5] [4] [4) [4] 
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Calculo de constantes termicas 

Se toma como intervalo de termalizacion el com
prendido entre 0 y 0,625 eV. Todos los neutrones 
termicos se reunen en un mismo grupo (cf., sin 
embargo, mas adelante), y las correspondientes cons
tantes se determinan promediando respecto del flujo. 
Este resulta de la integracion de Ia ecuacion del trans
porte en su forma elemental, es decir, Ia que responde 
a las siguientes hipotesis simplificadoras: a) Ia ter
malizacion tiene Iugar en un medio homogeneo, 
isotropo e infinito, corrigiendose las fugas de neu
trones mediante un termino de la forma DB2F0 ; b) el 
medio dispersor es un gas monoat6mico; c) Ia masa 
de los nucleos del gas es igual a Ia del neutron en todo 
el intervalo 0-0,625 eV (espectro Wigner-Wilkins) o 
mucho mayor que Ia del neutron en todo el (espectro 
Wilkins) o se comporta de la primera manera en un 
intervalo £c.L.£.L.£o =0,625 eV, y de Ia segunda en el 
intervalo complementario 0.L.£.L.£c. En estas con
diciones, el problema se reduce a Ia integracion de una 
ecuacion diferencial de la forma 

y"(E)= -H(E) y(E) (8) 

donde H(E) es una funcion continua de E en todo el 
intervalo (O,Eo) en los dos primeros casos y presenta 
una discontinuidad de primera especie en Ec en el 
ultimo caso. La soluci6n y(E) buscada es Ia que se 
anula en el origen y es continua, con derivada primera 
continua, en todo el intervalo (O,Eo). Como conse
cuencia, Ia densidad neutronica N(E) es continua en 
(O,Eo), pero su derivada primera presenta una dis
continuidad de primera especie en Ec si en Ec es dis
continua H(E). Los programas PROMETE0-1, II y 
III [9-11] permiten Ia resolucion numerica de (8), y 
con ello el calculo del flujo Fo(E), en los tres casos 
citados: espectro Wigner-Wilkins, espectro Wilkins o 
espectro Wilkins en (O,Ec) y Wigner-Wilkins, en 
(Ec,Eo). Los parametros de entrada son las densidades 
atomicas de los diversos elementos, Ia laplaciana, la 
temperatura del moderador y el tipo de enlace 
molecular. 

Regiones vadas 

En el caso de estratos cilindricos practicamente 
vacios (por ejemplo, regiones ocupadas por un gas 
cuyas secciones eficaces son muy pequeiias empleado 
como refrigerante o como aislante termico en un 
reactor con moderador frio), en un modelo con varios 
grupos de neutrones y en la aproximaci6n de difusion 
se puede considerar el vacio como un medio que solo 
dispersa, caracterizado por las constantes Ec = 0, 
vEr = 0 y un coeficiente Dv [12] dado por 

D rv-1 rv rv 1 
v = -2a In - ~ 1 ±0,2 para 0, 15< -- < 0,85 (9) 

rv-l rv 

donde a= 1 = (2/TT) arcsen (rv-1/rv)- (2/TT) (rv-1/rv) 
X (1 - rv-1/rv)t y rv, rv-1 son los radios exterior e in
terior de Ia region vacia. 

R. ORTIZ et a/. 

Estructura fina 

La heterogeneidad de la region que contiene el haz 
de barras combustibles, con sus vainas, y el refrige
rante se tiene en cuenta de la manera siguiente. En el 
grupo neutronico para el que existen resonancias, la 
heterogeneidad interviene a traves del area efec
tiva, Ser. En el grupo termico se obtienen los factores 
de desventaja aplicando Ia teoria de difusion mono
energetica al refrigerante y Ia teoria de colisiones 
multiples en Ia vaina y en el combustible. El enlace 
entre estos dos ultimos modelos se efectua por medio 
de la longitud extrapolada 

4 
AErtr=- -H 

3(3 
(10) 

en la cual ,Ertr corresponde al refrigerante, (3 es Ia 
negrura de la vaina y del combustible y H es funcion de 
la corriente neutr6nica en un medio infinito sin 
absorci6n [13, 14]. 

Parametres integrales de Ia celda 

Una vez calculadas las constantes termicas y 
rapidas de los g.L.4 grupos neutronicos para cada una 
de las regiones homogeneizadas de la celda, teniendo en 
cuenta los factores de desventaja debidos a la hetero
geneidad de la region ocupada por el haz combustible, 
y caracterizadas las regiones vacias por un coeficiente 
de difusion efectivo (9), se obtiene aplicando la teo ria de 
difusion con varios grupos neutr6nicos, las g com
ponentes del flujo, el factor de multiplicacion k y la 
laplaciana material de la celda. Aun a sabiendas de que 
en muchos casos sera conveniente emplear una aproxi
macion mejor de la teoria del transporte, se han 
aplicado los programas EDIP0-1 y II [15] al calculo 
de las componentes del flujo en la celda. El programa 
EDIP0-1 resuelve numericamente en una dimension 
las ecuaciones para varios grupos neutronicos en la 
aproximacion de difusion 

j 

\!Dt\lcfot-[DtB2_,_t+Eat+ ~ Et+t]cfot 
j=i+l 

i=l 1 g 

+ ~ Ei+icfoi+ -Xt ~ (vEr)Jcfot=O (11) 
i=l A i=l 

para g.L.4; 20 regiones y 199 puntos. Los resultados 
son las componentes cfot del flujo y el valor propio 
k oo =A. La laplaciana material, B2m, se calcula como la 
mayor de las raices de Ia ecuacion secular asociada 
a (11) con A= 1 [16]. El programa EDIP0-11 resuelve 
un problema analogo al (11), con g.L.l6; 5 regiones 
y 49 puntos. En los tres ultimos grupos (los tres de mas 
bajas energias) se admite Ia posibilidad de dispersion 
regenerativa (upscattering), lo que permite emplearlo 
en un modelo con 3 grupos termicos y g- 3 grupos 
rapidos en el que los neutrones termicos se tratan 
siguiendo en esencia, el metodo de Selengut. 

lteraciones sucesivas 

En la primera iteracion, para el calculo de las cons
tantes termicas y rapidas, se parte, como se indico, de 
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Figura 1 

unas densidades at6micas ponderadas de acuerdo con 
los respectivos volumenes. AI final, se obtienen las 
distribuciones en Ia celda de las g componentes del 
flujo. En las sucesivas iteraciones se parte de unas 
densidades at6micas pesadas con sus volumenes y con 
el flujo resultante de Ia iteraci6n anterior. El proceso 
se repite hasta obtener Ia convergencia deseada en el 
valor propio k o en el de Ia laplaciana material. En los 
calculos de optimizaci6n se suele emplear una itera
ci6n solamente. 

METODO DE SINTESIS 
Dada Ia capacidad, relativamente pequefia, de Ia 

calculadora UNIVAC USS-90, de que se dispone en Ja 
JEN, es dificil obtener con ella distribuciones de flujo 
bidimensionales. Con vistas a realizar calculos de 
exploraci6n, se prepar6 un programa para construir 
flujos sinteticos bidimensionales [I 7]. Se trata, en 
esencia, del llamado metodo ordinario de sintesis. 
Si i = 1, 2, ... , n es una region transversal y fL = 1, 
2, ... , g caracteriza al grupo ~L-esimo, con el progra
ma EDIPO se determina la soluci6n (general, no nor
malizada) de 

divx Dp gradx <f>ip (x)- [L'Tp +DpB2zp(i)]</>ip(x) 
p-t I g 

+I: L'vp</>1v(x) + -Xp :E (vL'r)v </>1v(x) = 0 (12) 
v~t Ax v~! 

que satisface las condiciones de contorno adecuadas y 
el correspondiente valor propio Ax(i). Hay que partir, 
claro esta, de valores estimados de las g laplacia
nas B2zp (i). Se procede entonces a un calculo axil, 
determinando Ia soluci6n de 

DiP Z"p (z) -[EtTp+ ]jtP B2xp (i)J Zp (z) 
p-I- 1 g ----=--+ :E L'1vp Zv + - I; Xp ( vL'r)1 p Zv 
v~! Az v~t 

= O(i= I, 2, ... , n) (13) 

que satisface las condiciones de contorno adecuadas y 
el correspondiente valor propio Az. En (13), los 
promedios son de la forma 

y, ademas 

ftp= J (qdxfp(x) <f>1p(x) 
J <t>dx <f>1p(x) 

Dip B2xp(i) J (i) </>1p (x)dx = •~I [ Eivp 

+ ~ Xp(v:Er)1v] J <Oif>i• dx 

(14) 

- [L'iTp+Dip B2zp(i)] J (i) <f>i; dx (15) 

A partir de Ia soluci6n de (13), se lleva a cabo una 
nueva sucesi6n de n c:Hculos transversales de acuerdo 
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Tabla 2. Laplacianas materiales calculadas y medidasa. 

Separaci6n entre 

Celda 
celdas con red 

Exagonal Cuadrada 
(em) (em) 

20T 21,59 20,092 
24,13 22,456 
26,67 24,819 

20E 20,417 19 
22,566 21 
25,789 24 

20 s 20,417 19 
22,566 21 
25,789 24 

70F"7. 20,417 19 
22,566 21 
25,789 24 

20T-U02 26,67 24,819 

• Interpretado en la JEN por de Francisco [20]. 

con (12) y con las g laplacianas B2zp(O) dadas por 
z, 

Dip B2zp(i) S Zp(z) dz 
z,_l 

El proceso se repite hasta conseguir que Ax (1) = ... 
= Ax(n) =Az, dentro de limites prefijados. La conver
gencia suele ser bastante rapida. 

EXPERIMENTOS EN AQUILON-11 
YEN LA JEN 

El esquema de calculo que precede se ha contrastado 

CELDAS DEL DON 20 T Y 20 T • U0
2 

1.05 

1,02 
0.8 

0,6 

21 24 26 
0,4 1,01 '-----'-~---....... -----'--..,.-.-:::::....__....; 

7,5 8,5 9,5 10,5 pulgodos 11,5d 

...., __ 
a2 ---- CALCULADD 

a2 • • • • • • • MEDIDO EN REACTOR EXPONENCIAL JEN 

Figura 2 

B2m,m-2 

Pureza del 
D20,% Calculado Medido 

Exp. JEN Aqu!lon II• 

99,75 1,23 1,44±0,09 
99,75 1,85 2,04±0,09 
99,75 2,02 2,25±0,08 
99,50 3,74 4,08 
99,50 4,11 4,22 
99,50 3,98 3,94 
99,50 5,11 5,44 
99,50 5,64 5,84 
99,50 5,52 5,55 
99,50 5,24 
99,50 5,44 
99,20 5,13 
99,75 1,05 1,25 ±0,08 

con los resultados de experimentos exponenciales 
realizados en Ia Division de Fisica de Ia JEN y de expe
rimentos de sustituci6n realizados en AQUILON-11. 
La celda empleada es Ia tipo 20 del reactor DON 
(fig. 1 ). En los experimentos exponenciales se em
plearon las celdas completas (20T y 20T-U02) con el 
refrigerante organico y todos los tubos, empleando 
una red exagonal de pasos 8,5; 9,5 y 10,5 in. En los 
experimentos de sustituci6n se emplearon las celdas 
20E y 20S en una red cuadrada de pasos 19; 21 y 24 em 
con las celdas de referenda 70F"7 de U02 [19 y 20]. 

En Ia tabla 2 se dan los val ores calculados y medidos 
de B2, y en las figuras 2 y 3 se incluyen, ademas, los 
valores calculados de k. 

Las diferentes configuraciones criticas del AQUI
LON-11 (fig. 4, tabla 3) se calcularon teoricamente, 
cuyos resultados se dan en las tablas 4 y 5. 

1,08 

1,06 

CELDAS DEL DON 20 E Y 20 S 

··················· ... 
.. ······· -... , ............ -
/ 

/ 

.. 

/ 
/ 

/ 

... 

...., __ 
a2 ---- CALCULADO 
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s2 .... MEDIDO EN AQUILON II DE SACLAY E INTERPRET ADO POR DE FRANCISCO 

Figura 3 

5,9 

5,7 

s,s 

5,3 

5,1 

4,9 

4,1 

3,9 



19 
21 
24 

19 
21 
24 

19 
21 
24 
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Tabla 3. Dimensiones del modelo geometrico de sustituci6n 
Dimensiones radiales (Redes 20-S y 20-E) 

ORo 
Paso retieulado NUrn.ero de elementos sustituidos OR, ORs ORa OR• (em) 

0 4 12 16 24 

0 21,43 37,13 42,88 52,52 113,45 145 145,6 211,95 
0 23,69 41,03 47,40 58,04 125,39 145 145,6 211,95 
0 27,07 46,90 54,17 66,34 143,30 145 145,6 211,95 

Dimensiones axiles 
(Red 20-S) 

OHt 
Paso retieulado NUrn.ero de elementos sustituidos HtHo HoHs HaH• (em) 

Paso 
retieulado 

(em) 

G 

0 4 12 16 24 

148,80 148,38 147,97 147,71 147,44 7,5 1 71,95 
141,44 140,81 139,41 138,94 137,87 7,5 1 71,95 
147,45 146,36 144,31 143,52 141,99 7,5 1 71,95 

(Red 20-E) 

OHo 
N Urn.ero de elementos sustituidos 

0 4 12 

OH1= 148,74 OH1= 151,92 7,74 
OH1= 141,96 OH1= 144,88 OH1= 150,8 
OH1= 147,71 OH1= 151,31 7,85 

G 

p 

0 R
0 

R
1 

R
2 

R
3 R, 

1:~ 

I 
jR.P. R.R. o,o c 

-

I 
I 
~. 
!H, =-
,H, 

I ~ 

,H, 

EXPERIENCIA AQUILON II 

Figura4 

10 

11,46 
3,06 

11,58 

HoHt HtHs HaHo 
24 

19,16 151 (no) 0,4 7,5 1 
9,76 151 (no) 0,12 7,5 1 

20,12 151 (no) 0,4 7,5 1 

ESTATICA DE REACTORES RAPIDOS 

Calculo de las constantes 

HsH• 

71,95 
71,95 
71,95 

El esquema de calculo consta de dos programas, 
CAMPEADOR y EDIPO, ambos en teoria de difu
si6n. El programa CAMPEADOR resuelve las 
ecuaciones para 16 grupos de neutrones en la aproxi
maci6n de difusi6n y con las constantes recogidas por 
Yiftah, Okrent y Moldauer [21). Determina primero 
las 16 componentes t/>t del fiujo que obedecen al 
sistema 

j=16 k=i-1 

- DtB2tt/>t - .E attPt - 1: .Et+itPt + 1: .E.k+ttP k 
j=i+l k=l 

x,r=16 + - !: ( v.Er)r<Pr = 0 (17) 
ket r=l 

Tabla 4. Valores calculados de ke1 pac:a los experimentos 
con Ia red 20-S 

Numero de barras Paso Paso Paso 
sustituidas 19 21 24 

0 0,991 0,996 0,999 
4 0,990 0,994 0,999 

12 0,989 0,995 0,998 
16 0,989 0,995 0,998 
24 

~ 0,988 0,996 0,998 
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Tabla 5. Valores de ker para los experimentos 
con Ia red 20-E 

N umero de barr as Paso Paso Paso 
sustituidas 19 21 24 

0 0,991 0,996 1,000 
4 0,991 0,995 1,000 

12 0,991 0,996 1,001 
16 0,992 0,996 1,002 
24 0,992 0,998 1,003 

y de la importancia, solucion del sistema adjunto 
j~l6 

-DtB2t</>*t -l:at </>*t- L. It-'d </>*t 
j~i+l 

+~16 l:t+i <f>*J + (vl:r)tj~-},6 X;</>*;= 0 (18) 
j~i+! ket j~l 

1 r~l6 
Para ello se hace kef r~ I ( vl:r)r </>r = 1 en (17) y 

1 j~16 
- L. X1 </>*1= 1 en (18), con lo que ambos sistemas 
ket j~l 

se transforman en triangulares de muy facil resolucion. 
A continuacion, el programa condensa las cons

tantes a cualquier numero de grupos g L 16. Dicha 
condensacion la efectua con el espectro de flujos en 
Ia forma usual y con el producto del espectro de flujos 
por el de importancias. Permite calcular tambien el 
factor efectivo de multiplic,acion ker de sistemas 
desnudos segun la formula 

r~l6 

L. ( vl:r)r </>r 
k r~! 

ef = ,'-_-,1i-o6------ (19) 

L. (DrB2 +Iar) </>r 
r~l 

y la laplaciana critica mediante un proceso de iteracion 
sabre ker. Calcula asi mismo el factor de multiplica
cion infinito k ""' que corresponde a B2 = 0. 

Para el estudio de sistemas desnudos pequefios y 
mtiy concentrados, cabe Ia posibilidad en este pro
grama de substituir el termino de fugas de Ia teoria de 
difusion B2;j3ItrJ por el valor correspondiente de la 
solucion asintotica de Ia ecuacion de Boltzmann, 
B1/arctg (B1/Itr1)- ItrJ, con lo cual se obtienen 
mejores valores para el espectro y Ia masa critica. 

Tabla 6. 
Masas criticas, en kg de combustible (235U, 233Pu), 

de sistemas desnudos muy concentrados 

Soluci6n Valor 
Sistema Ref. Teoria de asmt6t1ca experi- Geo-

d1fusz6n (ec. de metria 
Boltzmann) mental 

GODIVA 3 63,5 41,1 48,7 Esfera 
JEZEBEL 3 29,7 12,5 16,22 Esfera 

R. ORTIZ et a/. 

Contraste del esquema de calculo 

Este esquema de calculo se ha aplicado a dos sis
temas desnudos muy concentrados GOD IV A y 
JEZEBEL [23] y a cuatro sistemas reflejados estudia
dos en la instalacion para experimentos de critici
dad ZPR-III [24, 25]. Para los dos primeros se calculo 
Ia masa critica segun los dos procedimientos ya indica
dos, obteniendose en difusion un resultado por exceso 
como era de esperar. Cuando el termino de fugas es el 
dado por Ia solucion asintotica de Ia ecuacion de 
Boltzmann, el resultado es mejor, pero por defecto. 
Los resultados se dan en la tabla 6. Para los casos 
experimentados en ZPR-III, se condensaron las cons
tantes a cuatros grupos con el espectro de flujos y con 
el producto de flujos e importancias, suponiendo un 
valor de Ia laplaciana independiente del grupo e igual 
a Ia laplaciana material. La reactividad y la distribu
cion de flujos se obtuvieron a continuacion por aplica
cion de EDIPO y de Ia tecnica de sintesis explicada en 
el esquema expuesto para reactores termicos. En 
algunos casas, de Ia distribucion de flujos asi obtenida 
se dedujo el valor de Ia laplaciana por grupos y se pro
cedio a una nueva condensacion con CAMPEADOR 
y a un nuevo calculo de reactividad con el progra
ma EDIPO. 

Los resultados se presentan en la tabla 7. Los de la 
columna A estan obtenidos por condensacion con 
flujos. Los de Ia columna B por condensacion con 
flujos e importancias. 

Los resultados de las tablas 4 y 5 no se consideran 
suficientemente buenos para obtener la masa critica. 
Se pretende mejorarlos mediante un calculo de 
iteraciones sucesivas de las constantes de la celda y 
acaso ajustando los parametros dejados libres a tal 
efecto. Las tablas 6 y 7 parecen indicar una situacion 
similar; por otra parte es dificilllegar a conclusiones 
generales partiendo de los resultados de Ia tabla 6. La 
razon fundamental consiste en que deberian hacerse 
correcciones previas por la heterogeneidad de los 
elementos combustibles y el efecto de Ia region inter
media entre las dos mitades de Ia maquina ZPR-111. 

EXPRESIONES DE AGRADECIMIENTO 

Queremos agradecer a Atomics International la 
colaboraci6n prestada en el calculo de las constantes 
rapidas del elemento combustible tipo DON . 

Tabla 7. Factor efectivo de multiplicaci6n en sistemas 
criticos probados en ZPR-111 

NUmero 
del s1stema Ref. Geometria A B 

6C 24 Cilindro 0,956 0,976 
6F 24 Esfera 1,011 1,011 
9 24 Cilindro 1,010 1,009 
9A 24 Esfera 1,004 1,007 
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A/742 Spain 

Two schemes for nuclear reactor calculations 

By R. Ortiz et at. 

Two mathematical schemes for nuclear reactor 
calculations have been prepared at the Theoretical 
Physics and Reactor Calculations Division of the 
Junta de Energia Nuclear (JEN). 

The tools for the first scheme are the following 
programmes, all coded at JEN for the UNIVAC 
USS-90 computer: 

(a) ISLERO 
This programme solves either the P1 or B1 approxi

mation to the one-dimensional, multigroup slowing
down Boltzmann equation in an infinite homogeneous 
slab. The 54 energy groups range from 0.625 eV to 
10 MeV. Few-group constants, to a maximum of three 
groups, are obtained by averaging over the flux spec
trum. Input data are the isotopic composition, the 
geometric buckling and the self-shielding factor. 

(b) PROMETE0-1, II and ~II 
These programmes solve the differential equations, 

with spectra, for the Wigner-Wilkins and the Wilkins 
cases, and for a combination of the two. The thermal 
constants are averaged over the obtained flux spec
trum. Input data are the isotopic composition, the 
geometric buckling, temperature and form of molecu
lar binding. 

(c) EDIP0-1 and II 
These programmes solve the one dimensional, 

several-group diffusion equations. EDIPO-I is a few
group (4 max.) programme, for a maximum of 20 
regions and 199 mesh points. The corresponding values 
for EDIP0-11 are, 16, 4 and 49, respectively. An 
interesting feature of the last programme is that it allows 
consideration of up-scattering in the last three groups. 
The conventional method of flux synthesis has been 
applied to synthesize two-dimensional fluxes by com
bining the results of one-dimensional problems. 
Isotopic composition in clusters follows from the 
thermal flux fine distribution according to the Pers
hagen-Carlvik approach. A generalized Selengut 
method has been developed by taking advantage of the 
possibility offered by EDIPO-II of having up-scatter
ing in the three last energy groups. In this way inter
ference phenomena between thermal spectra can be 
taken into consideration. 

The whole theoretical scheme has been applied to 
the substitution experiments carried out in AQUILON 
II (Saclay) and to the exponential experiments carried 
out at the Physics Division of JEN, as a part of the 
DON Project Programme (a natural uranium carbide, 
heavy water, organic, reactor system), in all calcula
tions the resonance self-shielding factor was left free as 
an adjustable parameter. Four-groups diffusion theory 
was used throughout. 

The second scheme differs from the first essentially 
in that the weighting functions for averaging cross 
sections are not the flux spectra, but the product of 
importance and flux spectra. As a first step, the 
programme CAMPEADOR has been developed to be 
used on the USS-90 machine. This programme solves 
the multigroup (16 groups) diffusion equations and 
their adjoints for a finite or infinite homogeneous 
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medium. The condensation to a given number of 
groups ( LJ6) takes place by averaging cross sections 
as said above. EDIP0-1 and II are then used for 
reactivity and neutron flux distribution calculations. 
The scheme has been checked against experimental 
and theoretical results for fast neutron systems 
obtained from the referenced literature. 

Af742 Espagne 

Deux modeles de calcul de reacteurs 
nucleaires 

par R. Ortiz et a/. 

La Division de physique theorique et de calcul des 
reacteurs de Ia Junta de Energia Nuclear (JEN) a mis 
au point deux schemas pour le calcul de reacteurs 
nucleaires. 

Le premier se fonde sur les programmes suivants, 
tous prepares a Ia JEN pour l'ordinateur electronique 
UNIVAC USS-90: 

a) ISLERO 
Ce programme ·permet de resoudre l'equation de 

moderation de Boltzmann, avec les approximations 
P1 ou B1 pour une plaque homogene infinie. Les 
54 groupes energetiques s'echelonnent de 10 MeV a 
0,625 eV. Les constantes, reduites a trois groupes au 
maximum, sont obtenues en faisant une moyenne 
d'apres le spectre du flux. Les donnees d'entree sont: 
Ia composition isotopique, Ie laplacien geometrique et 
le facteur d'autoprotection. 

b) PROMETEO-I, II et III 
Ces programmes permettent de resoudre les equa

tions differentielles de Wigner-Wilkins, de Wilkins ou 
une combinaison des deux. On obtient les constantes 
thermiques en faisant Ia moyenne d'apres le spectre du 
flux ainsi calcule. Les donnees d'entree sont: Ia com
position isotopique, le laplacien geometrique, Ia 
temperature et Ie type de liaison moleculaire. 

c) EDIPO-I et II 
Ces programmes permettent de resoudre les equa

tions unidimensionnelles de Ia diffusion de divers 
groupes de neutrons. EDIPO-I concerne Ies problemes 
ayant au maximum quatre groupes, 20 regions et 
199 points. Les valeurs correspondantes dans EDIPO-II 
sont respectivement 16, 5 et 49. Une caracteristique 
importante de ce dernier programme reside dans Ie 
fait qu'il permet d'envisager Ia dispersion avec un gain 
d't.~nergie dans les trois derniers groupes. On a applique 
Ia methode habituelle de synthese des flux a Ia synthese 
des flux bidimensionnels a partir des resultats des 
problemes de flux a une dimension. La composition 
isotopique dans les faisceaux est obtenue a partir de Ia 
distribution fine du flux de neutrons thermiques 
d'apres Ia methode Pershagen-Carlvik. On a mis au 
point une methode de Selengut generalisee en tirant 
parti de Ia possibilite qu'offre EDIPO-II de traiter Ia 

R. ORTIZ et a/. 

dispersion avec un gain d'energie. De cette fa~on, on 
peut tenir compte des phenomenes d'interference des 
spectres des neutrons thermiques. 

Les auteurs ont applique !'assemblage du schema 
theorique aux experiences de substitution effectuees 
dans AQUILON-II (Saclay) et aux experiences 
exponentielles effectuees a Ia Division de physique de 
Ia JEN dans Ie cadre du programme relatif au projet 
DON concernant un reacteur a carbure d'uranium 
nature!, ralenti a l'eau Iourde et refroidi par un fluide 
organique. Dans tous les calculs on a laisse libre, 
comme parametre de reglage, le facteur d'autoprotec
tion dans Ies resonances. On a utilise dans tous les 
cas Ia theorie de diffusion a quatre groupes. 

Le deuxieme schema differe essentiellement du 
premier, en ce que Ies fonctions de ponderation pour Ia 
moyenne des sections efficaces sont non pas Ies 
spectres de flux, mais Ies produits des spectres de flux 
par Ies fonctions d'importance. On a commence par 
preparer le programme CAMPEADOR pour l'appareil 
USS-90. Ce programme permet de resoudre Ies equa
tions de diffusion pour divers groupes et leurs comple
ments dans un milieu homogene fini ou infini. La 
reduction a un nombre donne de groupes ~ 16 est 
obtenue en faisant Ia moyenne des sections efficaces de 
Ia fa~on indiquee ci-dessus. Un utilise ensuite EDIPO-I 
et II pour Ies calculs de reactivite et de distribution du 
flux. On a verifie ce schema par comparaison avec 
Ies. resultats theoriques et experimentaux relatifs aux 
systemes a neutrons rapides decrits dans Ia litterature. 

A/742 HcnaHHR 

0 ABYX 4HcneHH~x MeTOAax pacYera 
HAePH~X peaKropos 
P. Opnn~ et a!. 

B 0TJ];CJICHHH TeopeTH'IecKoii !JJmmKH H pactJ:e
Ta peaKTopoB npH YnpaBJieHnH no HJ];epHoii ~mep
rHn 6biJIH pa3pa6oTaHI.I J];Ba MeToJ];a pactJ:eTa HJ];ep
HbiX peaKTOpOB. 

B ocHoBy nepBoro MeToJ];a noJiomeHI.I onHCbiBa
eMI.Ie HHllie nporpaMMbi, KOTOpble 6biJIH COCTaB
JieHbl YnpanJieHHeM no HJ];CpHoii aHeprHH J];JIH 

aJieKTpOHHO-C'IeTHoro ycTpoiic;,Tna UNIVAC 
USS-90. 
a) IlporpaMMa ISLERO. 

8Ta rrporpaMMa J];aCT B03MOlliHOCTb pemaTJ, 
OJ];HoMepHoe ypanHeHHe 3aMCJ];JICHHH BoJII.T~MaHa 
n P 1- HJIH BJ-npH6JIHmeHHHX J];JIH 6ecKoHetJ:Hoii ro
MoreHHOII IIJiaCTHHbi. 54 3HCpreTH'ICCKHe rpyrrrrhl 
nepeKpbiBaiOT HHTepBaJI OT 0,625 36 J];O 10 !vJa6. 

MaJiorpynrroBI.Ie KOHCTaHTbi He 6oJiee '!eM J];JI.H 
Tpex rpynrr noJiytJ:aiOTC.H ycpeJ];HCHHeM no crreKT
PY noToKa HeiiTpOHOB. l1cxoJ];HbiMH J];aHHbiMH HB
JJHIOTCH H30TOTIHbiH COCTaB, reoMeTpH'ICCKHH Jia
TIJiaCHaH H K03lPlPH~HeHTbl CaM03KpaHHpOBKH. 
b) llporpaMMbi PROMETEO-I, PROMETEO-II n 
PROMETEO-III 

8TH IIporpaMMbl J];aiOT B03MOlliHOCTb pelliaTb 
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;~ntlJ(flepeHIJ;H:aJII>Hhie ypanneunH Burnepa - BnJI
mmca 11 BnJIKHHca HJIH naJiomenne o6onx THrroB. 
TerrJIOBhle IWHCTaHTI>I rroJiyqaiOT rryTeM ycpe.u;ne
HIIH JIO paccqHTaHHOMY CIIeKTpy. ilCXO)J;HhiMH 
/(aHHbiMII HBJIHIOTCH H30TOIIHbiH COCTaB, reoMeT
puqecmrir JianJiacnan, TeMnepaTypa n Tun MoJie
KYJIHpHI>rx cnHaeif. 
c) llporpaMMI>I EDIP0-1 n EDIP0-11 

flpu IIOMOIIJ;H 3THX IIporpaMM :M01KHO peruaTh 
O~HOMepiibie ypaBHeHIIH ;~uciJ<fJY3HII )J;JIH HeCKOJib-
1-\fiX rpyrm neiiTpouon. llporpaMMa EDIPO-I pac
C.4 BTaHa Ha 4 HJIII M('Hhiiiee 'IIICJIO rpyrrrr, 20 30H 
u 199 TO'H'K. CooTneTCTByroru;ne napaMeTpLr )J;JIH 
uporpaMMbl EDIPO-II paBHhl 16, 5 n 49. BamnoH: 
OCOOeHHOCTblO ::JTOii IIOCJIC)J;Heii rrporpaMMbi HB
JIHeTCH TO, 'ITO B Tpex llOCJIC)J;HIIX rpyrrnax OHa 
1103BOJIHCT paCCMaTpnnaTb paCCCHHIIe C IIOBbiiiie
HlleM aneprnH. llcxo.u;H n:a peayJII>TaTOB o.u;noMep
HI>IX upo6JieM, 06bi'IHLiii MCTO)J; CUHTe3a IIOTOKOB 
oMJI upnMenen ;J.JIH CHHTeanposaHHH .u;nyMepnMx 
HOTOKOB. il30TOIIHLiii COCTaB B KaCCeTe IIOJiy'laJI
CH Ha TOHKoii CTPYKTYPhi pacnpe.u;eJieHIIH noTor'a 
Tt'TIJIODI>IX neiiTponon no liWTo~y llepmareua -
HapJIBnKa. L!;JIH ncnoJih3oBaHnH npe,J;OCTaBJI.Ilel\WK 
uporpaMMoii EDIP0-11 noaMotKnoCTH yqeTa pac
ceRH»H C IIODbliiieHUCM 3HCprlJJI 6MJI paapa6oTaH 
o6o6ru;enni>Iii: MeTo.u; Ce:wnryTa. ::ho rroaBOJIHeT 
yqnTbiBaTh HBJH'HIIH lfHTC'p({lCJlPHQIIH TeiiJJOBhiX 
CTH'RTpOB. 

Bee aTH MeTO,!J;bi 6I>r;m 11 puMeHeHLI ;pH pacqe
Ta ar.;cnepnMeHTon, nponep;PHHI>IX ua npllTJiqecKoii 
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c6op1m AQUILON-II (n CaRJie), a TaKme R :mc
nonenrvmJII>HhJM :mcuepnMenTaM, rrpone,u:eHHMM n 
<Dnau'lecKoM oT,n;eJienun YrrpanJieHHH no .Hp;ep
noii: aneprHn B RaqecTne "'aCTH npoeKTa peaRTO
pa DON na nap6H,u:e rrpnpo,u:noro ypaHa c THme
Jroii: no.u;oii: n oprannqecRHM TerrJionocnTeJieM. llpn 
ncex 3TIIX pacqeTax Koa<fl<fJn:I.(Ht'HT pe3onancHoii 
~aM03RpaHHpOBKH OCTaBJIHJICH B RaqeCTBe CB06op;
Horo rrapaMeTpa, rro,n;Jiemai.Qero no.n;6opy. TeopnH 
p;u<fl<flyaun ncer.n;a rrpHMeHHJiacb n ~reTbipexrpyn
noBoM npn6mrmemm. 

BTopoii: MeTo,n; OTJIU'laeTCH oT rrepnoro rJiaBHbiM 
o6pa30M TeM, 'ITO KO:JcVlfliii.(lieHTaMII B3BeillnBaHHH 
,U:JIH ycpcp;HeiUIH ::~tfJ<fleKTHBHbiX ceqeJ-mj[ JJB.'IHIOT
CH He CIIeKTpbi IIOTOROB, a IIpOH3Be,J;CHHH ::lTHX 
CIIeKTpOB IIOTOROB Ha BeJIHqn:ny I.(CHHOCTH. B Ra
'IeCTBO nepnoro mara 6I>IJia cocTaBJiena nporpaM
Ma CAMPEADOR JJ;JIH cqeTHoii MaiiiiiHbi USS-90. 
(ha rrporpaMMa noanoJJHeT pemaTI> MHororpyrrrro
BI>Ie ypaBHOHIJH i"VI1}l<fly3HH H COIIpHa<t'HHhle ypaB
HeHHH B IWHC'IHOii HJIII 6eCKOHeqnoii roMoreHHOH 
cpe.n;e. Cne.u;eHHe .n;o .u;annoro 'IHCJia rpyrrn ( <;:;: 16) 
IIpOH3BO~IITCH IIYTt'M ycpegHt'HH.H 3q><fleKTUBHbiX 
ceqemtii: corJJacno yKaaannoMy nume cuoco6y. 
3aTeM IIporpaMMI>I EDIP0-1 n EDIP0-11 ncnoJih-
3YIOTCH ,U:JJH paC'It'Ta peaKTJJBHOCTJI JI pacrrpe,a:e
.:ICIUIH noToKa. (hoT MeTop; oi>IJI nponepeu uyTeM 
CpUBHeHIIH C TeopeTJJqCCHHMII li 3KCIIepHMOHTaJJb
IIhlMJI peayJJI>TaTaMn ,U:JIH cncTeM c obiCTpLIMU 
neiiTponaMn no ,n;aHHI>IM TexnnqecKoii: mtTepaTy
pbi. 
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Methodes experimentales de physique des reacteurs 
a neutrons thermiques 

par D. Breton et P. La fore* 

Le CEA dispose d'un certain nombre de n!acteurs 
experimentaux de tres faible puissance, sur lesquels 
sont effectuees des mesures de physique destinees a 
determiner des constantes neutroniques particulieres 
ou a s'assurer de la validite des formulaires utilises 
dans les projets. Ces travaux sont executes sur: 
MARIUS, experience critique moderee au graphite, a 
temperature ordinaire; CESAR, experience critique 
moderee au graphite, a haute temperature ;AQUILON, 
experience critique moderee a l'eau lourde; ALIZE, 
experience critique moderee a l'eau ordinaire; 
AZUR, experience critique moderee a l'eau ordinaire; 
ALECTO, 1 et 2, experiences critiques homogenes; 
MINERVE, experience critique specialisee dans les 
mesures par oscillation. Des assemblages « sous
critiques >> (C et BeO) sont egalement utilises. 

Par ailleurs, des mesures sont entreprises directe
ment sur les reacteurs de puissance, au demarrage et au 
cours de leur evolution. Entin, les mesures neutro
niques necessaires aux etudes de protection sont mises 
au point sur le reacteur TRITON. Ce texte fait le point 
des principales methodes utilisees. 

METHODES GENERALES** 
Mesures de distribution neutronique 

11 s'agit essentiellement d'experiences classiques 
d'activation dans des reseaux. 

En dehors de quelques cas ou le rapport cadmium de 
I' or est mesure pour etudier les conditions de mise en 
equilibre des spectres, il n'est jamais fait usage de 
rapport cadmium dans la determination des distribu
tions de densite neutronique. La plupart des mesures 
sont effectuees soit en utilisant des detecteurs ayant 
une loi de section efficace de capture voisine de 1/v qui 
ne necessitent que de faibles corrections pour obtenir 
les densites neutroniques, soit le combustible lui
meme (cas de !'uranium tres enrichi) afin d'obtenir une 
mesure directe de la densite de puissance. 

Mesures de densites neutronicjues 

Les detecteurs utilises sont des disques, soit de man
ganese-nickel (e=O,I5 mm, 0= 7 ou 2 mm), soit de 
dysprosium metal pur (e=0,06 mm, 0=2 ou I mm). 

* Commissariat a l'energie atomique. 
** J. Bailly, Y. Girard, B. Sautiez. 

Les flux integres necessaires sont inferieurs a I QlOnjcm 2. 
Les mesures d'activite ~- sont effectuees sur des 
installations automatiques a photomultiplicateur 
equipees de huit tetes de lecture. Les intercalibrations 
sont effectuees sur des roues dans des flux thermiques. 
Des passages periodiques assurent des coefficients 
valables a mieux que 0,6% (limite de confiance: 95 %). 
La mise en place des detecteurs dans les reseaux exige 
de grandes precautions. Pour les mesures de laplacien, 
il est fait usage de supports aluminium (eau lourde) ou 
plexiglas (eau Iegere). Pour des mesures plus delicates, 
les detecteurs sont positionnes sur des rubans de ter
phane (epaisseur: 0,01 mm) tendus entre des supports 
aluminium distants de quelques At. Dans !'uranium, 
les detecteurs sont proteges par des disques d'alu
minium (e=0,05 mm). 

La precision limite des mesures de laplacien est de 
l'ordre de 0,5%; les difficultes proviennent essentielle
ment des mesures radiales (effets du reflecteur ou 
anisotropie radiale pour les reseaux a faible charge
ment). 

Le rapport de la densite moyenne dans le com
bustible a la densite moyenne dans le moderateur est 
generalement mesure avec une precision de l'ordre de 
1 % pour l'eau lourde, ou il est fait usage de la tbeorie 
Bailly du Bois pour evaluer l'integrale sur une cellule 
carree a partir de 2 mesures a 45 oc. Dans l'eau Iegere, 
pour des elements type MTR, les mesures sont plus 
delicates et la precision souvent limitee a 2 %-

L'application de la theorie de Benoist [1] a permis Ia 
mesure du coefficient de diffusion radial dans les 
reseaux a eau lourde refroidis au gaz avec une preci
sion de 2 %. La mesure s'effectue en determinant le 
rapport Dr/At lors de !'etude de la deformation aniso
trope du flux autour d'une cellule placee dans un 
gradient macroscopique de flux. 

Mesures de densite de puissance 

11 s'agit de mesures relatives du taux de fission. Les 
valeurs sont souvent difficiles a interpreter, mais sont 
directement utilisables pour les problemes thermiques. 
Effectuees avec des portions du combustible, ces 
mesures ne posent aucun probleme de perturbation. 
Dans le cas de l'eau Iegere, ou nos etudes ont porte sur 
des reseaux alliage aluminium-uranium a 90 % 
de 235U, nous utilisons des plaquettes 15 x 2 mm2 ou 
5 x 5 mm2 (e = I mm, 25 mgjcm2 de 235U) ajustees a 
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0,96 mm pres dans des emplacements prevus dans des 
plaques speciales. Pour les reseaux eau lourde, nous 
utilisons, selon les cas, des disques ou aiguilles. Pour 
l'oxyde, les dimensions sont e = 1 mm, ou pour les 
aiguilles 0 = lmm, L = I5·mm [2]. 

En dehors des cas speciaux ou il est fait usage d'un 
analyseur 400 canaux, des comptages sont effectues sur 
une installation automatique a photomultiplicateur 
comptant les '( d'energie generalement superieure a 
400 keV. Un detecteur particulier pris comme moni
teur passe periodiquement pour controler Ia correction 
de decroissance. 

Pour !'uranium nature!, les efficacites differentes des 
fissions 2asu, zasu conduisent a des incertitudes 
negligeables. 

L'intercalibration est assuree par un comptage y 
ayant un seuil a 120 keV (uranium enrichi) ou 60 keV 
(uranium nature!). Pour des detecteurs vierges ou 
ayant subi une irradiation depuis plus d'un mois, Ia 
precision accessible est meilleure que 1 ~;.;. 

Dans le cas de l'eau Iegere sur des elements du type 
MTR, !'integration est resolue par ajustement sur deux 
directions d'une fonction A+ Be-x/L + Ce-X/L, L etant 
Ia longueur de diffusion a l'interieur d'un element com
bustible. Apres trois ou quatre experiences, on obtient 
en regie generale des valeurs dont les limites de con
fiance a 95 % sont evaluees a mieux de 0,8 %. 

Autres mesures 

Des mesures du facteur de conversion initial ont ete 
effectuees sur le reacteur EDFl. Une serie de mesures 
est egalement en cours sur toute une gamme de reseaux 
eau lourde uranium nature} du reacteur AQUILON 
(eu: 29,2 et 44 mm; pas: 120 a 210 mm). 

La technique de mesure des captures dans !'ura
nium 238 est celle descoincidencesyy duneptunium239. 
Des mesures comparatives sont effectuees entre Ia 
methode qui consiste a utiliser un couple d'uranium 
appauvri (400 ppm) et d'uranium enrichi (U AI= 
90 %) et Ia methode utilisant un detecteur d'uranium 
nature!, pour laquelle des corrections de fission rapide 
sont necessaires. 

Ces mesures necessitent un appareillage electronique 
stable et un rendement de detection uniforme entrai
nant }'utilisation de detecteurs en forme de secteur, de 
scintillateurs Nai(Tl) de gros diametre. 

MESURES CINETIQUES 

Neutrons pulses* 
Etude des moderateurs graphite et oxyde 
de beryllium 

a) Graphite.-Les parametres de diffusion du 
graphite ont ete determines par Ia methode de Ia 
source pulsee de neutrons en mesurant Ia constante de 
decroissance sur 23 massifs de graphite de densite 
1,619 dont les laplaciens variaient de 7 m-2 a 
155m-2 [3]. 

• Y. Girard, J. Lalande, M. Sagot. 
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Les valeurs ajustees sont les suivantes, a Ia tempera
ture de 20°C, VL'a=75±3 s-1, Do=216,6± 
3 103 cm2 s-1, C= 37,9 ±4 105 cm4 s-1, d'ou, ramene 
a une densite de 1 ,6, At= 2,65 ± 0,04 em. 

Onze mesures ont ete reprises a Grenoble par 
M. Lalande sur des massifs du meme graphite 
(B2comprisentre 7,7 m-2 et 16m-2), l'ajustement etant 
effectue sur les deux premiers termes apres correction 
du terme en CB4 en adoptant C = 37,9. Les valeurs 
obtenues confirment les precedentes: VIa= 77 ±4 s-1, 
Do=217,9±3103 cm2 s-1. L'anisotropie du meme 
graphite a ete determinee par mesure de a sur six 
massifs parallelepipediques. On a trouve: D 11 I D _]_ = 
1,017 ±0,008. On a egalement mesure le temps de vie 
dans divers massifs de graphite empoisonnes par des 
barres de 7admium de diametre 3,31 em re~rties 
suivant un reseau de pas carre egal a 23 em: VL'a= 
972±50s-1. 

b) Oxyde de beryilium.-Les mesures effectuees a 
ce jour portent sur 11 massifs dont les laplaciens 
s'echelonnent ent.re 15m-2 et 38m-2 (densite 2,96 ala 
temperature 21,5 °C). Les mesures ont ete corrigees du 
terme en CB4 en adoptant C=40 10-4 cm4 s-1 [4]. On 
endeduit: VL'a= 144,5 ±3s-1,D0 = 133 ±2103cm2s-1 
et At= I ,60 ± 0,03 em. Cette derniere valeur est a 
comparer a Ia derniere valeur experimentale publiee 
par Zhezherun [4], At= 1,77 ±0,02 em; a la valeur 
theorique calculee par Bhandari [5], At= 1,58, et a Ia 
valeur mesuree par Ia methode de modulation [6], 
At= 1, 76 ± 0,05 em. Toutes ces valeurs sont donnees a 
Ia densite 2,96. 

Milieux multiplicateurs 

La technique des sources pulsees de neutrons 
appliquee aux experiences critiques donne des resul
tats interessants. La constante de decroissance a est en 
effet fonction du temps de vie des neutrons dans le 
milieU, T, et de }'ecart a }'unite dU facteur de multi
plication .1K =Kerr - 1 : 

a= f3eu [I _ K(1 - f3err)] 
T f3err 

II est done possible de determiner l'un de ces deux 
parametres lorsque I'autre est connu. De nombreuses 
experiences ont ete menees sur divers assemblages 
critiques [7 -9], en particulier pour mesurer Ia valeur en 
reactivite de barr<:s de securite. Les resultats ont ete Ia 
plupart du temps compares aux valeurs obtenues par 
d'autres methodes (empoisonnement, variation du 
laplacien); cette comparaison a montre qu'il etait 
pratiquement toujours necessaire d'apporter des cor
rections calculees au temps de vie mesure T pour tenir 
compte des variations eventuelles des fuites ou de 
!'absorption. 

De telles mesures ont par exemple ete effectuees sur 
des n!seaux moden!s a l'eau Iegere [9] avec des plaques 
absorbantes ayant une antireactivite comprise entre 
2000 et 6300 pcm par cette methode et par mesure de 
Ia concentration critique en bore. On a obtenu pour 
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des plaques de cadmium: 5500 pcm par empoisonne
ment au bore, 5170 pcm par neutrons pulses (f3eu/r 
mesure sur pile propre et non corrige), 5 540 pcm par 
neutrons pulses Cf3eu/r mesure sur pile avec absor
beurs). 

On voit que !'absence de correction sur r con
duirait a une erreur de 7 % par defaut. Dans Ia gamme 
etudiee, on constate que a varie lineairement avec le 
titre critique (Tc), ce qui est tres interessant car il 
suffit de determiner experimentalement a= f(Tc) pour 
mesurer directement par interpolation Ia valeur d'un 
absorbant quelconque, queUe que soit sa nature 
(Cd, Sm, Ag-ln-Cd). 

La methode des neutrons pulses a ete egalement 
utilisee pour determiner un parametre critique lorsque 
les dimensions de !'assemblage etaient insuffisantes 
pour atteindre la criticite. Si p est la reactivite de la pile, 
on a en effet: 

p/perr= -A/B 

A =contribution totale des neutrons prompts 
B =contribution totale des neutrons retardes 

En faisant plusieurs mesures de a a differentes 
hauteurs du niveau d'eau lourde dans AQUILON, on 
ajuste une relation harmonique entre a et He (hauteur 
extrapolee). Chaque mesure fournit une valeur de 
ao=af(I +A/B) de laquelle on deduit (He)o hauteur 
critique extrapolee. L'antireactivite du reacteur lors de 
ces mesures a varie de 400 pcm a 2500 pcm; Ia hauteur 
critique a ete obtenue a 50 pcm pres. 

Fluctuations * [1 0, 11] 

L'etude du coefficient de decroissance a de la popu
lation des neutrons prompts d'un reacteur peut etre 
effectuee par la mesure des fluctuations en regime 
Iegerement << sous-critique >>. Plusieurs methodes utili
sant ces principes ont ete mises en pratique sur les 
reacteurs homogenes PROSERPINE et ALECTO, 
principalement: 

a) La methode des variances reduites, consistant en 
la mesure de Y= [(C)2 -(C2)]/C, C etant un nombre 
de neutrons comptes dans le reacteur pendant un 
intervalle de temps donne; 

b) La methode des probabilites, introduite par 
Mogilner, permettant d'atteindre Y par l'etude de la 
probabilite de compter zero, un deux . . . neutrons 
pendant un intervalle de temps donne. 

Ces deux methodes, qui permettent Ia determination 
de a pour diverses reactivites, sont en bon accord avec 
Ia methode des neutrons pulses. Toutefois, le temps 
de mesure est plus long pour les premieres. 

Mesure des sections efficaces 
par Ia methode d'oscillation ** 

Depuis plusieurs annees, Ia methode d'oscillation 
est utilisee pour la mesure des sections efficaces effec
tives; cependant, devant le besoin constant d'ameliorer 

• C. Clouet d'Orval, R. Caizergues. 
-** J. C. Carre, R. Vidal. 
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la precision, il a ete necessaire d'adapter les methodes 
a chaque probleme particulier pour en tirer le maxi
mum d'efficacite. Des applications originales ont ete 
developpees pour obtenir, suivant Ia nature du mate
riau ou Ia section efficace a mesurer, des conditions de 
mesure permettant d'atteindre Ia precision maximale 
tout en rendant plus aisee !'interpretation des resultats 
en travaillant dans un spectre parfaitement connu. 

Mesure des sections efficaces thermiques 

La methode d'oscillation de phase utilisee ii y a 
plusieurs annees par D. Breton [12] pour le controle de 
Ia purete nucleaire des materiaux a ete developpee sur 
ZOE, pour mesurer les sections efficaces d'absorption 
thermique de corps peu capturants mais tres diffusants. 
Elle permet d'effectuer des mesures precises dans un 
spectre thermique et attenue de fa9on tres importante 
et d'un facteur connu l'effet de la diffusion [13]. 

On mesure Ia phase du signal fourni par un detec
teur place au voisinage de l'echantillon, qui est Ia 
resultante du signal correspondant a Ia variation locale 
de flux et du signal de reactivite. Pour des conditions 
d'oscillation determinees on demontre que Ia variation 
de phase entre les signaux resultants produits par le 
support seul et par l'echantillon ayant des surfaces de 
capture ~So et de diffusion ~Srt place sur le meme 
support peut s'exprimer par Ia relation: 

a= a [~So-(C/D)~Srt]. 

En utili~ant un support en graphite, le rapport Cf D 
est voisin de I0-3, rendant ainsi tres faible l'effet de Ia 
diffusion. 

Les echantillons sont compares a des etalons de 
bore, pour lequel on adopte comme section efficace 
ao=760,3 ±2 barns a 2200 mjs. 

Dans le tableau 1, les sections efficaces d'absorption 
a 2200 mfs mesurees sont comparees a celles publiees 
dans les deux editions du BNL 325. 

Tableau 1. Comparaison entre les sections efficaces 
d'absorption de quelques elements 

Eh!ments Valeurs mesurees BNL 325 BNL325 
(1958) (1960) 

Aluminium. 229±3 mb 230±5 241±3 
Magnesium 64,2±1,5 mb 63±3 69±2 
Fer . 2,53±0,03 b 2,53±0,06 2,62±0,06 
Cuivre 3,74±0,04 b 3,77±0,03 3,85±0,03 

Mesure des integrales de resonances d'absorption 

Les mesures sont effectuees au centre du creur de 
MINER VE, reacteur a uranium tres enrichi, modere a 
l'eau Iegere, dans un spectre tres riche en neutrons 
epithermiques sans filtre de cadmium [14]. On mesure 
par Ia methode d'oscillation Ia section efficace effective, 
et, en retranchant Ia partie thermique, on en deduit 
l'integrale de resonance. 

La variation de reactivite produite par un echan
tillon contenant N noyaux s'ecrit, pour Ia dilution 
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infinie, la constante a caracterisant la durete du 
spectre: !J.k = QNa = QN [gao+ a1]. 

Les constantes Q et a sont determinees par etalon· 
nage respectivement avec des solutions de bore et d'or. 
Tous les echantillons sont en solution dans l'eau. 

Pour deduire les valeurs correspondant a la dilution 
infinie, on extrapole les resultats obtenus avec des 
echantillons de differentes concentrations en adoptant 
les facteurs d'autoprotection calcules a l'aide du pro
gramme ZUT etabli par Nordheim, et on verifie que 
la loi theorique d'extrapolation confirme les resultats 
experimentaux. 

Dans le tableau 2, tous les resultats se rapportent a 
la teneur naturelle de l'element. L'integrale de reso
nance correspond a la dilution infinie et ne comprend 
que l'exces sur la partie en 1/v. Elle est corrigee de la 
fonction de jonction pour la rapporter au spectre de 
reference en 1 I Een adoptant le formalisme d'Horowitz
Tretiakoff [15]. Les valeurs sont comparees a celles 
calculees a partir des parametres et a celles mesurees 
par Tattersall [16]. 

Tableau 2. Comparaison entre les valeurs mesurees 
et les valeurs calculees pour quelques elements 

Valeurs Valeurs Valeurs 
Eh\ments mesurees mesurees calculees Tattersall [16] 

Indium 3200±70 3010 3600±350 
Hafnium. 2080±50 1900 2850±350 
Argent 670±20 730 810± 50 
Cobalt 50± 5 45 
cesium 450±15 380 480± 80 
Thorium. 87± 4 87 106± 10 

Pour les corps dont les parametres de resonance 
sont les mieux conn us, les valeurs mesurees sont en bon 
accord avec les valeurs calculees. 

Mesures des sections efficaces effectives 
des materiaux fissiles 

Une methode originate a ete developpee pour mesu
rer par oscillation les sections efficaces effectives 
d'absorption et de production de neutrons dans un 
spectre bien defini [17]. Avec cette methode, on com
pare les sections d'absorption par rapport au bore et 
les sections efficaces de production de neutrons par 
rapport a !'uranium 235. 

Dans des spectres correspondant a des reseaux 
d'uranium naturel moderes a l'eau lourde ou au 
graphite, des mesures ont ete effectuees avec des 
alliages d'uranium naturel et de plutonium et avec des 
echantillons irradies pour etudier revolution de leurs 
proprietes neutroniques. 

Les conditions de mesure actuellement utilisees 
permettent d'atteindre pour differents spectres les 
sections efficaces effectives d'absorption et de produc
tion avec une precision de 0,5 %, ce qui correspond a 
des variations de reactivite de !J.kfk=0,7.10-7 et de 
densite locale de neutrons de !J.nfn = 0,3.10-s. 
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MESURES PAR EMPOISONNEMENT* 

Dans une facilite critique, l'empoisonnement homo
gene du moderateur par dissolution d'un sel absorbant 
peut etre utilise comme intermediaire de mesure, soit 
pour des etudes de reactivite a taille constante, soit 
pour des etudes de fuites a taille variable. Dans cette 
optique, nous avons utilise l'acide borique dans l'eau 
Iegere et le sulfate de cadmium dans l'eau lourde. 

Aspects technologiques 

Divers problemes technologiques ont retenu notre 
attention, l'un des plus importants etant celui du 
dosage. 

Pour des concentrations en bore comprises entre 20 
et 600 mgjl, l'acide borique est transforme en un com
plexe a fonction acide fort par le levulose, complexe 
dose ensuite par acidimetrie. Le dosage d'une solution 
inconnue s'effectue par comparaison a deux solutions 
de reference differant au plus de 20 %, titrees au 
prealable par gravimetrie avec une erreur inferieure 
a 0,15 %. Pour un seul dosage, on obtient par interpola
tion une incertitude de 0,4% (confiance: 95 %). Cette 
valeur a ete obtenue statistiquement sur un ensemble 
de 250 verifications. 

Pour Ie cadmium et des concentrations variant de 
2 a 25 mg/1 il s'agit en fait d'un dosage de traces. 
L'extraction du cadmium par une solution etalon de 
dithizone dans Ie chloroforme permet d'atteindre une 
precision de 0,6 a 1 %. 

Aces problemes on peut ajouter: 
a) L'adsorption sur !'aluminium oxyde: question 

plus importante pour le bore que pour le cadmium (de 
l'ordre de 1 ~J-gfcm2), resolue par utilisation de vernis 
phenolique apres oxydation anodique. 

b) La recuperation du cadmium dans l'eau lourde, 
effectuee facilement par un seul passage sur resines 
(teneur residuelle: 0,05 ±0,05 mg/1). 

c) La determination de la section efficace du cad
mium, dont une valeur effective est obtenue a 1 % pres 
par oscillation comparee avec une solution de bore 
etalon dans une portion de reseau reconstitue dans le 
reacteur MINER VE. 

Applications 

Mesures de fuites neutroniques dans AQUILON [18] 

Les mesures ont ete faites avec du sulfate de cad
mium en solution dans l'eau lourde sur deux reseaux, 
le premier utilisant des barres metalliques pleines a 
titre d'essai et de verification, l'autre des grappes 
d'oxyde sous tube d'air. Chaque reseau a ete etudie a 
deux pas. Les tailles critiques, titre en cadmium, 
indices de spectre et distribution en densite ont ete 
mesures. Les titres de cadmium ont varie entre 6,8 et 
19,4 mg/1. L'equiva1ence entre la variation de capture 
du poison (de l'ordre de 3% en reactivite) et la diminu
tion des fuites permet une mesure absolue de la 
longueur de migration du reseau mais, compte tenu en 

• J. Bailly, Y. Girard, P. Lourme. 
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particulier de !'incertitude sur Ia section effective du 
cadmium, Ia precision ne peut depasser 3 %. 

Mesures diverses dans l'eau Iegere (ALIZE) 

L'utilisation de solutions de bore est systematique 
dans !'experience ALIZE, qu'il s'agisse de masses 
critiques, d'effets d'absorbants ou de coefficient de 
temperature. L'idee directrice a ete de permettre des 
etudes comparees sur des reseaux ayant des fuites ra
pides a peu pres identiques et relativement faibles [19]. 

La meilleure illustration de cette technique est son 
emploi dans Ia mesure du coefficient de temperature. 
Dans Ia gamme de mesures de 20 a 95 oc, Ies diffe
rences de temperature entre deux points quelconques 
du creur et du reflecteur restent inferieures a 0,2 °C, Ia 
reproductibilite des mesures passant de 0,5 pcm a 
2 pcm. La precision d'un ajustement quadratique 
atteint 2 % sur le terme carre pour une variation 
d'environ 600 pcm. Les principales difficultes a sur
monter ont ete le degazage des solutions par pre
chauffage et la stabilite des solutions, en minimisant les 
phenomenes de distillation. 

ETUDES DE SPECTRES* 

Dans le cadre des etudes concernant la thermalisa
tion des neutrons, certaines techniques experimentales 
ont ete mises au point a Saclay, en vue de disposer de 
detecteurs particulierement sensibles dans le domaine 
des energies Iegerement epithermiques. Un nombre 
important de mesures effectuees a l'aide de ces detec
teurs a permis une exploration systematique de divers 
milieux fissiles: milieux homogenes moderes a l'eau 
Iegere, milieux heterogenes moderes a l'eau Iourde, au 
graphite. 

Detecteurs choisis et techniques experimentales 

Choix des detecteurs 

II s'agit d'associer un corps presentant une reso
nance a un corps en 1/v. Ainsi on a choisi: 239Puj235U, 
176Lu/Mn, 115In/Mn. 

Mode de detection 

On a utilise soit Ia fission, soit !'activation. La tech
nique des chambres a fission necessite des flux faibles 
et est d'une mise en reuvre rapide. Les detecteurs 
d'activation produisent des perturbations extreme
ment faibles, mais necessitent des flux relativement 
plus importants. lis ont entre autres l'avantage de 
pouvoir etre mis dans Ie combustible d'un reseau. 

Chambres afission: Cylindriques, d'un diametre de 
4 mm, d'une longueur de 23 mm, elles ont une sensibilite 
de l'ordre de 10-4 cfs dans un flux de 1 njcm2 s. Ces 
chambres contiennent des depots de plutonium ou 
d'uranium 235; elles ont des paliers suffisamment 
corrects pour que leur stabilite permette des mesures 
d'indices tres precises (0,5% par mesure). 

* J. Cherot, C. Clouet d'Orval, J.P. Frichet. 
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Detecteurs d'activation: Les detecteurs fissiles sont 
decoupes dans une feuille d'alliage d'aluminium. Les 
detecteurs au plutonium ont une densite superficielle 
de 2,5 mgjcm2, ceux d'uranium (a 90 %) de 5 mg/cmz. 
Le diametre de ces detecteurs est de 7 mm ou de 
29,2 mm. Les premiers sont gaines avec 0,05 mm d'alu
minium, les seconds avec 0,1 mm. On compte l'acti
vite y des produits de fission au-dessus de 450 keY. Les 
detecteurs In et Mn sont comptes au-dessus de 208 keV, 
ceux au Lu au-dessus de 35 keY. Tous ces detecteurs 
necessitent un flux integre de 2.1012 n/cmz. 

Resultats experimentaux 

Milieux fissiles homogenes 
Au moyen d'un couple de chambres plutonium

uranium a 90 %, placees au centre du reacteur critique 
homogene ALECTO, on a etudie Ia variation du rap
port Puf235U en fonction de Ia concentration de Ia 
solution. Le sel fissile dissous dans l'eau est soit du 
plutonium, soit de !'uranium a 90 %- Ces resultats de 
mesures, normalises a un flux de Maxwell, ont ete 
interpretes en utilisant les modeles de calcul mis au 
point a Saclay (fig. 1) [20]. 

Milieux heterogenes 
Des mesures peuvent etre faites dans le moderateur 

et dans le combustible. Moyennant certaines hypo
theses, elles peuvent etre interpretees par des modeles 
analogues aux modeles homogenes, avec des modifica
tions tenant compte de l'heterogeneite. 

Dans AQUILON (fig. 2, 3, 4), une serie de mesures 
ponctuelles (moderateur et combustible) ainsi que 
quelques mesures integrales (combustible) viennent 
d'etre effectuees sur des reseaux d'elements com
bustibles pleins (0 = 29,2 mm) d'uranium nature! ou 
legerement enrichi, en fonction du pas [21]. 

Dans les reacteurs a graphite, cette technique est 
maintenant systematique, et un grand nombre de 
reseaux ont ete etudies a MARIUS. Sur le reac
teur ED F 1, on a fait des mesures a 40 oc, 88 oc et 159°C. 
Nous donnons dans le tableau 3 les resultats obtenus 
avec les couples Pu/U. 

Tableau 3. Valeurs du rapport SM/Sua en fonction 
de Ia temperature 

Temperatures 40'C 

SM/Su=41 
Rb±J% 1,23 
R calc. 1,238 

SM/Su=56 
R±l%. 1,17 
R calc. 1,185 

a SM/Su = section moderat~ur 
sectiOn combustible 

88'C 159'C 

1,28 1,41 
1,30 1,405 

1,235 1,33 
1,242 1,342 

b R = (Pu/U);;,, ••• 
(Pu/U)colonne thermlque 

ETUDES DE PROTECTION* 

II est necessaire, pour les etudes de protection, de 
pouvoir prevoir certains effets dus aux neutrons 

* J. Brisbois, M. Lott, J. Rastoin. 
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1,4 
Ces rapports R sont normalises dans une colonne thermique 

1,3 

0,05 

1,2 

ALECTO 

ALECTO Solution Pu, H20 

ALECTO: Reacteur homogime sans 
reflecteur, Moderoteur: H20 

0,1 0,15 

Figure 1. lndice de spectre 

AQUILON 

.¢=29,2mm_Pas: 150mm 

0,2 

1,1 v' 
+ --"'1 1-------- -

Moderateur Combustible 

100 50 
- Distance au centre de Ia cellule 

Figure 3. lndice de spectre 

1,15 

1,75 

1,50 

AQUILON 

.¢ = 29,2 mm Pas : carre 
variable de 1'10 a 400 mm 
Mesure au centre du carre 

Figure 2. lndice de spectre 

• 

0,025 

AQUILLON 

Moderateur 
Pl"=29,2mm Pas carre 
variable de i 10 a .400mm 
Mesure au centre du carre 

rm 

0,05 0,075 

Figure 4. lndice de spectre 
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Figure 5. Detecteurs utilises 

10MeV 

rapides, par exemple les dommages sur les materiaux 
de structure, Ia dose biologique et !'activation des 
fluides de refroidissement. 

Pour calculer ces effets, il faudrait connaitre le spectre 
des neutrons et les sections efficaces differentielles de 
reaction. En pratique, etant donne les difficultes de 
determination du spectre aussi bien par le calcul que 
par !'experience, on utilise des detecteurs de neutrons 
dont la reponse est aussi voisine que possible de celle 
de l'effet cherche. 

Ces mesures doivent repondre en outre a deux im
peratifs principaux. D'une part, il faut mesurer le flux 
en valeur absolue pour pouvoir relier les resultats a 
l'intensite des sources; d'autre part, il faut mesurer des 
flux d'intensite tres differente (dans une gamme de 
6 decades environ). 

Principaux detecteurs utilises 

Pour les neutrons rapides, le detecteur de reference 
est le phosphore. Sa reponse caracterise les neutrons 
tres rapides qui, dans la plupart des materiaux, soot 
les moniteurs de la propagation. La methode d'etalon
nage est basee sur Ia comparaison des activites du phos
phore 32 et du silicium 31, qui soot des emetteurs ~ 
d'energie voisine [22]. L'etalonnage absolu se fait au 
moyen d'une source etalon de neutrons thermiques, 
par l'intermediaire des sections efficaces. Les detec
teurs soot des disques de diametre allant de 7 a 100 mm 
et d'epaisseur 2,5 mm. lis permettent de mesurer des 
flux a partir de J03nfcm 2 s. Tous les autres detecteurs 
soot etalonnes par rapport au phosphore contre Ia 
plaque d'uranium nature! de NAIADE I, dont le 
spectre a ete determine par le calcul. 

Le rhodium est un detecteur particulierement inte
ressant du fait du seuil bas (40 keY) de sa section 
efficace d'activation (on'). On mesure son activite 
(rayons y d'energie 20 keY) avec un scintillateur Nal de 
3 mm d'epaisseur. Le detecteur est utilise sous forme 
de disque de 0,1 mm d'epaisseur et de 10 a 30 mm de 
diametre. On peut mesurer des flux de I'ordre de 
104n/cm2 s. 

D. BRETON et P. LAFORE 

Nous utilisons egalement un detecteur de dom
mages [23,24] constitue par une diode au silicium. Ce 
detecteur mesure des flux integn!s allant de 1010 a 
1012 .nfcm2. On trouvera a Ia figure 5 les sections 
efficaces de ces trois detecteurs en fonction de l'energie. 

Pour ces trois types de detecteurs, les resultats soot 
donnes en flux de fission equivalents. 

Nous utilisons pour les neutrons intermediaires l'or 
et !'indium sous forme de depots ou de detecteurs 
epais [25]. 

flux 
1081----~-----------

107 J.+-'1~--- Source: disque d'U nat.-
Jlf 60cm 

Puissance : 4,55.107 nfcm2 s 

20 40 60 80 100 120 140cm 

Figure 6. Attenuation du flux neutronique dans maquette de 
fer (2x2x2 m) 

Quelques resultats experimentaux [26] 

Nous avons etudie Ia propagation des neutrons 
rapides dans un massif de fer de 2 x 2 x 2 m place 
dans le dispositif NAIADE I; Ia source de neutrons 
est constituee par une plaque d'uranium nature! de 
2 em d'epaisseur emettant 4,55 107 n/cm2 s. Ces 

flux 
loB 1.---------------

Source • reaction D(d,n)• He 

107 1>---T------- E ~ 3,5 MeV 
S ~ 7, J09nfcm2 s 

Au/Cd 

10 20 30 40 50 60 70 80 90cm 

Figure 7. Attenuation du flux neutronique dans maquette de 
sodium 
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mesures ont ete faites avec des detecteurs de phos
phore, de rhodium, de silicium et d'or (fig. 6). 

Nous avons egalement etudie Ia propagation des 
neutrons de 3,5 MeV dans un massif de sodium de 
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1,5 X 1,5 X 2,5 m a l'aide d'un accelerateur dont Ia 
source est situee au milieu du massif. Ces mesures ont 
ete faites avec des detecteurs d'or, de phosphore et un 
dosimetre a protons de recut (fig. 7). 
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ABSTRACT -RESUME-AHHOTAI...tVI.R-RESUMEN 

A/102 France 

Experimental methods in thermal reactor 
physics 

By D. Breton and P. Lafore 

This paper is a synthesis of various experimental 
methods in use with the reactors of the Commissariat 
a I'energie atomique. 

The main techniques used are mentioned and the 
difficulties encountered and the accuracy obtained are 
particularly dwelt upon. The application of these 
various methods to reactors in order to obtain specific 
results is also indicated. The paper consists of five 
parts: 

General methods: 
Macroscopic and microscopic flux distribution 

(anisotropy effect), power distribution, etc. 

Kinetic measurements: 
(a) Pulsed neutron technique: apparatus and accur

acy; application to At and to negative reactivity 
measurements; application to graphite, light water and 
beryllium oxide. 

(b) Oscillation techniques: equipment and accuracy; 
application to the measurements of effective cross 
sections and resonance integrals. 

Measurement by poisoning: 
Description of methods for introducing and extract

ing the poison, difficulties encountered with light and 

heavy water, measurement of temperature coefficients 
and negative reactivity. 

Spectral studies: 
Choice and development of foils, problems of 

measurement, application to spectral measurements 
for thermalization studies, application to dosimetry. 

Shielding studies: 
The techniques and apparatus recently developed in 

this field are presented. 

A/102 

SKcnepHMeHtanbH~e MeTOA~ 
Ke peaKtopoe Ha rennoe~x 

HaX 
,lJ.. 6peTOH 1 n. na~Op 

llJpaH~MR 

8 ~H3H
He~hpo-

B uacTOs:~eH AOKJiaAe AaeTCH o6aop paaJIH'I
HidX aKCnepHHeHTaJILHidX HeTOAOB, npHHeHS:eHidX 
ua peaKTopax KoHHccapHaTa no aTOHHoii auep
rHH. 

OnHCLIBaiOTCH oCHOBHLie HcnoJILaoBaHHLie He
TOALI, nOA'IepKHBaiOTCH TPYAHOCTH H npHBOAHTC.fl 
nOJIY'IeHHLie AaHHLie; yKaaLIBaeTCs: TaiOKe ua 
npHHeHeHHe aTHX HeTOAOB B peaKTOpax C ~eJILIO 
noJiyqeuHs: onpeAeJieHHLIX peayJILTaTOB. ):(oKJiaA 
COCTOHT H3 5 'laCTeii. 
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06I.QHe MeTO~hl 
MaKpocKormqecKHe H MHKpocKorrHqecKHe pac

rrpe~eJieHHH IIOTOKOB ( a<f><f>eKThi aHH30TpOIIHH) , 

pacrrpe~eJieHHH TeiiJIOBbi~eJieHHH H T. ~· 

RHrreTHqecKHe H3MepeHHH 

a. lfaMepeHHH IIpH IIOMOID;H HMIIYJibCHblX Heii

TpOHHhlX HCTQqHHKOB: arrnapaTypa H ee TQq

HOCTb; rrpHMerrerrHe ~JIH H3MepeHHH At H aHTHpe

aKTHBHOCTH; IIpHMep HCIIOJib30BaHHH ~JIH HCCJie

,IIOBaHHH CHCTeM C rpa<f>HTOM, o6brqrroii BO,IIOH H 

BeO. 

b. lfaMepeHHH MCTO~OM OC~HJIJIH~Hii: arrrrapa

Typa H ee TQqHQCTb; HCIIOJib30BaHHe ~JIH H3Mepe

HHH a<f><f>eKTHBHbiX ceqeHHH H pe30HaHCHhlX HH

TerpaJIOB. 

lfaMepeHHH OTpaBJICHHH 

OrrHcanHe crroco6on nne.r~errHH H y,I~aJieHHH oT

paBHTeJieii; TPY.IIHOCTH, B03HHKaiOm;He rrpH HC

rroJII>30BaHHH o6hlqHQH H THlKCJIOH BO~M; H3Mepe

HHH TeMrrepaTyprroro Koa~<f>H~HeHTa H Roa<f><f>H

~~~eHTa aHTHpeaKTHBHOCTH. 

lfayqerrHe crreKTpoB 

BLI6op H rrpHMeHeHHe <f>oJI~>r; TPY~HOCTH H3Me

peHHii; CIIeRTpaJibHhlC H3MepeHHH ,IIJIH HayqeHHH 

TepMaJIH3a~HH; HCIIOJib30BaHHe B ,!103HMeTpHH. 

JlayqeHHe <f>H3HKH 3aiD;HThl 

OrrucLIBaiOTCH MeTo,IIM H arrnapaTypa, KoTopaH 

He~aBHO aaqaJia IIpHMeHHTbCH B 3TOH o6JiaCTH. 

A/1 02 Francia 

Metodos experimentales de ffsica 
de los reactores de neutrones termicos 

por D. Breton y P. Lafore 

La memoria resume los diversos metodos experi-

D. BRETON et P. LAFORE 

mentales que se aplican en los reactores del CEA. 
Describe las principales tecnicas empleadas e 

insiste particularmente sobre las dificultades de orden 
pnictico y sobre la precision alcanzada; indica tam
bien la aplicaci6n de los diversos metodos en los 
reactores para obtener determinados resultados. 
Consta de cinco partes: 

Metodos generales: 

Distribuci6n del flujo macroscopico y microsc6pico 
(efecto de anisotropia), distribucion de potencia, etc. 

Mediciones cineticas: 

a) Medici ones mediante neutrones pulsados: dis
positivo empleado y precision alcanzada, aplicacion a 
las medici ones de At y de la antirreactividad, aplicaci6n 
al grafito, al agua ordinaria y al BeO. 

b) Mediciones por oscilacion: aparatos empleados 
y precision alcanzada, aplicacion a Ia medicion de 
secciones eficaces efectivas y a las integrates de reso
nancia. 

Mediciones por envenenamiento: 

Descripci6n de los metodos de introducci6n y 
extraccion del veneno, dificultades al emplear agua 
ligera y agua pesada, medicion de los coeficientes de 
temperatura y antirreactividad. 

Estudios de espectros: 

Eleccion y construccion de los detectores, dificul
tades que presentan las mediciones, aplicaci6n a las 
mediciones espectrales en el estudio de Ia termaliza
cion, aplicaciones dosimetricas. 

Estudios de proteccion: 

La memoria describe las tecnicas y los aparatos 
recientemente perfeccionados. 
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3aMeAneHMe HeMTpOHOB B BOAOPOACOAeplKOIJ.\MX 
cpeAOX 

n. H. IOpoaa, A. A. noniiKOB, c. 6. CTenaHOB M r. A. AnMMOB 

3aMep;JieHHe 6biCTpbiX HeiiTpOHOB H npon;ecc rep
MaJIH3aD;HH B Bop;opo.n;co.n;epmam;Hx cpe.n;ax .n;o
BOJII.HO nop;p06HO HayqaJIHCI> BO MHOrHX pa6o
TaX l-4. 

O.n;HaKo .n;o cHx nop HeJIL3H cKaaari., qTo noJiy
'IeHo BcecropoHHee perneHHe npo6JieMhl. HanpH
Mep, MHOroqHCJieHHhle ;:mcnepHMeHTaJII.Hble pe-
3YJII.TaTbl HCCJiep;oBaHHH npon;ecca aaMe,li;JICHHH 
HeiiTpOHOB B ypaH-BO,li;HbiX cpep;aX ,!1;0 CHX nop 
He corJiacyrorcH c pacqerHhiMH peayJII.TaTaMH; 
HMCIOTCH orpaHHqeHHhle CBC,li;CHHH 0 BJIHHHHH 
rereporeHHOCTH cpep;bl Ha aaMep;JieHHe HeiiTpOHOB; 
He .n;ocra roqHo HayqeHa repMaJIHaan;HH HeiiTpo
HOB B paaJIHqHhiX Bop;opo.n;co.n;epmam;Hx cpe.n;ax 
npH BhiCOHHX reMneparypax. IloaroMy HanonJie
HHe HOBoro aucnepHMCHTaJILHoro MarepHaJia npe.n;
craBJIHer reoperHqecKHii H npaKrHqecKHii HHrepec 
,li;JIH nOHHMaHHH cflH3HHH peaHTOpOB C BO,!J;OpO,li;HhlM 
aaMep;JIHTeJieM. 

B .n;aHHOii pa6ore paccMarpHBarorcH peayJILTa
Thl <lKCnepHMeHTaJII.HOrO onpep;eJieHHH ,!J;BYX HH
TerpaJII.HhlX BeJIHqHH B pa3JIHqHIJX Cpep;ax: ,!J;JIHHbl 
3aMep;JieHHH 6biCTphlX HeiirpOHOB H HOacflcflHIJ,HeHTa 
,!J;HcflcflyaHH renJIOBbiX aeiirpOHOB. 

I. 3AME.D.nEHHE 6biCTPbiX HE~TPOHOB 

OnbiT no HSY4eHHIO saMeAneHHH 
6biCTPbiX HeHTPOHOB B HepaSMHO>KaiOW,HX 

cpeAax 

3aMep;JieHHe 6IJcTphlx HeiirpoHoB HayqaJIOCI. 
B Bo.n;opo.n;co.n;epmam;Hx cpe.n;ax: Jieruoii Bo.n;e 
(H20), p;HcfleHHJie (C12H 10), MOHOHaonponHJI,!J;Hcfle
HHJie (C15H 16), a raume B cpe.n;ax: meJieao + Bo.n;a, 
aJIIOMHHHH + BO,ll;a, iKCJie30 + ,!J;HcfleHHJI H aJIIO
MHHHH + .n;ncfleHHJI. 

lfaMepeHHC npocrpaHCTBCHHhlX pacnpep;eJICHHH 
3aMC,li;JIHBDIHXCH HCHTpOHOB npOBO,li;HJIOCI> B YCJIO
BHHX <<HoHeqHoii cpe.n;IJ>>. Ilo.n; <<KoHeqHoii cpe.n;oii>> 
nOHHMaJiaCh HCCJiep;yeMaH cpep;a orpaHHqeHHOrO 
paaMepa, oupymeaHaH 6ecnoHeqHIJM orpail\areJieM. 
TaKaH reoMerpnH onhlra noaBOJIHJia noJiyqari. 
aKcnepHMeHraJihHhle pacnpep;eJieHHH aaMep;JIHB
rnnxcH HeHTpOHOB, COOTBeTCTBYIOID;He 6eCKOHeq
HhlM cpe.n;aM, npH HCDOJih30BaHHH orpanHqeuuoro 
HOJIHqecrBa HCCJie.n;yeMhlX Bem;ecrB. AuaJiorHq
Hhlii npHHIJ,Hn H3MepeHHH npHMCH.!IeTCH npH H3yqe
HHH cflH3HqecKHX napaMeTpOB orpaHHqeHHbiX no 

paaMepaM pa3MHOiKaiOID;HX cpep;, nOMem;eHHbiX 
B KpHrnqecKyiO CHCTeMy 0 

,1J.JIH reoperHqecKoro 060CHOBaHHH MeTO,li;HKH 
OllbiTa H Bbl6opa pa3Mepa CHCTeMhl HCllOJII>30BaJICH 
MaTeMaTHqecKHH annapaT, H3JIOiKeHHbiH B pa6o
re 6 • RaK MOiKHO 6hiJIO omH.n;arh, peayJILTaTbl 
pacqera noKaaaJIH, qro npH D;HJIHH,ll;pHqecKoii 
reoMerpHH HCCJiep;yeMOH cpep;hl, noMem;eHHOH B 
6ecKoaeqaiJii orpamareJih, p;HaMerp IJ,HJIHH.n;pa 
.n;oJimea 6IJTh He Meaee qerhlpex ,li;JIHH aaMep;Jie
HHH ("-' 4£8 ). 

Bo Bcex aKcnepHMearax no HCCJiep;oBaHHIO aa
Mep;JieHHH aeiirpoaoB B uepaaMaomarom;Hx cpe.n;ax 
HCllOJII>30BaJICH IJ,HJIHH,ll;p ,li;HaMeTpOM 41 H BbiCO
TOH 110 c.M, noMem;enahlii B 6ecKoaequiJii rpacfl.nro
Bhlii OTpail\aTeJih. ,1J.JIH <lKCnepHMeHTaJibHOrO nop;
TBCpiK,li;CHHH Bhl6paHHOH reoMeTpHH 6hlJIH npo
p;eJiaHhl H3MepeHHH npocrpaHCTBeHHhlX pacnpe
,!J;CJieHHH ueiirpOHOB OT nOJIOHHii-6epHJIJIHeBoro 
HCTOqHHKa B ,!J;HcfleHHJI-rpacflnTOBOM H ,!J;HcfleHHJI
,!J;H<IJeHHJIOBOM orpamareJie. liaMepeHHhle pac
npep;eJieHHH llJIOTHOCTH 3aMC,!J;JIHBDIHXCH ,!1;0 HH,li;He
BOrO peaoHaHCa HeiirpOHQB B <lTHX YCJIOBHHX 
OKaaaJIHCh H,li;CHTHqHIJMH B npep;eJiaX <lKCnepHMCH
TaJILHhlX ODIH60K. 3HaqeHHH 1\Bap;paTOB ,!J;JIHH 
aaMep;JieHHii, BIJqHcJieHHhle no arHM pacnpe.n;eJie
HHHM, COOTBeTCTBeHHO paBHhl 102,3 + 3,5 C.M2 

,li;JIH ,!J;HcfleHHJI-rpacfJHTOBOrO H 102,5 ± 4,1 C.M2 ,!J;JIH 
p;HcfleHHJI-.n;ncfleaHJIOBoro orpama reJieii 7 • 

llpH HCCJIC,li;OBaHHH 3aMep;JieHHH 6hiCTpbiX Heii
rpOHOB B MeTaJIJIBO,li;OpO,!J;HbiX cpep;ax HayqaeMIJe 
CHCTeMhl COCTOHJIH H3 3aMC,li;JIHTeJIH C paBHOMepHO 
paCDOJIOiKeHHbiMH B HCM CTepiKeHI.KaMH H3 MeTaJI
Jia. liayqaJIHCh p;Be rpynnhl cpe.n;: HBaaHroMoreu
Hhle CpC,!~;hl, B KOTOphlX MCTaJIJIHqecKHC CTCpiKCHb
KH HMeJIH .n;uaMerp 10 .M.M, H rereporenuhle cpep;hl 
c crepmHHMH .n;naMerpoM 40 .M.M. 

lfaMepeHHH npOBO,li;HJIHCh ,li;JIH HeHTpOHOB cneK
Tpa p;eJieHHH U 236 H HeiirpouoB noJiotmii-6epHJI
JIHeBoro HcroqnHKa. McroqmmoM ueiirpouoB .n;e
JieHHH HBJIHJICH HOHBCpTep H3 MCTaJIJIHqecKOrO 
BhiCOI\oo6orain;euuoro ypaua, Korophlii noMem;aJI
CH B TellJIOBYIO KOJIOHHY THiKCJIOBO,li;HOrO peaKTOpa 
AH CCCP. 

II pocrpaucrBeuuhle pacnpep;eJieHHH naMepHJIHCI. 
HH,li;HeBhlMH cfloJibraMH TOJIID;HHOH 90 .Me/cJ.£2, paa
MCphl 1\0TOpbiX Bbl6HpaJIHCh, HCXO,li;H H3 Tpe6o
BaHHH coxpaaeHHH ycJIOBHH roqeqaocrH Hcroq-
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Ta!5nH4a 1 

L:,cM2 

Cpe)l,a 
llCTO'UIHK 
HeitTpOHOB 

:mcnepHMeHT pac'l.eT ~ v L~ (1,46 98) L~ (Tenn.) L:'(1,46 98) L~ (Tenn.) 

H20 26,7±1,0 27,3 

C12H1o 52,1±2,4 50,8 
... .. 
"' Cu,Hto ::> 43,2±1,8 43,4 
= = = Q) 0,07 51,4±1,5 52,1 1'1 
Q) 0,09 54,4±1,6 54,4 I:( 

Ct5Hto-Us0s :a 0,12 57,2±1,9 57,8 
= 0,17 64,0±1, 7 63,2 
0 
~ 0,22 73,3±2,3 69,8 
!-1 

·= Q) 

::z:: 0,07 35,5±1,4 33,1 
H20+U30 8 0,09 37,2±1,5 34,7 

0,17 43,1±2,3 41,1 

H20 I 56,7±0,9 58,5±1,5 u 

= Pa6ora16 dl:c; 
Ill~~:~ 

c12H10 
+= 102,3±3,5 o~" 99,1 
p.,~ 

HHKa 11 AeTeKTopa. B noJiy'leHHhie aHalJeHHH 

aKTHBHOeTeii lfloJihr BBOAHJIHeh nonpaBKH, y'IH

ThiBarom;He, BO-nepBhiX, BKJiaA HeHTpOHOB e 3Hep

rHeH Bhlme nepBoro peaoHaHeHoro ypoBHH HHAHH 

H, BO-BTOphiX, nonpaBKH, ylJHThiBaiOm;He TOJIID;HHY 

HeTO'IHHKa HeiiTpOHOB AeJieHHH. Bee HaMepeHHhle 

paenpeAeJieHHH 8 - 9 npHBOAHJIHeh K TOJIID;HHe 

HeTO'IHHKa, paBuoii 0,3 MM. RBaApaThi AJIHH 

aaMeAJieHHH L~ Bhi'IHeJIHJIHeh Ha eJieAyrom;ero 

eOOTHOilleHHH: 

rAe A (r) - aKTHBHOeTh HHAHeBhiX lfloJihr; k,'A
KOHeTaHThi, KOTOphle onpeAeJIHJIHeh H3 aKenepH

MeHTaJihHOrO paenpeAeJieHHH ueiiTpOHOB AJIH YAa
JieHHoii OT IleTO'lHIIKa o6JiaeTH, rAe eo6JIIOAaeTeH 

JIHHeiiuhlii aaKOH. PeayJihTaThi aua'leHHH KBaApa

TOB AJIHH 3aMeAJieHHH npHBeAeHhi B Ta6JI. 1 H 2 
H Ha p11e. 1 H 2. 

KpHTH4eCKHH onbtT no H3y4eHHJO 
3aMeAneHHH HeHTPOHOB 

B KpHTH'leeKoM onhiTe H3y'laJioeh aaMeAJieHHe 

HeHTpOHOB B ypaH-BOAHhiX H ypaH-MOHOI130npo

nHJIAH!fleHHJI0BhiX epeAaX. Ha oeuoBaHHH HaMe

peuHii yTe'IKH H8HTpOHOB, eOOTBeTeTBYIOID;HX paa

JIHlJHhiM reoMeTpHHM aKTHBHOH 30Hhl, onpeAeJIH-

JIHeh nJiom;aAH MHrpau,HH ueiiTpOHOB10• B aKe

nepHMeHTe H3MepHJIHeh nepHOAhi YABOeHHH Mom;

HOCTH eHeTeMhi npH H3MeHeHHH KpHTH'leCKOH 

BhleOThi aKTHBHOH 30Hhl, no KOTOphiM no lflopMyJie 

«06paTHhiX 'laeOB» paee'IHThiBaJIHeh 3HalJeHHH 

peaKTHBHOeTeii11• IIpH aTOM Y'lHThiBaJieH BKJiaA 

aanaaAhiBaiOm;Hx HeiiTpouoB paaJIH'IHhiX auepre

TH'leeKHX rpynn B H3MepeHHhi8 BeJIHlJIIHhi peaK

THBHOeTeH. ,lJ;JIH aTOrO B lflopMyJie «06paTHhiX 

'laeOB>> BMeCTO nOCTOHHHhiX BhiXOAOB 3ana3AhiBaiO

lll;HX HeHTpOHOB ~i HCnOJih30BaJIHeh BeJIHlJHHhi 

M11111l, KOTOphle onpeAeJIHJIHCh cJieAYIOID;HM o6pa

aoM: 

(2) 

rAe L~r2 
- KBaApaT AJIHHhi aaMeAJieHHH Mruo

BeHHhiX ueiiTpOHOB AeJieHHa; L:fn2 
- KBaApaT 

AJIHHhi aaMeAJieHHH i-rpynnhl aanaaAhiBaiOm;Hx 

HeHTpOHOB; x 2 - MaTepHaJihHhiH napaMeTp. 

Ha ocuoBaHHH noJiy'leHHhiX aHa'leHHii peaKTHB
M2 

HOeTeH CHeTeMhi onpeAeJIHJIHCh OTHOmeHHH -
Koo 

113 eOOTHOilleHHH 

iJQ = -~M2 
iJh H3Koo ' 

(3) 

rAe !f- KpHTH'leCKaH BhiCOTa; h - npeBhlmeHHe 

HaA KpHTH'leCKOH BhiCOToif; Koo- KoalfllflHu,HeHT 
paaMHomeHHH ueiiTpOHOB AJIH 6ecKoHe'luoii cpeAhi. 

Heo6XOAHMhle AJIH BhllJHeJieHHH A/ 2 aua'leHHH 

MaTepHaJihHoro napaMeTpa 6hiJIH noJiy'leHhi B KpH

THlJeCKOM OnhiTe H3 H3MepeHHH aKeHaJibHOrO H pa-
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Ta(SnHI..\a 2 

L~ (1,46 86), CM2 

CpeAa 
HCTO'IHHK 

VMeT/YaaM HeiiTpOHOB 
aKcnepHMei!T pac'leT 

H20 56,7±0,9 58,5±1,5 
Pa6oTal6 

KnaauroMoreuuau cpeAa 55,6±1,0 

1: 3 

fereporeuuau cpeAa 63,1±1,2 

:<: 
KnaauroMoreuuau cpeAa 53,1±1,4 

= 2:3 H20+Fe = :>' 
0 fereporeuuau cpeAa 69,1±1,7 E-> 

'"' = . 
a> 

c:o KnaauroMoreaaau cpeAa 62,6±1, 7 + 
0 1,42: 1 .... 

fereporeaaaH cpeAa 77,7±1,8 

KnaauroMoreaaau cpeAa 72,1±1,6 

H20+Al 1:3 

fereporeaaau cpeAa 79,6±2,1 

C12H10 102,3±3,5 99,1 

C12H10 +Fe :a 1: 3 feTeporeauau cpeAa 75,0±4,4 68,5 =a: 
0 = !:'=.., 

Ct2H10+Al ~~ ~~ 
IJ::~;::l 1:4 rereporeaaau cpeAa 87,8±2,3 79,9 

AHanhHoro pacnpeAeneHHH nnoTHOCTH HeHTpOHOB 
B aKTHBHOH 30He. 8TH pacnpeAeneHHJI H3MepJinlfCb 
MeAHLIMH <}>onhraMH. 

8KcnepnMeHTanhHaH ycTaHOBKa npeAcTaBnHna 
peaKTop HyneBon MOID;HOCTH. AKTHBHaH aoHa 
peaKTopa noMem;anacb B mecTnrpaHHOM 6aKe 
na HepmaBerom;en cTann co cTopoHon mecTnrpaH
HHKa 50 CM. AKTHBHaH 30Ha 6Lina OKpymeHa 
6ecKOHelJHLIM 60KOBLIM OTpamaTeneM H3 aaMeAnH
TenH; BepXHHH TOpiJ;eBOH OTpamaTenb OTCYTCTBO
Ban, a HHii\HHM TOpiJ;eBLIM OTpamaTeneM JIBnJinOCb 
AHO 6aKa Tonm;nHon 15 MM. TennoBLIAenHrom;ne 
aneMeHThl, npeACTaBnHBmne co6on nonlile u;nnHHA
phl na :B:epmaBerom;en cTann c aacLinKoH na U 30 8 
(paaMep BHyTpeHHeH Tpy6.hl 9,0 X 0,4 MM, a paa
Mep BHemHeH Tpy6hl 13,4 X 0,2 MM) paaMem;a
nHCb B AHCTaHD;HOHHPYIOID;HX pemeTKaX H3 anro
MHHHJI. liaMeneHne mara pemeTKH AaBano Boa
MOii\HOCTh HCCneAOBaTh aal'rieAneHHe HeHTpOHOB 
B cpeAaX C paanH'IHhiMH OTHOIDeHHJIMH 06~e~a 
roproTiero K o6~eMy ii\HAKOro aaM:eAnHTenH. 

B peaynhTaTe o6pa6oTKH :mcnepnMeHTanhHhiX 
AaHHhiX 6hlnH nonyTieHhl anaTieHHH nnom;aAeH 
MHrpau;HH HeHTpOHOB B cpeAaX, KOTOphle BcneA
CTBHe ManOCTH 3Ha1JeHHH AnHHhl AH<}><}>yaHH HeH-

TPOHOB B paccMaTpHBaeMLIX paaMHomarom;nx cpe
Aax L,...., (1,5-+- 2,0) cM2 B npeAenax T01JHOCTH 
OllhiTa :He OTnHTJanHCb OT 1\BaApaTa AnHHhl aaMeA
neHHJI HeHTpOHOB TennOBOH 8HeprHH. 

3HaTJeHne L~ (Tenn.) npnBeAeHhl B Ta6n. 1. 

Pac'"leT KBaApaTa AnHHbl saMeAneHHfl 
HeliiTpOHOB MeTOAOM MOMeHTOB 

B MHOrorpynnoBOM npH6nHH<eHHH 

YpaBHeHne nepeHoca HenTpoHoB B MHororpyn
noBoM npn6nnmeHHH c yTieToM ynpyroro n Heyn
pyroro. aaMeAneHHH MomeT 6LITh npeAcTaBneHo 
B BHAe 12 

j-1 j-1 

a;+""; ;_ ~ ~~--; z+ i ~ Rl 1+ 'Po ~yBIJlo- ~ •n 'Po ao ~ l"o'Po 
1=1 1=1 

+ ( ~};: y-tiJl~- 1 + x;6 (z)+x; 7v~jq>~: 
i-t 

_!_ ocpJ + ~; , _ ; ~ Rl 1 
3 {)z 11Jl1 -- ao ~ 1"1 IP1 • (4) 

1=1 

rAe L ~8 - rpynDOBLie ceqeHHJI yBOAa HeihpOHOB 
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ot 
ID 
:1: 
1-
0 
... 
< 

PHC. 1. Pacnpe,o,eneHHe noTot<a HeihpoHoB HH,D,He
eoro pe3oHaHca B Tpex cpe,o,ax: 

1-Bo~a; 2 -ImaaHroMorennan cpe~a Fe+ H20; 
V MeT : V aaM = 2 : 3; 3- reTeporennan epe~a Fe+ H20; 

VMeT: VaaM=2: 3 

H3 j-rpynmu; 2.t;;>i - rpynnoBI>Ie celJeHHH Heyn

pyroro pacceHHHH HeiiTpoHoB H3 Z-rpynm>I B j-

rpynny; ~:: - rpynnoBI>Ie celJeHHH 3aMeJJ;Jie

HHH HeiiTpoHOB Ha HJJ;pax c A > 1; x1 - cpyHK~HH 
HCTOlJHHKa; Cjl~, cpt - HHTerpaJibHhlll (B npeJJ;eJiaX 

rpynnhl) ITOTOK II TOK HeiiTpOHOB; X8 ~ V ~~Cjl~-
l 

'IJieH, ytJHThlBaiO~Hi'I pa3MHomeHHe He:iiTpoHOB 

B Ha~TeiTJIOBOH o6JiaCTH aHeprHn; 

a~= (1-- e-t;.ui) e-ui-t; 

1 
-!;.ul 

P.l- -e uz. 
t'o- • e ' LlU[ 

Pe3oHaHCHhle acpcpeKThl B Bhlpamemm (1) ytJH

ThlBaiOTCH ~o6aBJI8HHeM I\ C8lJ8HHHM YBOfJ;a CJie

~yiO~eH B8JilllJHHhl: 

(5) 

z 
" 

""" ...l 

M~o------~o~.~------~1~.0-------1~.~~----~ 

PHc. 2. Kea,o,paT ,D,llHHbl aaMe,o,neHHR HeHTPOHOB 
Po+ Be-HCTOYHHKa e MeTanneo,D,HbiX cpe,o,ax: 

1-KBaaHroMoreHHaH cpe~a Fe+ H20; 2- reTeporeHnan 
cpe~a Fe+ H20; 3-KBa3JUOMorennan cpel:(a Al + H20; 

4- reTeporenHaH cpeJ:~a A l + H20 

EcJIH K cncTeMe (1) npHMeHHTb cpypbe-npeo6pa-

30BaHHe H 3aTeM npOH3BeCTH pa3JIOJI\8HHe B pH~ 

ITO CTeneHHM p, TO ~JIH onpei');eJieHHH KBa~paTa 

i');JIHHhl 3aMei');JieHHH, llOJIYlJHM CHCTeMy CBH3aHHhlX 

ypaBHeHHH 

j-1 i-1 

~i .n. "' ~1-+i.nl + . ""' P.1.TI1 + '""ys'-~-'6o = .2.J '""in '-~-'oo ab k.J t'o'-~-'oo 
1=1 1=1 

+ ( ~~!)i-
1 .ni-1 + i. 

~u '-~-'02 X ' 
i-1 

~i<l>i - i. <Di + i .""' P.1<J>l • 1 11 - 3 oo al ~ t'1 11' 
1=1 

i-1 i-1 

~i IT1.i zrr-.i + ""' ~l-+itT1.l + i""' P.1 .Til + ..:.yB'-l-'02 = '-~-'11 ..:::::.J '""in '-~-'o2 ao k.J t'o2'-~-'o2 
1=1 1=1 

(£~})i-1,nJ-1 j ~ ~1,nl + !J.Ii '-~-'02 +X .2.J V..:.j'-1-'02; 

I 

L';i = <1>~2. • (6) 
21Dbo 

B BhlpameHHH (6) <1>~ 1 HBJIHIOTCH npocTpaHCT

BeHHo-yrJIOBhlMH MOM8HTaMH cpyHK~HH pacnpe

~8JI8HHH HeHTpOHOB j-rpynnhl B 6eCKOHe'IHOH cpe

i');e C ITJIOCI\HM H30TpOITHhlM HCTOlJHHI\OM. 

,[t;JIH tJHCJieHHOI'O pactJeTa L~ cocTaBJieHa npo

rpaMMa Ha aJieKTpOHHO-BhllJHCJIHTeJibHYIO Mallin-
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HY 12 - 13 PacTJeTHhle 3Ha'leHIUI I\Ba,ll;paTon ,li;JIIIH 

3aMe,li;JieHIIH HeiiTpOHOB B BO,li;OpO)l;CO)l;epmam.IIX 

cpe,!J;ax npiine,ll;eHhl n Ta6JI. 1 II 2. 

PeaynbTaT~ H3MepeHH~ 

KnaaiiroMoreHHhie cpe,ll;hi. PeayJihTaTbl II3Me-
- L2 peHIIH II 'IIICJieHHOI'O pacTJeTa 3HaTJeHIIII s ,li;JIH 

'IIICThiX aaMe,li;JIIITeJieii: II KnaaiiroMoreHHhiX MeTaJI

JIO-BO,li;HhiX cpe)l; npiiBe)l;eHbl n Ta6JI. 1. Ha6mo

,ll;aeTcH xopomee corJiaciie Mem,ll;y :mcnepiiMeHTaJih

HhiMII II paCC'IIITaHHblMII 3Ha'leHIIHMII, KOTOpOe 

nO,li;TBepii<,ll;aeT, 'ITO cyiiJ.eCTBYIOIIJ.IIe MeTO)l;IIKII pac

'leTa aaMe,li;JieHIIH neii:TpOHOB, a TaKme npiiMeHHe

Mhle B paC'IeTaX CIICTeMbl MHOI'OrpynnOBblX KOH

CTaHT npaBIIJibHO OniiChiBaiOT npon;ecc 3aMep;JieHIIH 

ueii:Tponon n no)l;opo)l;CO,ll;epmam.IIx cpe)l;ax. _ 

reTeporeHHbie cpe)l;hl. PeayJibTaTbl II3MepeHIIII 

aaMe)l;JieHIIH HeHTpOHOB B reTeporeHHblX II KBa31I

I'OMOI'eHHblX cpe,!J;aX npiiBe,ll;eHhl B Ta6JI. 2 II Ha 

rpaiJ>IIKax p1Ic. 1 II 2. lla p1Ic. 2 BII,li;HO, 'ITO 

na6JIIO,ll;aeTCH 3Ha'IIITeJihHOe pa3JIII'IIIe B BeJIII'III

HaX L~ npii O,li;IIHaKonoii: Konn;eHTpan;IIII MeTaJIJia 

n no)l;e. Bo ncex cJiyTJaHx II3Mepennhle aHa'leHIIH 

L: )l;JIH reTeporeHHhiX cpe,ll; HaMnoro npenhlmaroT 

COOTBeTCTBYIOIIJ.ee 3HalJeHIIe ,li;JIH KBa31II'OMOreH

HblX cpe,ll;. AHaJIOI'II'IHaH KapTIIHa Ha6Jiro,ll;aeTCH 

II ,!J;JIH cpe)l; ,li;IIIJ>eHIIJI + MeTaJIJI, ,li;JIH KOTOphiX 

II3Mepennhle anaTJeHIIH L: anaTJIITeJihHO 6oJibme 

pac'leTHhiX, noJiyqeHHblX no MeTO,li;IIKe, npiiMeHB

MOH K roMoreHHhiM cpe,ll;aM. iho paaJIIITJIIe o6'bHC

HHeTCH pe3KO BhlpameHHOH aHII30TpOniieH pac

npe,!J;eJieHIIH HeHTpOHOB B reTeporeHHblX CIICTeMaX. 

B 6oJiee paHHIIX pa6oTax 14 - 10 no uayTJeHIIIO 

aaMe)l;JieHBH 6hiCTpbiX aeihpOHOB B MeTaJIJIO-BO)l;

HblX cpe)l;aX TaiWH pe3KOH aHII30TpOniiB He Ha6JIIO

)l;aJIOCb, BBII,li;Y TOI'O 'ITO IICCJie,ll;yeMhle Cpe)l;bl 

!J>aKTB'IeCKII HBJIHJIIICb KBa3III'OMOI'eHHhiMII 16• 

IloJiyTJeHHble peayJihTaThl, oTJeBII,li;HO, npe,li;

CTaBJIHIOT IIHTepec npii IJ>II31ITJecKoM pacTJeTe peaK

Topon, aKTIIBHaH 30Ha KOTOpbiX IIMeeT BhlpameH

HYlO reTeporeHHOCTb. 

II. ,lJ.HQllllY3Hfl TEnnOBbiX HE~TPOHOB 

MeTOAHKa sKcnepHMeHTa 

Au!J>!J>yaiiH Heii:TpOHOB n yrJieno,ll;opo,ll;ax (n;IIK
JIII'IeCKIIX II HelJ,IIKJIII'IeCKBX COe)l;IIHeHIIHX) IIayqa

JiaCb n miipOKOM IIHTepnaJie TeMnepaTyp cpe,ll;hl 

(OT nJiaBJieHIIH )1;0 KBneHBH). ,ll;JIH IICCJie)l;OBaHBH 

npiiMeHHJICH MeTO,!J; IIMnyJihCHOI'O HeHTpOHHOI'O 
IICTO'IHIII\a 17 - 20• 

Pacnpe,!J;eJieHIIe TeiTJIOBhiX neii:Tponon n cpe,ll;e 

npii6JIIDI<eHHO MOiKHO OniiCaTb O,li;HOI'pynnOBhiM 

ypaBHeHIIeM )l;IIIJ>!J>yaiiii, B KOTOpOM IICnOJib3YIOTCH 

)l;n!J>cpyanoHHhle KOHcTaHThl, ycpe)l;HeHHhle no cneH

TPY TenJIOBhiX neii:Tponon 

-- - an 
D(v)·~n-'2.aV·n=Tt• (7) 
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-- /.. (v)·v 
D ( v) = tr - Koacpcpuu;neHT 

3 
3IIII B 6eCIWHeTJHOH cpe,ll;e; ruv- CKOpOCTb no

I'JIOIIJ;eHIIH neii:Tponon n 6ecKoHeTJnoii: cpe,!J;e. 

,ll;JIH cpe,!J;hl 1\0He'IHhiX paaMepo~ II3Menemw 

nJIOTHOCTII TenJIOBbiX HeHTpOHOB BO BpeMeHII MO

iKeT 6biTb oniicano cyMMoii: :mcnonenu;naJihHO 

3aTyxaiOIIJ.I1X rapMOHUIC llo npomeCTBUII )l;OCTa
TO'IHO 60JibliiOI'O npeMeHII BCP. rapMOIIUKII 3aTy

XaiOT, KpOMe OCHOBHOH, II pacnpe,ll;eJieHIIe Hei-ITpO

HOB OniiCblBaeTCH aai\OHOM""' e--u.l, f)l;e 1\0HCTaH

Ta cna)l;a 

a= '2.av + D (v)· Q-(C n-Cr) Q2 , (8) 

r,ll;e Q- reoMeTpii'IeCKIIH na paMeTp; CD- Ho3!Jl

cp1II~IIeHT ,!1;1IcpcpyaiiOHHoro oxJiam)l;eHIIH; Cr- He

)l;IIcpcpyaiiOHHaH nonpanHa. 

OnHcaHHe sKcnepHMeHTa 
llaMepeHIIH npoBo)l;IIJIIICh na lJ,IIHJIOTpone AH 

CCCP. YcTanonKa npe,!J;cTaBJIHJia co6oii: IJ;BJIIIH,li;

PIITJecHIIH 6aH )l;IIaMeTpOM 30 eM, aHpaHIIponaHHhiH 

CJIOeM Kap61I,ll;a 6opa TOJIIIJ.IIHOH 10 .MM II Ka)l;MIIeM 

TOJIIIJ.IIHOH 0,5 MM. BnyTpb 6aKa 6blJI BBe,ll;eH 

Ka,!J;MIIeBhiH nopmenh, nepeMem.euiieM KOToporo 
MOil\HO 6hiJIO Jiei'KO II npOCTO MeHHTb reoMeTpii'Ie

CKIIe paaMephl IICCJie,ll;yeMOH cpe)J;hl. IJop; ,!J;HOM 

6aKa pacnoJiaraeTcH 6JIOK cTJeTTJIIKOB BFa, aKpa

HIIponaHHhiH OT )l;Ha 6aKa Ka)l;MIIeBOH MaCKOH,? 

cpopMa KOTopoii: onpe,!J;eJIHJiacb 17 - 20 cpynKn;IIeii 

rl 0 (2,405 H). MacKa yMeHhmaJra BKJia,ll; BhiCO

KIIx rapMOHIIK B pacnpe,!J;eJieHIIe nJIOTHOCTII HeH

TpOHOB ITpii 60JibilliiX 3Ha'leHIIHX reoMeTpii'IeCKIIX 

napaMeTpon. Ha 6oKonoii: nonepxnocTII 6aKa pac

noJiaraJiach aJieKTpnqecKaH neTJb ,li;JIH narpena 

cpe,!J;bl. BnyTpb 6aKa 6hiJia noMem.eHa TepMonapa 

,!J;JIH KOHTpOJIH TeMnepaTyphl, KOTOpaH onpe,!J;eJIH
JiaCb C TO'IHOCTbiO ± 2° C. 

Tap1IponKa ycTaHOBKII II KOHTpoJihHhle onhiThl 

npOBO,li;IIJIIICb Ha BO,ll;e npii TeMnepaType 21° C. 

AJIH onpe,!J;eJieHIIH a!J>cpeKTa naaiiMHOro pacnoJio

meHIIH MIImeHII IJ;IIKJIOTpona II ycTaHOBKII npono

,li;IIJIIICb II3MepeHIIH Ha pa3JIII'IHhiX paCCTOHHIIHX 

n yrJiax no OTHomeHIIIO K MIImeHII. PeayJibTaThl 

ocTanaJIIICb neiiaMeHHhiMII B npe)l;eJiax omii6KII 

aKcnepiiMenTa. BcJie,li;CTBIIe 6JIII30CTII BO,li;HHOH aa

IIJ.IIThl II ,!J;pyriix pacceiinaTeJieii: oT aKcnepiiMeH
TaJibnoii: YCTaHOBKII, a TaKme ,li;OBOJibHO 60JibillOI'O 

paCCTOHHIIH ee OT MIIilleHII IICTO'IHIII\ 6hiCTphiX 

HeiiTpOHOB 6biJI npaHTIITJeCKII 06'beMHhiM. 

lfccJie,ll;yeMaH il\II,li;KOCTb HarpeBaJiaCb ,!1;0 BbiCO

KIIX TeMnepaTyp, noaTOMy MIIHIIMaJibHOe pac

CTOHHIIe OT ,li;Ha 6aKa, Ha 1\0TOpOM MOil\HO 6hiJIO 

pacnoJiaraTb 6JIOK C'leTTJIIKOB, COCTaBJIHJIO 2 CM. 
B cnHaii c aTIIM 6hiJIII II3Mepenhl noaMomnhle liCK a

meHIIH KOHCTaHTbl CITa)l;a aa C'leT pa3JIII'IHOI'O Bpe

MeHII npOXOil\,ll;eHIIH paCCTOHHIIH OT ,li;Ha 6aKa 

,!J;O cTJeTTJIII\OB Heii:TponaMII paanhlx anepr1Iii:. Pe

ayJihTaTbl IICCJie,li;OBaHIIH BJIIIHHIIH npOJieTHOI'O 

paCCTOHHIIH Ha KOHCTaHTY cna,ll;a ITOKa3aJIII, 'ITO 
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HaqnHaH c Q = 0,240 eM- 2 BJIHHHHe npoJieTHoro 
paCCTOHHHH Ha KOHCTaHTY cna~a He3HaqnTeJibHO. 
l13MepeHHH npOBO~HJIHCb ~JIH Q He 60Jibiiie yKa-
3aHHOH BeJIHqHHLI. 

I(HKJIOTpOH pa6oTaJI B HMnyJibCHOM pemHMe 
C qacTOTOH CJie~OBaHHH HMnyJibCOB 500 ~HKJIOB 
H ~JIHTeJibHOCTbiO HMnyJibCOB 6-8 .JI£1'i,cen. Bpe
MeHHo:ii aHaJIH3 cna~a noroKa renJIOBLIX He:iirpo
HOB npOBO~HJICH BpeMeHHLIM 60-KaHaJibHLIM aHa
JIH3aTOpOM, aanyCK KOTOpOrO 6LIJI CHHXpOHH3HpO
BaH C aanyCKOM ~HKJIOTpOHa. 3a~epmKa BKJIJOqe
HHH BpeMeHHOrO aHaJIH3aTopa OTHOCHTeJibHO HM
nyJibCa 6LICTpLIX HeHTpOHOB KOJie6aJiaCb B npe~e
Jiax 100-300 .JI£1'i,cen. IllnpnHa BpeMeHHoro KaHaJia 
COCTaBJIHJia 2-8 .JI£1'i,Cen. ,IJ;po;KaHHe BpeMeHHOH 
IIIKaJILI He npeBLIIIIaJIO 0,25 .JI£7'>Ce1'i,, 

MeTOAHHa o6pa6oTHH peaynbraroe 

BeJinqHHLI a, ~av, D (v), (CD- CT) BLiqnc
JIHJIHCb MeTO~OM HaHMeHbiiiHX KBa~paTOB. 3aBH
CHMOCTb KOa4}4)m:weHTa )l;H4)!}ly3HH OT TeMnepary
pLI cpe)l;LI ~JIH BCeX HCCJie)l;OBaHHhiX Be~eCTB 

XOpOIIIO OnHCLIBaeTCH 3aKOHOM 

Jl D (v)T = ATa/2, 
Qo 

(9) 

r~e D ( vh - Koa!}l!}lmweHT .n;n!}l!}lyann, ycpe,n:
HeHHLiii no cneKTpy renJIOBLIX HeiiTpOHOI! npH 
reMneparype cpe.n;LI T; Q, Qo - nJIOTHOCTb cpe.n;LI 
npn .n;aHHlhX reMneparypax T, T 0 ; a- napa
Merp, 3aBHCH~HH OT CTpyKTypLI MOJieKyJILI Be
~eCTBa. 

PeayJihTaTLI o6pa6orKH aKcnepnMeHraJibHLIX 
.n;aHHLIX npnBe.n;eHLI B ra6JI. 3. 

EcrecTBSHHO npe.n;noJIOlliHTb, qro ycraHOBHB
mH:iicH cneKrp HeiirpouoB B 6ecKoueqHo:ii cpe.n;e 
no~qHHHercn pacnpe~eJieHHIO MaKcBeJIJia 

v2 

w (v) dv = A0e- v5 v2 dv, 

r.n;e V0 = vw -HaH60Jiee BepOHTHaH CKO

pOCTb HeiiTpOHOB. 
Crporo roBopH, cneKrp renJIOBLIX He:iirpoHOB 

no)l;qllHHeTCH MaKCBeJIJIOBCKOMy pacnpe)l;eJISHlliO 
JIHIIIb B HenorJio~aro~HX cpe.n;ax. O.n;HaKo, KaK 
noHa3LIBaer onLIT, B cJiyqae cJia6oro norJio~eHHH 
MO/KHO C 60JibiiiOH CTeneHbiO TOqHOCTH cqHTaTb 
cneKTp 1\Jal\CBSJIJIOBCI\llM • 8TO ll03BOJIH8T 6e3 60Jib
IIIOH norpemnocTH onpe.n;eJIHTb 3HaqeHHH v0 , HC
noJib3YH TeMneparypy cpe.n;LI B HaqecrBe napa
Merpa. 

Tor.n;a coornornenne (9) MOii\HO nepenHcaTb 
B BH)l;e 

Q-- a 
- D (v)T = Bvo1· 
Qo 

(10) 

RmufllpHI~HeHT .n;mp<J>yanH, ycpe.n;nenHLI:ii no 
cneHrpy MaHcBeJIJia, MOilmo aanucaTb B Bn.n;e 

Jl. H. IOPOBA et al. 

oo v2 

~ e- v~ v2D(v)dv 

D (v) = _o=--oo--v~2 --

~ e-va v2 dv 

0 

(11) 

Ma ypaBHeHn:ii (10) H (11) MOlliHO noJiyqHTb 
COOTHOIIIeHHH )l;JIH onpe.n;eJieHHH )l;H!J>4)epeH~HaJib
HOrO auaqeHnH Hoa!J>!J>H~HeHTa ~n<J><J>yann HeiiTpo
HOB CO CKOpOCTbiO V qepe3 3HaqeHHH 1\0a!J>!}ln~HeH
Ta .n;n!}l!}ly3HH HeH1 pOHOB )l;JIH HaH60Jiee BepOHTHOH 
CKOpOCTH Vo 

D (v)=D(v0 ) (~)a; (12) 

D (vo) = m~a) v~' (13) 

r.n;e m (a) - Hoa!}l!}ln~neHT ycpe.n;HeHHH !}lymu~nn, 
3aBHCH~e:ii OT BH)l;a cneHTpa HeHTpOHOB H nol\a-
3a reJIH creneHH a. 

Y cpe.n;HeHHLiii Koa!}l!}ln~neHT ,n:H!}l!}lysnn He:iirpo
HOB no cneHrpy MaHcBeJIJia MOlliHO onpe,n:eJIHTb 
qepes .n;H!}l!}lepeH~HaJibHOe SHaqeHHe Koa!}l!}ln~neH
Ta )l;ll<Jl<JlysnH HeiiTpOHOB )l;JIH Han6oJiee BepOHTHOH 
CHOpOCTH 

oo v2 

~ e- v6 v2+a dv 

D (v) = ---=-0 -00-~v2~-D (v0 ) = m(a) D (v0). (14) 

vg ~ e- v5 v2 dv 

0 

Ms ypaBHeHHH (13) MomHo noJiyqHTb saBncn
MOCTb TpaucnopTHOH )l;JIHHLI OT CKOpOCTH He:ii
TpOHOB 

~ ( ) 3B a-1 
1\,tr Vo = m(a) Vo 

H OKOHqaTeJibHO HMeeM 

D(v)r= m(a) D (v0 ) (::)a; 
Atr(v)T= m(a-1) Atr(v0) (:: y-1

• 

(15) 

(16) 

(16a) 

Ms BLirnensJiomenHoro cJie.n;yer, qro suaune 

saBHCHMOCTH nnTerpaJibHOii BeJIHqHHLI D ( v) or 
TeMneparypLI cpe.n;LI H 3Hanue BH)l;a cne1npa ren
JIOBhlX HeiiTpOHOB ll03BOJIH8T nOJiyqHTb ll3 (14) 
.n;H<J><J>epen~Hamnyro BeJIHqHHY D ( v), .n;H!J><J>epeH
unaJibHOe suaqenne Atr ( v0) - ns COOTHOIIIeHHH 

3D (v) 
Atr (vo) = m (a) vo • 

Ms (16) H (16a) cJie.n;yer 

(17) 

D(v) = _2_ m (a) ~v' (18) vn- m (a-1) 3 

B CBH3H c 3THM Heo6xo.n;HMO o6paTHTh BIIHMaHne 
Ha TO, qTO B JIHTepaType, HanpHMep 17 - 20

, npH
MSIIHeTCH liSTOqHoe COOTIIOIIIeiiHS )l;JIH 1\0a<Jl<J>u
~HeHTa .n;u<J><J>yanu 
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Tafimn-1a 3 

XHMH'IeCJ<aR l:av·10-4, D(v)· 10-4, (Cn-CT)X 
Q, H 

Coe~HHeHHe ljlopMyJia t•,c ce,;-1 c.u2. ce,;-1 X 10-4, e· c.u-3 a Otr (2200), 
c.M4. ce!l-1 6apH 

14 0,280±0,041 5,37±0,51 0,86±0,51 0,885 
27 0,252±0,021 5,24±0,21 0,16±0,47 0,871 

BeHaoJI C6Hs 34 0,248±0,019 5,66±0,36 1,26±0,38 0,863 0,99±0,28 33,1±0, 7 
38 0,248±0,017 6,27±0,41 2,92±0,91 0,859 
52 0,283±0,042 6,09±0,59 3,42±1,70 0,845 
71 0,310±0,031 6,13±0,33 2,34±0,83 0,824 

123 0,280±0,011 7,70±0,08 8,20±0,50 0,955 
150 0,267±0,014 8,24±0,08 8,97±0,60 0,930 

,!J;HcfleHHJI C12H10 175 0,260±0,012 8,75±0,09 10,4±0,8 0,910 1,35±0,05 ·32,5±0,3 
207 0,253±0,016 9,55±0,10 12,0±0,8 0,884 
243 0,236±0,010 10,40±0,11 13,9±0,9 0,850 

34 0,390±0,021 4,05±0,21 1,12±0,36 0,994 
,!J;HcfleHHJIMeTaH (C5H5hCH2 110 0,386±0,017 5,35±0,23 2,62±0,82 0,936 

160 0,411±0,028 l:i,80±0,30 4.~±1,2 0,897 1,61±0,24 49,0±3,0 
230 0,433±0,026 6,95±0,33 3,5±1, 7 0,842 

,!J;ayTepM23 Ct2Hto0o,7ss 1,90±0,08 46,5±1,5 

Bo,IJ;a17-20 H20 1,91±0,02 44,0±0,08 

97 0,200±0,028 8,16±0,48 5,9±1,3 0,920 
,!J;HcfleHHJIOKCH,ll; (C6H5h0 110 0,243±0,019 9,87±0,61 7,6±2,0 0,908 

175 0,230±0,017 10,48±0,84 8,6±1,9 0,845 2,16±0,14 46,0±3,3 
204 0,200±0,030 13,52±1,14 13,9±2,9 0,816 

24 0,482±0,020 3,23±0,21 2,2±0,6 0,842 
raaoii:Jih 69 0,465±0,030 3,95±0,27 2,9±0,5 0,813 2,44±0,09 61,3±3,1 

144 0,430±0,030 5,62±0,42 5,1±1,3 0,762 

MOHOH301Ip0- (C6HshCaH7 18 0,433±0,021 3, 14±0,04 1,24±0,08 1,000 
IIHJI,IJ;HcfleHHJI 85 0,417±0,018 4,51±0,06 3,08±0,20 0,950 2,58±0,08 82,1±1,2 

144 0,401±0,019 5,81±0,06 5,04±0,30 0,900 
197 0,380±0,015 7,01±0,08 6,91±0,41 0,852 
243 0,356±0,014 8,17±0,08 8, 70±0,52 0,821 

Aml3oJI C6H50CH3 18 0,351±0,031 4,10±0,32 2,3±0,8 0,995 
80 0,332±0,041 5,83±0,44 5,7±1,1 0,935 2,94±0,19 86,7±5,8 

150 0,311±0,052 7,57±0,10 7,8±1,9 0,865 

TeTpa,IJ;eKaH Ct4Hao 18 0,561±0,018 2,33±0,11 1,1±0,2 0,762 
76 0,533±0,011 3,19±0,16 2,0±0,4 0,724 3,16±0,18 103,9±3,4 

160 0,427±0,014 5,33±0.21 4,2±1,0 0,668 
248 0,360±0,013 7,00±0,22 6,~±2,0 0,598 
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( 19) 

TionyqaeMaH H3 cooTnomeHHH (19) Atr ( v) ne 
HMeeT onpe~enennoro ~H3HllecKoro CMhlCJia. 

3TO me 3aMellaHHe OTHOCHTCH K Onpe~eJieHHIO 
Atr ( v) H3 onhlTOB no cTa~nonapnoii: ~HtP~Y3HH. 
B :noM cny11ae 3Hallenne L 2 ( v) HBJIHeTcH ycpe~
neHHhlM no cneRTpy TenJIOBhlX HeHTpOHOB 

£2(v) = TD (v) =TD (v) = m(a) TD (v0) = 

=T-2- m(a) ~ (20) yn m (a-1) 3 

H 0 tr 15apH 

I ~ I 

• 2 

200 

0 3 

150 

\ 
100 

1~, 
• 

~""" 
00 -~ ........ t..._ rL 0 
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50 

0 
4 6 VX10"5 CMjceK 2 

P11c. 3. TpaHcnopTHoe ce'leHHe pacceR
HHR a:! Ha sop,e, nony'leHHoe paanH'!HbiMH 

MeTop,aMH: 
J- AH4J4JepeH~HaJibHhiH OllhiT; 2- HHTe
rpaJibHhiH OllhiT, llOJiy'leHHhiH H3 COOTHOme
HH.II (17); 3-HHTerpaJibHhiU OllhiT, O'tr llO-

Jiy'leHO H3 COOTHOilleHHH (19) 

Cnep;oBaTeJibHO, p;JIH nony11eHHH HH~opMa~nH 
0 3HalleHHHX TpancnopTHOH ~JIHHhl Heo6xo~HMO 
naii:TH 3Halleane m (a). ::ho Momao cp;enaTb, ecJIH 

onpe~eJIHTb L 2 ( v) npH pa3JIH'1HhlX TeMnepaTypax 
cpep;hl H pe3yJibTaThl o6pa6oTaTb Bhlmen3nomen
HhlM MeTO~OM. 

PE3YnbTATbl 

lf3 noJiylleHHhlX 3HalleHHH TpaacnOpTHOH f];JIHHhl 
Momao BhllJHCJIHTb TpaacnopTaoe ceqeane pacceH
HHH aeii:TpoaoB na MOJieRyny cpe~hl, ycpep;aenaoe 

11. H. JOPOBA et al. 

no cneRTpy HeHTpOHOB, a TaKme B CJiyqae MaRC
BeJIJIOBCKOrO pacnpe~eJieHHH ~H~tflepen~HaJibHOe 
3Ha'lenne TpaacnopTaoro ce'leHHH pacceHHHH aeii:
TpoaoB MOJieRyJihl cpe~hl. 113 nocne~nero Momno 
BhlllHCJIHTb TpancnopTHOe Ce'leHHe, npHXO~HID;ee

CH Ha Of];HH aTOM BO~OpO~a, CllHTaH aTOMbi yrnepo
p;a CBH3aHHhlMH. 

TaKHM o6pa3oM, Momao onpe~eJIHTb RaR HHTe
rpaJibHhle 3HalleHHH TpancnopTaoro celleHHH pac
ceHHHH HeHTpOHOB Ha CBH3aHHOM BO~opo~e, TaR 
H ~ntfl~epen~naJibHhle celleHHH. llocne~nne 3Ha
qennH ~OJllliHhl COOTBeTCTBOBaTb BeJIH'lHHaM TpaHC
nopTHOrO CelleHHH, noJiylleHHhlM H3 p;nq,q,epeH
~HaJibHhlX OnhlTOB. 

100 I 

75 

50 

25 

o~--~1.~0----~----2~~~--~----~aL,o-----a 

PHC. 4. 3aBHCI1MOCTb a ~ OT napaMeTpa a 

,Il.JIH nOf];TBepmp;eHHH npaBHJibHOCTH MeTOf];HRH 
o6pa6oTRH ::mcnepnMeHTaJibHhlX pe3yJibTaTOB 6hl
JIO npoBep;eao cpaBnenne 3Hallennii: TpaacnopTnoro 
CelleHHH pacceHHHH HeHTpOHOB Ha MOJieRyJiaX 
cpe~hl, noJiyqeHHhlX RaR H3 HHTerpaJibHhlX, TaR 
H ~n<P~epen~HaJibHhlX onhlTOB. CpaBnenne 6hlJIO 
npoBep;eno fl:JIH BOfl:hl. Pe3yJibTaThl HHTerpaJibHoro 
OnhlTa ~JIH BOf];hl (11) o6pa6aThlBaJIHCb BhlllieH3JIO
il{eHHhlM MeTO~OM [ypaBHeHHe (17)). 

lf3 ~Htfl~epeH~HaJibHhlX OnhlTOB no pacCeHHHIO 
HeHTpOHOB pa3JIH'1HhlX :meprHH Ha BOp;e 6hlJIH 
B3HThl 3HalleHHH COS 8 H3 p;OKJia~a 21 H C18 H3 pa-
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60Tbl 22
• Jf3 CTaTeil: 17 - 20 6niJIM IIOJiyqeHbl O'tr C MC

IIOJib30BaH.HeM coornowenn.R (17). CorJiacne n 
pe3y.JJ.nTarax xoporuee.RpoMe roro, H3 craTI>H 19 

6DIJIM IIOJiyTieHbl O'tr C UCIIOJib30BanneM COOTHOille
HM.R (19). 8TH 3HaqeHII.R O'tr 3HaqnTeJibHO OTJIJI
qaiOTC.R or peayJinTaron Jw!}J!}!epenu;naJinHoro orrni
Ta. Pa3Jinqne IIOp.RJIKa 40% (pnc. 3). 

B Ta6JI. 3 IIpnne;n;enDI anaqeHim IIapaMerpa a 

li 0'~ Ha CB.R3aHHOM BOJIOpOJie JI.IT.R RCCJieJIOBaHHhlX 
nem;ecrn npn TeMrreparype cpe;n;DI 18° C n ;n;annnie 
no no;n;e n ;n;ayrepMy 17 - 20

• 
23 , o6pa6orannDie 

BhlliiCH3JIO/KCHHblM MeTO)J;OM. 
Tpancrroprnoe ceqenne CB.R3annoro no;n;opo;n;a 

a~ Men.ReTc.R oT 33 6apn JIJIH a '"'"' 1 ;n;o 100 6apn 
JIJI.R a "' 3, rrpnqeM nMeeTc.R n;eJiwii crreKTP IIpo
Mea;yToqni>IX 3naqeuni'I (ra6JI. 3, pnc. 4), 3a:Bn
c.Rm;nx or crpywrypDI coe;n;nneunii. 

Anrophl BDipan;aror 6Jiaro;n;apuocTI> C. A. fanpn
Jiony, n. r. Mopo3ony, E. n. I1IIIOTRIIy, r. n. Cn
;n;opony, E. M. CTacennqy, B. B. OKopoKony, 
B. B. ,IJ;oJiranony n B. A. <De;n;oponuqy aa IIOMOID;h 
B pa6ore, a Tal\me B. n. l\oqeprnuy n A. <D. 3a
mnpKO aa rrpone;n;eune pacqeron na :MeKrpouno
BhlqncJinTeJinnoil: 11-Ialllnne. 
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ABSTRACT -RESUME-AHHOTALV .. 1JJ-RESUMEN 

A/356 USSR 

Neutron moderation in hydrogenous media 

By L. N. Yurova eta/. 

This paper deals with neutron moderation and 
diffusion in various hydrogenous media. 

The first part of the paper de§cribes the method of 
measuring neutron spatial distribution in "bonded" 
media and presents some results of experimental 
investigations of the spatial distribution of neutrons in 
various media. 

The effect of the dimensions (width) of the neutron 
fission source and of the geometrical structure of the 
medium (heterogeneity) upon the neutron spatial 
distribution was determined for those neutrons which 
had been moderated down to 1.46 eV. 

The second part of the paper presents the results 

of the thermal neutron diffusion measurements per
formed by the pulsed technique for a number of hydro
genous substances in a temperature range from the 
melting to the boiling points. 

The diffusion coefficient was obtained in the form; 

D( v) = const. va 

where a is the function of the molecular structure of 
the substance. The value of D(v) allows one to calcu
late the transport length and transport cross section 
per atom of bonded hydrogen. 

It was found that the value of the transport cross 
section per atom of hydrogen strongly depends upon 
the molecular structure of the hydrogenous medium 
examined. For example, for monoisopropyldiphenyl 
a= 2.58 and .atr = 86 barns, and for diphenyl a= 1.33 
and atr = 31 barns. 
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A/356 URSS 

Ralentissement des neutrons dans les milieux 
hydrogenes 

par L. N. Yurova eta/. 

Le memoire examine Ia question du ralentissement 
et de Ia diffusion des neutrons dans differents milieux 
hydrogenes. 

u ne premiere partie etudie les methodes qui per
mettent de mesurer Ia distribution spatiale des neu
trons dans les conditions d'un milieu << fini >>; elle 
contient egalement les resultats de recherches experi
mentales sur la distribution spatiale dans divers 
milieux. Les recherches ont notamment porte sur 
l'influence des dimensions (epaisseur) de Ia source des 
neutrons de fission et sur celle de Ia structure geo
metrique du milieu {heterogeneite) sur Ia distribution 
spatiale des neutrons ralentis jusqu'a 1,46 eV. 

Dans la deuxieme partie du memoire, les auteurs 
communiquent les resultats de mesures de Ia diffusion 
des neutrons thermiques effectuees par Ia methode de 
la source pulsee pour plusieurs combinaisons hydro
genees, a des temperatures comprises entre Ia tempera
ture de fusion et la temperature d'ebullition. 

Pour le coefficient de diffusion, on a obtenu le 
rapport 

D(v) = const. va, 

ou a est fonction de la structure moleculaire de Ia 
substance. La valeur D(v) permet de calculer les 
longueurs et sections efficaces de transport pour un 
atome d'hydrogene lie. 

II a ete etabli que les differentes valeurs de Ia section 
efficace de transport correspondant a un atome 
d'hydrogene dependent dans une large mesure de la 
structure moleculaire du milieu hydrogene a etudier. 

Ainsi, on a obtenu pour le monoisopropyldiphenyle: 
a= 2,58, <Ttr = 86 barns; et, pour le diphenyle: 
a= 1,33, <Ttr = 31 barns. 

A/356 URSS 

Moderaci6n de los neutrones en los medics 
hidrogenados 

por L. N. Yurova eta/. 

En el presente documento se estudian cuestiones 
relativas a la moderaci6n y difusi6n de neutrones en 
diferentes medios hidrogenados. 

En Ia primera secci6n se examina un metodo de 
medici6n de la distribuci6n espacial de los neutrones 
en condiciones de medio ~<finito>>. Se presentan los 
resultados de una investigaci6n experimental de la 
distribuci6n espacial de los neutrones en diferentes 
medios. Se estudia Ia influencia de las dimensiones 
(del grosor) de Ia fuente de neutrones de fisi6n y de Ia 
estructura geometrica del medio (de Ia heterogeneidad) 
sobre Ia distribuci6n espacial de los neutrones 
moderados hasta 1,46 eV. 

En Ia segunda secci6n del documento se presentan 
los resultados de mediciones de Ia difusi6n de los 
neutrones termicos, obtenidos por el metodo de im
pulsos, en toda una serie de compuestos hidrogenados 
para el intervale de temperaturas desde la de fusion a 
Ia de ebullici6n. 

Para el coeficiente de difusi6n se obtuvo la ley 

D(v) = const. va, 

donde a depende de Ia estructura molecular de Ia sus
tancia. A partir del valor D( v) se calculan las longitudes 
y las secciones eficaces de transporte correspondientes 
a un atomo de hidr6geno ligado. 

Se pudo establecer que los valores de Ia secci6n 
eficaz de transporte que corresponden a un ;homo de 
hidr6geno depende fuertemente de Ia estructura 
molecular del medio hidrogenado investigado. Por 
ejemplo, para el monoisopropildifenilo so obtuvo 
a=2,58 y <Ttr=86 b; para el difenilo, a=1,33 y 
<Ttr = 31 b. 
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H3y~eHMe TepManM304MM 
B BOAOPOACOAep>Ka~MX 

HeMTpOHOB 
cpeAOX 

E. Sl. AoMnbHM4biH, A. r. HoBMKOB, r. A. HnSICOBa, M. B. naHapMH, 

B. B. CMenos, H. n. CTaXOHOB, A. c. CTenaHOB, A. H. CTynaK (") 

BamueiimHMH Bop;opop;cop;epmam;HMH aaMeAJIH
TeJI.RMH HeHTpOHOB B peaKTOpHOH TeXHHKe B Ha
CTO.RIIl;ee BpeM.R .RBJI.RIOTC.R BOp;a H rup;pD:ALI HeKO
TOpLIX MeTaJIJIOB. fipH TepMaJIH3a~HH HeifTpOHOB 
B BOp;e npOHBJI.RIOTCH acf)(peKTLI XHMHTJeCKOH CBH3H 
aTOMOB H AHlPlPY3HH MOJieKyJI ii\HAROCTH. 

fipH 3aMep;JieHHH HeiiTpOHOB B rHp;pu:p;ax MeTaJI
JIOB o6Meu aueprueii Memp;y ueiiTpouoM H aaMep;
JIHTeJieM Hp;eT nop~HHMH, Onpep;eJI.ReMLIMH ypOB
H.RMH KOJieoaHHH npOTOHa, meCTKO CB.R3aHBOrO 
c aToMaMH MeTaJIJIOB B pemeTKe. 8TH ypoBBH 
MOryT npO.RBJI.RTbC.R B llOJIHLIX a4J4JeKTHBHLIX ceqe
HH.RX rHJJ;pHp;OB MeTaJIJIOB 1• 

B ~eJI.RX BLIHCHeHHH ueKoTopLix oco6euuocTeii 
B 4JopMHpOBaHHH cneKTpOB TellJIOBLIX ueifTpOHOB 
B aTHX cpep;ax OLIJIH nocTaBJieHLI aRcnepHMeHTLI 
no H3y'leHHIO TepMaJIH3a~HH HeHTpOHOB B BOp;e, 
rHp;pHp;e JIHTHH H npOBep;eHLI H3MepeHH.R nOJIHLIX 
a4J4JeRTHBHLIX ceTJeHHH rHp;pHp;a JIHTHH, rHp;pHp;OB 
~HpKOHHH c paaJIH'IHLIM cop;epmaHHeM nop;opop;a. 
PeayJibTarLI HBMepeHHii conocraBJIHIOTCH c pac
qeraMH, yTJHTLIBarom;HMH cne~HlPH'IeCRHe oco6eu
HOCTH HSyqaeMLIX 3aMep;JIHTeJieii. 

I. TEPMAnH3AUHfl HE~TPOHOB B BOAE 
H PACTBOPAX cOPHO~ KHCnOTbl 

fi pH H3yTJeHHH TepMaJIH3a~HH HeiiTpOHOB B BOp;e 
pemaJIHCb cJiep;yrom;He nonpocLI: 

1. HccJiep;oBaJic.R npo~ecc 4JopMnponaHHH cneK
Tpa TemiOBLIX HeiiTpOHOB Ha pa3JIH1JHLIX paCCTO.R
HH.RX OT HCTO'IHHKa. 

2. Haxop;HJiacb AJIHHa peJiaRca~HH TeMnepa
rypLI ueii:Tpouuoro rasa uenocpep;cTueuuo Ha 
aRcnepHMeHTa H npOBOAHJIC.SI TeopeTH'IeCKHH aHa
JIH3 ua6Jirop;aeMLIX a4J4Je«ron AJI.H ycJIOBHii p;au
uoro onLira. 

3. Onpep;eJIHJrocb BJIHHHHe ROH~euTpa~HH no
rJIOTHTeJI.H Ha tf\opMHpOBaHHe cneKTpOB TenJIOBLIX 
HeiiTpOHOB B oeCKOHelJHOH Cpep;e C paBHOMepHO 
pacnpep;eJieHHLIMH HCTO'IHHRaMH nyTeM cpaBHe
HH.SI peayJibTaTOB H3MepeHHH C pacqeTaMH no MO
p;eJIH, Y'IHTLIBarom;eii CHJILI XHMHTJeCKOH CB.R3H 2•3• 

8KcnepuMeHTaJibHLie p;auuble, ueo6xop;HMLie AJI.H 
pemeHHH nocraBJieHHLIX aap;aq, ObiJIH nonyqeHLI 

* c:IlH311KO-aHepreTHqecK.HH .HHCTIITYT, r. 06HHHCK. 

nocpep;cTBOM naMepeuHii npocrpaucrBeuuo-auep
reruqecKux pacnpep;eJieuuii renJIOBbiX ueii:Tpouon 
B BOp;e, C03p;aBaeMLIX c4JepuqeCKHM JICTO'IHHROM, 
cneKrp KOToporo B op;uoM cJiyqae ObiJI OJIHBOK 
K 4JepMHeBCKOMY, a BO BTOpOM npep;cTaBJUIJI COOOH 
MaKcneJIJIOBCKOe pacnpep;eJieuue c T = 760° K. 

§ 1. MeTOAHKa sKcnepHMeHra 

HaMepeuue cneKTpoB renJIOBLIX ueiirpoHOB B 
BOp;e Ha pa3JIH1JHLIX paCCTO.SIHH.SIX OT HCTO'IHHKa 
npouop;uJiocb Merop;oM npeMeHH nponera. HcnOJib
aoBauua.H AJIH arux ~eJieii ycrauonRa cxeMaru
qecKH noKaaaua ua puc. 1. 

B oaK ll;HJIHHAPH'IeCKOii 4JopMLI p;uaMeTpOM 500 
H BLICOTOH 600 MM, ycTaHOBJieHHLIH BOJIJI3H 
aam;urLI rpa4Jnro-nop;uoro auepreruqecKoro peaK
TOpa, aaJIHBaJiaCb AHCTHJIJIHpOBaHHa.R BOp;a. l\OJI
JIHMHpOBaHHLIH ueii:TpOBHLIH ny'IOR rrpOXOAHJI no 
~l'IJIHHp;puqecKOH TpyoKe ( d = 30 MM) Ba CBHH
ll;OBLIH map pap;uycoM ro = 20 MM, pacnoJiomeu
HLiii B ~eurpe 6aKa c nop;oii. OTOT map, uaorponuo 
paccenBaH nap;arom;ne ua aero ueiirpouLI, npH-
6JinanrenbHO HMHTHpOBaJI c4JepHTJeCKHH HCTO'I
HHK. BLIBop;uoii KauaJI, pacnoJiomeuuLiii nop; 
yrJioM 70° K uanpanJieHHIO nepBuquoro nyqKa, 
npep;craBJI.RJI co6oii rpy6Ry npHMoyroJibHoro 
ceqeHHH 15 X 30 MM. Pacnpep;eJieHHe noroKa 
renJIOBLIX ue'ii:Tpouon BORpyr mapa, HBMepeuuoe 
no aKTHBan;HH HHAHeBLIX HHAHRaropoB, JIHmb 
B rrp.RMOM uanpaBJieHHH OOJiap;aJIO HeKOTOpoii 
aCHMMeTpHeii: (20%), KOTOpaH B OOJiaCTH pacno
JIOil\eHHH BLIBOp;HOrO KaHaJia yme nOJIHOCTbiO 
ucqeaaJia. 

CneRTpLI aeiirpoHoB, ycrauaBJIHBarom;Hec.R B 
Bop;e, uayqaJIHCT> c noMOIIJ;biO MexaunqecRoro 
ceJieRTopa, onucauue KOToporo Momuo uaiiTH B 
pa6ore 4. PaapemeaHe npH6opa B arHx H3Mepe
HHHX COCTaBJI.RJIO 40 M,_Ce,./M. BLIBOp;Ha.H TpyoRa, 
MeXaHHTJeCKHH npepLIBaTeJib H p;ereKTOp, oyp;yqH 
BaRpenJieHLI OTHOCHTeJibHO p;pyr p;pyra, MOrJIH 
nepeMem;aTbC.R B1!;0Jib HanpaBJieHH.R BLIB01!;HMOrO 
nyqRa, 'ITO IT03BOJI.RJIO H3Mep.HTb cneKTpLI B BOp;e 
Ha pa3JIH1JHLIX paCCTOHHH.RX OT mapa. ,[(JIH HX 
HOpMHpOBKH no aMnJIHTyp;aM H BBep;eHHH nonpaB
KH Ha rpap;HeHT HCll0Jib30BaJIHCb p;aHHLie, llOJiy
tJeHHLie c llOMOID;biO HBp;HeB:&IX HHAHRaTOpOB. 
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Ha ncex npHBO,!I;HMhlX HHil\e pucyHitax ueii:
TpOHHhle CII8KTphl npep;cTaBJI8Hhl B BH,!I;e 

~~ = f (t), 

rp;e dn - IIJIOTHOCTh Heii:TpOHOB B 8,!1;l1Hli'IHOM HH
dt 

TepnaJie npoJieTuoro npeMenu; t - npoJieTHoe 
B peMH, .M-,oce,.f .M. 

CneKTp HCTOtrHHKa, TO ecTh cneKTP pacceunae
MhlX mapOM HeiiTpOHOB, H3MepeHHhlii npll OTCyT
CTBllll nop;hl n 6aKe, noRaaau na puc. 2. 

B nop;e uaMepeHHH nponep;enhl ua paccTOHHHRX 
OT mapa r - r 0 = 0; 5; 10; 20; 50; 65 .M.M (r -
paccTOHHHe OT ~eHTpa mapa p;o HCCJiep;yeMo! 
TO'IKH). Ha Kamp;oM H3 yKaaaHHhlX paccTORHHH 
cneKTp H3MepHJICH p;namp;hl: 6ea Ra,!I;MHenoro 
cpliJibTpa ll C cpliJibTpOM, DOMem;aeMhlM Ha BXO,!J;e 
nyqKa B 6aK. 8KcnepHM8HTaJibHhle RpliBhle, CHJI
Thle C cpHJibTpOM B nepBli'IHOM nyqKe, Dpep;cTaB
JIJIIOT C060H, KaK ::ITO Bli,!I;HO ll3 pHC. 2, CD8KTp 
HeiiTpOHOB OT JICTO'IHHKa C cpepMli8BCKJIM pacnpe
,!1;8JI8Hli8M. 8KcnepHM8HTaJibHaJI KpHBaJI, DOJiy
qeHHaJI Ha ,!l;aHHOM paCCTOJIHHll KaK pa3HOCTb 
,!J;BYX H3MepeHHH (6ea cpliJibTpa H C cpHJibTpOM 
n nepnHqHOM nyqKe) npep;cTaBJIHeT co6oH: cneKTp 
H8HTpOHOB B BO,!I;e, o6yCJIOBJI8HHhiH ,!1;8HCTBlleM 
TeDJIOBOH KOMDOH8HThl nyqKa peaKTOpa, KOTOpaH, 
KaK CJiep;yeT 113 pHC. 2, 6JIH3Ka K MaKCB8JIJIOB
CKOMY pacnpep;eJieHHIO c Tu = 760° K. 

§ 2.CneKTpbl rennOBbiX HeHTpOHOB 
OT 11CT04HMKa C QJepMHeBCKHM 

pacnpeAeneHHeM 

fl pOCTpaHCTB8HHO-aHepreTH'I8CKOe pacnpep;eJie
Hlle H8HTpOHOB OT HCTO'IHHKa C cpepMHeBCKJIM 
cneKTpOM noKaaauo ua pnc. 3. Bo ncex nccJie
p;onaHHhlX TO'IKaX, BKJIIOqaJI ll li3MepeHJIJI BDJIOT
HYIO K mapy, TenJioBaR o6JiacTh cneKTpon yp;on
JieTnOpHTeJihHO ODJIChlBaeTCJI MaKCB8JIJIOBCKliMH 
pacnpep;eJieHHHMH c TeMnepaTypaMH, ueauaqn
TeJihHO npenhlmarom;HMH TeMnepaTypy cpep;hl, H 
B npe,!l;eJiaX 8KCDepHM8HTaJibHhlX OmJIOOK, COB
nap;aiOID;liX Memp;y co6oii:. 

PeayJihTaThl aroro aKcnepHMeHTa cpanuunaJIHCh 
C pacqeTOM npOCTpaHCTB8HH0-8HepreTH'I8CKOro 
pacnpe,!l;eJieHHJI T8DJIOBhlX H8HTpOHOB B BO,!I;e, 
nponep;euuoM ,!I;JIH ccpeputrec«oii reoMeTpHH. Pac
treT BhlDOJIHeH B p rDpHOJillil\8Hllll B 8HepreTH'Ie
CKOH o6JiaCTH 0 < E < 0,67 98, paa6unaeMoH: 
ua 15 rpynn. TepMaJIHaan;HOHHhle acpcpeKThl 6hiJIH 
Y'IT8Hhl na OCHOBe pa60Thl Typqnna 6 • n pH 
E > 0,67 98 (o6JiaCTh HCTOtrHHKOB) cneKTp neii
Tpouon npep;noJiaraJicH cpepMHeBCKHM, a B Kaqe
CTBe DpOCTpaHCTB8HHOrO pacnpep;eJieHHJI JICTOq
HJIIWB liCIIOJih30BaJiaCb 8KCD8pHM8HTaJihHaJI KpH
BaJI, DOJiy'IeHHaJI C DOMOID;biO liH,!I;JieBhlX liH,!I;li
KaTOpOB (E = 1,46 98). llop;po6noe li3JIOil\8HHe 
M8TO)J;a, HCDOJib30BaHHOrO B p;aHHOM pacqeTe, 
MOil\HO HaRTH B pa6oTaX 3• 6 • 

8KcnepHM8HTaJibHhle H pacqeTHhle KpliBhle HOp
dn 

MllpOBaJIJICb no MaKCHMYMY pacnpep;eJieHJIJI dt • 
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Ha pHc. 3 BH,!I;HO, 'ITO peayJihTaThl aKcnepHMeuTa 
11 pacqeTa corJiacyroTcH p;ocTaToqno xopomo, npu
qeM B TeiiJIOBOH 06JiaCTJI pactreTHhle KpliBhle 
npaitTH'I8CKll COBDap;aiOT C COOTBeTCTBYIOID;liMll 
MaHcneJIJIOBCI\HMH pacnpep;eJieHHHMH. TaKHM 
o6paaoM, p;aHHhle aKcnepHMeHTa H pactreTa noano
JI.HIOT C,!l;eJiaTb BhlBO,!I;, 'ITO npH liCDOJib30BaHHll 
HCTO'IHHKa C cpepMH8BCKHM cneKTpOM anepreTH
qeCH08 pacnpep;eJienHe TeDJIOBhlX neH:Tponon n 
nop;e (n o6JiaCTH E < 0,15 9B) ne aanHCHT OT 
paCCTO.HHH.H ,!1;0 HCTO'IHHKa H B JIIOOOH TO'!K8 
cpep;hl MOil\eT 6hlTb ODHCaHO CD8HTpOM TeiiJIOBhlX 
neii:Tponon ,!I;JIH 6ecHoHe'!noii: cpep;hi c pacnpe
p;eJieHHhlMH liCTO'IHHHaMH 3 (c TO'IHOCThiO ,!1;0 He
OOJihiiiOH nonpanKH, cnHaaunoH: c BJIH.HHHeM JIO
KaJihHOii: yTe'!Kll, § 4). 

§ 3. CneKTPbl rennOBbiX HeHTPOHOB 
OT HCT04HHKa C TeMneparypOH 

MaHceennoecKoro pacnpeAeneHHH 760° K 

llpocTpancTBeHJIO-auepreTH'IeCKoe pacnpep;e-
Jieuue ueii:Tpouon n nop;e, coap;anaeMoe HCTOtrHH
KOM, cneKTp KOToporo npep;cTaBJIHeT co6oii: Ten
Jionyro KOMDOH8HTY IIY'!Ka peaKTopa (pa3HOCTHhl8 
KpHBhle), noKaaano ua puc. 4. BhlJIO ycTauonJieuo, 
trTO npu r - ro > 20 .M.M ::mcnepuMeHTaJihHhle 
KpliBhle 6JIJI3Kll K MaKCB8JIJIOBCKOMy pacnpe,!l;eJie
HliiO c Tn = 304° K (TeMnepaTypa, ycpep;uennaH 
no uaMepeuu.HM ua Tpex paccTOHHHHx: 
20 .M.M - 303 ± 15° K; 50 .M.M - 306 + 15° K; 
65 .M.M - 302 + 15° K). CJiep;onaTeJihHO, Ha'!H
HaH C paCCTOJIHHJI OT mapa 20 .M.M, CneKTp liCDOJib-
3Y8MOfO HaMJI JICTO'IHJIKa B npep;eJiaX TO'IHOCTH 
aKcnepuMeHTa ue BJIHHeT ua xapaRTep anepreTH
'!ecKoro pacnpep;eJieHHH ueiiTpouon. 

B o6JiaCTH r - ro < 20 .M.M, KOTopyro Momuo 
uaanaTh nepexo,!I;HOH, H3MepeHHhle pacnpep;eJie
HHH HeHTpOHOB HOCJIT cym;eCTB8HHO HHOH X a paK
Tep. BbiJIO nponep;euo conocTanJienue aTHX KpH
BhlX C pacqeTOM, OCHOBaHHhlM Ha npep;nOJIOil\8HHll, 
'ITO npon;ecc ycTanonJieHHH cneKTpa cpe,!l;hl Hp;eT 
l!epe3 MaKCB8JIJIOnO,!I;OOHhl8 cpopMhl C TeMnepaTy
pOH, 3aBJIC.HID;8H OT . paCCTOJIHJIJI )1;0 liCTO'IHHKa. 
RuueTH'!eCKOe ypanueuHe pemaJIOCh MeTop;oM 
fpep;a 6 nyTeM paaJiomeHHH cpyHKIJ;HH pacnpep;e
JieHHH Heii:TpOHOB no CHMMeTpli30BaHHhlM nOJIJI
HOMaM 8pMHTa. llapaMeTp pa3JIOil\8Hllfl, TeMne
paTypa neiiTpouon T Bhl6upaJiach raKHM o6pa-
30M, 'IT06bl cpyHRD;liJI pacnpe,!J;eJieHHH ,!I;OCTaTOtrHO 
XOpOmO annpOKCliMllpOBaJiaCh ,!I;BYMJI nepBhlMH 
'!JieuaMH 

(1) 

rp;e / 1k - nTopoH: MOMeHT cpyHKD;HH pacnpe,!l;eJie
HHH. 

I1nTerpupyH RHHeTutrecKoe ypanuenue no npo
CTpancTny CKOpOCTeii, noJiy'!aeM CliCTeMy ypaB-

HeHHH p;JIH T, n (nJIOTHOCTH neiiTpouon) H 7 
(nOTOKa H8HTpOHOB) 

!!!._ + 81
i + yn = O· at {}xi ' 
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anT 5 a T-T' 1 ae+a ox, nli+ynT=-r nT-:r; (2) 

1, = _..!!___!._anT 
m I. ox, ' 

r;o.e T' - reMneparypa cpe;o.LI; y- KoaqHfllln;lleHT 
norJimn;eHIIH; m - Macca ueftrpoua. 

RIIHeTIIlJeCKIIe Koalflqmn;lleHTLI A 11 -r onpe;o.e

JieH:r:.I cJie,n;yrom;IIM o6paaoM: 

4 1 1 (' 
A= 3 Yn n' If J dx dx' e-x2 [o0 (x' ___,. x)x' 5

-

-at(x' _,.x)xx'4 ]; 

1 2 1 I 1 (' d d 1 •2 
T = 3 v n n lf J X X e-x X 

X (x2 -x12)x130'0 (x' _,.x), (3) 

r;o.e n1
- llJIOTHOCTh MOJiel\yJI cpe;o.LI; X - 6e3-

pa3MepHaH CROpOCTh ( X=~v; ~ = 2::;, 1 ) ; O'o II 

0' 1 - HyJieBOH II nepBhlH MOMeHTLI IIH)J;IIKaTpiiCLI 
pacceHHIIH. 

Pemeu11e CIICTeMLI (2) )J;JIH cran;11ouapuoro CJIY
qan 6e3 norJIOID;eHIIH II clfleplllJeCI\OrO IICTOlJHIIKa 
c TeMnepa rypoii To ,n;aer 4 

\T'-Ti=!To-T!X 

(4) 

r;o.e ro - pa;o.11yc IICTOlJHIIRa; R - pa;o.11yc, xa

pa«rep113YIOID;IIH o6rn;11e pa3MepLI CIICTeMLI; 

( 
5 't' kT')1

/2 L = 3 r: m - )J;JIIIHa peJiaKcan;llll TeMnepa-

TYPhl ueftrpouuoro ra3a *. 
,lJ;JIH COTIOCTaBJieHIIH 31\CnepiiMeHTaJihHLIX )J;aH

HhlX C 3TIIM pacqeTOM pa3HOCTHLie Rp11Bhle, llOJiy

qeHHLie Ha pa3HLIX paCCTOHHIIHX OT mapa, CJie
,lJ;OBaJIO annpOKCIIMIIpOBaTh MaKCBeJIJIOBCKIIMII 
pacnpe;o.eJieHIIHMII. llx TeMneparypa no;o.611paJiaCh 
TaKIIM o6pa30M, lJT06LI ,D;0611ThCH HaiiJiyqmero 
COBTia)J;eHIIH MaKCBeJIJIOBCI\OrO pacnpe)J;eJxeHIIH C 
npaBLIM CHaTOM COOTBeTCTBYIOID;eft pa3HOCTHOH 
KPIIBOH. 8roT cnoco6 onpe;o.eJieHIIH TeMneparyp 
BLITel\aeT 113 npe)J;TIOJIOii\eHIIH, lJTO eCJIII TIOTOK 
«rOpHlJIIX» HeHTpOHOB IICTOlJHIIKa BLI3LIBaeT aHII-
30TpOTIIIIO lf!YHKD;IIII pacnpe)J;eJieHIIH, TO npaBhlH 
cl\aT aKcnepiiMeHraJihHOH RPIIBOH HBJIHeTCH o6Jia
CThiO cneRTpa, r;o.e 3Ta aHii30TpOTIIIH CKa3LIBaeTCH 
na116oJiee cJia6o. TeMnepaTypLI ueftrpouon, uaft
;o.eHHLie TaKIIM o6pa30M, OKa3aJIIICh paBHLIMII: 

* ,Il;Jif! cJiyqaf! nJiociwii 3a,l\aqn 6ea nor Jiorn;emm 
pacnpe,!leJieHHe TeMncparyphl JieMTpOHOB IIpliHHMaeT BH,!I 

I T'-T I= I T0-T I exp {- L:} 
Lx CBH331Ia C IIOJiyqeHHOH BhlliiC ,!IJIIHIOH peJiaRCai~HH 
COOTHOIIICHHCM 

£2=Lxa, 

n~e a- aeJiuquna, xapaKrepn3yiorn;aii paaMcp cncrcMhl. 
llpn HaJI.uqnn norJiorn;enun a JaBncnr or ,!lmp!(lyaHOHnoii 
,!1 Jlllllbl. 
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)J;JIH r - ro = 0 T = 500 ± 30° K; )J;JIH r - ro = 
= 5 .M.M T = 360 ± 20° K; )J;JIH r - ro = 10 .M.M 

T = 317 ± 15° K (piiC. 5). 
McnoJih3YH BLipameHIIe (4) 11 reMneparyphl, 

TIOJiylJeHHLie ;IJ.JIH pa3JIIIlJHhlX paCCTOHHIIH, HaillJIII, 
qro L = 1 + 0,2 c.M. Pacqer )J;JIIIHhl peJiaKcan;1111 
HeHTpOHHOH TeMneparyphl Ha OCHOBe MO)J;eJIII, 
npe,o;Jiomeuuoft B pa6ore 2, ,o;aer ,IJ;JIH uaruero cJiy
qaH BeJIIIlJIIHY L = 1,1 c.M. 3aBIICIIMOCTh reM
rreparyphl ueH:rpouoB or paccronmur ,o;o mapa, 
pacclJIITaHHaH no (4) c L = 1 C.M, rrp11ne,o;eua 
Ha p11C. 5. 

ll3 piiC. 4 CJie;o.yeT, lJTO annpOKCIIMart;IIH pa3HO
CTHhlX KpHBLIX MaRcBeJIJIOBCI\IIMII pacnpe,n;eJie
HIIHMII MOiKeT ClJIITaThCH y)J;OBJieTBOpiiTeJibHOH Ha 
paCCTOHHIIHX, r;o.e cneRTp 6JIH30K R aCHMnTOTHlJe
Cl\OMy, uo ue npnro;o.ua ,D;JIH o6Jiacrll, r;o.e 6Jin-
30CTh IICTOlJHHKa BL13hlBaeT 3aMeTHYIO aHII30Tp0-
niiiO lflyaRrt;llll pacnpe,o;eJieHIIH. BoJiee roqnoro 

OlliiCaHHH lflopMLI 31\CllepHMeHTaJibHLIX RpHBhlX 
BO BCeH nepeXO)J;HOH 06JiaCTII MOiKHO )J;0611TbCH, 
npe,o;craBIIB IIX KaK cynepn0311rt;IIIO cneKrpa 
IICTOlJHIII\a (MaKCBeJIJIOBCROe pacnpe)J;eJieHIIe C 
T = 750° K) 11 acnMnTOTIIlJecKoro cneKrpa cpe;o.LI 
(MaKcneJIJIOBCKoe pacnpe;o.eJieHIIe c T = 300° K) 
C aMllJIHTy,D;aMH, 3aBHCHID;HMII OT 1\00p,li;HHaT. 
fio,o;o6HLIH llO,IJ;XO,Il; yme HeO,ll;HOKpaTHO 11CllOJib-
30BaJICH B pH)J;e paclJeTHLIX II 3KCnep11MeHTaJibHhlX 
pa6or, uanp11Mep 7•8 • Pa3Jiomeulle pa3HOCTHLIX 
KpiiBLIX Ha ,IJ;Be TaKIIe COCTaBJIHIOID;IIe nOKa3aHO 

ua p11c. 6. 
Ilpe)J;llOJiaraJIOCb, lJTO Ha BCeX paCCTOHHIIHX OT 

HCTOlJHIIKa xapaKrep cneKrpa np11 aueprHHX 
,..., 0,01 fiB llOJIHOCThiO onpe;o,eJIHeTCH MaKCBeJIJIOB
CRIIM pacnpe;o.eJiemJeM c T = 300° K. TaKIIM 
o6pa30M, OKa3hlBaJIIICh HaH)J;eHHhlMII aCIIMnTOTII
lJeCKIIe cocraBJIHIOID;IIe. BLI'IIITaH IIX 113 pa3HO
CTHhiX cneKrpon, noJiy'liiJIII )J;JIH Bcex rpex pac
CTOHHHH (0; 5 II 10 .M.M) KpiiBLie, 6JI113KHe no !flop
Me K MaKcneJIJIOBCKOMY pacnpe;o.eJieHIIIO c T = 
= 750° K, uo pa3JIH'lHhle no aMnJIIITy,o;aM. llJIOT
HOCTH <<rOpHl!eH>> II <<XOJIO)J;HOH>> HOMllOHeHTLI, 
uaft;o.eHHLie B peayJII>rare aroro paaJIOii\eHIIH KaK 
lflyHKrt;HH paCCTOHHIIH OT IICTO'IHIIKa, npe,IJ;CTaB

JieHLI Ha p11c. 7. 
BLIJia npe;o.npHHHTa nonhiTKa noJiy'IIITb no;o.o6-

HLie KpiiBhle paC'IeTHhiM nyTeM. ,lJ;JIH aTOrO lflyHH
D;IIH paonpe;o.eJieHIIH ueftTpouon npe,o;craBJIHJiach 
B BH,IJ;e cynepii0311Il;IIH ,ll;BYX COCTaBJIHIOID;IIX, 
Kam)J;aH 113 KOTOphiX aaBHCIIJia TOJibl\0 OT O,Il;HOH 
113 reMneparyp. llcnoJII>aonauuaH MeTO,Il;IIKa 
paClJeTa He OTJIIIlJaJiaCb OT 113JIOa\eHHOii Bbl

me 4 • 

PaclJeT OLIJI npone,o;eu ,IJ;JIH ;o.nyx cJiytJaen: ;IJ.JIH 
cpe;o.hl 6ea norJiorn;eHIIH 11 npH HaJIII'IIIH cJia6oro 
norJiorn;emm. lla puc. 7, ua KOTopoM peayJibTaTLI 
3TIIX paC'leTOB cpaBHIIBaiOTCH C 3KCnep11MeHTOM, 
BII)J;HO, 'ITO Ha MaJILIX paCCTOHHIIHX Tpy;D.HO OT)J;aTb 
npe)J;IIOlJTeime 1\aiWii-JIIIOO 113 paClJeTHhlX Kpii
BhlX. Ha GoJiblliiiX paccTOHHIIflX, o,o;HaKo, ::mcne
pHMeuraJII>Hhle TO'II\H ,IJ;JIH nJioTHOCTH <<XOJIO,D;
HhlX>) neinpouon 6JIHf!\e 1\ ;o.anHLIM pacqera, B Ko

ropoM y'IHThlnaercn norJiorn;enne. 
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§ 4. CneKTPbl HeArpoHOB a pacTeopax 
60pHOH KHCnOTbl 

llpn H3MepeHHH CUeRTpOB TeUJIOBhiX Heii:TpOHOB 

B paCTBOpaX 6opHOH RJICJIOThl HCUOJII>30B8JI8Cb 

OUJICaHHaH Bhllll8 ;;mcnepHMeHTaJihHaH ycTaHOBRa. 

lly'IOR Heii:TpOHOB JI3 peaRTOpa Ha BXO)J;e B 6aR 

6biJI nOCTOHHHO nepeRphiT R8)J;MHeBhiM lf!JIJII>TpOM, 

a rope~ BhiBo;o;noro RaHaJia noMem;aJicH na;o; 

rnapoM, 6Jiaro;o;apa 'leMy rpa;o;JieHT cRaJiapnoro 

nOTORa B HanpaBJI8HJIJI BhiBO)J;a nyqRa 6biJI MaJI. 

llpn CpaBHeHJIH noJiyqeHHhiX peayJII>T8TOB C 

pacqeraMH )J;JIH 6eCROHe1JHOH cpe)J;hl C paBHOMepHO 

pacnpe;o;eJieHHhiMJI HCTO'IHHRaMJI He06XO)J;JIMO 

BBO,):(HTI> nonpaBRY Ha JIORRJII>HYIO AJIIf!lflyaJIOH

HYIO yre'IRY neii:rpoHoB. B o6JiaCTH, 6JIJI3ROii R 

JICTO'IHHRY, ara nonpaBRa Ha nepBhlll B3rJIH)l. 

npe;o;craBJIHeTca aHa'IJITeJibHoii. O;o;na:Ko xapa:K

nip pacnpe):(eJieHJIH nOTO:Ka Heii:TpOHOB, C03,):(a

Ba8MOrO cne:KrpOM Hamero HCTO'IHJI:Ka, TaROB, 'ITO 

o6JiaCTh BhiBO)l.a ny'IKa (r - ro ~ 1 c.«) 6miaRa 

R TOlJRe neperJI6a. RpHBOH, OnJIChiBaiOm;eii pac

npe;o;eJieHJie aToro noroRa. Jlo:KaJibHaa yrelJKa 

npOHBJIHeTCH a;o;ech :Ka:K He60JII>IllOe )l.OllOJIHHTeJih

HOe norJIOID;eHJie (V 2<D < 0), COCTRBJIHIDID;ee "'15% 
OT o6m;ero norJIOID;eHHH )l.JIH 'IJICTOH BO)J;hl, H npaR

TH'l8C:KH He CRR3hiBReTCH Ha peayJibTRTaX H3Me

peHJIH UpH BB8)1.8HJIH ;IJ;OnOJIHJITeJihHOrO norJIO-_ 

TJITeJIH. 
PeayJI~>TaThl HaMepeHJIH 9 n nx conocraBJieHne 

C pacqeTRMH, BhiUOJIHeHHhiMH )l.JIH 6eCROH8'1HOH 

Cp8;IJ;hl C paBHOMepHO pacnpe)l.eJieHHhiMH HCTO'IHH

:KRMH 3, npe;o;craBJieHhl Ha pnc. 8. llpn naHece

HHH )l.aHHhiX T HIT o B lflyHK~HH ROH~eHrpa~nH 
norJIOTHTeJIH yqreHO )J;OUOJIHJITeJibHOe norJIOID;e

HJie, CBH3aHHOe C JIO:KRJihHOH AHif!lf!yaJIOHHOH 

yre'IRoii. B renJioBoii o6JiacTH :mcnepJIMeHTaJIL

Hhle RpHBhle y;o;oBJISTBOpHTeJILHO corJiacyiOTCJJ 

C paC'I8THhiMH CUe:KTpaMH, ROTOpble O:Ka3biB8IOTCH 

BSCI>Ma 6JIH3:KH R MR:KCBeJIJIOBCRJIM pacnpe;o;e

JieHH.flM C TSMUepaTypaMH, y:Ka3aHHhiMH Ha TOM 

me pncyHKe. 3Ha'leHJIH TH/To B aaBJICHMOCTH OT 

:KOH~eHTpa~HH norJIOTJITeJIH B BO)J;e cpaBHJIB8IOTCH 

Ha pnc. 9 c pacqeraMJI, BhlnOJIHeHHhiMH B pa6o

Tax 2•3 C yqeTOM CHJI XHMJI'IeCKOH CBH3H (RpHBhle 

1 n 2) n no raaoBoii Mo)l.eJIH (RpJIBaa 3). CJie;o;yer 

OTMeTJITb, 'ITO peayJII>T8Thl nO.CJie)J;HHX pac'leTOB, 

H3JIOmeHHhle B )J;O:KJia)J;e, npe;o;craBJieHHOM Ha 

HaCTOHID;YIO :KOHiflepeH~JIIO 2 , Jiyqrne COrJiaCyiOTCH 

c HarnHMH ;o;aHHhiMJI. Bca coBoRynHOCTh a:Kcne

pHMeHraJil>HhiX aHa'leHJiii TH/T o He Momer 6hiTI> 
o61>HCHeHa Ha OCHOBe raaOBOH MO)J;eJIJI. 

II. H3Y4EHHE 3AME,D.JlfiiOlUHX 
CBO~CTB· fH,D.PH)J.OB MET AJ1J10B 

§ 1. nonHb19 acpcpeKTHBHbJe Cel.JeHHfl 
rHAPHAOB nHTHfl H UHPKOHHfl 

ilaMepeHJIH UOJIHhiX alfllfleRTJIBHhiX ceqeHHH rH)J;

pH;D;OB MeTaJIJIOB UpOH3BO)J;HJIJICb C UOMOID;I>IO Me

XaHJI'leC:KOrO ceJieKropa HeilrpoHOB, onncaHHOro 

B pa6orax 10•11• BepereHoo6paaHaH lflopMa m;eJieii 
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B pOTOpe H HCnOJII>30B8HHaH CJICTeMa CHHXpOHHO 

Bpam;aiOm;nx~JJ poTopoB o6eoneqnnaJin npeHe6pe

mHMO MaJihiH lf!oH B H3MepeHHJJX Ha npOJieTHOH 

6aae B 130 M npn paaperneHJIH B renJioBoii o6Jia
crn 3 Ml>cer./.«. 

Ha pHc. 10 npnBe;o;eH xo;o; noJIHoro ce'leHna 

pacceHHIIH HeHTpOHOB Ha BO;IJ;Opo;o;e, CBJJ3aHHOM 

B rn;o;pn;o;e JIHTJIH, no )1.8HHhiM JI3MepeHHH UOJIHOrO 

ce'leHJIH LPH B o6Jiacrn or 0,02 l(O 2 98. llpn 

aHeprnH HeiiTpOHOB Bhlme 0,2 98 ceqeHJie pac

ceHHHH, UOJiy'leHHOe H3 3:KCnepJIMeHTOB, CJie)J;yeT 
38:KOHy 12, 13. 

(5) 

r;o;e K'Y - cpe;o;HHH KHHeTH'Iec:Kaa aHepnm npo

TOI!a; f..l. - OTHOilleHJie MaCCLI npOTOHa :K Macce 

HeHrpona; <Jo - ce'leHne paccenHHH Ha cBo6o;o;HoM 
a;o;pe. 

PacqeTHhle ana'leHna ce'leHna pacceaHJIH Heii

rpOHOB rn;o;pH;IJ;OM JIHTHH, noJiy'leHHhle B pa6ore 2 

C yqeTOM ypOBHeH npn 0,1; 0,13 98 H a:KyCTJI'Ie~ 
cKnx :KoJie6aHnu y;o;oBJieTBOpHTeJILHO corJiacyiOT

CH c :mcnepJIMeHTaJibHhiMH ;o;aHHhiMH. Ha pnc. 10 

H8HeceHLI nyHRTHpOM paC'IeTHhle 3Ha'leHJIH B 

o6JiaCTR ypOBHH npn 0,1 98, r;o;e JIMeeTca He60JIL

moe OTJIH'IJie OT peayJibTaTOB :mcnepnMeHTa. Bo 

BCeii OCT8JII>HOH 06JiaCTH HMeeT MeCTO XOpomee 

corJiacJie aRcnepJIMeHraJihHLIX n pacqeTHLIX ;o;aH
HhiX. 

llaMepeHJie nOJIHOro alfllf!eRTHBHOro Ce'leHJIH 

rH,II;pH;IJ;a ~Hp:KOHJIH npOBO,IJ;HJIOCb ,II;JIH Tpex pa3HO• 

BH,II;HOCTeH rn,IJ;pH,IJ;a C pa3JIJilJHhiM CO,IJ;epmaHHeM 
BO,II;opo,IJ;a. PeayJII>TaTLI naMepeHJIH no:KaaLIBaiOT, 

'ITO UOJIHLie Ce'leHJIH rn,IJ;pH,II;OB Il;Hp:KOHHH B npe

;IJ;eJiaX TO'IHOCTH H3MepeHHU ( 4%) COBna,IJ;8IOT 

Mem}J;y C06oii H C ,):(aHHLIMH, ony6JIHROBaHHhiMH 

B pa6ore 1
• ,ll;JIH HCCJI8}J;OBaHHhiX pa3HOBli}J;HOCT8H 

fH~pJI;IJ;a ~llp:KOHHH He 3aMe'leHO CMeiD;eHHH ypOB
HeH B036ym,IJ;eHHLIX ROJie6aHJIH BO,II;Opo;o;a B pe

lll8T:Ke. CeqeHJie pacceJJHHH HeiiTpOHOB B o6Jia

CTH E > 0,5 98 onJICLIBaerca coorHomeHneM (5). 

§ 2. TepManHsauHFJ HeiirpOHOB a rHAPHAe 
nHTHFJ-7 

lJCCJI8,II;OB8Hlle TepMaJIJI3R~HH HeHTpOHOB B rn;o;

pH;IJ;e JlliTJIH-7 npOBO,):(HJIOCb no MeTO)J;JIRe, paHee 

onucaHHOH B aroM ):(O:KJia,IJ;e ( § 4). B arJix OIILI

rax HCIIOJib30BaJiach ra me ycraHOB:Ka, JI;IJ;eHTH'I

HaH reoMeTpna H npHMeHHJIJICI> aHaJiorJI'IHLie 

MeTO)J;LI aH8JIJI3a 3RCIIepJIMeHTaJibHLIX ,IJ;aHHLIX. 

C6op:Ka na rn,IJ;pH;o;a JIHTHH 6LIJia c,IJ;eJiana B lflopMe 

~JIJIHH)J;pa ;o;uaMeTpOM d = 430 M.M BLICOTOH 

H = 520 M.M H3 )J;HCROB d = 47 .M.M H TOJIID;JI

HOH H = 5 MM. ,ll;HCKJI na rn;o;pH;o;a (B aJIIOMHHHe

BhiX 'leXJiaX TOJIID;liHOH 0,1 .MM) YKJIR,IJ;LIB8JiliCb 

T8:KJIM o6pa30M, 'IT06LI yMeHblliJITb BLIJieT Heii

TpOHOB qepea m;eJIH C60p:KH (B :Kam,IJ;OM CJIOe fH,IJ;

pH,II;a ,II;JIC:Kli COOTBeTCTBeHHO CMem;eHhl T8K, 'IT06LI 

liCKJIIOlJ.liTb yTe'IRY HeHTpOHOB 6ea 3aMe,IJ;JieHHH). 

B .u;enrpe c6opRH paaMem;aJica CBHHil;OBLiii IIIap 
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PHC. 8. CneKTPbl TennoBbiX Hei1TpoHoB B pacTeope 15opHol1 KHCnOTbl (TeMnepaTypa 
BO,D,bl T0=320±3° K) : 

1-•IHCTafl BO,u;a, TH=330±15°K; Z-!7c=1,5 6apn, TH=360±15°K; 3-ac= 
=2,9 6apn, TH=380 ± 15° K 

TH r------.------r------r------~-----.------r-~~70----~ 
To 

2 oa1CSapH 

PHC. 9. 3aBHCHMOCTb T8MnepaTypbl H8HTPOHHoro rasa OT KOH~9HTpaL!HH nornOTMTenR! 
1-paC'leT, B3HTLIH H3 pa60TLI3; Z-paC'IeT, UpOBe,ll;eHHLIH B pa6oTe 2; 3-pac'leT 

na ocnoBe wo,u;enu CB06o,u;Horo Bo,u;opo,u;a 



3ACE,ll,AHHE 3.1 P/366 

AHaMerpoM 50 MM. ITo cnen;HaJihHOMY RaHaJiy 
B COOpRe, DMeiOm;eMy B CelJeHHD RBaApaT CO CTO
pOHOH 35 MM, Ha CBHHn;OBLIH map npOXOAHJI 
nylJOK HeiirpoHOB H3 peaRropa. Ha nyTH ny'IRa, 
nepeA COOpROH ycTaHaBJIHBaJICR K8,l(MHeBLIH 
cJ!HJibTp. IJyqOI{ HeHTpOHOB BLIXOAHJI C TOpn;a 
RaHaJia HaA n;eHrpoM mapa. BLIBOAHOH RaHaJI 

npe,l(CTaBJIRJI B Ce'leHHH UpRMOyrOJihHHK CO CTO
pOHaMH 20 X 35 MM. 

Pe3yJILTaTLI H3Mepenuii nJiornocTH renJioBLIX 

40 

l 

~ '--
20 

10 

0 
0,2 0,4 0,6 0,8 
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neiirpOHOB npHBe.l(eHLI Ha p11c. 11 B cJ!YHRn;HH 
npeMenu npoJiera, BLipameHHOM B MK,Ce.,.!M. Cra

dn 
THCTHlJeCRaR TO'IJ:HOCTb B onpe,l(eJieHHH dt COCTaB-

JIRJia .....,3%. 
B nepnoM npHOJIHmeHHH cneRTp renJIOBhlX 

HeHTpOHOB B rHAPHAe JIHTHH-7 MOii{HO OUHCaTL 
MaRcneJIJIOBCRHM pacnpeAeJieHHeM c TeMnepary
poii T = 330 ± 10° K. ConocraBJieHHe aTHX 

pe3yJILTaTOB C COOTBeTCTBYIOnJ;HMH H3MepeHBHMH 

1,2 1,4 1,6 1,8 2 E.ea 

PHC. 10. nonHoe Ce'teHHe rHAPHAa nHTHR 
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PHc. 11. CneKrp rennoBbiX Hel%rpoHoB a Li7B npH 

T0=300°K 

r.r-------~---------r--------,---------. 

To 

PHc. 12. 3aBHCHMOCTb reMneparyp~ Hel%rpoHHoro 
rasa OT KOH48HTP84MM nornOTMTenH: 

1-pac'leT, npoBeAeHHHii B pa6oTe 2 AJIJI Li7H; 2-pac
'leT, nposep;eHHLIB B pa60Te S AJIH BOAH; 3-pacqeT Ha 
OCHOBe KOA8JIB CB060AftOrO BOAOPOAa; TOqKa-9KCUepB-

K8HTaJILH08 aaaqeaue TH/To AJIR Li7H 
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cneKTpOB B BO):(e npH Toii me TeMnepaType H paB
BLIX norJJOII\eHHHX Ha aTOM BO):(OpO):(a noKaaLI
BaeT, 'ITO cneKTp HeHTpOHOB, yCTaHaBJJHBai0-
11\HHCH B rH):(pH):(e JJHTHH-7, 6oJJee il\eCTKHH, tJeM 
B BO):(e. Ha pHc. 12 noKaaaao aaa-qeane TH/To, 
noJJytJeHHOe B aameM aKcnepHMeHTe. ll,JJH cpaB
HeHHH Ha TOM me pHCYHKe npHBC):(eHLI KpHBLie 
THITo, B3HTLie aaMH Ha pa6oTLI 2 ):(JJH Li'H 
(KpHBaH Z) H BOil:LI (KPHBaH 2). RpnBaH 3 pac
C'IHTaaa no MO):(eJJH cBo6o):(aoro BO):(opo):(a. B OTJJO
meaaoM no ocH a6c~Hcc norJJom;eHHH ae:iiTpoHOB 
AJJH Li 7H ytJTeHo a<fl<fleRTHBHoe ceqeane npn-

L ·6 MeCH O'a 1 , 
CpaBHeHHe TH!To ):(JJH rHAPHAa JJHTHH-7 H BOALI 

nOKa3LIBaeT, 'ITO cneKTp TenJJOBLIX He:iiTpOHOB, 
ycTaHaBJJHBarom;H:iic.H B rHAPHAe, 6JJH30K K cneK
TPY B BOAe, OTpaBJJeaao:ii norJIOTHTeJJeM no aa
Koay 1/V, npH norJIOID;eHHH B BO):(e nO'ITH B ):(Ba 
paaa 6oJJ&meM, qeM B rHAPHAe JJHTH.H. ITo cpaB
HeHHIO C pacnpe,l(eJJeHHeM HCHTpOHOB, ycTaHaB
JJHBaiOID;HMCH B r:e):(pH):(e ~HpKOHHH npH TaKOM 
me norJJOID;eHHH 14, cneKTp TenJJOBLIX HeiiTpOHOB 
B rHAPHAe JJHTH.H-7 6oJJee MHrKHH. 

3AHni04EH~E 

IIpoBeAeBHLte onLtTLI no HayqeHHIO aaMe):(JI.Hro-
11\HX cBo:iicTB BOALI, rHAPHAOB JIHTH.H-7 n ~HpKo
HHH H CpaBHeHHe C pactJeTaMH nOKa3LIBaiOT, 'ITO 
Ha6JIIOAaeMLie B aKcnepHMeHTaX a<fl<fleKTLI AOCTa
TO'IHO XOpOIDO COrJiaCyiOTC.H C pac1JeTaMH, BLinOJI
HeHHLIMH no COOTBeTCTBYIOID;HM AH<fJ<flepeH~HaJih
HLIM Ce'leHH.HM B pa60Te 2 • 

ABTopLI BLipamaroT 6Jiaro):(apaoCTh B. <I>. Typ
"'HHY aa noJieaHLte o6cymAeHH.H. 

E. A. ,D.OHJlbHHU,biH et al. 
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ABSTRACT-RESUME-AHHOTAU14JI-RESUMEN 

I 

Neutron thermalization studies in 
hydrogenous media 

By E. Y. Doilnitsyn eta/. 

A/366 USSR 

This paper describes the investigation of thermal 
neutron spectra in water and hydrogenous media by 
means of the time-of-flight method. 

Space and energy distribution of neutrons in water 
with a Fermi-spectrum source is presented. 

Neutron spectra are measured in water poisoned by 
an absorber according to the lfv law. THe results are 
compared with the calculations for a gas model, taking 
into account the chemical binding forces. 

The relaxation of a neutron-gas temperature in 
water has been studied. 

Two approaches are considered, satisfactorily 
explaining the asymptotic spectrum for thermal 
neutrons. 

A/366 URSS 

Etude de Ia thermalisation des neutrons 
dans les milieux hydrogenes 

parE: Y. Doilnitsyn eta/. 

Le memoire decrit des etudes de spectres de neu
trons thermiques d'apres le temps de vol dans l'eau et 
dans les milieux hydrogemSs. 

On donne Ia distribution spatiale et energetique dans 
l'eau des neutrons emis par une source a spectre de 
Fermi. 

Les spectres de neutrons sont mesures dans l'eau em
poisonnee par un absorbeur suivant Ia loi lfv. Les re
sultats sont compares aux calculs fondes sur un modele 
de gaz, compte tenu des forces de liaison chimique 
dans l'eau. 

On etudie Ia relaxation de Ia temperature du gaz 
neutronique dans l'eau. On examine deux conceptions 
permettant d'expliquer de facon satisfaisante l'exis-
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tence d'un spectre asymptotique de neutrons ther
miques. 

A/366 URSS 

Estudio de Ia termalizaci6n de neutrones 
en medios hidrogenados 

por E. Y. Doilnitsyn eta/. 

En el informe se describen las investigaciones sobre 
espectro~ de neutrones termicos, efectuadas por el 

E. fl. AOHnbHHL.I,biH et· al. 279 

metodo del tiempo de vuelo, en el agua y en medios 
hidrogenados. 

Se presenta Ia distribuci6n espacial y energetica de 
los neutrones en el agua para una fuente con espectro 
de Fermi. 

Se midieron los espectros neutr6nicos en agua 
envenenadacon un absorbente que sigue Ia ley Ifv. Los 
resultados se comparan con calculos relativos al 
modelo de gas y que tienen en cuenta el enlace quimico 
en el agua. 

Se estudi6 Ia relajaci6n de Ia temperatura del gas 
neutr6nico en el agua. Se consideraron dos enfoques 
que permiten explicar satisfactoriamente el proceso del 
establecimiento de un espectro asint6tico de los 
neutrones termicos. · 
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3KcnepMMeHTOnbHble pa60Tbl no TepMOnM304MM 

HeMTpOHOB 

B. H. MocTOBO~, B. c. AMKapea, H. n. EpeMeea, c. n. HwMaea, 
H. n. CaAMKOB, 10. c. CanTbiKOB, B. A. Tapa6aHbKO, 
A. A. LlepHbiWOB 

BBE,li,EHVIE 

8RcnepnMeHTaJibHhle nccJiep;onaHHH no TepMa
Jinaa~HII HeiiTpoHoB ObiJIH Ha'IaThl B liHCTHTyTe 
aTOMHoii aHepriiH HM. 11. B. Ryp'IaToBa B nepnop; 
l}lnan'IecRoro o6ocHoBaHHH npoeRToB aHepreTH
'IeCRIIX ypaH-BO,ll;HhlX peaRTopoB. RaR nanecTHO, 
I}IH3HRa 8TIIX peaRTOpOB cym;eCTBeHHhlM o6pa30M 
onpep;emreTcH xapaRTepoM npocTpaHcTBeHHO-aHep
reTn'IecRoro pacrrpep;eJieHHH TenJIOBhlX H annTen
JIOBbiX He:ii.TpoHoB 1. Memp;y TeM pac'IeT cneRTpon 
He:ii.TpOHOB B reTeporeHHbiX ypaH-BO,ll;HhlX CHCTe
MaX npep;cTaBJIJIJI B TO BpeMH Tpyp;HyiO npo6JieMy. 
Heo6xop;nMo 6biJio He TOJibRO paapa6oTaTb al}ll}leR
THBHble MeTO,ll;bl pac'IeTa, HO H noJiy'IIITb HCXO,ll;Hhle 
p;aHHhle no HeiiTpOHHbiM Ce'IeHIIHM, ROTOphle Tpe-
6yiOTCH p;JIH aTnx pac'IeToB. Oco6eHHO Tpyp;Hoii 
B 8RCnepnMeHTaJibHOM H TeopeTH'IeCROM OTHO
meHHH npep;cTaBJIHJiacb aap;a'Ia noJiy'IeHHJI p;aH
HhlX no p;Bail\,ll;bl p;nl}ll}lepeH~IIaJibHOMY Ce'IeHHIO 
pacceHHHH Mep;JieHHhlX HeiiTpoHOB Ha nop;e. B CBH
an c aTHM nccJiep;oBaHIIH no TepMaJIIIaa~IIH obiJIH 
Ha'IaThl c aRcrrepnMeHTOB no naMepeHIIIO npo
cTpaHCTBeHHO-aHepreTII'IeCRoro pacnpep;eJieHHH 
HeiiTpOHOB B ypaH-BO,ll;HhlX cncTeMax. BrrocJiep;
CTBHH TaRIIe H3MepeHIIH 6biJIII rrpoBep;eHbl TaRme 
H B reTeporeHHbiX CIICTeMaX ypaHa C p;pyrHMH 
aaMe,ll;JIHTeJIJIMH, npep;cTaBJIHIOID;HMH HHTepec ,ll;JIH 
8HepreTII'IeCRHX peaRTOpOB. 

PeayJihTaTbi nponep;eHHbiX nccJiep;oBaHnii noano
JIIIJIH OIIpep;eJIIITb OCHOBHhle 3aROHOMepHOCTH 
rrpocTpaHCTBeHHo-aHepreTn'IecRoro pacnpep;eJie
HIIH HeiiTpOHOB B reTeporeHHhlX CIICTeMaX H BhlHC
HHTb BJIHHHIIe XliMII'IeCROH CBH3ll aTOMOB aaMe,ll;JIH
TeJIH n norJiom;eHIIH Ha xapaRTep aToro pacnpe
p;eJieHIIH. 0HII ORaaaJIIICb TaR me noJie3HhlMII I1pi1 
o~eHRe TO'IHOCTH IlpiiOJIIIil\eHHbiX MeTO,ll;OB perne
HIIH RIIHeTII'IeCROro ypaBHeHIIH ,ll;JIH reTeporeHHhlX 
CIICTeM II rrpoBepRII npllTO,ll;HOCTII pa3JIII'IHhlX MO
p;eJibHbiX npep;cTaBJieHnii o xapaRTepe o6MeHa 
aHepriieii Memp;y HeiiTpoHOM II aaMe,ll;JIIITeJieM 
B OOJiaCTII 8Hepri1ii XHMH'IeCROH CBH3II. 

,Il;JIH 6oJiee rJiy6oRoro Il3y'IeHnH noJiy'IeHHhlX 
aaROHOMepHOCTeii II BhlHCHeHIIH pOJIII TIOrJiom;eHHH 
II XHMH'IeCROii CBH3H B npo~eCCaX l}lopMnpoBaHHH 

cneRTpOB B pa3JIII'IHhlX CIICTeMaX nporpaMMa 
IICCJiep;oBaHIIii no TepMaJinaa~IIII 6bma cym;ecTBeH
HO pacmn:peHa. B HacToHm;ee npeMH aRcnepiiMeH
TaJibHble pa60Tbl nep;yTCH B TpeX OCHOBHhlX Hanpa
BJieHIIHX, OXBaTbiBaiOID;IIX Haii60Jiee HHTepeCHble 
H cym;eCTBeHHhle BonpOCbl TepMaJin:aa~HH: 

1) I13YlfeHIIe p;namp;hl p;II«f>«f>epeH~HaJILHbiX ce'Ie
HIIii ,ll;JIH aaMe,ll;JIHTeJieii B TeTIJIOBOH OOJiaCTH 
8Hepri1H HeiiTpOHOB; 

2) Il3y'IeHIIe cneRTpOB TeTIJIOBbiX H aniiTeTIJIO
BhlX HeiiTpOHOB B pa3JIH'IHhlX pa3MHOJI\aiOID;IIX 
n: aaMeJJ;JIJIIOID;IIX cpeJJ;ax; 

3) n:ay'IeHIIe npo~ecca ycTaHoBJieHIIH TenJio
noro CTieRTpa HeiiTpOHOB BO BpeMeHH. 

HIIme npn:nop;HTCH peayJihTaThl IICCJiep;onaHIIii 
no 8TIIM HanpaBJieHHHM, nOJIYlfeHHhle B IIOCJiep;
HIIe rop;bl, a TaRme RpaTRO OIIIICbiBaeTCH HCIIOJib-
30BaHHaH 8RCI1epiiMeHTaJibHaH MeTO,ll;HRa. 

VI3MEPEHVIE ,li,BA>-K,ll,bl 
,ll,vtm~EPEHUvtAnbH~X CE~EHVIA 

PACCEflHHfl 

,IJ;namp;hl p;III}ll}lepeH~HaJibHhie ce'IeHIIH pacceJI
HIIH a (E, E'' e) OhlJIII II3MepeHbl ,ll;JIH BO,ll;hl (H20) 
npii T, paBHOM 23 n 90° C, II MoHonaonponiiJip;nl}le
HIIJia (C15H 16) npii T = 20° C. 

8Rcnepn:MeHTbl no nay'IeHHIO p;namJJ;hl JJ;HI}ll}le
peH~IIaJibHhlX Ce'IeHHH I1pOH3BO,ll;HJIHCb Ha ropH-
30HTaJibHOM IIY'IRe TenJIOBhlX HeiiTpOHOB peaRTopa 
BBP-M liHCTIITyTa «f>n:ali:RII AH "YCCP. 

MeTOAHKa HSMepeHHH 

IIyJibCIIpyiOm;IIii noToR <<MoHoxpoMaTII'IeCRIIX» 
HeiiTpOHOB aHepriiii E, rrap;aiOm;n:x Ha o6paae~ 
aaMe,ll;JIHTeJIH, Bhl,ll;eJIHJICH H3 IIY'IRa TeTIJIOBhlX HeiiT
pOHOB C IIOMOIIJ;biO MeXaHn'IeCROrO MOHOXpoMaTopa 
c napa6oJin'IeCRIIMII m;eJIHMII (pn:c. 1). Paape
meHIIe MOHOXpOMaTopa He 3aBHCeJIO OT CROpO-

(
f'lE' 

cTn: ero npam;eHIIH n: cocTaBJIJIJio E )
112 

= 0,2. 

8Heprn:JI HeiiTpoHOB E', pacceHHHbiX oT o6paa~a 
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PHc. 1. CxeMa sKcnepHMeHTanbHOii ycTaHOBKH: 

l-sa~HTa peaKTOpa BBP-M; 2-aKcnepHMeHTaJibHhiH 
1\aHaJI peaKTOpa; 3-CT3~HOH3pHaR 33DJ,HTa ycTaHOBKHj 
4-nOABHlf(HaH sam,HTa JJ;eTeKTopa paccellHHoro nyqKa; 
5- J];eTeKTOp pacceHHHOrO nyqKa; 6 -MOHHTOp DpJIMOfO 
nyqKa; 7-nouymKa; 8-pacceHBaTCJibj 9--KaMepa pac
ceHBaTena; 10-MexaauqecKHH MoaoxpoMaTop; 11-Ka
Mepa MOHOXpOM3TOpa; 12-DOABHlf(HaH 38DJ,HT8 KaMep 

MOHOXpOM8TOpa H paCC8HBaTeJIR 

~1M88 

PHC. 3. 3aBHCHMOCTb cpeAHero H8M8H8HHH SHeprHH 
npH pacceftHHH OT SHeprHH naAatOll.\HX H8HTPOHOB: 

1-H20, T=23° C; 2-H:;O, T=90° C; 3-Ct5H1a, 
T=17°C 
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PHc. 2. 0THoweHHe ABa>KAbl AH¢1¢IepeH~HanbHoro 
C8"18HHH K C8"18HHIO pacceRHHH Ha CBOCiOAHbiX 

aToM ax 

a (E, E', 9)-"I An.R H,O H C 15H1a E= 100 Mas: 

z-H20(T=23°C), R=18%; e-CtsHts (T=17°C) 
R=18% 

"ji ------~~-------------- ----------

0,6 

0,4 2 l 3 --
~'.--:;:-----.:::::.-

.... ·t1.b- ! 4 

0,2 ! 

OL----r--~r---~--~----~---r-----
100 E,M98 

PHC. 4. 3aBHCHMOCTb cpeAHero KOCHHyCa yrna 

pacceRHH.R fi, OT SHeprHH naAatOll.\HX HeHTpOHOB E; 

1-V,(E) AJIH DOKOH~HXCJl HJWP C M-1; 2-fi(E) JJ;JIH 
rasa34 c M acPcP = j (E); 3 -;i (E), BhlqHcJieHHOe B pa6oTe7; 
4--;:t (E), Bhlqucneaaoe no MOAeJIH HeJIKHHaas; e-aK
cnepHMeHTaJibHhle saaqeaHa It (E) AJIH H 20 (T= 296° K); 
0- aKcnepHMeHTaJibHhle aaaqeHHH ii (E) AJIH c15H16 

(T=290° K) 
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TIO_A yrJIOM 9, H3Mep.HJiaCb MeTO_AOM BpeMeHH 
nponeTa c paapemeaneM 10 + 40 .MKca/.M. Pac
ce.HHHbJe HeHTpOHbl pei'HCTpHp,OBaJIHCb OaTapeeft 
BF3-cqerqnRoB, pacnonomeaaoii aa nponeTHOM 
paCCTO.IIHHH 2,74 .M. ocpcpeRTHBHbie paaMephl 
_AeTeRTopa 30 X 60 X 10 C.M. Y CTaHOBRa TI03BO
JI.HJia necrn naMepean.H B cne_Ayrom;nx _Ananaaoaax 
H3MeHeHH.II nepeMeHHblX: 

E OT 5 ·10-3 _AO 0,5 36, 

E' OT 5 ·10-3 _AO 1,0 36, 

8 OT 15 ,ll;O 120°. 

06paan;hl, HCTIOJib30BaHHble B H3MepeHH.IIX, pac
CeHBaJIH ~20% na_Aarom;nx ae:Hrpoaon. llonpanRn 
R ,ll;BaiR,Il;hl Ancflcflepean;naJibHhlM ceqean.HM aa acfl
q,eRThl paapemeHH.II H MHOI'ORpaTHOI'O pacce.HHH.II 
He BBO,Il;HJIHCb, TaR RaR He_AOCTaToqHa.H TOqHOCTb 
H TIOJIHOTa 31\CIIepm;teHTaJibHbiX _AaHHbiX He onpaB
,Il;biBaJIH COOTBeTcTByiOm;e:H rpy_AoeMROH paooTbl. 

PeaynbTaTbl HSMepeHHH 

XapaRTep HaMeHeHn.II _ABaiR_Ahl .Ancflcflepean;naJib
Boro ceqean.H 0' (E, E', 8) HJIJIIOcTpnpyerc.H 
pnc. 2. 

Hap.HAY c no_AooneM B o6m;nx qepTax _ABaiR.Ahl 
,ll;ncpcflepean;naJibHble ceqean.H pacce.HHH.II ,ll;JI.II 
BO_Abl H MOHOH30ITpOTIHJI_AHcpeHHJia paaJinqaiOTCJI 
B aeRoropblx _AeTaJI.HX, orpamarom;nx paaJinqne 
B _AHHaMHRe _ABHil\eHH.II aTOMOB BO_AOpO_Aa H MOJie
RYJI B arnx mn_ARocrJix. ITo cpanHeHniO c BO,Il;OH 
nennqnHa nnRa KBaanyrrpyroro pacceHHHJI _AJIJI 
MOHOHaonporrnJI_AHcpeHnJia 6oJibme, a mnpHHa 
COOTBeTCTBeHHO MeHbille IIOqTH _AJIJI BCeX YI'JIOB 
pacceJIHHJI H aHeprHn Heihpoaon, na_Aarom;nx 
Ha o6paaen;. orn _AaHHhie Moryr CBH_AereJibcTBo
BaTb RaK o oonee mecTKo:H cnHaH BO_Aopo_Aa 
B MOHOH30TipOIIHJI_AHcpeHHJie, TaR H 0 MeHbilleM 
Roacpcpnn;HeHTe _AHcpcpyaHH MOJieKyJI MOHOH30IIpO
TIHJI,Il;HcpeHHJia B mH_AKocrn. ITocJie,ll;Hee aaKJIIO
qeHHe .IIBJIJieTC.II _AOBOJibHO ecTeCTBeHHbiM B CBJI3H 
co aHaqHTeJihHO 6oJihme:H Macco:H MoJieKyJihl 
C15H16 TIO cpaBHeHHIO C Maccoft MOJieKyJihl BO,Il;bl. 

B ooJiacTn aaeprn:H aeyrrpyroro pacce.HHH.II 
ceqeHHJI ,ll;JIJI MOHOH30IIpOIIHJI,il;HcpeHHJia H BO,Il;bl 
6JinaRn no BeJinqnHe. llcRJIIOqeHne cocTaBJIHeT 
o6nacrb E- E' ~ 60 .M36, r,ll;e oTqeTJIHBO 
npo.HBJI.HeTc.II paaJinqne, CB.HaaHaoe c noaoym,ll;e
HHeM aaTopMoil\eHHbiX Bpam;eHHH MOJieKyJI BO,Il;hl. 

ITo naMepeHHhlM 0' (E, E', 8) obiJIH BhlqncneHbl 

cpe_AHee naMeHeane aHeprnn rrpn pacceaann e 

(puc. 3) II cpe_AHHH ROCHHYC yrJia pacceHHHH ~ 
(pnc. 4). Bn_AHO, qro TepMaJinayrom;ne cno:HcTBa 
C15H16 HecKOJibKO xyme, qeM BO,Il;bl, a yrJIOBOe 
pacnpe_AeJieHne HenrpoHOB npn pacceJIHHH OOJiee 
naorponHo. 

)J;aHHhle, IIOJiyqeHHble _AJIH oopaan;a BO,Il;hl, 
Harperoro .AO 90° C, noKaablnaror, qTo c noBhi-
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meHneM TeMnepaTypLI nnK Knaanyrrpyroro pac
ceJIHH.II yumpHeTc.H n yMeHhmaeTc.II no aMrrJinTy_Ae. 
oTo MOiRHo KaqecTneHHo oO'b.IICHHTb yneJinqeHneM 
Roacflcflnn;neaTa Ancflcflyann n ocna6neaneM MemMo
JieRyn.HpHbiX cnaaeiL C yneJinqeaneM reMnepaTyphl 
yneJinqnnaeTc.H nepo.HraocTh npon;eccon pacce.H
HHH aenTpoaon c npno6pereaneM aaeprnn. 

lloJIHaH HHcpOpMaD;HH 0 TIOJiyqeHHbiX peayJih
TaTaX H3MepeHHH ,ll;Jl.II BO,Il;bl H MOHOH30DpODHJI
_AHcpeHHJia npep;cTaBJieHa B TaOJI. 1 H 2 B BH_Ae 
aaRoHa pacceHHHH S (a, ~), KOTOphln OTpamaeT 
BJIH.IIHHe xapaKTepa CB.II3eH H crpyRTyphl CaMOI'O 
aaMe,ll;JIHTeJI.H aa ceqeane pacce.HHH.II 2. 8Kcne
pnMeHTaJihHble p;aHHble npep;cTaBJieHhi raKme 
B BHp;e o6o6m;eHHbiX qaCTOTHbiX cneKTpOB p (~) 
(pnc. 5), corJiaCHO orencracflcfly H CKocpHJI,Il;y 3• 4. 

06o6m;eHHhlH qaCTOTHhlH cneKTp CO_AepmHT 
n ce6e neci.Ma n;eHHYIO nHcpopMan;nro o xapaKTepe 
_ABHil\eHHH aTOMOB B MOJieKyJie H MOJieKyJI B iRH_AKO
CTH. R comaJieHniO, He_AocTaroqHoe paapemeHne 
H TOqHOCTb H3MepeHHH He ll03BOJIHJIH Bbi.IIBHTb 
_AeTaJibHYIO cTpyRTYPY 3THX cneKTpon. O_AHaRo 
,ll;ail\e lJ;OBOJibHO rpy6aH RapTHHa oooom;eHHOI'O 
cneRrpa, noJiyqeHHa.H _AJI.II Moaonaonponnnp;nq,e
HHJia, yRa3biBaeT Ha ero 3aMeTHOe OTJIHqne OT BH_Aa 
cneRTpa AJIH BO_Abl. B BO.Ae npn ROMHaTHOH TeM
nepaType BH.A o6o6m;eHHoro cneRTpa onpep;enaercH 
B OCHOBHOM B3aHMOp;encTBHeM HenTpOHOB c aaTop
MOil\eHHbiM npam;eHneM MOJieRyJI nop;hl. Ypo
neHb aaTOpMOil\eHHOI'O Bpam;eHHH _AOBOJibHO mnpo
RHH n Haxo_Anrc.H npH aaeprnn -65 .M3B (~2,5 ~). 
C ITOBblilleHHeM TeMnepaTyphl BO_Abl ITOJIOil\eHne 
ypoBHH cMem;aerca n cropoay anaRnx aaeprn:H, 
qTo KaqecTBeHHO COI'JiacyeTcH C peayJihTaTaMH 
pa6or 5 n 6• <DnanqecKne npnqnHbl TeMneparyp
Horo CMem;eHHH ypOBHJI aaTOpMOil\eHHOI'O Bpam;e
HHJI em;e He nayqeHhl. O_Aaon na noaMOiRHhlX n ecre
crneHHhlX npnqna aroro cMem;eHnH Momer OhiTL 
OCJiaOJieHne Meil\MOJieKyJIHpHbl:X CBHae:i,i DpH TIO
BbiJIIeHHH reMneparyphl nop;h!. CMem;eHne ypoBHJI 
Momer ObiTb raRme cJie_AcrnneM 6oJiee cnomao:i.i 
ero crpyKTyphi, npe,ll;cTaBJIHIOm;eii ae TOJII>KO 
aaropMomeHaoe npam;eane or_AeJILHo:i.i MOJieKyJihl 
BOll;bl, HO H ,ll;pyrne BHll;bl ,ll;BHil\eHHU 5. 

B o6o6m;eHHOM qacrorHoM cneRrpe MoHonao
nponnJI,Il;HcpeanJia, RaK nnp;ao na pnc. 5,e, He 
Ha6JIIO,Il;aerc.H xapaKrepaoro p;JI.H BOlJ;hl rnnpoKoro 
ypoBHH npn ~ ~ 2,5. B cpe,ll;HeM aaeprn.H o6o6-
m;eaaoro qaCTOTHOI'O CTieKTpa B C15H16 MeHLIIIe, 
qeM B BO_Ae. 

lloJiyqeHHbiH o6o6m;eHHbiH qaCTOTHbiU CTieKTp 
P (~) p;aeT noaMOlliHOCTL BblqncJIHTI> 0' (E, E', 9) · 
,ll;JI.II JIIOOhiX aaaqeHnii nepeMeHH:hlx. TaKne 
BblqHCJieHHH TipOBe,ll;eHbl B paOoTe 7 ,ll;JIR: BO,Il;bl 
npH KOMHaTHOH TeMnepaType. llpn BhJ:qHCJieHH.IIX 
HCTIOJib30BaJIC.II BH_A cneRTpa p (~), npnBep;eHHbiU 
Ha pHC, 5, a H ,il;OTIOJIHeHHhlll TpeMH p;eJihTa
cpyHRD;HHMH, oTpamarom;nMn naneCTHble BHYTPH
MoJieRyJI.HpHhie KoJie6aanH B nop;e. PeayJILTaTbl 
BblqHCJieHHU ,ll;Bail\,ll;bl ,ll;HcpcpepeHn;HaJihHbiX Ceqe
HHH, a TaKme cpe,ll;HHX xapaRTepHCTHK pacceH

HH.II (j:i: (E), e, 8 2, ~) HaxO_A.IITC.II B xopomeM COI'Jia· 
CHH C peayJILTaTaMH _AaHHOH paOOThl. 



P 1 8 (a, P> x 101 

0,25 

0,35 

0,45 

0,55 

0,65 

0,75 

0,85 

0,95 

1,10 

1,30 

1,50 

1, 70 

1,90 

2,10 

2,30 

2,50 

2,70 

2,90 

3,10 

3,30 

3,50 

3,70 

3,90 

4,20 

4,60 

5,00 

5,40 

5,80 

6,20 

6,60 

7,00 

a-t- 0,166 
8-t- 300±35 

0,10 
25122 

0,12 
140 15 

0,15 
121 16 

0,17 
78 1t 
0,195 

66 12 
0,22 

64 10 
0,25 

508 
0,31 

51 8 
0,35 

44 5 
0,40 

39 5 
0,44 

32 6 
0,50 

37 5 
0,54 

245 
0,60 

15 6 
0,66 

234 
0, 72 

16 3 
0,78 

27 5 
0, 79 

13 3 
0,84 
7 3 
0,93 

112 
0,99 

642 
1,39 
9 5 
1,16 
92 
1,33 

6,1 1, 7 
1,58 

5,9 1,3 
1,83 

5,6 1,3 
2,17 

4,0 1,0 
2,62 

4,3 1,0 
3,05 

5,0 1,3 
3,78 

3,9 0,2 
1,40 I a-t- 3,85 

7,80 

8,50 

9,50 

10,50 

11,50 

8xt01 69±2 
4,02 

79, t 30 
4,26 

46 13 
4,85 

61,3 tO 
5,62 

35,7 7 
6,89 

277 

0,52 1,00 
436±25 555 25 

0,19 0,25 
232 30 265 11 

0,23 0,28 
184 50 223 12 

0,29 0,32 
170 9 142 12 

0,20 0,35 
135 23 141 tO 

0,21 0,40 
71 10 74 12 
0,435 0,52 

45 12 66 5 
0,47 0,53 

43 12 56 4 
0,56 0,59 

50 4 62 5 
0,65 0,86 

49 3 41 4 
0, 73 0,80 

454 345 
0,49 0,83 

509 494 
0,59 0,94 

299 424 
0,58 0, 72 

246 449 
0,66 1,15 

325 289 
0,76 0,86 

37 5 37 9 
0,90 1,36 

355 262 
1,05 1,44 

284 364 
0,89 1,54 

16 4 26 5 
1,00 1,26 

16 5 37 10 
1,08 1, 73 

16 5 16 1 
1,23 1,52 

24 5 39 10 
1,97 

112 
1,66 

10 5 
2,35 

6,2 0,7 
2,50 

4,8 0,5 
2, 73 

5,1 1,6 
2,98 

3, 7 0,5 
3,60 

1,6 0,-i 
3,69 

0,7 0,3 
6,17 

3,0 0,5 
10,3 

10,6 7 
10,16 

99,5 to 
10,05 
82 5 
9,94 

51,4 4 
9,96 

39,6 3 
10,25 

30,7 3 

4,08 
16 2 
2,18 

10 2 
3,36 

4,8 0,6 
5,15 

115 
3,43 

3,1 0,6 
3,50 

2,3 0,4 
5,95 

3,2 0,4 
6,00 

2,5 0,4 
S,73 

2,1 0,3 
19,1 
69 5 
18,55 

68,9 6 
17,97 

50,3 3 
16,88 

35,1 2 
15,89 

27,4 2 
14,84 
201 

1,50 
576 25 

0,50 
267 15 

0,48 
23630 

0,84 
168 7 

0,44 
112 7 

0,48 
786 
1,15 

t04 to 
0,73 

81 6 
0,80 

59,'3 
1,00 

52 3 
0,91 

39 4 
0,98 

354 
1,04 

32 3 
1,08 

47 5 
1,18 

27 2 
1,25 

35 to 
1,42 

21 4 
1,47 

22 2 
1,60 

16 2 
1,67 

21 2 
2,05 

19 4 
1,84 

12 1 
6,95 

12 1 
2,24 
6 1 
4,83 

14 4 
6,02 

5,9 0,4 
5,95 

4,2 0,5 
5,92 

3,2 0,4 
9,50 

2,8 0,2 
9,-15 

2,4 0,2 
U,6 

1,9 0,3 
27,9 
536 
26,94 

41,5 7 
25,89 

34,3 3 
23,83 
282 
21,82 

22,3 2 
19,45 
21 2 

0,8~ 
395 18 

0,85 
250 20 

0,96 
191 12 

0,50 
128 5 

0,505 
91 6 
1,60 

854 
1,2.'\ 

93 10 
0,99 

76 4 
1,46 

658 
1,02 

36 3 
1,05 

302 
1,08 

242 
1,12 

263 
1,21 

204 
1,31 

224 
1,49 

19 2 
1,53 

18 2 
1,63 

202 
2,07 

12 1 
2,10 

9,7 1,0 
1,97 

255 
9,82 

t2 1 
3,33 
7 1 
6,08 

8,5 0,6 
8,82 
92 

t0,3 
4,3 0,2 

9,90 
3,6 0,2 
10,6 

1,5 0,2 
10,4 

1,5 O,t 

0,88 
353 12 

0,89 
247 12 

1,58 
2056 

0,80 
uo 8 

1,09 
123 12 

2,12 
127 8 

1,58 
85 10 

1,32 
776 
1,50 

46 2 
1,48 

303 
1,82 

42 6 
1,97 

346 
1,39 

26 2 
t,42 

252 
1,45 

232 
1,99 

201 
2,82 

27 3 
1,83 

13 8 
3,03 

202 
3,08 

173 
2,13 
9 1 

4,08 
10 1 
8,38 

9,0 2,0 
10,8 

4,9 0,2 
10,9 

2,8 0,2 
10,7 

1,9 0,2 
13,1 

3,0 0,2 
12,3 

2,1 0,2 

0,92 
360 15 

1,15 
220 40 

1,84 
2229 

1,04 
142 12 

1,49 
122 6 

3,08 
112 2 

2,21 
120 8 

1,68 
774 
1, 79 

644 
1,56 

47 8 
2,06 

604 
2,23 

44 4 
2,43 

41 4 
2,14 

42 6 
2,35 

43 5 
2,59 

255 
3,00 

24 2 
2,03 

12 1 
3,24 

24 2 
4,12 

15 1 
3,62 

233 

4,54 
12 4 
11,1 

3,6 0,2 
12,5 

10 2 
14,8 

3,6 0,2 
14,0 

3,5 0,2 
20,1 

1,0 0,1 
19,6 

0,9 0,1 

1,35 
425 15 

1,65 
275 9 

2,30 
208 6 

1,43 
148 6 

1,63 
uo 4 

4,56 
122 4 

2,48 
122 8 

1,53 
553 
2,57 

59 6 
1,92 

52 4 
2,94 

583 
3,06 

533 
3,13 

32 2 
3,08 

32 2 
2,65 

433 
3,01 

292 
4,26 

252 
2,97 

256 
3,31 

12 1 
4,48 

19 1 
4,10 

201 

6,20 
8 1 
11,2 

6,6 0,3 
15,5 

4,2 0,2 
21.1 

1,5 0,1 
20,6 

1,3 0,1 
29,6 

0,8 0,1 
28,8 

0,5 0,1 

1,60 
357 12 

1, 72 
304 12 

2,70 
209 9 

1,68 
165 4 

2,03 
141 to 

2,97 
91 2 
2,36 

82 5 
2,67 

551 
2,40 

432 
3,06 

47 6 
3,20 

332 
3,19 

322 
3,33 

452 
3,04 

302 
3,66 

29 3 
4,94 

343 
3,00 

21 2 
4,05 

243 
5,90 

11 1 
4,29 

224 

6,06 
9 1 
11,9 

7,2 2,1 

31,3 
1,0 O,t 
30,4 

0,7 0,1 

t, 73 
356 12 

2,45 
290 9 

t,95 
159 tO 

2,88 
123 6 

3,02 
101 5 

2,60 
114 3 

2,73 
83 3 
2, 71 

556 
3,27 

402 
3,26 

396 
4,26 

454 
3,49 

425 
3,48 

343 
4,07 

335 
5,07 

23 1 
3,85 

293 
4,15 

23t 
6,37 

t3 1 
5,87 

254 

7,98 
t3 2 
t6,3 

4,5 0,3 

3ACE,IJ,AHHE 8.1 P/867 B. H. MOCTOBOA et al. 

TadnM"a 2. 3aKOH pacceRHMII HzO (T=23*C) 
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too 3 

3,17 
76 4 
3,41 

62 2 
3,33 

46 2 

4,55 
425 

5,87 
32{ 
4,84 

52 5 
4,37 

29 2 
5,27 

261 
7,15 

21 1 
4,42 

255 
5,37 

22 3 
t0,60 
t4 2 
7,16 

t3 1 

11,4 
5 t 
32,3 

1,0 O,t 

2,87 
167 t2 

4,27 
956 

4,46 
89 6 
3,48 

844 
3,85 

6t 2 
3,40 

502 

5, 73 
363 
6,01 

352 
5,88 

31 1 
4,58 

353 
5,55 

425 
.8,00 
16 1 
4,88 

20t 
6,30 

201 
12,21 
8 t 
7,62 

14 t 

11,4 
9 2 

3,30 
t62 2 

4,72 
134 4 

4,86 
862 
4,15 

832 
4,89 

Gt 5 
3,53 

584 

5,80 
37 2 
6,to 

303 
6,22 

29 2 
5,t7 

365 
6,62 

17 t 
11,7 

15 1 
5,97 

305 
6,47 

t2 t 
t8,0 
51 
8,12 

113 

11,6 
7 1 

4,10 
129 6 

7,25 
73 5 
4,66 

71 9 
5,28 

56 2 
3,86 

636 

6,10 
34t 
8,61 

292 
8,28 

281 
5,48 

281 
6,7t 

24 2 

6,55 
15 1 
7,29 

18 2 

10,2 
14 1 

17,0 
5 1 

4,90 
t54 4 

4,90 
692 
6,70 

49 1 
5,14 

51 4 

8,55 
343 
8,75 

231 
8,55 

18 1 
6,48 

294 
7,53 

261 

6,70 
221 
7,50 

203 

11,0 
t3 2 

22,4 
2,3 0,2 

6,88 
602 
7,84 

49 3 
5,45 

49 2 

8,99 
30t 
8,82 

363 
9,12 

322 
7,90 

261 
8,17 

18 t 

6,99 
202 
7,54 

15 t 

t2,0 
8 1 

33,4 
1,1 0,2 

7,50 
642 
10,00 
41 2 
6,48 

451 

t3,00 
18 1 
12,67 
16 2 
8,34 

18 1 
9,77 

27 3 

7, 75 
16 1 
t0,9 
15 1 

17,7 
5 t 

t0,28 
462 

8,06 
44 3 

9,43 
233 
12,0 

14 2 

to,t3 
19 2 
t0,53 
21 2 

9,62 
381 

12,3 
12 3 
12,95 
11 1 

11,3 
t5 1 
11,69 

5,9 0,4 

19,3 
7 1 

t2, 73 
to 1 
t2,48 

8,8 0,5 

18,91 
6 1 

18,49 
6,6 0,1 

23,t4 
2,5 0,2 

34,59 
1,0 0,2 
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p S(a, P>x toa Ta!!JlHLia 1. 3aKOH paccei!HHII H20 (T=23• C) 

o 25 a_,..o,064 0,164 0,322 0,529 1,057 1,525 
. s __,.. 253±21 312 12 321 11 478 11 530 tt 546 12 . 

0 35 0 088 0,095 0,098 0,184 0,248 0,265 0,322 0,495 0,501 0,537 0,822 0,890 0,933 1,365 1,609 1,743 2,396 2,597 
' :wi 16 237 16 256 38 179 17 242 15 265 H 219 15 291 13 259 15 338 12 307 12 386 12 313 14 113 16 348 13 382 12 350 13 419 13 

0 45 0,113 o. 116 0, 214 0,276 0,279 0,339 0,484 0,529 0,542 0, 853 0,858 0, 881 1,222 1, 652 1, 715 2,447 2, 945 
' 158 16 139 15 106 26 177 10 175 10 164 23 207 21 226 10 213 10 202 20 257 10 248 H 252 25 279 tO 252 11 312 11 247 11 

0 55 0 147 0,150 0,295 0,322 0,526 0,801 0,828 0,963 1,553 1,840 2,279 2,717 
' US 14 91,5 14,2 HO 9 124 9 146 8 151 9 168 8 164 9 204 8 193 9 234 to 210 10 

0 65 0 171 0,175 0,181 0,207 0,334 0,364 0.439 0,497 0,536 0,656 0,799 0,865 1,035 1,420 1,447 1,677 1.951 2,072 2,760 2,867 1,010 3,289 4,100 4,900 
' toil 10 92,3 7,6 79,6 18 46,9 18 67 to 9!! H 90 7 121 6 H7 to 122 11 100 9 122 7 132 10 118 7 136 9 151 6 172 1t 138 10 125 8 158 12 147 6 164 6 122 8 151 6 

0 75 0 1.96 0,209 0,212 0,270 6,382 0,397 0,479 0,505 0,559 0,697 0,789 0,920 0,996 1,087 1,346 1,494 1,635 1,903 2,029 2,860 2,971 3,179 4,266 4,723 
• 67,3 8,1 122 18 107 10 11,5 47.5 60 12 9!! 10 78,1 6, 7 73,7 5,3 98 11 106 10 9!! 11 95 7 93,1 5, 5 100 9 95,0 9 96,2 6,6 115 6 123 12 122 10 92,4 6,4 117 10 128 6 100 7 134 7 

0 85 0 222 0,241 0,435 0,435 0,519 0,591 0,745 0,790 0,989 1,147 1,273 1,602 1,755 2,109 3,083 3,091 4,564 
• 50,2 8,2 80 16 74,8 9,4 69 22 46,o 5,o 119 20 82,9 8,6 70,8 18 82,1 5,9 9!!,1 8,9 121 18 85,2 5,8 97 21 95,6 8,6 108 6 95,6 9,1 101 1 

0 95 0 242 0,251 0,259 0,273 0,474 0,529 0,539 0, 729 0, 793 0,986 0,987 1,208 1,488 1,567 1,582 2,211 2,476 2,971 3,020 3,214 4,375 4,458 4,863 7,250 
' 55,5 9,3 55,4 8,4 50,9 9,4 71 15 . 76,2 9,2 67,1 6,3 54,2 5,8 81,9 6,7 77,1 8,2 64,1 6,6 76,4 6,0 71,9 7,7 83,2 6,7 83,5 6,6 71,6 5,990,7 8,2 97,5 7,5 83,0 6,9 80,5 5,8 104 9 89,7 7,8 92,4 6,1 89,7 7,1 75,6 7,1 

1 10 o 286 o,295 o,310 o,315 0,341 0,557 0,575 0,585 0,789 0,888 0,990 o,990 1,058 1,275 1,530 1,573 1,677 2,070 2,380 2,595 2,835 3,169 3,437 3,480 4,139 4,661 5,064 6,280 7,532 to,28 
• 42,2 8,4 48,1 6,0 52,5 4,9 38,3 6,1 55,4 to,2 60,6 5,7 48,8 4,0 60,7 5,8 64,6 4,6 58,7 5,2 45,3 4,6 63,1 3,6 52,1 5,2 61,6 5,1 72 4 56,9 4,3 60,7 5,2 79,0 3,8 80,3 5,2 77,8 4,6 79,9 4,2 63,8 5,2 89,0 5,9 80,7 3,4 76,1 4,5 65,6 5,5 77,14,4 67,2 3,4 61,6 4,4 55,1 3,4 

1 30 0,344 0,348 0,350 0,411 0,423 0,643 0,645 0,655 0,859 0,999 1,000 1,014 l,t48 1,459 1,496 1,671 1,790 2,110 2,571 2,660 2,729 3,341 3,370 3,683 3,824 4,892 5,264 6,710 7,839 10,00 
' 45 1 8,2 19,6 7,9 23,0 3,2 24,8 6,4 43,413 43,7 3,9 51,7 7,5 39,5 5,4 44,2 5,6 68,4 7,3 40,4 2,3 41,4 3,6 53,2 5,0 50,9 6,5 54 4 38,0 5,4 48,9 4,8 62,8 2,5 65,1 6,6 52,8 3,7 49,2 5,7 59,6 4,8 54,7 2,4 13,4 7,5 51,6 4,4 65,6 5,2 46,7 5,6 56,9 2,3 43,7 56 47,3 2,2 

1 50 0 393 0,391 0,413 0,523 0,760 0,735 0,758 0,914 1,020 1,072 1,131 1,244 1,479 1.617 1,746 1,916 2,030' 2,461 2,790 2,829 3,330 3,443 3,529 3,963 5,142 5,445 6 480 8,061 9 640 
• 14,7 3,1 23,1 7,7 42,2 8,0 58,5 9,0 31,9 5,4 42,2 5,0 38,7 4,7 29,5 4,6 30,4 2,2 34,4 5,3 40,8 4,3 46,5 4,8 41,9 5,1 49,3 4,3 38 5 38,5 4,4 38,3 2,1 46,9 5,1 61,7 4,4 46,6 5,1 43,4 2,2 57,1 6,3 47,14,4 49,14,6 49,8 4,9 53,3 5,4 41,7 2,1 39,4 5,4 33,9 2,1 

1 70 0 440 0,438 0,493 0,656 0,829 0,904 0,975 1,050 1.300 1,361 1,815 1,827 2,010 2,059 2,937 3,059 3,270 3,739 4,403 5,419 5,618 6,300 8,29!! 9,340 
' 11.2 3,2 21,6 6,4 37,2 7,8 22 11 27,4 4,6 27,0 6,0 26,3 4,9 23,6 2,0 44,0 5,9 33,3 4,4 36,5 5,5 28,4 4,5 30,3 2,0 32,0 4,1 37 5 38,4 5,3 31,6 2,0 38,1 4,1 53,1 6,2 31,6 4,6 37,7 4,9 32,5 2,0 25,4 5,3 30,2 2,0 

1 90 0 495 0,500 0,592 0,759 0,943 1,018 1,044 1,080 1,429 1,500 ·1,918 1,965 2,000 2,226 3,056 3,200 3,259 :'1,979 4,553 5,732 5,804 6,090 8,552 8,990 
' 17.2 7,7 10,1 2,4 30,1 7,6 2411 20,2 4,3 16,1 5,8 31,0 5,1 16,4 1,6 18,9 5,1 25,4 4,0 26,3 4,7 21,0 4,7 24,11,5 22,3 3,7 32 4 25,91,5 24,3 4,7 29,9 3,7 31,3 5,4 34,2 4,4 32,3 4,4 27,91,5 24,9 5,1 25,71,6 

2,10 0,559 0,580 0,715 1,082 1,129 1.122 1,665 2,000 2,019 2,425 3,130 3,186 4,260 5,870 6,005 6,095 8,610 8,824 
19 8 15 3 38 7 29 4 18 2 19,3 4,9 21,4 3,9 20,1: 1,9 25,4 4,6 24,6 3,7 23,7 1,9 22,8 4,0 21,1 3,5 19,2 1,7 24,4 22,3 4,0 24,2 2,0 19,8 5,1 

2 30 0 660 0,881 1,151 1,190 1,581 2,000 2,140 3,090 3,491 4,842 5,680 8,290 
' 5,S 2,5 54 11 17,9 5,6 14,4 1,4 15,9 5,0 17,5 1,4 22,6 4,7 19,4 1,3 20,4 4,4 36,7 5,5 21,3 1,4 18,6 1,6 

2 50 0 770 0,861 1,080 1,246 1,250 1,313 1,762 1,858 2,030 2,347 2,654 3,040 3,760 4,578 5,173 5,480 6,502 7,920 
' 6 0 2,6 19,2 7,5 37,7 1,1 13,6 4,2 9,7 1,5 to,8 5,3 24,8 5,3 21,3 3,9 13,2 1,4 20,6 4,5 23,6 3,7 14,0 1,4 21,6 4,5 16,4 3,3 13 5 16,1 1,3 15,0 3,6 19,1 1,6 

2 70 0,720 0,900 1,990 2,070 3,010 4,000 5,280 6,620 7,530 12,95 19,2& 
• 12,9 2,1 6,6 2,4 17,3 1,3 10,4 1,2 12,1 1,1 13,1 1,2 11,6 1,2 14,9 1,4 11,8 1,0 11,8 1,0 10,1 1,0 

2 90 1 035 1,050 1,440 2,082 2,130 2,219 3,000 4,940 5,070 6,961 7,150 
• 16,5 7,7 9,7 2,7 2,6 4,1 19,4 3,7 10,5 1,3 17,6 3,6 10,8 1,1 13,7 3,2 10,9 1,1 20,0 3,7 13,0 1,3 

3 tO o, 790 1,250 2,030 2,230 3,000 3,990 4,880 6,550 6, 750 12,73 18,91 
' 6,3 1,9 8,1 3,0 13,9 1,3 10,0 1,5 13,1 1,3 10,5 1,1 11,11,2 11,2 1,1 12,6 1,5 8,1 1,0 6,0 1,0 

3 30 0 840 1,020 2,070 2,350 3,030 3,310 3,980 4,670 6,310 6,470 6,950 11,69 12,48 18,49 23,14 34,59 
' 7,9 1,7 12,8 1,9 13,2 1,1 13,1 1,6 9,8 1,5 13,8 1,0 8,2 1,0 9,6 1,2 13,2 t,5 8,2 1,0 10,7 0,8 5,1 0,6 7,3 0,9 5,7 0,!1 2,8 0,5 2,5 0,6 

3 50 0,930 2,100 2,500 3,080 3,950 4,490 5,890 6,370 12,21 18,05 
• 5,01,6 10,91,0 11,32,3 7,71,7 5,40,9 6,91,7 10,92,3 8,40,9 8,70,9 6,30,9 

3, 70 0,990 2,130 3, 940 6,300 12,00 17' 70 
10,5 1,6 5,3 1,0 7,2 0,9 6,7 0,9 8,0 0,8 4,8 0,9 

3 90 1,080 2,190 3,960 6,260 11,82 t7,38 
' 4,7 1,7 6,2 1,0 5,2 0,9 5,6 0,9 4,4 0,8 5,4 0,9 

4,20 1,130 1,200 2,270 3,330 3,960 6,160 6,830 11,38 11,53 16,87 22,38 33,38 
7,9 1,4 7,2 1,2 3,4 0,7 7,7 0,7 5,3 0,6 4,2 0,6 7,4 0,6 3,6 0,4 5,1 0,5 3,2 0,6 1,7 0,4 1,5 0,4 

4,60 1,240 1,330 2,350 3,360 3,970 6,090 6,730 11,11 11,18 16,29 21,70 32,29 
4,4 1,1 4,3 1,1 4,3 Q,6 4,5 0,6 4,3 0,6 4,0 0,6 4,6 0,4 3,0 0,4 4,5 0,5 4,1 0,6 1,0 0,3 1,6 0,4 

5,00 1,570 2,520 4,040 6,020 10,78 15,55 
2,4 0,8 3, 7 0,5 2, 7 0,4 3,3 0,4 4,3 0,4 3, 7 0,4 

5,40 1,380 1,830 2,710 3,430 4,120 5,950 6,670 10,38 10,90 14,81 21,11 31,32 
3,5 0,9 3,9 0,9 3, 7 0,5 2,6 0,5 2,6 0,5 2,9 0,4 3,4 0,4 3,2 0,4 1,6 0,3 3,2 0,4 0,9 0,2 0,9 0,3 

5,80 1,530 2,980 3,500 4,260 5,920 6,630 9,950 10,71 13,97 20,65 30,41 
1,7 0,8 2,7 0,4 2,0 0,4 2,2 0,4 2,9 0,3 2,8 0,3 3,2 0,3 1,1 0,2 2,2 0,3 0,9 0,2 1,0 0,2 

6,20 1,690 3,330 3,600 4,480 5,940 6,620 9,510 10,56 13,08 20,08 29,60 
2,0 0,7 2,7·0,5 1,8 0,3 1,5 0,4 2,7 0,4 1,7 0,2 2,2 0,3 0,9 0,2 2,1 0,4 0,6 0,2 0,9 0,2 

6,60 3, 700 4, 710 6,010 9,160 12,32 
2,0 0,5 1,4 0,4 1,9 0,4 2,0 0,4 2,5 0,4 

7,00 1,950 3,690 4,160 5,020 6,130 6,620 8,820 10,43 11,51 19,64 28,85 
2,0 0,6 1,3 0,6 1,1 0,3 2,7 0,5 2,0 0,4 1,3 0,2 2,7 0,4 0,6 0,2 1,6 0,4 0,7 0,2 0,8 0,2 

7,40 2,090 3,850 4,540 5,280 6,250 6,640 8,590 10,28 10,93 19,06 27,85 
1,00,4 1,40,2 3,21,0 0,60,9 1,30,8 1,10,1 3,20,8 0,60,1 1,90,8 0,60,1 0,60,1 

7,80 2,340 4,020 6,690 10,16 18,55 26,94 
1,1 0,5 1,1 0,2 0,8 0,2 0,4 0,1 0,8 0,1 0,6 0,2 

8,50 2, 750 4,320 6,800 10,04 17,86 25,54 
0,70,2 0,70,1 0,80,1 0,20,1 0,50,1 0,50,1 

9,50 3,450 4,850 7,060 9,940 16,89 23,85 
0, 7 0,2 0,4 0,1 0,4 0,1 0,20 0,04 0,26 0,04 0,33 0,05 

10,5 4,440 5,620 7,510 9,970 15,91 21,85 
0,5 0,1 0,4 0,1 0,23 0,03 0,18 0,03 0,15 0,03 0,22 0,04 

11,5 5,860 6, 790 8,280 10,23 14,90 19,57 
0,4 0,1 0,29 0,040,14 0,03 0,14 0,03 0,16 0,03 0,23 0,03 
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PHC. 7. 3aBHCH MOCTb npeBbiW9HHR TeMnepaTypbl 
He~TPOHOB HaA TeMnepaTypo~ cpeA~ OT KOH49H

Tpa4HH nornOTHTenR: 
0-- pe3YJihT3Thi )l;annoii paooThi; ()-peayJILTaTbl pa-
60Thll2; ~- pesy.lhTaTbl pa6oTbll5; 0-pesyJILTaTbl pa-

60Thlll; e- pesyJILTaTbl pa6oTM14 

B. H. MOCTOBOA et al. 
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PHc. 6. CneKTPbl He~TpOHOB s ~HCTOH BOAe H BOAe, 
OTpasneHHOH 6opoM: 

6apn 
(i)- rrorJio~eHrre 4,83 H 0- nor JIO~eHrre amo.M 

2,25 6apn · 0-- rrorJio~eHrre 1,50 6apnH; ()- rror-
amo.M H' amo..w 

6apn 
Jio~eHHe 0,33 H amo.M 

I-13MEPEHHE CTAUI-10HAPHbiX 
CnEKTPOB HEIIITPOHOB 

a 3AME.n,m=now.Hx 
H PA3MHO}f{At0W.I-1X CPE.D,AX 

MeroAHHa HaMepeHH~ 

llciTORb30BaHHaH MeTO~HRa H3MepeHHH CITeRT

pOB HeHTpOHOB 6hlna ITO~po6HO OITHCaHa B pa6o

TaX s, 9• 0Ha OCHOBaHa Ha BhlBO~e H3 HayqaeMOH 

CHCTeMhl rryqROB HeHTpOHOB H H3MepeHHH HX 

CITeRTpa MeTO~OM BpeMeHH rrponeTa C ITOMO~biO 

MexaHuqecRoro rrpephlBaTenH. CrreKTphl HenTpo

HOB HCCRe~oBaRHCb B BO~e C 6opOM H B ITO~l<pH
THqecRHX reTeporeHHbiX cpe~ax c 6noRaMu ua 

ecTecTBeHHoro ypaHa. B reTeporeHHhlX cucTeMax 

rryqRH BhlBO~HRHCb rrapanneRbHO OCH ypaHOBhlX 

6noRoB. Heo6xo~nMaH rrnoTHOCTb HeHTpOHOB 

B nayqaeMhlX cncTeMax coa~aBanacb aa ClJeT o6ny

qeHnH HX IIIHpORHM rryqROM TeiTROBhlX HRH 

6hlCTphlX (ROHBepTnpoBaHHhlX H3 TeiTROBhlX) 

HeiiTpoHoB peaRTopa BBP-2. 
llaMepHeMbie CITeRTphl HBRHRHCb crreRTpaMH 

BeRTOpHoro ITOTORa HeHTpOHOB B HarrpaBReHHH 
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P11c. 8. CneHTP saMep,llRIOlllHXCR HeiiTpoHOB B ypaHe ypaH-BOP,HOH peweTHH c waroM 5,5 eM 

BhlBeAeHHOrO nyqKa. 8THX H3MepeHHH, Boo6m;e, 

HeAOCTaToqHo AJIH noJiyqeHHH HaH60Jiee HHTe

peCHOrO B npaKTIPieCKOM OTHOillCHHH cneKTpa 
CKaJIHpHoro nOTOKa. 0AHaKo AaHHbie no cneKTpaM 

He:iiTpOHOB BeKTOpHOfO noToKa, noJiyqeHHbie 

B roMoreHHoii cpeAe ,LJ;JIH op;Horo HanpaBJieHHH, 

no3BOJIHIOT JierKO Bbi'IHCJIHTb B p;nciJciJy3HOHHOM 

npH6JIHmeHHH cneKTp CKaJIHpHoro noToKa. 

PesynbTaTbl HSMepeHHH 

a) Cne-nmpbl Neiimppno8 8 <tucmoii 800e u 80oe, 
ompa8.~tennoii 6opo.M 

Ha pnc. 6 npnBep;eHhl cneKTphl HeiiTpOHOB, 

H3MepeHHbie B qHCTOH BO,LJ;e H BO,LJ;e, OTpaBJieHHOH 

6opoM (6aK pa3MepoM 60 X 60 X 50 c.M), Ha 

paCCTOHHHH 10,4 C.M OT HCTOqHHKa 6hlCTphlX 

HeHTpOHOB. C yBeJIHqeHHeM KOHJJ;eHTpan;HH 6opa 

npOHCXOAHT ymecTqeHHe cneKTpa: MaKCJIMYM 
pacnpep;eJieHHH TenJIOBhlX He:ifTpOHOB CMeiD;aeTCH 

B o6JiaCTb 6oJII>mHX aHeprnii H ero BeJinqnHa 

yMeHbillaeTCH ITO cpaBHeHHIO C IIOTOKOM 3aMe,LJ;JIH

IOID;HXCH HeHTpOHOB. 

PacqeThl crreKTpoB HeiiTpoHoB B BOAe, oTpaB

JieHHOH 6opoM, C KOHD;eHTpan;HHMH, HCIIOJib30BaH

HhlMH B HaCTOJIID;eM 3KCIIepnMeHTe, 6hlJIH rrpoBe

AeHhl MapqyKoM H p;p. 10 c yqeToM XHMnqecKoii 

CBH3H BOAOPOAa B BoAe H JlaJieTHHhlM no ra3oBoii 

Mo)l;eJIH c Macco:ii, paBHOH ep;nHnn;e. Jlyqmee corJia

cne c aKcrrepnMeHTOM p;aeT pacqeT, yqnThlBaiOID;HH 

6oJiee peaJII>Hyro KapTHHY o6MeHa aHeprneii 

Memp;y HeHTpOHOM H 3aMeAJIHTeJieM. 
R ,HaCTOHID;eMy BpeMeHn BhliiOJIHeHo MHoro 

~mcrrepnMeHTaJibHhlX pa6oT ITO HayqeHHIO CIIeKTpOB 

HeftTpOHOB B qHCTOH BOAe H Bop;e, OTpaBJieHHOH 

pa3JIHqHhlMH rrorJioTnTeJIHMH n-16• TaK KaK ycJio

BHH 3KCIIepHMeHTOB B·3THX pa6oTaX He COBIIaAaJIH 

no TeMrrepaTypaM H KOHD;eHTpan;HHM, To OAHOH 

H3 B03MOlliHOCTeft cpaBHCHHH pe3yJII>TaTOB pa3-

JIHqHhlX pa6oT HBJIHeTCH cpaBHeHHe 3aBHCHMOCTH 

OTHOCHTeJibHOrO rrpeBhlilleHHH TeMrrepaTyphl HeH

TpOHHOfO ra3a OT KOHD;eHTpan;HH IIOrJIOTHTeJIH 
(pnc. 7). Ha aToM pncyHKe rrpnBe,LJ;eHa xopomo 

H3BeCTHaH 3aBHCHMOCTb 

TH-Tc_A ~a 
-----r;;- - G~s 

c KoaciJciJnn;HeHTaMH A = 1,84 corJiacHo MOAeJIH 
ra3oo6pa3Horo 3aMe,LJ;JIHTeJIH 17 H A = 2,92 corJiac

HO pa6oTe 10
• XoTH aKcnepnMeHTaJibHhle ToqKH 

H HMeiOT 3HaqnTeJibHhlH pa36poc, OAHaKo BHAHO, 
qTo 3HaqeHne KoaciJciJnn;neHTa A, p;aBaeMoe B pa6o

Te 10 , Jiyqme corJiacyeTcH c aKcrrepnMeHToM. 

6) Cne-nmpbZ Neiimpono8 8 ypall-800N'htX pewemKax 

BhlJIH nccJiep;oBaHhl rrop;KpHTnqecKne reTepo

reHHhle ypaH-BO,ll;Hhle CHCTeMhl, HMeiOID;He Tpe

yroJibHYIO pemeTKY C maraMH 5,0; 5,5 H 6,0 C.M, 
H IIOAKPHTHqecKaH reTeporeHHaH CHCTeMa ypaH

MOHOH30IIpOIIHJI,ll;Hc1JeHHJI c maroM 5,5 c.M. B pe

meTKax IIpHMeHHJIHCb 6JIOKH H3 ecTeCTBeHHOrO 

ypaHa ,LJ;HaMeTpOM 3,5 C.M. 
Pe3yJII>TaThl rrpoBep;eHHhlX ::mcrrepnMeHTOB 6MJIH 

orry6JIHKOBaHhl paHee 8 • 18 • lloaTOMY 3AeCb IIpHBe

p;eM TOJibKO OCHOBHhle BbiBO,ll;bl H3 3THX 3KCIIe

pHMeHTOB, KOTOpble CBO,!J;HTCH K CJiep;yrom;eMy. 

CrreKTp TerrJioBLIX HeiiTpoHoB B HqeftKe pemeTKH 

KaK B roproqeM, TaR H B 3aMe,LJ;JIHTeJie 3aMeTHO 

OTJIHqaeTCH OT paBHOBeCHOfO MaKCBeJIJIOBCKOrO 

pacrrpep;eJieHHH. B 3aMe,LJ;JIHTeJie crreKTp HeiiTpo

HOB MOmeT 6b1Tb JIHillb IIpH6JIH3HTeJibHO rrpep;cTa

BJieH MaKCBeJIJIOBCKHM pacnpep;eJieHHeM, HOC «TeM

rrepaTypo:ii>>, 3HaqnTeJibHO rrpeBLimaroiD;eii TeM

rrepaTypy cpep;bl. OcHOBHhlM ciJaKTopoM, orrpe

p;eJIHIOID;HM ClleKTp TeiiJIOBbiX HeHTpOHOB B 6JioKe, 
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HBJUieTCH norJIO~eHI.J.e na,n;aiO~HX H:l BOJ~hl HeHT
poHOB. KaR B ropro'IeM, TaR H B aaMe,ll;JIHTeJie 
cneRTp HeiiTpOHOB MaJIO MeHHeTCH C npOCTpaH
CTBeHHOH ROOp):IHHaTOH, H TOJihRO Ha rpaHHIW 
MeJK)J;Y ropiO'IHM H :JaMe)J;JIHTeJieM IIpOHCXO)J;HT 
peaRoe H3MeHeHne cneRrpa. 

CneRTp aaMe):IJIHIO~HXCH HeiirpoHOB B ypaHo
BOM OJIORe HMeeT HpRo BhlpameHHYIO peaoHaHCHYIO 
CTpyRTypy, o6yCJIOBJieRHYIO norJio~eHHeM HeHT
poHOB Ha ypoBHHX U 238 H U 235 . Ha pnc. 8 npn
sep;eH crreRTp HeHTpOHOB B ypaHe, H3MepeHHhlH 
c paaperneHneM 1,2 Mr>cer>/.M B pernerRe c rnaroM 
5,5 eM B o6JiaCTH aHeprnii Bhlrne 0,2 96. McTHHHaH 
«i>opMa crreRrpa B o6JiacTH aHeprnii Bhlrne 20 96 
3Ha'IHTeJibHO HCRameRa He,[IOCTaTO'IHhlM paape
meHHeM ceJieRropa. CrreRrp B aro.H ooJiacrn 
B rrpna:u;nrre Momer OhlTb soccraHoBJieH c rroMOIIJ;biO 
Mero.r:~a, rrpe.r:~JiomeHHoro TnxoaoBhlM 19• 

3aMeTHM, 1JTO, Bhl1JHCJIHH IIJIOID;a):lb Mem,[ly 
RpHBhlMH CIIeRTpOB B ypaHe H 3aMe,[IJIHTeJie, 
MO/KHO IIOJIY1JHTb BeJIH1JHHY pe30RaHCHOrO IIOrJIO
IIJ;eHHH He:iiTpOHOB B OJIORe. ora BeJIH1JHHa MOJKeT 
OhlTb rroJiyqeaa ):IJIH JII06oro aaeprernqecKoro 
HHTepBaJia. CrreKTp aaMe,[IJIHIOIIJ;HXCH aeiirpoaos 
B BO,[Ie, H3MepeHHhlH C TeM me paaperneHHeM, 
OJIH30K K crreKrpy 1 IE (pHc. 9). 

PeayJibTaThl H3MepeHHH crreRrpoB reiiJIOBhlX 
HeHTpOHOB B perneTKe ypaH-MOHOH30IIpOIIHJI,[IH
«<>eHHJI C rnaroM 5,5 C.M IIORa3hlBaiOT, 1JTO OCHOB
Hhle aaKOHOMepHOCTH IIpOCTpaHCTBeHHO-aHep
reTH1JeCROro pacrrpe.r:~eJieHHH nei'ITpoHoB B perner
Ke ypaH-MOHOH30IIpOIIHJI,[IH«i>eHHJI Te .me, 1JTO 
H B ypaH-BO,[IHhlX pemeTKaX. flo CBOHM TepMaJIH
ayiOIIJ;HM CBOHCTBaM MOHOH30IIpOIIHJI)J;H«i>eHHJI MaJIO 
oTJIH1JaercH or BO)J;hl. PernerKa ypaa-MoHon:aorrpo
IIHJIAH«i>eHHJI 3RBHBaJieHTHa BO)J;HOH perneTKe 
c MeHbiDHM maroM. MayqeHHe TeMrreparypHoii 
aaBHCHMOCTH CIIeRTpOB HeifTpOHOB B perneTKe 
ypaH-MOHOH30IIpOIIHJI):IH«i>eHHJI II03BOJIHeT C,[le
JiaTb aaKJIJOqeaHe, qro aaMe)J;JIHIOIIJ;aH crroco6aocTb 
MOHOH30IIpOIIHJI)J;H«i>eHHJia CJiaOO MeHHeTCH C TeM
rreparypoif. XapaKTep H3MeHeHHH crreKrpa Heiir
poaoB B BO):Ie B aaBHCHMOCTH OT KOHD;eHTpaD;HH 
ypaHa )J;JIH H3y1JeHHhlX ypaH-BO)J;HhlX pemeTOR 
HJIJIIOCTpHpyeTCH KaqecTBeHHO Ha pHC. 10. 

CrreKTphl He:iirpoaos B ypaH-BO)J;HhlX pernerRax 
Bhl1JHCJIHJIHCb pH)J;OM aBTOpOB Ha OCHOBe pa3JIH1J
HhlX MO)J;eJibHhlX rrpep;cTaBJieHH:ii 0 xapaKTepe 
o6MeHa aHeprHeii Mem):ly HeiiTpOHOM H MOJieKyJIOH 
BO)J;hl. Co6pHHO H KJiapK 20 rrpoHaBeJIH Bhl'IHCJie
HHe rrpocrpaacrseano-aHepreTHqecKoro pacrrpe
p;eJieHHH aeiirpoHOB aa ocaose ypaBHeHHH BHJI
KHHCa c yqeroM yre1JKH 1/v. Mx pacqer Haxo)J;HTCH 
B xopomeM corJiaCHH c peayJibTaTaMH, rroJiy
qeHHhlMH HaMH )J;JIH ypaH-BO)J;HOH perneTKH 
c maroM 5,0 c.M. XoHeK H TaRaxarnH B pa6ore 21 

Bhl1JHCJIHJIH CIIeKTphl BeKTOpHoro IIOTOKa HeHTpO
HOB B pa3JIH1JHLIX pernerKax. PacqeTLI nep;ocraroq
no xopomo corJiacyiOTCH KaK c pa6oroii 22 , 
TaK H C HaiilHMH H3MepeHHHMH )J;JIH pemeTOK 
c maraMH 5 H 6 eM. 

B rrocJie):IHee speMH MapqyKoM, CMeJioBLIM 
H liJIHCOBOH 23 npOH3Bep;eH pacqeT CIIeRTpOB BeK-
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TOpHOro TIOToKa ReHTpOHOB B ypaH-BO,[IHOH pemeT-
1\e c nraroM 5,5 c.M. CrreKTp.bi HeiirpoHoB Bhl'IHC
JIHJIHCb B P 3-rrpHOJIHmeHHH c noMOI:u;biO «i>YHK
I\HH pacceHHHH, rrpe,n;JiomeHHoii BaH Xose. ,lJ;Hc
uepcnH aBTOKOppeJIHD;HOHHOH «i>YHRD;HH TIOJiyqena 
Ha ocHoBe HHTeprroJIHD;HOHHLIX «i>opMyJI TypqnHa. 
H aoJIIO):IaeTcH xopomee cor Jiacne Memp;y pacqeToM 
H aRcrrepnMeHTOM )J;JIH crreRTpa B sop;e Ha rpaHH:u;e 
H'leHRH 18. CrreRTp.bi HeiirpoHoB B BO):Ie Ha rpa
HH:u;e HlJeHKH COrJiaCHO pac'leTaM npaKTHlJeCKH 
ne o6aapymHBaiOT yrJioBoii aanaorporrnn. B 6JioRe 
CTieRTphl HeiiTpOHOB BeRTOpHOrO TIOTORa, Bhl'IHC
JieHHhle B napaJIJieJibHOM H rrepneH)J;HKYJIHpHOM 
ocH oJioKa aarrpasJieHnHx, aHa'IHTeJibHO paaJIH
qaiOTCH (pHC. 11). OKCnepHMeHTaJihHhle TO'IRH 
JiemaT Memp;y CIIeKTpOM, Bhl'IHCJieHHhlM B rrapaJI
JieJihHOM HarrpaBJieHHH, H CIIeKTpOM CRaJIHpHoro 
noroRa, OJIHme R nocJie):IHeMy. 

B pa6ore ReMrr6eJIJia H p;p. 22 HayqaJIHCb 
crreKTphl HeiiTpOHOB B TIY'IKaX, BhlBe)J;eHH.biX H3 
ypaHoBoro OJioKa H BO)J;hl B narrpaBJieHHHX, 
napaJIJieJibHhlX H rreprreH):IHKYJIHpHhlX ocH 6JioKa. 
BhlJia o6aapymeaa CHJILHaH aaHaorpomm crreKrpa 
HeiirpoaoB RaK B 6JioKe, TaK H B so.r:~e. CJiep;yer 
OTMeTHTb, 1JTO peayJILTaThl pacqeTOB 23 )J;aiOT 3Ha-
1JHTeJibHO MeHLIIIYIO BeJIH1JHHY aHH30TpOTIHH 
crreKrpa B 6JioKe H rrpaKTH1JeCKH He noKa3h!BaiOT 
aHH30TpOTIHH CUeRTpa B 3aMe)J;JIHTeJie )J;JIH HCCJie
)J;OBaHHhlX pemeTOK. 

e) J1 pan-apa¢umoeaJt pewem~r,a 

CneKTpLI aeiirpoHoB nccJiep;osaJIHCb B H'leiiKe 
TIO)J;KpHTH1JeCKOH ypaH-rpa«l>HTOBOH pemeTKH THIIa 
RoJip;ep XoJIJI npH paaJIH1JHLIX TeMrreparypax rpa
«i>Hra (mar pemeTKH 20 c.M, ):IHaMerp OJIOKOB 
na ecrecrBeHHoro ypana 3,5 c.M). Ilo.r:~KpHTH1Je
cRaH c6op:Ra HMeJia paaMep 120 X 120 X 120 c.M. 
'Ypaaosble 6JIOKH, noKpbiTLie aJIIOMHHHeM, aaxo
)J;HJIHCb B crre:u;HaJibHbiX KaHaJiaX H H30JIHpOBa
JIHCb OT rpa«i>HTa B03)J;YIDHI>IM aaaopOM. 06'LeMHLie 
ROHIJ;eHTpa:u;HH ypaHa, rpa«i>HTa, aJIIOMHHHH H B03-
p;yxa COCTaBJIHJIH COOTBeTCTBeHHO 0,096; 0,834; 
0,021; 0,049. HarpeD c6opKH ocyiD;ecTBJIHJICH aa 
ClJeT Hp;epao:ii MOI:u;HOCTH H aJieKTpH'IeCKHX Ha
rpeBaTeJieii, pacnoJiomeHHI>IX no 6oKoBI>IM rpaHHM 
c6opKH. PaaJIH1JHe Memp;y TeMneparypoii rpa«i>HTa 
B paaHI>IX T01JKax c6opKH OI>IJIO ne 6oJiee zoo, 
a B OOJiaCTH H3MepHeMOH H1JeHKH He 6oJiee 10°. 

OcHOBHLie H3MepeHHH cneKTpoB Heiirpoaos 61>1JIH 
BLIDOJIHeHbl rrpH reMrreparypax rpa«i>Hra 523 
H 613° K c paapemeaHeM 20 .Mr>eer>/.M. B Ka'le
CTBe DpHMepa Ha pHC. 12 H 13 UpHBe)J;eHI>I peayJib
TaTLI H3MepeHHH CIIeKTpOB HeifTpOHOB B :u;eHTpe 
6JioKa H B rpa«i>HTe na rpaaH:u;e H1JeiiKH rrpH TeM
neparype rpa«i>Hra 613° K. Ha aTHX me pHcyHKax 
UpHBe)J;eHLI peayJILTaTI>I pacqeTOB, BbiiiOJIHeHHLIX 
B pa6ore 23 • BHp;Ho, qro pacc1JHTaHHI>IH cneKTp 
YAOBJieTBOpHT~JibHO coBnap;aeT c aKcnepHMeH
TaJibHI>IM. AHHaorponHH cneKTpoB B rpa«i>HTe 
na rpaaH:u;e .JiqeifKH no pacqeraM HH1JTOmHaH, 
COOTBeTCTBYIOIIJ;He CDeKTpbi BeKTOpHbiX IIOTOKOB 
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B ~pyrHX uanpaBJICHHHX COBna~aiDT C npHBe~eH
HOH ua pHcyuKax Kptmo:ii. B onOI<e aHH30TponHH 
cneKTpa 3HR'IHTeJI»Ha (pHc. 13). Cnm\TP ne:iiTpo
HOB, Bhl"'HCJieHHbiH B HanpaBJICHHH, napanJieJib
HOM OCii ypauonoro 6noKa conna~aeT c H3Me
peHHhlM cneKTpOM. 

Ha pHc. 14 npHBe,IJ;eua saBHCHMOCT» <<TeMne
paTypw> ue:iiTpouoB no H"le:iiKe. <<TeMnepaTyphl>> 
HCHTpOHOB, npHBe~eHHhlC Ha pHCYHKC, Bhl"'HCJIH
JIIICb H3 cpe~He:ii CKOpOCTH, cpe~HeH o6paTHOH 
CKOpOCTH H HaH6onee BepOHTHOH CKOpOCTH Vm 

B pacrrpe~eneHHH v2 
• n ( v) no cf>opMynaM, CBH-

3ldBarom;HM 3TH BeJIH"'HHld H TeMnepaTypy ~JIH 
MaKcBennoBCKoro pacnpe~eneHHH. Heconna~eHHe 
«TeMnepaTyp» no a6cOJIIDTHOH BeJIH"'HHe CBH3aHO 
C HeMaKCBeJIJIOBCKHM xapaKTepOM cneKTpa HeHT
pOHOB B o6JiaCTH ycpe~HeHHH 0,44-0,0086 38. 

CneKTp ue:iiTpoHoB B aaMe,IJ;JIHTene, KaK n B cny
qae ypaH-BO~HOH pemeTKB, MaJIO H3MeHHeTCH 
c Koop~l:IHaTo:ii. B ypaue crreKTp ue:iiTpouon 
H3MepHJICH TOJibKO B :U,8HTpe 6noKa; O~HaKO 
MOlliHO nOJIRraTb, "'TO OH TaK me, KaK H B CJiyqae 
ypaH-BO~HOH pemeTKH, CJia6o H3MCHHCTCH no 
pap;Hycy 6noKa. 

CneKTphl ue:iiTpouon B ypau-rpacf>HTono:ii pemeT
Ke H3MepHJIHCb TaKme RoyTCOM H re:iiaepoM 24 . 
PemeTKa HMena TaKoii me mar, KaK H ncnonL
aonauuaH uaMH pemeTKa, uo oTJIH"lanac» ~Ha

MeTpoM 6noKOB (2,95 C.M) li BCJIH"'HHOH B03,IJ;ym
HldX aaaopoB BoKpyr 6noKoB. B :U,HTHpoBauuoii 
pa6oTe RoyTca H reiiaepa npHBO~HTCH peayJin
TaTld H3MepeHHH cneKTpa HCHTpOHOB TOJibKO 

B rpacf>HTe nocepe,IJ;HHe Mem,IJ;y 6noKaMH npn paa

JIH"'HhlX TeMnepaTypax rpacf>HTa. 

3KCnEPHMEHT AJlbHOE H3Y4EHHE 
nPO~ECCA YCTAHOBJlEHHfl 

PABHOBECHOrO SHEPrETH4ECKOrO 
cnEKTPA HE~TPOHOB 80 BPEMEHH 

RaK HaBecTuo, 3cf>cf>eKT XHMH"!ecKoii CBH3H 
aaMeTHO BJIHHCT Ha cf>opMy CTa:U,HOHapHOfO CllCK
Tpa TenJIOBldX HCHTpOHOB TOJibKO npH HaJIH"'HH 

,IJ;OCTaTO"'HO CHJI»Horo nornom;eHHH. O,IJ;uaKo 
OTpaBJI8HH8 CHCTeMld (BBC,ll;8HHe llOfJIOTHTenH) 
BO MHorHx cnyqaHx npaKTH"leCKH TPYAHO ocy
m;ecTBHMO li CBH3aHO CO 3Ha"!HTeJibHOH noTepeif 
HHTeHCHBHOCTH H3MepHeMOfO nOTOKa HCHTpOHOB. 
J1ayqeHHe BpeMeHHOfO npo:u,ecca ycTaHOBJICHHH 
panuonecuoro crreKTpa B "'HCTOM aaMe,IJ;miTene 
no3BOJIHeT nony"'HT» ue Meuee nonuyro HHcf>opMa
:U,HID 0 pOJIH XHMH"leCKOH CBH3H npH TepMaJIH3a:U,HB, 
"'CM B H3MepeHHHX CTa:U,HOHapHhlX Cll8KTpOB. 
0,IJ;HaKO IIpH 3TOM He Tpe6yeTCH OTpaBJICHHH CHCTe
Mld. Cne,IJ;yeT oTMeTHT», "'TO 3TH Hccne~onaHHH, 
KpoMe Toro, uenocpe,IJ;CTBeHHO ,IJ;aiDT Bamulde napa
MeTpld, xapaKTepHayrom;He npo:u,ecc ycTauoBne
HHH paBHOBCCHOfO Cll8KTpa BO BpCMCHH. 0,IJ;HHM 
H3 TaKHX napaMeTpOB HBJIHCTCH BpeMH, Heo6XO,IJ;H
M08 ,!l;JIH ycTaHOBJieHHH 3HepreTH"leCKOf0 paBHO
BCCHH H8HTpOHOB CO cpe,IJ;OH. ,[(o HaCTOHm;ero 
BpeMeHH 3KCnepHM8HTld no H3Y"'CHHID HCCTa:U,HO-
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uapHhlX cneKTpoB ue:iiTpouoB orpaHH"'HBaJIHCb 
paooToif Bepuap,IJ;a H ~p. 25 

MerOAHKa HsMepeHHH 

Ha pHc. 15 H306pameuo 3KcrrepHMeHTanLuoe 
yCTpOHCTBO, Ha KOTOpOM npOBO~HTCH H3y"leHH8 
npo:u,ecca TepMaJIH3a:U,HH HeHTpOHOB BO BpeMeHH. 
Ily"'OK aJieKTpOHOB H3 JIHHeHHOfO YCKOpHTeJIH 26 

C nOMOID;biD MarHHTHOH CHCTeMld OTKJIOHH8TCH 
H cf>oKycHpyeTCH Ha CBHH:U,OBYID MBID8Hb, noMem;eH
HYID BHYTP» HCcJie,IJ;yeMoro aaMe~JIHTenH, coa~a

BaH KOpOTKHe BCnldiDKH 6ldCTpLIX HeHTpOHOB. 
11a aaMe,IJ;JIHTeJIH (qepea noJIOCT» paaMepoM 10 x 
X 1 C.M) BLIBO,ll;HTCH llY"'OK HeHTpOHOB H BCCJie

,IJ;yeTCH HX auepreTB"'CCKHH cneKTp B pa3JIH"'HLie 
MOMeHTLI BpeMCHH llOCJie BCllLIIDKH 6LICTpLIX HeH
TpOHOB. 8HeprHH H3MepHeTCH MeTO,IJ;OM BpeMeHH 
nponeTa c noMom;»ro MexaHH"lecKoro npepldna
TeJIH, ccf>a3HpOBaHHOf0 C pa60TOH yCKOpBTeJIH. 
IIpepldBaTeJin nMeeT ,IJ;Be m;eJIH pacxo,IJ;Hm;erocH 
npocf>BJIH, "'TO o6ecne"!HBaeT nOCTOHHCTBO cf>yHK:U,HH 
nponycKaHHH no nceM nccne,IJ;yeMOM ,IJ;Hanaaone 
3Heprnii npH MBHHMaJibHOH ~JIHTeJibHOCTH OTKpld
THH m;enn 2,5 .M~>Ce~>. He:iiTpOHLI perucTpnpyroTCH 
nponop:u,uouaJI»HLIM BF 3-c"leT"!HKOM, pacnono
meHHLIM Ha npoJieTHOM paCCTOHHHH 4 .M. 

Oco6eHHOCTl>ID n H3Mepenun uecTaD;HOHapuoro 
ClleKTpa HBJIHeTCH HCKameHHe ClleKTpa, B03HH
Karom;ee npH ,ll;BHmCHHH H8HTpOHOB OT ~Ha nO
JIOCTH B 3aMe~JIHTeJie ~0 npepldBaTeJIH, KOTOpOe 
,ll;OJimuo Y"'HTLIBaT»CH npn o6pa6oTKe aKcnepH
MenTaJinHLIX peayJinTaTOB. 

Pe3ynbrar~ H3MepeHHH 

Ha pHc. 16 noKaaauo H3Meueuue no BpeMeHH' 

anepreTH"lecKoro pacnpe,IJ;eneHHH ueihpouon, uaMe
penuoe B 6epHJIJinenoii npuaMe paaMepaMH 60 x 
X 60 X 45 C.M (B2 ~ 10- 2). ,[(nanaaou BCCJie

,ll;OBaHHLIX BpeMeH OT 30 ,ll;O 2200 .MKCel£ OXBaTldBaeT 
rrpaKTH"!eCKH BCID 06JiaCTb TepMaJIH3aiJ;HH HeH
TpOHOB: OT MOMeHTa, KOr~a Ha"!HHaiDT 3aMCTHO 
CKa3LIBaTbCH MemaTOMHLie CBH3B H TCIIJIOBOe 
~BHmeHHe, ~0 IIOJIHOfO ycTaHOBJieHHH TellJIOBOfO 
paBHOBeCHH ue:iiTpouuoro rasa co cpe,IJ;oii. BH,l'J;HO, 
"'TO qepea 300-400 .M~>ce~> 6on»maH "!aCT» crreKTpa 
CO CTOpOHLI 60JibiDHX 3HeprHH yme COBIIa,IJ;aeT 
C MaKCBeJIJIOBCKHM pacrrpe,IJ;eJieHHCM npH TeM
rrepaType cpe,IJ;ld. ,[(an»ue:iimHe, 6onee Me,IJ;JieHHlde, 
H3MeHeHHH IIpOHCXO,ll;HT TOJibKO B o6JiaCTH MaJILIX 
3HeprHH H JIHIDb CIIYCTH .-1500 .MKCeK CIICKTp 
cTaHOBHTCH rronuocT»ro pannonecHLIM. Ha puc. 17 
IIpe,IJ;CTaBJieHld CIICKTpld, H3MepeHHld8 B rpacf>HTD
BOH IIpH3Me paaMepoM 60 X 60 X 45 C.M (B2 = 
= 8,9 .1Q-S C.M- 2). J1aMepeHHH IIpOBe,IJ;eHhl IIpHMep

HO B TOM me HHTepBane BpeMeH (30-2500 .MKCeK), 
KOTOpLIH B ~aHHOM CJiyqae COOTBeTCTBYCT 6onee 
mnpoKoMy HHTepnany 3HeprHIL B OTJIH"!He OT 
6epHJIJIHH acBMIITOTH"'CCKHe CIICKTpLI B ~aHHOM 
CJiy"lae SaMeTHO OTKJIOHHIDTCH OT MaKCBeJIJIOBCKO
ro pacrrpe~eJieHHH c TeM'IIepaTypoii cpe~LI. 
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PHc. 13. CneHTP Hei1TPOHOB e ypaHe ypaH-rpad:JH-
Toeoi1 peweTHHj TeMnepaTypa rpalfJHTa 614° J-(; 

- CIIeKTp IIOTOKa 11eiiTpo~OB B HanpaBJieHHH OCR 6JIOKa; 
- • - CIIeKTp IIOTOKa HenTpOHOB B HanpaBJieHHH, nep-
neHAHKYJIJipHOM OCll 6JIOKa; -- -CIIeKTp CKaJIJipHOrO 

IIOTOKa 

' 
PHc. 15. CxeMa sHcnepHMeHTanbHOH ycTaHoBHH: 

1-BaKYYMHaJI Tpy6a JIHHe:ii:Horo yCIWpHTeJIHj 2-0TKJIO
HHIOIII;H:ii:, ll «floKycn:pyiOm;Hit MarHHThlj 3- CBHH~OBaJI 
MnmeHbj 4-npnaMa na nccJiejlyeMoro MaTepnaJia; 5-
aam;nTa npH3Mhl (B4C); 6-MexaHnqecKn:ii: npephiBaTeJihj 
7- 6noJiornqecKaH aam;nTa 6yHKepa ycKopnTeJIH; 8-
CBHH~OBhle jiHa«flparMhlj 9-.u;eTeKTOp He:ii:TpOHOBj 10-

aam;nTa lleTeKTOpa 

B. H. MOCTOBOA et al. 
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PHc. 14. PacnpeAeneHHe «TeMnepaTypbl» Hei1TpOH
Horo rasa no fl'lei1Ke ypaH-rpalfJHToeoi1 peweTHH: 

1-6JIOKj 2-B03J:IYX ll aJIIOMHHHH ; 3-rpa«fJHTj 

0-T n = ~ · m i~2 
; 0-T n = ! · ~ ·1 I ( ! ) 2 

; 

2 mvm 
()-Tn=-u-; 8-TeMnepaTypa cpeAhl 

8ro npOHB~eHHe «~H~~Y3HOHHOro OX~am~eHHH» 
cneRTpa, ROTOpoe CBH38HO C 6om,meii Be~HqJIHOH 
yreqRu ns rpa~nroBoii npnsMLI ~annoro pasMepa. 
Ha c~e~yrom;eM rpa~nRe (pnc. 18) npe~craaneno 
H3MeHeHHe BO BpeMeHH Cpe~HeH 3Hepnm HeHTpOHOB 
BhlqlfC~eHHOe no H3MepeHHhiM cneRTpaM ~~H 

6epn~~HH H rpa~nra. HaR~OHHLie npnMLie nso6-
pamaror saBHCHMOCTb E ( t) ~~H cBo6o~HLIX H no
Ronm;uxcn n~ep 6epummn n rpa~ura 27 - 2

8, 

nynRrupoM ~an ypoBeHb 3/2 KT. Ha npuMepe 
rpa~HTa BH~HO, qro CBH3b H ren~OBOe ~BHffieHHe 
8TOMOB H8qHH8IOT 3aMeTHO B~HHTb Ha npOI~ec~ 

saMe~~eHHH neiirponoB yme npn :mepruu ~1 ae. 
B 6epu~~HH ~ocrnrnyrLiii npe~e~ no aneprnu 
saMerno nnme, qro cBnsano c ne~ocraroqnLIM paa
pemenueM no BpeMeHH. ITo npomecrBHH (1,5-
2)103 .MKceK nacrynaeT npaRruqecRH no~noe paB
HOBecue Mem~y neiirpOHHLIM rasoM u cpe~oii. 
IlpH 3TOM B 6epH~~HH paBHOB6CHaH TeM~eparypa 
paBna reMneparype cpe~LI, a B rpa~ure, sa cqer 
~H~Ifiy3HOHHOrO OX~am~eHHH,- HeCRO~bRO MeHb
me. C~e~yeT 38MeTHTb, qro B ana~oruqHLIX H3Me-
peHHHX npo~e~aHHLIX B X a py:m~e 29 na rpa<flure 
B o6~aCTH OT 300 ~0 1000 .MKCeK no~yqena 3aBH-
CHMOCTb E (t) no~o6nan ~annoii, o~naRo a6co
~IOTHhle 3HaqeHHH ~emaT CHCTeMaTHqeCRH HHme. 
CRopocrb ycranoB~enun paBHOBecnoro ren~oBoro 
cneRrpa o6Liqno xapaRrepusyror BpeMeneM repMa
~usa~uu 't'th no~aran, qro cpe~HHH aueprun neii
rponoB npu6~umaeTCH R CBOeMy paBHOBeCHOMY 
3HaqeHHIO no 3RCnOHeH~Ha~bHOMY 3aROHy: 

E(t)-Ep~ exp(-t/'t'th) 
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PHC. 16-17. noTOK HaATpOHOB UJ (E, t) B rpadJHTe H (SepHnnHH 
- - - cnexTp MaxcBeJJJia T = 300° K. 
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PHC. 18. 1-!sMeHeHHe CP9AH6H SHeprHH H6HTPOHOB 
eo epeMaHH. HaKnOHHbiMH npRMbiMH nHHHRMH npeA-

craeneHbl saeHCHMOCTH E=f (t) AnR rpaltJHTa H 
(SepHnnHR, Bbl'lHCneHHble no MOAenH ceol5oAHbiX no-
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P.Hc. 19. CneKTP HeHTpOHOB AnR t= 7000 Mce~~: B 15e
PHnJ1HeBbiX npHsMax pa3Hblx pasMepoe T 
J-60X06X45 CM, 2-30X30X45 CM, 3-30X25X21 CM 

-- - cneKTp MaKcBeJIJia T=300° K 
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AaaJIIIS noJiy'leHHLIX KpiiBLIX noKaaLIBaeT, 'ITO 

TaKoe npocToe on11can11e aaBIICIIMOCTII E ( t) 
CnpaBe;n;JIIIBO, nO-BII;n;IIMOMy, TOJibKO ;n;JIH ;n;oBOJibHO 

yaKoii o6JiaCTII IISMeneHIIH E, Kor;n;a ero aaaqea11e 
OJIIISKO K Ep. IIoaTOMY ;n;ocTaTO'IHO noJIHO xapaK
TepiiSOBaTb npo~eCC YCTaHOBJieHIIH TenJIOBOrO paB
HOBeCIIH O;n;HIIM napaMeTpOM (tth) HeB03MOlliHO. 
IlpiiOJIIIllieHHO MOlliHO yKa3aTb Jlllillb BpeMH yCTa
HOBJieHIIH nOJIHOrO paBHOBeCIIH, KOTOpOe COCTaB
JIHeT ;n;JIH 6ep11JIJIIIH OKOJIO 1000 .MKCeK, rpaci>IITa 
---2000 .MKCeK. lfHTepeCHO OTMeTIITb, 'ITO Bhl'IIICJie
HIIH IJypOXIITa 30, OCHOBaHHLie Ha MO;n;eJIII o;n;HO
aTOMHOrO THllieJioro rasa ;n;aiOT ;n;JIH 3TIIX BpeMeH 
3Ha'leHIIH 3Ha'liiTeJibHO MeHbilllle ( ---250 .MKCero 

;n;JIH rpaci>11Ta II ---150 .MKCeK ;n;JIH OepiiJIJIIIH). 
(ho CBII;n;eTeJibCTByeT 0 CIIJibHOM BJIIIHHIIII XIIMII
qecKOH CBH311 Ha CKOpOCTb ycTaHOBJieHIIH TenJIOBO
ro paBHOBeCIIH HeiiTpOHOB CO cpe;n;oii. 

,ll;JIH Toro, 'ITOOLI 6oJiee no;n;po6no IICCJie;n;oBaT.::. 
BJIIIHHIIe yTe'lKII HeHTpOHOB Ha cl>opMy paBHOBeC
HO:rO cneKTpa B KpiiCTaJIJIII'leCKOM aaMe;n;JIIITeJie 
OLIJIII npoBe;n;enLI 113MepeHIIH cneKTpoB np11 6oJib
IDIIX BpeMeHaX 3aMe;n;JieHHH B 6epHJIJIHeBLIX 
npnaMax paaJIH'lHLIX paaMepoB. Ha pnc. 19 npe;n;
CTaBJieHLI cneKTpLI OJIII3KIIe K aCIIMnTOTH'leCKIIM 
(t = 700 .MKceK) ;n;Jia Tpex aaaqea11ii B 2 : 9, 7 x 
X 10-3 ; 24,2·10-3 1142,8·10-3 • ,lJ;JIH COnOCTaBJieHIIH 
TaM me npnBe;n;el'la 31 aaBIICIIMOCTb <rth (E). IIo
CKOJibKY CKOpOCTb yTe'IKII HeHTpOHOB onpe;n;e-

JIHeTCH BeJIII'IIIHOii D = ! Ath • v, TO na pa;n;y c 

«;n;llcl>ci>Y3110HHLIM OXJiam;n;eHIIeM» cneKTpa (npe
IIMym;eCTBeHHaH yTe'!Ka 6LicTpLIX neiiTponoB) 
;n;oJimHa HaOJIIO;n;aTbCH 3aBIICIIMOCTb cl>opMLI cneKT
pa OT 113MeHeHIIH TpaHcnopTHOrO Ce'leHHH C :mep
rneii. Ha rpaci>11Kax 'leTKO Bn;n;no npoaBJieHIIe 
aToii aaBIICIIMOCTH. IIo;n;o6nLie acl>cl>eKTLI KorepeHT
noro pacceHHIIH HaOJIIO;n;aJIIICb B aHaJIOrll'lHLIX 
3KCnep11MeHTaX Ha peHCeJIJIOpCKOM YCKOpiiTeJie 32 

H B pac'leTHOii pa6oTe IIxa 33, peayJibTaTLI KOTO
poii B aTOM OTHomeHIIII BeCbMa OJIH3KII K npe;n;
CTaBJieHHLIM. lfHTepeCHO OTMeTHTb, 'ITO cpe;n;HHH 
3Hepr11H HeHTpOHOB ;n;JIH BCeX TpeX CneKTpOB OKa-
3LIBaeTCH o;n;11HaKOBOii H paBHOii ---39 Mae. 
0TcyTcTBIIe acl>cl>eKTa <<OXJiam;n;eHIIH>) Momao o6'b
HCHIITb KaK 3a C'leT CIIJibHOH yTe'lKH XOJIO;n;HLIX 
aeiiTpOHOB (E < 5 Mae), TaK 11 nenoJIHLIM ycTa
HOBJieHIIeM paBHOBeCIIH. 

PeayJibTaTLI npoBe;n;eHHLIX aKcnepiiMeHTOB co
;n;epmaT ;n;OCTaTO'IHO no;n;pOOHYIO IIHci>OpMa~IIIO, 
KOTOpyiO MOlliHO IICnOJib30BaTb ;n;JIH npoBepKII cy
m;eCTBYIOIII;IIX MeTO;n;OB paC'leTa cneKTpOB TepMa
JIII311pyiOIII;IIXCH HeiiTpOHOB. 

B ;n;oKJia;n;e MaiiopoBa 11 ;n;p. 7 coo6m;aeTcH o coa
;n;aHIIII nporpaMMLI, no KOTOpOH B HaCTOHm;ee Bpe
MHu npOBO;n;HTCH no;n;pOOHLie Bhl'IIICJieHIIH cneKTpOB 
HeHTpOHOB npnMeHIITeJibHO K yCJIOBIIHM ;n;aHHLIX 
OnhiTOB. 

3AKm04EHHE 
IlpoBe;n;eHHLie aKcnepnMeHTLI ne ucqepnLIBaiOT 

HaMe'leHHOH nporpaMMLI HCCJie;n;oBaHHH, KOTOpaH 

B. H. MOCTOBOA et al. 

npe;n;ycMaTpiiBaeT ;n;eTaJibHoe 11ayqenue 6oJiee 
mupoKoro Kpyra aaMe;n;JiuTeJieii n paaMnomaiOmllx 
cncTeM u B 6oJihmeM HHTepBaJie TeMnepaTyp 
u anepruii. 

B nacToam;ee BpeMa pa6oTLI no TepMaJiuaa~uu 
neiiTponoB npo;n;oJimaiOTCH. 3aBepmaeTcH coa;n;a
nue HOBoii MHoro;n;eTeKTopnoii ycTaHoBKH ;n;JIH 
H3MepeHHH ;n;Bam;n;LI ;n;n«flcl>epeH~HaJibHLIX Ce'leHHH 
c JIY'liUeii TO'lHOCTbiO 11 paapemenneM. IIpoBo;n;uTca 
uayqeaue TepMaJiuaa~IIH neiiTpoaoB B cpe;n;ax 
np11 6oJibiDIIX rpa;n;ueaTax TeMnepaTyp. Ilpe;n;
rroJiaraeTCJI ;n;eTaJibHO IICCJie;n;oBaTb BOIIpOC aHH-
30TpOIIHH crreKTpa B reTeporeHHLIX cpe;n;ax. By;n;eT 
11ay'IeH rrpo~ecc ycTaHOBJieaua paBHoBecnoro 
crreKTpa neiiTpoaoB B Bo;n;opo;n;co;n;epmam;ux aaMe;n;
JIIITeJiax u ;n;p • 

* * * 
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ABSTRACT-RESUME-AHHOTA(4111JI-RESUMEN 

Experimental studies of neutron 
thermal ization 

By V. I. Mostovoy et at. 

A/367 USSR 

The paper reviews the experimental work on neutron 
thermalization which has been carried out in recent 
years in the Kurohatov Atomic Energy Institute. This 
work deals with the most interesting aspects-ofneutron 
thermalization which have practical importance, and 
is carried out along three lines. 

1. Investigation of inelastic scattering of slow 
monochromatic neutrons on bound nuclei of the 
moderator. 

In connection with this line of research the review 
gives the results of double differential scattering cross 
sections of slow monochromatic neutrons a(E, E', 8) in 
hydrogen-containing moderators. A pulsed flux of 
monochromatic neutrons of energy E incident on the 
sample was separated from the horizontal beam of 
thermal neutrons of the VVR-M reactor (Physics 
Institute of the Academy of Sciences of the Ukranian 
SSR) with the aid of a mechanical monochromator. 
The resolution of the monochromator was independent 
ofits speed of rotation and was equal to .dEJE=0.2. 
The energy E' of neutrons scattered from the sample 
at an angle 8 was measured by the flight time method 
with a resolution of about 25 f.LSfm. 

The double differential scattering cross sections 
were measured within the range of energies of the 
incident neutrons from 15 to 300 MeV at scattering 
angles from 15° to 120°. Certain data were obtained 
concerning the effect of the sample temperature on the 
double differential scattering cross section. 

The comparative analysis of the cross sections and 
average characteristics of neutron scattering in water 

and monoisopropyldiphenyl (C1sH16) shows that the 
chemical binding of the hydrogen in monoisopropyl
diphenyl is stronger than in water and, accordingly, 
the neutron thernialization in monoisopropyldiphenyl 
proceeds at a slower rate. 

The Ia w of scattering S( a, p) and the generalized fre
quency spectrum for water and monoisopropyl
diphenyl were obtained from the experimental data. 

2. Investigation of the establishment of the thermal 
neutron spectrum in time in various moderators. 

The establishment of the thermal neutron spectrum 
was studied with the aid of a pulsed neutron source and 
a mechanical chopper. Neutrons were produced on a 
target of a linear accelerator which operated in phase 
with the mechanical chopper. Neutron spectra were 
measured in beryllium and graphite at different time 
intervals after fast neutron burst. The resolution 
during measurements was 3 to 5 p.sjm, the duration 
of the neutron pulse furnished by the mechanical 
chopper, 5 to 10 f.LS. 

3. Investigation of thermal and slowing-down 
neutron spectra in homogeneous and heterogeneous 
media. 

Microbeams of neutrons were extracted from the 
medium under investigation. The neutron spectra in 
the beams were studied with the aid of a mechanical 
chopper using the time-of-flight method. The resolu
tion during the measurements of the thermal part of 
the spectrum was 10 to 25 f.LS/m, during the measure
ments of the slowing-down spectrum, 1.2f.Lsfm. Spectra 
of thermal neutrons in boron-poisoned water were 
studied at various boron concentrations. 

A detailed investigation was made into the space
energy distribution of neutrons in the cells of sub
critical lattices: uranium-water, uranium-monoiso
propyldiphenyl, uranium-graphite. 

The measurement results indicate that the thermal 
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neutron spectrum in water can be described by the 
Maxwell distribution with the temperature of the 
neutrons exceeding the temperature of the media. At 
the given temperature of the moderator the temperature 
rise of the neutrons is proportional to absorption. 

The spectrum of thermal neutrons in the uranium 
block of a lattice and also in a moderator differs from 
equilibrium Maxwell distribution. The nature of the 
neutron spectrum abruptly changes at the boundary 
between uranium and moderator. Inside the block and 
the moderator, the neutron spectrum changes but 
little. A simple semi-empirical relation is given be
tween the thermal neutron spectrum in the block and 
in the moderator. The spectrum of the slowing-down 
neutrons in the block has peculiar dips at energies 
corresponding to the known absorption levels of 
23SU and 235U. 

A/367 URSS 

Etude experimentale de Ia thermalisation 
des neutrons 

par V. I. Mostovoy et a/. 

Le memoire presente les travaux experimentaux sur 
Ia thermalisation des neutrons effectues au cours des 
dernieres annees a l'Institut de l'energie atomique 
1.-V.-Kourtchatov. Ces travaux se rapportent aux 
questions les plus interessantes et les plus importantes 
de Ia thermalisation des neutrons et sont menes dans 
trois directions. 

I. Etude de Ia diffusion inelastique de neutrons 
Ients monochromatiques sur les noyaux lies d'un 
moderateur. 

Resultats des mesures de Ia section differentielle 
double de diffusion de neutrons monochromatiques 
Ients, a(E, E', 0), sur des moderateurs hydro genes. Le 
flux pulse de neutrons monochromatiques d'energie E 
arrivant sur I'echantillon est separe du faisceau hori
zontal de neutrons thermiques du reacteur VVR-M 
(lnstitut de physique de I' Academie des sciences de Ia 
RSS d'Ukraine) a !'aide d'un selecteur mecanique. La 
resolution du selecteur ne depend pas de sa vitesse de 
rotation et est de LJE/ E = 0,2. On a mesure I'energie E' 
des neutrons diffuses par l'echantillon sous !'angle (} 
par Ia methode du temps de vol avec une resolution 
d'environ 25 JJ-S/m. 

On mesure les sections differentielles doubles dans 
une gamme d'energie de I5 a 300 MeV des neutrons 
incidents sur l'echantillon et pour des angles de 
diffusion de 15° a 120°. On obtient quelques donnees 
sur !'influence de Ia temperature de l'echantillon sur Ia 
section differentielle double de diffusion. 

La confrontation des sections et des caracteristiques 
moyennes de Ia diffusion des neutrons sur l'eau et le 
monoisopropyldiphenyle (C15H1s) montre que Ia 
liaison chimique de l'hydrogene dans le monoiso
propyldiphenyle est plus forte que dans l'eau et qu'en 
consequence Ia thermalisation des neutrons dans Ie 
monoisopropyldiphenyle est plus lente. 

B. H. MOCTOBOVt et al. 

A partir des donnees experimentales, on a obtenu Ia 
loi de diffusion S(a, {3) et le spectre generalise de fre
quence P(f3) pour l'eau et le monoisopropyldiphenyle. 

2. Etude de Ia formation d'un spectre de neutrons 
thermiques dans le temps dans divers moderateurs. 

On etudie Ia formation d'un spectre de neutrons 
thermiques a l'aide d'une source pulsee de neutrons et 
d'un selecteur mecanique. On utilise comme source de 
neutrons Ia cible d'un accelerateur lineaire dont 
I' emission est en phase avec le selecteur mecanique. On 
mesure les spectres de neutrons pour le beryllium et le 
graphite a differents moments apres !'injection de 
neutrons rapides. La resolution dans les mesures est 
de 3 a 5 JJ-S/m, Ia duree de )'impulsion neutronique 
donnee par le selecteur mecanique etant de 5 a I 0 JJ-S. 

3. Etude des spectres de neutrons thermiques et de 
neutrons ralentis en milieux homogenes et hetero
genes. 

Des microfaisceaux de neutrons sont pris a Ia sortie 
du milieu etudie et on mesure les spectres a !'aide d'un 
selecteur mecanique a temps de vol. La resolution des 
mesures de Ia partie thermique du spectre est de 
I 0 a 25 JJ-S/m, et celle des mesures du spectre de ralen
tissement de I ,2 JJ-S/m. On etudie les spectres de 
neutrons thermiques dans I'eau empoisonnee par du 
bore, en fonction de la concentration du bore. On 
etudie en detail Ia distribution energetique spatiale de 
neutrons dans des reseaux so us-critiques: uranium
eau, uranium-monoisopropyldiphenyle, uranium
graphite. 

Les resultats ·des mesures montrent que, lorsque 
!'absorption n'est pas grande, le spectre de neutrons 
thermiques dans l'eau peut etre decrit par une distribu
tion de Maxwell mais avec une temperature neu
tronique superieure a celle du milieu. La difference, 
pour une temperature de moderateur donnee, est pro
portionnelle a I' absorption. 

Le spectre de neutrons thermiques dans les barres 
d'uranium du reseau et dans le moderateur differe 
d'une distribution de Maxwell a l'equilibre. Le spectre 
varie brusquement au passage de !'uranium au modera
teur. Dans le barreau et le moderateur memes, il varie 
peu. On donne une fonction semi-empirique simple du 
spectre de neutrons thermiques dans le barreau par 
rapport au spectre de neutrons thermiques dans le 
moderateur. Le spectre de neutrons ralentis dans le 
barreau presente des creux caracteristiques aux energies 
correspondant aux niveaux connus d'absorption de 
23SU et de 235U. 

A/367 URSS 

Trabajos experimentales 
sobre termalizaci6n de los neutrones 

por V. I. Mostovoy et a/. 

En este documento se pasa revista a los trabajos 
experimentales sobre termalizaci6n de los neutrones 
realizados estos ultimos afios en el Institut Atomnoi 
Energuii, «I. V. Kurchatov>>. Estos trabajos se 
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refieren a las cuestiones mas interesantes de termali
zacion de los neutrones y de mayor importancia 
practica y se llevaron a cabo en tres direcciones. 

1. Estudio de la dispersion inelastica de neutrones 
lentos monoenergeticos por los nucleos ligados del 
moderador. 

Respecto de estas investigaciones, se presentan aqui 
los resultados de mediciones de la seccion eficaz 
diferencial de dispersion, por moderadores hidro
genados, de neutrones termicos monoenergeticos, 
a(E,E' ,8). El flujo pulsado de neutrones mono
energeticos de energia E que incide sobre la muestra se 
extraia de un haz horizontal de neutrones termicos del 
reactor VVR-M (Instituto de Fisica de la Academia 
de Ciencias de la RSS de Ukrania) mediante un mono
cromador mecanico. La resolucion de este no dependia 
de su velocidad de rotacion y era igual a .tJEf£=0,2. 
La energia E' de los neutrones dispersados por Ia 
muestra en Ia direccion 8 se media por tiempo de vuelo 
con una tesolucion ,._,25p.sfm. 

Las secciones eficaces diferenciales se midieron en 
un intervalo de energias de los neutrones incidentes 
sobre Ia muestra que iba de 15 a 300 MeV y en un 
intervalo angular de direcciones de dispersion de 15 o 

a 120°. 
Se obtuvieron algunos datos relativos a Ia influencia 

de la temperatura de Ia muestra sobre Ia seccion eficaz 
diferencial. 

La comparacion de las secciones eficaces y de las 
caracteristicas medias de dispersion neutronica del 
agua y del monoisopropildifenilo (C1sH16) indica que el 
enlace quimico del hidrogeno en este ultimo es mas 
fuerte que en el agua y que, en consecuencia, Ia ter
malizacion de los neutrones en el monoisopropil
difenilo tiene Iugar mas lentamente. 

A partir de los datos experimentales se obtuvo Ia ley 
de dispersion S(a,/3) y el espectro de frecuencia gene
ralizado P(/3) para el agua y el monoisopropildifenilo. 

2. Estudio del proceso de formacion del espectro de 
los neutrones termicos con el tiempo para diferentes 
moderadores. 

El proceso de formacion del espectro de los neu
trones termicos se estudio con ayuda de una fuente 
pulsante de neutrones y de un selector mecanico. 
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Como fuente de neutrones se utilizo el blanco de un 
acelerador lineal cuya puesta en marcha esta en fase 
con el selector mecanico. Se midieron los espectros 
neutronicos para el berilio y el grafito en diferentes 
instantes despues de Ia inyeccion de neutrones rapidos. 
La resolucion en las mediciones era de 3-5 p.sfm para 
una duracion del impulso neutronico, dado por el 
selector mecanico, de 5-10 p.s. 

3. Estudio de los espectros termicos y de modera
cion de los neutrones en medios homogeneos y 
heterogeneos. 

Del medio estudiado se extraian microhaces de 
neutrones. Los espectros neutronicos en los haces se 
median por tiempo de vuelo con ayuda de un selector 
mecanico. La resolucion en la medida de Ia com
ponente termica del espectro era de 10 a 25 p.sfm, y en 
Ia del espectro de moderacion era de I ,2 p.sfm. Se 
estudiaron los espectros de los neutrones termicos en 
agua, envenenada con boro, como funcion de la con
centracion de boro. Se efectuo un estudio detallado de 
Ia distribucion espacial y energetica de los neutrones 
en celdas de redes subcriticas de: uranio-agua, uranio
monoisopropildifenilo, uranio-grafito. 

Los resultados de las medidas muestran que el 
espectro de los neutrones termicos en el agua puede 
representarse, cuando las absorciones no son muy 
grandes, por una distribucion maxwelliana con una 
temperatura de los neutrones mayor que la del medio. 
Para una temperatura. dada del moderador, dicho 
incremento de temperatura es proporcional a Ia 
absorcion. 

El espectro de los neutrones termicos en un bloque 
de uranio de la red, y tambien en el moderador, difiere 
de Ia distribucion maxwelliana de equilibrio. El 
espectro de los neutrones cambia bruscamente su 
caracter en Ia superficie de separaci6n uranio-modera
dor. En el propio bloque yen el moderador, el espectro 
neutronico varia poco. Se presenta una formula semi
empirica que liga el espectro de los neutrones termicos 
en el bloque con el espectro termico en el moderador. 
El espectro de moderacion de los neutrones en el 
bloque presenta depresiones caracteristicas para las 
energias que corresponden a los conocidos niveles de 
absorcion del 23SU y del 235U. 
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Studies of neutron thermalization by a modified 
pulsed-source technique 

By E. Friedman* 

The pulsed neutron source technique has been ex
tensively used in the past few years for measuring 
diffusion parameters of thermal neutrons in modera
tors [1,2]. The nonlinearity in the curve of the decay 
constant as a function of the geometrical buckling is 
partly due to transport corrections to the diffusion 
approximation [3,4] and partly due to the "diffusion 
cooling" _effect, which is related to the transfer of 
energy between thermal neutrons and moderator. 
There are theoretical limitations that will be men
tioned later which in certain cases prevent a reliable 
derivation of thermalization data from "diffusion 
cooling" measurements. In addition, there are large 
discrepancies between diffusion cooling coefficients 
obtained by different authors for the same moderator. 
These discrepancies are probably due to a dependence 
of the results on the shape of the moderator [5]. A 
new method for measuring neutron thermalization 
parameters that avoids the difficulties encountered in 
the diffusion cooling method has been proposed on 
theoretical grounds [6]. In the present work this 
method is demonstrated experimentally on H20. 

THEORY 

The diffusion equation for the flux in a moderator 
following a short pulse of fast neutrons, assuming time 
dependence e-At and taking into account only the 
fundamental mode with geometrical buckling B2, is 

[ Ea(E) -~+B2D(E)]cf>(E) 
00 

= fdE'[Es(E' -+E) cf>(E') -E8(E-+E') cp(E)] (1) 
0 

where cf>(E) is the flux per unit energy, Ea(E) is the 
macroscopic absorption cross section, D(E) is the 
energy dependent diffusion coefficient, and Es(E-+ E') 
is the macroscopic cross section for scattering of 
neutron of energy E into a unit energy interval atE'. 
Substituting a Maxwellian flux, 

E 
M(E) = T2e-EIT (2) 

where the temperature of the moderator, T, is mea
sured in energy units, the integral in equation (1) 

* Hebrew University of Jerusalem and Israel Atomic Energy 
Commission. 

vanishes, as a result of the detailed balancing con
dition satisfied by E8(E"-+ E'). If Ea(E) + B2 D(E) is 
proportional to 1fv, a Maxwellian flux is a solution of 
Eq. (1). We conclude that neutron removal processes 
that have a form of afv do not distort the Maxwellian 
energy distribution. In all moderators of interest, 
Ea(E) =Aafv, and so the non lfv dependence of D(E) is 
the reason for the dependence of cf>(E) on B2, and hence 
for the diffusion cooling effect. 

A convenient method for dealing with Eq. (1) is to 
take an approximation [7, 8, 9] 

L 

cf>(E) = M(E) .l: atLt <1 >(EfT) (3) 
i=O 

The normalization used is 

co 

fLt<1> (EfT)M(E)Li<1>(E/T)dE=otJ (4) 
0 

If we write 

we obtain 

0 to1 to2 
lo1 Yll Y12 
to2 Y12 

toL 

Y1L 

foL Y1L ";'LL 
C'=-~~~---------T--~ 

Yll Y12 Y1L 
Y12 

Y1L YLL 

(6) 

where vo=y2T/Mn and Mn is the mass of a neutron. 
The neutron thermalization parameters are 

00 00 

Yii=f fdEdE'M(E)Es(E-+E') 
00 

[Li <1>(EfT)-Lt (1 >(E' fT)] L1 <1>(EfT) (7) 

and 
00 

Dti = f Lt <1 >(EfT) M(E)D(E) L1 <1 >(EJT)dE (8) 
0 
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loJ = Doo Wo1- DoJ 

2 
Wo1= v1r (vT/E)o1 

(9) 

(10) 

We notice that if D(£),..._, Ijv, the to1 vanish identically, 
and C'=O. 

In addition to the difficulties of evaluating the trans
port correction to the diffusion approximation, which 
is required for deriving the diffusion cooling co
efficient, and to the question of whether the geometric
al buckling is the correct parameter describing the 
leakage of neutrons out of the system for the small 
systems used in such measurements, we notice here 
two more difficulties, "namely: 

(a) The functions D(E) ( = 1/3 Atr(E)) are not 
known to the accuracy required for evaluating 
to1 

(b) only one independent measurement is possible 
for each moderator and so only one thermaliza
tion parameter can be derived. 

In the new method of measuring thermalization 
parameters [6], we use non Ijv absorption instead of 
the leakage out of the system as the means for distort
ing the Maxwellian energy distribution. For an 
infinite system with an added "non Ijv" strong 
absorber we have: 

,\ =Aa + N (a a) =Aa + 2vo N(a +fiN+ ... ) (11) 
(1/V) v1T 

where .-\a is the decay constant for the pure moderator 
(assuming Ijv absorption), N is the concentration 
(atomsjcm3) of the added absorber and aa(E) is its 
absorption cross section. If aa(E) is much larger than 
the absorption cross section of the moderator in the 
thermal region, then N is very ~mall compared to the 
density of the moderator atoms (for ,\ of the order .-\3 ) 

and we can develop the above averages in a power 
series in N. When the distortion of the Maxwellian 
spectrum is represented by a linear combination of 

Laguerre polynomials of order unity and degree"i, one 
obtains, in analogy to Eq. (6) 

0 So1 So2 SoL 
So1 I'll ')'12 ')'1L 
So2 ')'12 

fi= SoL ')'IL ')'LL (12) 
')'11 ')'12 ')'1L 
')'12 

')'1L ')'LL 

where L is the highest degree of polynomials taken in 
the approximation. 

(13) 

When the matrix y is diagonal (as in the heavy gas 
model), the expression for fi is 

fJ = - ~ S2oJ (14) 
j=! ')'jj 

Retaining linear terms in YtJI'Ytt one obtains, 

fJ = _ S
2
o1 (t _ 2 So2 /'12 _ 2 So3 ')'13 _ .. ·) 

yu So1 /'22 So1 ')'33 

_ S2o2 ( 1 _ 2 So3/'23 .. ·) _ S
2
o3(l- ... ) _ (IS) 

')'22 So2 /'33 ')'33 

For a finite system we have 

,\ =.-\' + ~; N(a'(B2) + fi'(B2)N + ... ) (16) 

where,\' is the decay constant in the finite system with
out added absorber. As suggested in [6], the para
meter fi for each absorber is obtained from measure
ments of fi'({J2) for several values of B2• The thermaliza
tion parameters are derived from fi. The strong absorb
ers used are Cd, Sm, and Gd, and mixtures thereof. It 
is sufficient to calculate (aa)OJ for these three elements 
only. Table I shows values obtained by numerical 
integration using a PHILCO 2000 computer 

Table. 1. Calculated integrals for various absorbers 

T"C (aa)oo (aa)oi (aa)os (aa)oa (aa)o• (aa)os (aa)oe 
barns (aa)oo ~ (O"a)oo (aa.)oo (aa)oo (aa)oo 

Sm zoo gz66 -0.17103 -0.1966g 0.046g4 0.1g3oZ 0.173g4 0.0906Z 
400 g394 -0.14379 -o.zz1gz -0.00150 0.16000 0.1g5z7 0.1ZZ61 
600 g4g9 -0.11409 -0.Z4951 -0.04611 O.l31Z5 0.1g66g 0.14715 
goo g55g -o.ogz35 -0.Z6405 -o.og715 0.09g5o 0.179g6 0.164ZO 

100° g60Z -0.04930 -0.Z7201 -0.1Z436 0.06353 0.16605 0.17403 

Cd zoo Z964 -0.16498 0.14507 0.17578 0.04386 -O.OZ935 -0.019Z3 
400 3016 -0.196Z9 0.11704 0.19330 0.06897 -O.OZ653 -0.03515 
600 3072 -0.22070 0.0851Z O.Z0378 0.09505 -0.01676 -0.04590 
80° 3130 -0.23930 0.05016 0.20799 0.12109 -0.000837 -0.05099 

100° 3191 -0.25259 0.01338 0.20526 0.14541 0.01974 -0.04983 

Gd zoo 361g8 0.47621 O.Z3417 0.13328 0.08945 0.06831 0.05673 
40° 34536 0.49ZOO O.Z4586 0.139g3 0.09274 0.069g4 . 0.05739 
60° 33061 0.5065g O.Z572g 0.1464g 0.096Zg 0.07169 o.o5gz3 
goo 3170g 0.52053 0.26g67 0.15336 0.10010 0.07367 0.05926 

100° 3041Z 0.53446 0.2g04z 0.16073 0.10427 0.07602 0.06053 
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00 

((aa)oj= JLo(1 >(~) aa(E):2 e-E/T£J(l)(~)d£ 
0 

where the normalization used is 
00 

JLi(ll (~) : 2 e-EIT L1(1 l (~) dE=OtJ) 

0 

When we compare the present method to the 
diffusion cooling method, we note the following: . 

(a) Unlike t01 , the S01 may be calculated, smce 
a a( E) is a directly measured quantity while J?(E) is not; 

(b) Measurements can be performed m systems 
large enough that terms containing B4 can be neg
lected. Transport effects enter only into terms con
taining B4 and higher terms [4] so that the diffusion 
equation may be used to describe the. expe~iment; 

(c) In this method the spectrum d1stortmg mechan
ism is separated from the moderator itself, and we can 
perform independent experiments ~n the same fll:odera
tor with different absorbers. If 1t were possible to 
describe a number of independent measurements by a 
smaller number of parameters YiJ, one could compare 
these parameters to values calculated on the basis of 
some model of .Es(E-+ E'). 

For every function f(E) that is smooth enough, the 
value of (/oo WoJ - foJ) decreases monotonically f~r 
1 > J, and thus only a limited number. of terms contn
bute significantly in Eq. (14). It IS therefore not 
possible to obtain an unlimited number of parameters 
YiJ, but the number of parameters that are o~tai~ed 
should be sufficient for describing thermahzat10n 
effects. 

METHOD 

The neutron source used in this work was a Texas 
Nuclear Neutron Generator, Model 9508 utilizing the 
T(d,n)4He reaction at a bombardment ~nergy of 
150 keV. The pulsing system was a modified post
acceleration beam deflection, details of which are 
given elsewhere [10]. The relative backgr~und fr?m 
the target (i.e. the ratio of neutron productiOn dunng 
"off" position to that during "on") was abo~t 
3 x 10-5. The water solutions studied were confined m 
cylindrical aluminium containers of diameter 200 mm. 
The detectors were NE-401 scintilla tors, 1-! in. in 
diameter, mounted on Phillips 53 A VP photo
multipliers. These detectors are especially suitable for 
work where there is a high gamma radiation back
ground and the Nl6 gamma rays from the water were 
rejected by the counting system. Small detectors were 
used in order to prevent time-of-flight distortions, 
which may occur when using detectors with dimen
sions of the order of 10 em. The solution and the 
detectors were shielded by 35 mm of boric acid powder 
and 0.75 mm of cadmium. One of the difficulties in 
using the pulsed-source technique is in isolating the 
fundamental mode from the higher harmonic modes. 
By a suitable geometrical arrangement of the source 
and the detectors, one is able to suppress some of the 
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harmonic modes. In the present experiment this is done 
as follows. 

The symmetry axis of the source passes through the 
mid point of the moderator and so the .first axial m.ode 
is eliminated. The height of the water m the con tamer 
is always less than 15 em, thus the second axial mode 
has a short enough decay time. The radial modes are 
described by the functions cos (mO) Jm(knr). 0 is mea
sured with respect to the symmetry axis of the source. 
The first J0 harmonic has the form Jo (5.52 rf R'), 
where R' is the radius of the cylinder plus the extra
polation length. Since Jo (2.405~ = 0, it is p~ssible to 
eliminate the first Jo harmomc by countmg only 
neutrons emerging from the system at r = (2.405 /5. 52) R'. 
The J. modes are eliminated by using two detectors in 
parallel having the same efficiency for detecting ther.m
al neutrons and detecting only neutrons emergmg 
from the system at e. =TT/4 and 02 =5TT/4. For these 
angles, cos(20) = 0 and therefore the J2 harmonics are 
eliminated. Because cos(30I) = - cos(302), the Js 
harmonics are eliminated. The 14 harmonics are 
detected. 

A cadmium sheet 0.75 mm thick was placed under 
the containers. Two holes were cut in the sheet along a 

· 2.4°5 R' Th' d' t t diameter, at a radms r = 
5

.
52 

. IS mme er was a 

an angle of 45 a relative to the symmetry axis of the 
source. Two detectors were placed at the holes. Two 
separate power supplies were used, and the equality of 
the efficiencies of the detectors were checked daily. 

The time dependence of the flux after a burst was 
studied using a 40-channel time analyser. The tem
perature during the measurements was (23±0.6)°C. 

The conventional method for obtaining the decay 
constant of the thermalized neutron flux in .the funda
mental mode is to fit by a least-squares method a 
straight line to the logarithms of the multi-channel 
readings (after correcting for dead time losses and 
subtracting the background). The sum of squares 
which has to be minimized is the sum of squares 
weighted by 1fa2t, where at is the standard deviation of 
the ith measurement. The "goodness-of-fit" test may 
be made by calculating the value of the minimized 
sum of squares divided by the number of degrees of 
freedom (i.e., the number of channels used minus the 
number of calculated parameters). The smallest value 
of geometrical buckling (B2) used was B2 = 0.096 c~ - 2 

and for that case the goodness-of-fit tests gave positive 
results only after a delay of 240 JLS from the end of the 
burst. It was desirable to use also data obtained after 
shorter delays and to this end the method of analysis 
was changed. Two other methods were devised and 
both were found to be extremely useful. 

The first method is based on the fact that we are 
interested not in the decay constant .\ for each con
centration of added absorber but only in (.\ -.\') 
where A' is the decay constant for the same system 
without added absorbers (Eq. (10) of ref. [6]). We 
write the time dependence of the flux as 

cf>'(t)=A'e-A't(l +€'e-L1"-·t+ ... ) (17) 
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for the pure moderator, and 

</>(t) = Ae-At(l + £e-LIA·t + ... ) (18) 

for the poisoned moderator, for some fixed value of 
B2. €' and £ represent the amplitudes of the first har
monic mode that can be detected. Lt..\ is the difference 
between the decay constant for that mode and the 
decay constant for the fundamental one. We now con
sider the ratio 

</>(t) = ~e-(A-A')t{l +(€ -€')e-L1At+ ... } (19) 
</>'(t) A' · 

As the geometry in both measurements is the same, it 
is plausible that I£-£' I ~ I£ I and we can try to 
fit a straight line to the logarithms of the ratios of the 
corrected multi-channel readings, even after shorter 
delay times. Goodness-of-fit tests showed that it was 
thus possible to use data taken after as short a delay 
as 100 p.s. 

The second method that enables the use of relatively 
short delay times consists of fitting a sum of two 
exponentials to the data. In this case, the normal 
equations are no longer linear in the unknown para
meters and it is necessary to iterate until convergence 
is obtained. In tens of cases that were tried using con
ventional least-squares techniques, no convergence was 
obtained. The difficulty lies in the highly nonortho
gonal nature of the functions. Only by using a modi
fied least-squares method was convergence possible. 
This modified method is described in the Appendix. 
The data taken after a delay of 100 p.s were fitted by a 
sum of two exponentials. The goodness-of-fit criteria 
were fulfilled, the obtained Lt..\ were in agreement with 
calculations based on the geometry of the detectors 
and (..\ -..\') obtained by this method were in agree
ment (within a standard error) with values obtained 
using the previous method. 

Two sets of measurements were carried out for each 
absorber for three values of B2 in the range 0.096 -
0.150 cm-2. The highest concentration of added 
absorbers was such that..\~ 1.5..\'. The analysis of data 
was carried out using a PHILCO 2000 computer. 

RESULTS 
The absorbers used were Sm, Cd, Gd and mixtures 

of Sm and Gd, and Sm and Cd. High purity chemicals 
(99.9 %) were used. For Gd the parameter f3 is rela
tively small and the experimental accuracy is poor, so 
the measurements on Gd were used only as a check on 
the value of a. The results for four different absorbers 
are summarized in Table 2. 

The results for Sm and Cd are in good agreement 
with those obtained by Meadows and Whalen [11]. 

Unfortunately, the experimental accuracy of the 
present measurements of f3 is of the order of the accu
racy of diffusion cooling coefficients, though it was 
shown by Meadows and Whalen that it can be much 
higher. The accuracy in the present measurements is 
determined primarily by the a~curacy of determination 
of the concentration of the water solutions under 

Table 2. Calculated and measured values of parameters 
(aa)oo. a and f3 using various absorbers in water 

(u,)oo a fJ 
Absorber calculated Measured (in I0-17 

(in barns) (m barns) barns x cm2) 

Sm 8285 8370± 70 -8.4 ±2.1 
Cd 2973 2965± 21 -1.55 ±0.25 
97.93%Sm+ 
2.07%Cd (atoms 
per cm3) 8850 8850± 30 -6.5 ±1.5 
47.8%Sm+ 
52.2%Cd 5510 5550± 50 -3.7 ±0.9 
Gd 35900 35300± 300 

study. In the present work the concentrations were 
determined by adding to the system known amounts of 
highly concentrated solutions of absorbers, the con
centrations of which were determined carefully. 
Although higher accuracies are obtainable, one can 
draw quantitative conclusions from the present 
results. 

When we use a least-squares method to represent 
the results in Table 2 by the equation 

S201(i) . 
f3t=- --, z=1, ... 4 

Yll 
we obtain 

yu = (0.210±0.026) cm-1 

or (6.30±0.80) barns/H20. The sum of squares 
divided by the number of degrees of freedom is 1.27. 

When we take the equation 

f3 
__ S201(i) _ S2o2(i) . __ 

1 4 ,_ ,l , ... 
Yll Y22 

we obtain y22 < 0. It can be shown that y22 > 0 by 
definition, so we discard this result. 

If we take 

f3t = _ S2o1(i) ( 1 _ 2 So2(~)) _ S2o2(i), i = 1, · ... 4 
yu So1(1) Y22 

we obtain reasonable results, but fitting 3 parameters 
to only 4 measurements does not give very reliable 
information. Therefore, using the first of the three 
equations discussed, we obtain the value: 

yu = (0.210±0.026) em -1 for H20 at 23 °C. 

DISCUSSION 

The above result may be compared with yu derived 
from diffusion cooling measurements on water. There 
are very large discrepancies between various authors 
regarding diffusion cooling coefficients in water, and 
the yu derived from these measurements lie in the 
range 0.4 to 0.8 cm-1, which is in marked disagreement 
with the present results. In order to derive yu from the 
diffusion cooling coefficient one has to calculate the 
value of to1 and for H20 it is calculated assuming 
D(£),_£1/2. In order to examine whether the large 
discrepancy is due to the above assumption, we have 
calculated to1 by numerical integration of D(E) using 
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the Radkowsky prescription [12] but the difference in 
value found for to1 was only 5 %. The diffusion co
efficient measured in the pulsed source technique is 
much lower than the value based on constant source 
measurements [2], the reason being that the geo
metrical buckling is probably not the correct para
meter for representing the leakage from the system [13]. 
When the diffusion coefficient appears lower than its 
correct vallje, the value of the diffusion cooling 
coefficient is reduced also, and yu appears too high. 
This is only a rough qualitative argument. 

A comparison is possible with calculated yn based 
on some model of the inelastic scattering of thermal 
neutrons in H20. We have taken the widely used 
Nelkin's model [14], and the results for 23 oc are given 
below (in units of em -1): 

yn =0.855 
?'12=0.0695 
?'13=0.006 

y22= 1.060 
?'23=0.070 y33= 1.190 

These values are unexpected, in view of our mea
surements. The calculated values of {3 for the absorbers 
used, based on the above values of YtJ, are smal~ com
pared to the measured values. The possibility of large 
contributions from much higher polynomials is 
unlikely. 

We tentatively conclude that Nelkin's model gives 
too high energy transfer moments, though the calcu
lated scattering cross section by this model is in agree
ment with experiment. It can be shown in general from 
Wick's short collision time approximation [15] that 
the energy transfer moments are more sensitive to the 
details of the chemical binding of the scattering atoms 
than is the scattering cross section. The experimentally 
obtained yn is much lower than the value calculated 
using Nelkin's model. It seems that in the above 
calculation there is too high a contribution from the 
"hindered rotations" represented by a harmonic 
oscillator with a, frequency w, such that liw = 0.06 e V. 
Very recently, there are some inpications [16] that this 
frequency does not have the character of a harmonic 
oscillator and that energy transfers of nliw where n > l 
are not possible. The lack of agreement of results 
based on Nelkin's model deserves further attention. 

We conclude that our method for measuring neutron 
thermalization parameters is feasible, at least for 
homogeneous systems. In cases where there is con
siderable coherent scattering of thermal neutrons, the 
function D(E) is extremely complicated and the new 
method may serve as the only integral method for 
obtaining integral thermalization parameters. 

It is possible that the present description of ther
malization effects by a number of phenomenological 
parameters (like the YtJ) can be utilized for the more 
elaborate problem of thermalization in heterogeneous 
systems [17]. 
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APPENDIX 
least-squares fitting of a sum of two exponentials 

By G. Rakavy* and E. Friedman 

A method is described that enables a least-squares 
fitting of a sum of two exponentials to experimental 
data. 

On trying to fit a linear combination of exponentials 
to a given series of results f(t), for It, i= l, ... N, 
where the coefficients of the combination and the 
decay constant are unknown, one very often finds that 
the usual least-squares method is inapplicable. The 
normal equations are not linear in the unknown para
meters and one has to iterate the solution until con
vergence is obtained. Because of the nonorthogonal 
nature of the exponentials this is rarely achieved. We 
have used a modified method of least-squares fitting 
for the special case of a sum of two exponentials which 
avoids the difficulties usually encountered. 

Given a set of experimental values /(1) for It, 
i = l, ... N, together with their standard deviations at, 
one tries to fit it by an expression of the form 

(A1) 

In the conventional method, one tries to minimize 
the sum 

(A2) 

with respect to A~, A2, AI, A2. In the modified method, 
as a first step the first N1 experimental points are 
rejected and a straight line is fitted by least squares to 
log [f(tt)] for i> N1. When N1 is chosen so that the 
goodness-of-fit criterion is fulfilled, one has initial 
valuesA 1 <O) and A1 (O) (denoting by AI the smaller of the 
decay constants) together with standard deviations 
LIA1 (O) and LIA1 (O). 

The next step is to minimize the following sum 

, - (Al-AI (0))2 (At-At (0))2 (A3) 
Q - Q + LIAt <0 ) + LIAt <0 ) 

with respect to A 1, A 2, .\1, A2. This step is performed by 
iterations as in the conventional method. It seems that 
divergence problems cannot arise here, as Q' will 
increase when At and AI depart greatly from the 
values At (O) and At (O), and so A 1 and At cannot diverge 
to unreasonable values as often happens in the con
ventional method. This step is a conventional least
squares fitting for At, A2, At, A2, except that we use the 
results of the first step as if they were separate experi
mental results. 

The method may be regarded as follows: the prob
lem is to fit a sum of two exponentials to a given set of 
experimental results. As this is not possible using the 
conventional method, we look for some additional 
information that can be utilized in avoiding the con
vergence difficulties. A possible source of additional 
information is a period-meter that can be used for 

• Hebrew University of Jerusalem. 
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determining the long time behaviour of f(t). In such a 
case we obtain ..\1 <0 >±LI..\1 (O) for the smaller decay 
constant, and A1 <0 >±LIA1 <O> for the amplitude. The 
experimental values are/(tc)±at. i= 1 ... N, A1 <O>± 
LIA1 <0 > and ..\1 <O>±LI..\1 <0 >, and the sum of squares that 
has to be minimized is Q'. In the present method we 
actually do not use any additional information besides 
f(tt),i = 1 ... N, but we use the long delay time part of 
the data in estimating the results of a possible addi
tional measurement. The estimated values are used to 
prevent div~rgence of the parameters. It should be 

emphasized that no a priori information is used here, 
and that the smaller decay constant together with its 
amplitude are derived from a least-squares fitting to 
the whole experimental values rather than to the long 
delay time part. 

About a hundred different cases have been tested · 
numerically and a rapid convergence to meaningful 
results has been obtained in each case. The ratios of 
the decay constants in the cases that were tested were 
2 < ..\2/..\1 < 3, and the ratios of the coefficients were 
A2/A1 <0.1. 
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ABSTRACT-RESUME-AHHOTAL.lillJI-RESUMEN 

A/509 Israel 

Etudes sur Ia thermalisation des neutrons 
par une variante de Ia technique 
de Ia source pulsee 

par E. Friedman 

La technique classique de Ia source pulsee a ete 
largement utilisee comme source d'information sur les 
processus de thermalisation des neutrons dans les 
dispositifs de moderation. Cette information est 
deduite du << coefficient de refroidissement par diffu
sion >> obtenu dans les experiences sur les sources 
pulsees. II y a de grandes differences entre les resultats 
donnes par les differents auteurs, et une partie des 
limitations theoriques a }'utilisation des mesures de 
<< refroidissement par diffusion >> comme source de · 
valeurs de thermalisation ont ete formulees en 1958. 

Une methode nouvelle pour mesurer les parametres 
de Ia thermalisation des neutrons qui avait ete pro
posee pour des raisons theoriques fut verifiee experi
mentalement au cours du present travail. La theorie en 
est etendue, et les resultats sont preserites dans une 
forme bien definie. L'experimentation fut faite sur 
H20, parce que cette methode, dans sa forme actuelle, 
est tres convenable pour !'etude des systemes homo
genes dans lesquels de fort absorbeurs << non en lfv >> 
peuvent etre disperses. 

Le montage experimental est decrit et des details 

sont donnes sur !'arrangement geometrique utilise 
pour la suppression de quelques-uns des << modes 
harmoniques >> plus eleves. Des cj.etails sont donnes sur 
deux methodes speciales d'analyse des resultats 
experimentaux. Ces methodes permettent l'utilisation 
des donnees prises a des delais assez courts apres 
}'explosion des ~utrons rapides. 

Les parametres de thermalisation dans la formula
tion sont: 

«>«> 

i'tJ= J J ~e-E/Tl:s(E-+E') 
0 0 

[Lt(l> (~) -L1<1> (~) ]L1<1> (~) dEdE' 

oil Test la temperature du systeme en unites d'energie, 
E est l'energie d'un neutron, l:s(E-+ E') est Ia section 
efficace macroscopique pour Ia diffusion d'un neutron 
de l'energie E dans un intervalle unite d'energie a E', 

et L, <1 > ( ~) sont les polynomes associes de Laguerre de 

premier ordre et de degre i. Les resultats pour H20 
a 23 oc peuvent etre representes par yn = (0,210 ± 
0,026) cm-1. Ce resultat differe d'une maniere signifi
cative des resultats obtenus par les mesures par 
<< refroidissement par diffusion >>, et des valeurs cal
culees sur Ia base du modele de Nelkin pour H20. Ces 
differences sont discutees ainsi que Ia praticabilite de 
cette methode pour }'etude des divers systemes. 
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A/509 HapaHnb 

~3y4eHHe repMaflH3a~HH He~TpOHOB 
C nOMOW,biO MOAHcfJHHa~HH MeTOAa 

nynbCHpytow,ero HCT04HHHa 

E. ttlpHAMaH 

06LPIHaH HMllYJihCHaH MeTO.ll;HKa 6blJia liiHpOKO 
ucnoJII.aonaHa p;Jia noJiyqeHua HH!flopMau;uu o npo
u;eccax TepMaJiuaau;uu HeiiTpoHoB n 6JIOKe aaMep;
JIHTeJia. B onhlTax c uMnyJihCHhlM ucToqHuKOM 
6hlJI onpe.a;eJieH Roa!JI<J>uu;ueHT «p;ulfl!flyauoHHOro 
oxJiamp;eHua». B peayJII.TaTax, npunep;eHHhlX paa
JiuqHhlMH aBTOpaMH, HMeiOTCH cym;eCTBeHHble 
paaJiuqua, xoTa em;e B 1958 rop;y 6blJIH c!flopMyJIH
ponaHhl HeKOTOphle TeopeTuqec«ue orpaHuqeHHH 
B OTHOllleHHH HCllOJih30BaHHH H3MepeHHH KOa!fl!flu
B;HeHTOB <<p;u!fl!flyauOHHOrO OXJiaiHp;eHHH>> KaK liC
TOqHHKa .ll;aHHhlX 0 TepMaJIH3aiJ;UH. 

B nacToHm;eil pa6oTe HOBhlil MeTop; H3MepeHIIH 
napaMeTpOB TepMaJIH3aJ..\Hll HeiiTpOHOB, npep;JIO
ateHHhlH Ha ocnonaRuu TeopeTio~qeci{HX coo6paa,e
Imil, 6hlJI nponepen aRcnepuMeHTaJihHhlM nyTeM. 
iho p;aJio noaMo;-KHOCTh yToqnnTh TeopuiO 11 npep;
cTaBHTh peayJihTaThl B cmaToil !flop Me. OnMT npono
.ll;UJICH C BO,D;Oll, llOCKOJihRY 3TOT MeTO.ll; B ero 
cym;ecTBYIOID;eM nup;e oqeHL xopomo nop;xop;uT 
.ll;JIH uayqeHHH rOMOfeHHhlX CHCTeM, B KOTOphlX 
MoryT 6h1Th p;ucnepruponaHhl cuJihHhle <me 1 I v
norJioTnTeJiu>>. 

OnuchlnaeTCH aKcnepuMeHTaJII.Hoe ycTpoiicTno 
H llpliBO.ll;HTCH KOHKpeTHhle p;aHHhle 110 reOMeTpH
qeCKOMY pellleHUIO, ll03BOJIHIOUJ;eMy ycTpaHHTh 
JIJIIIHHHe pHp;a <<BhlCOKHX ra pMOHHIO>. IfaJiaraiOTCH 
KOHKpeTHhle p;aHHhle o p;nyx cneu;uaJTI.HhlX MeTo
p;ax aHaJiuaa a«cnepuMeHTaJihHhlX peayJILTaTOB. 
(hu MeTO.ll;hl ll03BOJIHIOT HCllOJih30BaTh p;aHHhle, 
llOJiyqeHHhle 3a .ll;OBOJihHO KOpOTKHe nepHO.ll;hl 
npeMeHU llOCJie IICllhliUKH 6biCTpbiX HeiiTpOHOJI. 

IIapaMeTphl TepMaJin3ai~un onuchiBaiOTCH <!>or 
MyJIOH 

co co 

Yii = ~ ~ : 2 e-E/'1' ~s (E ---7 E') X 
u 0 

x [ L~0 ( ~ ) - L~0 ( ~ ) ] . LT ( ~ )dE dE', 

rp;e T- TeMnepaTypa cucTeMhl n ep;uHHI~ax aHep
ruu, E- aHepruH HeiiTpoHa, ~.(E-+ E') -
Ma«poc«onuqec«oe at}l!fle«Tnnnoe ce•mune .ll;JIH pac
ceHHHH He:ihpona c aneprueil E n ep;uHuqnhlii 

IIHTepnaJI npu aneprnu H', a Li0 
( ~) - npu

coep;uHeHHhle noJIHHOMhi Jlareppa nepnoro nopHp;
r<a CTenenH i. PeayJihTa'l'hl p;JIH nop;hl c Tell-mepa
Typo:ii 23 'C MoryT 6b1Th npep;cTanJieHbl r<aK y 11 = 
= (0,210 ± 0,026) c.M- 1 • 8TOT peayJihTaT cym;ecT
nenno OTJIHqaeTCH OT peayJihTaTOB, llOJIY'IeHIJblX 
B H3MepeHHHX I<Oa«fl«fluu;HeHTOB <<.ll;HtP«flY3HOHHOro 
oxJiaa;p;eHHH>>, u OT anaqenuii, paccqHTaHHhiX 
na ocHone Mop;eJIH HeJI«una p;JIH nop;hl. Oocy>K
p;aiOTCH KaR 3TH paa.rruqua, TaK n npa~tTHqecHoe 

anaqenHe aToro MeTop;a p;JIH nayqeHHH paaHhiX 
CHCTeM. 

A/509 Israel 

Estudios de termalizaci6n de neutrones 
con una tecnica modificada de fuente pulsada 

por E. Friedman 

La tecnica chisica de fuente pulsada se ha empleado 
ampliamente como fuente de informacion en los 
procesos de termalizaci6n de neutrones en medios 
moderadores. Esta informacion se deriva del coefi
ciente de << enfriamiento por difusion >> obtenido en 
experiencias con fuente pulsada. Hay grandes dis
crepancias entre los resultados dados por distintos 
autores; algunas de las limitaciones te6ricas del 
empleo de medidas de << enfriamiento por difusion >> 

como fuente de datos de termalizaci6n fueron for
muladas en 1958. 

En este trabajo se ha comprobado experimental
mente un nuevo metodo para medidas de panimetros 
de termalizaci6n de neutrones cuyos fundamentos 
teoricos fueron ya propuestos. Se extiende Ia teoria y 
se presentan resultados en forma compacta. La 
experiencia se realizo con H20, ya que el metodo, en 
su forma actual, es mas adecuado para el estudio de 
sistemas homogeneos en los que pueden dispersarse 
absorbentes que se aparten mucho de Ia ley ljv. 

Se describe el equipo experimental y se dan detalles 
de Ia disposicion geometrica empleada para eliminar 
algunos armonicos de orden superior. Sedan detalles 
de dos metodos especiales para el analisis de resultados 
experimentales. Estos metodos permiten emplear 
datos tornados con un retardo muy pequefio despues 
del impulso de neutrones rapidos. 

Los parametros de termalizacion de neutrones en 
esta formulacion son: 

00 00 

Yii = J J~ e -EfT I:s(E ~ E') 

0 0 

[Li<1> (~) -Lt<1> (~) ]L1 <1> (~) dEdE' 

donde T es la temperature del sistema en unidades de 
energia, E es la energia de un neutron, I:s(E ~ E') es la 
seccion eficaz macrosc6pica de dispersion de un 
neutron de energfa E para pasar a un intervalo unidad 

de energia alrededor de E', y Lt <1 > ( ~) son los poli

nomios asociados de Laguerre de orden uno y de 
grado i. Los resultados para H20 a 23 oc pueden ser 
descritos por yn =(0,210 ±0,026) cm-1. Este resul
tado difiere significativamente de los resultados 
obtenidos por medidas de << enfriamiento por difu
sion >> y de los valores calculados basandose en el 
modelo de Nelkin para HzO. Se discuten estas dis
crepancias, asi como la posibilidad de emplear este 
metodo para el estudio de sistemas diferentes. 
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Reactor physics research in United Kingdom universities 

By W. Murgatroyd,* P. J. Grant,** N. S. Grassam,*** M. J. Harris,**** 
J. Walker***** and H. W. Wilson****** 

The paper outlines the reactor physics research 
carried out since the last Geneva Conference in the 
Universities of London (Imperial and Queen Mary 
Colleges), Birmingham, Manchester and Southamp
ton, and at the Scottish Universities Research Reactor 
Centre. 

Much of the effort has been devoted to studying the 
potentialities of measurements on sub-critical as
semblies and on small amounts of pure moderator, 
using pulsed and steady source techniques. For 
example, one group has established criteria for the 
validity of control rod measurements in a graphite sub
critical assembly, another group is investigating the 
effect of size upon spectrum in light water/natural 
uranium lattices, and a third group is concerned with 
measurements on irregularly shaped and voided 
assemblies. One group is developing improved forms 
of reactor oscillator and investigating the use of 
correlation techniques in reactor diagnostics. 

The work of most of these groups has been limited 
by the low neutron fluxes available at universities, a 
limitation which will be removed as the university 
reactors now authorized come into operation. 

IMPERIAL COLLEGE (UNIVERSITY OF LONDON) 

The Nuclear Power Group at Imperial College is 
part of the Mechanical Engineering Department and 
has been in existence since October 1957. Since then an 
increasing effort has been devoted to research and 
there are currently twelve research students engaged 
in reactor physics studies. Five of these are working 
for the Ph.D. degree and seven for the M.Sc. 

Exponential assembly experiments 

One of the major items of equipment provided in 
connexion with the diploma course was a graphite 
moderated natural uranium sub-critical assembly. 
Several research projects have been carried out with 
this; the most extensive and detailed has been a study 
of control-rod effectiveness. This work may be roughly 
divided into three stages: 

• Queen Mary College, University of London. 
• • Imperial College, University of London. 

• • • University of Southampton. 
•••• University of Manchester. 

••••• University of Birmingham. 
• • ** • • Scottish Universities Research Reactor Centre. 

1. Demonstration of the validity of the technique so 
that it may be used in place of a critical system to test 
theoretical predictions about control rod worth. 

2. Investigation of the effect of the control rod en
vironment on its effectiveness in order to explain dis
crepancies between theory and experiment. 

3. Investigation of the interactions between control 
rods. The first two stages of this work have already 
been described [1,2] and will not be discussed here. 
The interaction effects between control rods were 
examined by measuring the worth of: 

(a) One control rod as a function of position in the 
stack. 

(b) Two or four control rods as a function of their 
separation when placed symmetrically in the 
stack. 

The experiments were carried out both in fuelled 
and in unfuelled system's in order to separate the 
effects due to thermal and epithermal neutrons. The 
results were analysed on a two-group model using the 
normal method [3] modified to take account of the 
square outer boundary of the system. 

If the control rod extrapolation lengths were deter
mined from the single-rod experiments it was found 
that the theory satisfactorily predicted the behaviour 
of the two- or four-rod systems. Minor discrepancies 
were found for the unfuelled stack but these were 
attributed to the persistence of flux harmonics up to 
quite large distances from the source pedestal. A 
typical set of results is shown in Fig. 1. 

Other work with the exponential stack has been the 
study of streaming effects in large air channels in 
fuelled and unfuelled systems and the use of variable 
width slab loadings of fuel to study reflector effects. 

Slowing down of neutrons 
Work is in progress on the slowing down of neutrons 

in various media. For this purpose a technique has 
been developed which shows some advantages in 
speed and sensitivity over conventional foil activation 
methods. It consists of detecting neutrons by a 6Li 
glass scintillation counter covered with cadmium and 
measuring the change in count rate produced by 
additionally covering the scintillator with a suitable 
absorbing foil, for example indium. The method has 
so far been applied to the measurement of the age of 
neutrons from radioactive sources such as polonium
beryllium [4] but a 2 MeV electrostatic generator has 
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Figure 1. Buckling changes produced by one, two or four boron 
carbide control rods symmetrically placed in a graphite and 

natural-uranium sub-critical assembly 

recently been installed and an extensive programme of 
slowing-down measurements is in hand. 

Neutron diffusion 
A programme of measurement of diffusion para

meters by pulsed neutron methods has been started, 
using the electrostatic generator. Measurements of the 
diffusion length in water as a function of temperature 
have been carried out using an antimony-beryllium 
neutron source [5]. 

With the availability in July 1964 of the 100 kW 
London University research reactor CONSORT [6], a 
study will be made of the effects of temperature 
gradients and discontinuities upon neutron diffusion. 

QUEEN MARY COLLEGE 
(UNIVERSITY OF LONDON) 

The experimental nucleonics research at Queen 
Mary College has been centred around the uranium
water sub-critical assembly which was constructed in 

1959. This assembly [7] consists of a 4 ft 6 in. cube 
aluminium core tank in which up to 4 tons of alu
minium-clad natural uranium rods, 1.2 in. diameter 
and 43.25 in. long, are supported vertically by a series 
of lattice plates. Initially a 10 curie polonium-beryl
lium neutron source 2.5 x 107 n/s) was used to provide 
the neutron flux but later measurements have been 
made using a SAMES neutron generator (5 x 109 n/s) 
either as a pulsed or steady source. 

The exponential measurements on a variety of 
lattices (Vm/Vn ranging from 1.7 to 3.2) using reson
ance and 1/v detectors have revealed a dependence of 
the measured value of the buckling upon the type of 
detector used [8]. The pulsed neutron technique has 
been used to determine the mean neutron lifetime in 
the assemblies by measuring the fundamental mode 
decay constant and using the value of kerr obtained by 
the exponential experiments [9]. The pulsed neutron 
technique has also been used to measure the diffusion 
parameters of a number of hydroge,n.ous moderators 
(Table 1). 

The limited neutron flux available from the present 
sources does not permit a comprehensive assessment 
of reactor lattices, and to provide higher fluxes a 
critical assembly is being constructed, in this labora
tory and will be commissioned in July/August 1964. 
This critical assembly is of the Argonaut type and 
consists essentially of the core of the UTR 100 reactor, 
a thermal column and a stackable concrete block 
shield. By operating at power levels less than 10 watts 
active fuel handling remains possible and yet fluxes of 
JOB n/cm2 s are available in the internal reflector. It is 
proposed to measure the lattice parameters of hydro
genous-moderated assemblies by substituting sub
assemblies for the internal reflector. A slow-neutron 
chopper has been designed for measuring the neutron 
spectrum by the time-of-flight technique. 

A magnetically driven two-state reactivity perturber 
and associated control equipment have been con
structed and digital correlation equipment has been 
designed. This will, in the first instance, be used in con
nexion with the critical assembly. 

Table 1. Diffusion parameters of hydrogenous moderators 
Rectangular geometry 

Buckling ranges: 1. 0.06-().39 cm-2 
2. 0.064-<l.725 cm-2 
3. 0.064.......0.657 cm-2 

Pulse: Length 90 p.S 
Repetition rate 660 pulsejs 

Diffusion Diffusion 
No. Moderator Eav coefficient cooling uaH L 

D coefficient 
c 

s-1 cm2 s-1 cm4 s-1 mb em 
1 H20 4:798 ±21 35300±230 4200 ± 1 500 327 ±2 c 2.73±0.03< 
2 C2sHss a 6164±46 26800±400 2500± 1100 348 ±4 d 2.11±0.03d 

(paraffin wax) 
3 (CsHs)a CsH4 b 3220±70 43700±600 1870± 1100 3.69±0.06 11 

(terphenyl) 

a p: 0.905 mp 60-63°C 
97.8% CuH .. +2.2% C11H1o 

c At 22 oc 
• At 18 ·c 
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Reactor noise measurements have been made on the 
JASON [10] and DAPHNE reactors at low power and 
on the PLUTO reactor at high power. This work has 
been backed up by digital and analogue simulation of 
reactor noise processes, and by theoretical studies of 
stochastic process in reactors [ 11 ] . 

Research is under way to develop a novel high 
intensity pulsed neutron source. This consists of an 
inverted magnetron ion accelerator with an outer 
cylindrical target. With a pulsed voltage of 200 kV a 
neutron output of 1011 neutrons per pulse is predicted 
for the T{d,n)4He reaction. The source will be used for 
measuring the time variation in flux spectrum using 
the neutron chopper. 

A novel type of reactor oscillator has been used on 
the reactor DAPHNE at Harwell. Pulses from a 
detector, placed within the reactor are counted by four 
separate pulse-counting channels during each of the 
four quadrants of motion of the reactor oscillator. 
Simple arithmetical operations on these four counts 
enable the amplitude and phase of the neutron flux 
oscillation at the detector to be determined. The 
advantages of the system are its accuracy, its ability to 
measure small signals, its freedom from the effects of 
slow drifts in reactor power. ,, 

Measurements were made on the reactor DAPHNE 
over a range of frequencies of l cfs to 10 c/s and show 
that a 3 % amplitude of modulation could be measured 
within approximately l/3% of this 3% and the phase 
angle could be measured to within approximately 
2 minutes of arc. The measurements confirmed the 
existence of neutron wave effects in this reactor and 
also showed effects which, at the moment, are attri
buted to the heterogeneity of the reactor core and the. 
asymmetry of the reactor oscillator. 

UNIVERSITY OF MANCHESTER 

Pu I sed-source measurements 

The thermal neutron absorption cross section of 
hydrogen has been determined by measuring the decay 
constants of a range of water sample sizes and extra
polating to find the decay constant, v.Ea at infinite size, 
or zero buckling. A range of low values of buckling, 
0.08 to 0.30 em -2, was therefore used, rendering more 
accurate the extrapolation to zero buckling. The pres
ence of high harmonics in the modes of decay was thus 
much more likely. Pulse decays were therefore followed 
at an array of points distributed axially and radially 
throughout the cylindrical water sample. Harmonic 
analysis then verified that the technique used in all 
subsequent measurements were such as clearly to 
isolate the fundamental mode decay. 

A value was thus obtained for the 2200 mfs thermal 
neutron absorption cross section of hydrogen of 
328 ± 4 mb, in good agreement with most previous 
results by whatever method. The 2200 m/s cross sec
tions of chlorine, boron and cadmium were then 
measured by comparing the fundamental mode decays 
of solutions containing these elements with those of 
pure water. 
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The values obtained for chlorine, 32.84 ± 0.33 barns, 
and boron, 745 ± 10 barns, are in general agreement 
with the results of other workers and methods. Non 
1/v absorbers, such as cadmium, pose a more difficult 
problem since they cause distortion of the thermal 
neutron spectrum. In this case the effective aa was 
determined at each of sever:al cadmium solution con
centrations. The zero concentration (no distortion) 
value of aa was thus found by extrapolation to be 
2360±30 barns at 2200 mfs. Santandrea eta/. [12] 
have investigated the variation of system decay con
stant at various bucklings as a function of cadmium 
concentration. Their work indicates a daerr/dB2g of 
about -1100 barns cm2 and hence a correction to the 
present result of +85 barns, giving excellent agree
ment with the BNL 325 average value of 2450 ±50 
barns. 

It thus appears that for non 1/v absorbers, deter
mination of the effective cross section at zero absorber 
concentration over a wide range of bucklings is 
required before an accurate result can be obtained. 

In parallel with the above, and by similar multiple 
point measurements, a study has been made of the 
relative amplitude and separate decay constants of the 
harmonics present in a cylindrical tank of water some-

' what larger than is usual in this type of study, so as to 
ensure a high harmonic content. 

Only fundamental, second and third order har
monics were found to be significantly present but it 
was possible to measure their decay constants to with
in 2% accuracy. These, plotted on the usual au/B2u 
graph, fell on the same curve as the fundamental mode 
points. · 

This experiment will be extended so as to stimulate 
the production of large amplitude higher harmonics 
and improve detection and timing efficiency. It is then 
hoped to measure the decay constants, az,m at values 
of B1,m2 where diffusion cooling might be observed. It 
would be interesting to compare such results with 
au/B2u curves. 

Uranium-water exponential 

A programme of preliminary exponential measure
ments has been carried out on a water moderated sub
critical assembly, fuelled with reject Calder elements 
with fins removed. The driving source has been either 
the tritiated target of the department's deuteron 
accelerator or four 1.5 curie Sb-Be units. 

It is intended that this facility will play a part in the 
department's proposed research programme into the 
kinetic behaviour of water-moderated reactors. Voids 
formed by boiling have a shape and distribution 
depending strongly on the initial conditions· and the 
method of heating. Void coefficients of reactivity 
depend on the void distribution, but for convenience 
have usually been measured with uniformly distributed 
voids. Preliminary work on this aspect of voidage will 
be carried out on the exponential, although at a later 
stage it may be necessary to use a reactor thermal 
column as a driving source, especially if, as is likely, 
fine structut:e studies are eventually envisaged. 
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Integral techniques 

Effective neutron temperature in boric acid solutions 
at room temperature have been measured by spectrum 
measuring integral techniques. The results demon
strate the expected enhancement of neutron tempera
ture and are being compared with theory and other 
measurements. A comprehensive study of the po$si
bilities and limitations of the integral technique is 
being made with this work. 

Joint reactor 

The Manchester/Liverpool Universities' Joint Reac
tor Project at Risley, Lanes., due for completion in the 
spring of 1964, will greatly widen the scope of our 
experimental reactor physics investigations. The extra 
thermal neutron flux will lead to much more accurate 
exponential and flux fine structure experiments so that, 
for instance, the progressive substitution, zoned ex
ponential method could be studied and applied to the 
investigation of voidage effects. Neutron spectrum 
studies by both integral and chopper techniques, and 
solid state studies using cold neutrons will also be 
facilitated by the higher fluxes. Neutron lifetime stu
dies using the pulsed source, modulated source, noise 
analysis, "rod drop" and "source jerk" techniques are 
of particular interest. 

UNIVERSITY OF SOUTHAMPTON 

A nuclear engineering laboratory was set up in the 
Department of Mechanical Engineering in 1961. The 
main facility is a light water natural uranium sub
critical assembly using 1.0 in.-diameter fuel rods 
arranged vertically on a pitch giving a 1.67 water to 
uranium ratio. Polonium-beryllium sources are used 
to supply neutrons. 

During 1963, a 150 kV SAMES type J positive ion 
accelerator was coupled to the assembly so that 
neutrons may be produced by bombarding either 
deuterium or tritium targets with deuterons, giving a 
maximum fast neutron output of about 1010 njs. The 
core is now surrounded by a water shield approxi
mately 5 ft thick. For neutron detection apart from 
foils and gas counters, small lOS and 6Li phosphors 
coupled by 4 ft Perspex light guides to scintillation 
counters are now being used. With the facilities now 
fully installed and commissioned, research pro
grammes as well as teaching and project work are 
under way. The research group is particularly inter
ested in the pulsed neutron source technique for 
measuring the buckling of an assembly, and pro
grammes of experiments to determine the effect of 
irregularities in the boundary shape of the core and the 
effect of voids in the core are in progress. The basis of 
the method is to determine the fundamental mode 
decay constant (a) of the thermal neutron flux follow
ing a burst of fast neutrons injected into a core, for a 
series of cores of simple geometric shape for which the 
buckling can be reliably calculated. The buckling of 
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cores with irregular boundaries can then be deduced 
by the measurement of their decay constant (a). A high 
stability multi-channel analyser is now available for 
this experiment. A future research development is to 
use the accelerator for neutron activation analysis. 

THE SCOTTISH RESEARCH REACTOR CENTRE 
The Centre, which provides training and research 

facilities in the reactor field to the universities of 
Scotland and Northern Ireland (and also to other 
institutions) has only recently come into use, having 
been officially opened on the 13th November 1963, 
although occupation of the building took place two 
months previously. As a result, there is not yet a great 
deal to report, but work planned or being carried out 
in the neutron field will be described briefly below. The 
reactor itself is a 100 kW UTR-100 built by Advanced 
Technology Laboratories, and came into operation on 
24 June 1963. The Centre includes laboratory, work
shop, lecture, library and office accommodation. 

Neutron diffraction 
A semi-automatic neutron spectrometer of fairly 

low resolution (0.8 o half angle at the sample; though 
this can be varied) is being set up mainly for crystal 
structure analysis by groups interested in this field in 
the Universities of Edinburgh, St. Andrew's and 
Glasgow. It may also be used for cross section and 
spectrum measurement. 

Cold neutron studies 
These will be carried out by a team from St. 

Andrew's University to investigate the structure of 
liquid helium and of crystals at low temperature. 

Neutron focusing 
The technique of neutron focusing by use of un

homogeneous magnetic fields suggested by Edinburgh 
University will be used to provide a highly polarized, 
partially monochromatic, focused neutron beam for 
neutron physics and cold neutron studies. 

Fission 
An investigation of the production of tritons is being 

carried out by a staff member of the Reactor Centre, 
in collaboration with Edinburgh University. It is hoped 
that results will be available by the time of the Con
ference. Further studies of the fission process by 
Centre staff are planned. 

Reactor noise 
Measurements of lifetime by reactor noise analysis 

are under way and, again, it is hoped that results will 
be available by September. The particular interest 
relates to the value of lifetime as a function of geo
metry and reactivity in the divided core design of the 
UTR-100 reactor. 
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Other experiments 

Glasgow University and Reactor Centre Staff have 
started work on an investigation of the effects of radia
tion on molecules of biological interest by field ioniza
tion in-core mass spectrometry. Also well under way 
are a number of experiments using activation and 
tracer analysis in the fields of science, medicine and 
engineering. 

UNIVERSITY OF BIRMINGHAM 

Work in neutron and reactor physics has been in 
progress in the Physics Department at the University 
of Birmingham on an increasing scale since 1956, and 
has benefited considerably from close association with 
the large programmes in nuclear and accelerator 
physics, which were well established even at that time. 
The major experiments to date have been concerned 
with the application of the pulsed-source technique to 
pure moderators and to multiplying assemblies; some 
of the more recent results are summarized here. In 
addition, relevant experiments are now in progress on 
the inelastic scattering of very low energy neutrons 
(using the 5 MW HERALD reactor at A WRE, 
Aldermaston), and on fast neutron reactions such as 
the non-elastic processes in beryllium. 

Pulsed-source measurements for neutrons in water, 
Dowtherm and graphite 

Extrapolation lengths in water and Dowtherm 

Pulsed-source measurements on neutrons in small 
volumes of water of different shapes have been re
ported already [13] and it was pointed out that un
certainties existed in the knowledge of extrapolation 
lengths. Extrapolation length measurements on pulsed 
systems have now been made for water and Dowtherm 
A (Thermex) at 20°C [14]. The liquids were contained 
in cubic boxes of side 4 in. or 7 in. made from cadmium 
sheet bonded to aluminium [15]. The counts recorded 
by a small scintillator were corrected for the influence 
of the detector on the thermal neutron decay constant 
but a more refined procedure for correction perturba
tions is being developed; the effect of the detector light 
guide on the decay constant was shown experimentally 
to be negligible. Spatial harmonic analysis of flux plots 
was used to give the extrapolation lengths shown in 
Table 2, and the effect of flux distortion near the 
boundary was investigated by successive removal of 
the outer points. 

Table 2. Extrapolation lengths for water and Dowtherm 
(20°C} 

Material z-dimension B,2 cm-2 d,cm physical em 

Water 10.20 0.082 0.345 ±0.015 
17.65 0.029 0.380±0.04 

Dowtherm . 10.20 0.080 0.450±0.02 
17.65 0.028 0.480±0.03 
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Table 3. Asymptotic decay constants for graphite 
Normalized to a density of 1.63 gem -3 

Extrapolation length used: 1.85 em 

Block size Buckling Decay constant 
in. em 2 x 10-3 ·-· 

32 X 32 X 40 3.63 817.0±3.1 
32 X 32 X 32 4 10 907.7 ± 3.3 
32 X 32 X 24 5.10 I 088.8 ± 6 5 
24 X 24 X 32 6 09 1259.9 ± 3.1 
24x24x24 7.09 1435.4 ± 5.1 
32 X 24 X 16 8.76 1692.4 ± 7.2 
24 X 24 X 16 9.75 1835.8±9.4 
32 X 16 X 16 11.42 2027.6 ± 20.8a 

2019.7±33.8b 
24 X 16 X 16 12.42 2131. 8 ± 24. 7a 

2150.6±27 ob 
16 X 16 X 16 15.08 2450 ± woa 

• Measured with an external counter. 
• Measured with an internal counter. 

Thermalization measurements in graphite [16] 
Rectangular parallel piped blocks of nuclear quality 

graphite up to 32 in. x 40 in. in size were assembled 
from sub-units and covered in cadmium sheet. Internal 
and external measurements were made on nuetrons 
supplied from a pulsed accelerator with pulse lengths 
from 500 JLS to 1 500 JLS, and repetition periods from 
6 to 12 milliseconds. A time analyser was used 
to measure the decay constants of the asymptotic 
energy and spatial distributions of neutrons in a range 
of graphite blocks. The time required for the neutrons 
to obtain an asymptotic energy distribution was deter
mined by combining the analyser with the classical 
silver absorber technique in which counting rates are 
taken by a counter with and without a silver shield. 
The results made it apparent that long delays of 4 ms 
or more in the case of small bucklings are required to 
establish approximately asymptotic conditions and are 
therefore necessary before extraction of diffusion para
meters from decay constants. The asymptotic decay 
constants for different bucklings are shown in Table 3 
and have been normalized to a mean density of 
1.63 gem -a; the densities of individual blocks varied 
by up to 4%. 

The information in Table 3 can be used to give the 
coefficients in the relation between decay constant and 
buckling. 

>.. = v.Ea + D0 B2- CB4 

and these are shown in Table 4 for different ranges of 
bucklings. The table gives results of the three term 
(up to B4) analysis only. 

Table 4. Diffusion parameters for graphite 

B' vE. Do c 
em-• x J0-3 .-1 cm2 s-1 x tos em• s-1 x 106 

3.63-7.09 123 ±57 1.98 ±0.23 1.97±2.16 
3.63-9.75 75.7±24.4 2.18±0.08 3.86 ±0.66 
3.63-12.42 53.6± 19.6 2.26±0.06 4.56 ±0.47 
3.63-15.08 55.4±18.1 2.26±0.06 4.51 ±0.42 
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Pulsed-source measurements with a 
uranium-water sub-critical assembly 

P/564 

A sub-critical assembly of natural uranium bars in 
light water has been used with a pulsed source to pro
vide decay constants as a function of buckling. Experi
mental results for four different lattice pitches have 
been given [17] and compared with calculations based 
on the four-group compression of the MUFT
SOFOCATE information, [18] and [19]. Time-depen
dent cadmium ratios were presented for the detector 
placed at a third harmonic node in one lattice to 
indicate the time required after the end of the neutron 
burst to establish an approximately equilibrium spec
trum. Cadmium ratio measurements, analysed into 
spatial harmonics, have now been made at several 
points in a different lattice, 1.9 in. pitch, and the results 
are in broad agreement with those reported for the 
l. 71 in. pitch; there are small changes in the absolute 
values of the cadmium ratios but the behaviour with 
time is very similar. Decay constants for the 112 har
monics have also been added for some lattices to the 
curves of decay constant against buckling but no 
significant changes have been demanded in the curves 
given earlier. 

Theoretical studies of neutron thermalization 
Decay constants and energy spectra in pulsed systems 

A numerical method has been used to solve the 
Boltzmann diffusion equation for a pulsed assembly. 
For the case of water at 20°C both the gas kernel 
(H = 1) and ·the effective width kernel [20} have been 
used and results have been obtained showing the varia
tion of the fundamental and higher eigenvalues (decay 
constants) with the size of the system and the amount 
of non 1/v absorber. The corresponding energy spectra 
have also been calculated and the thermalization times 
were found to be 3.5 p.s from the gas kernel and 4.1 p.s 
from the effective model width. The fundamental 
decay constant is shown in Fig. 2 as a function of 
buckling for both models and compared with experi
mental results. Pa solutions have recently been ob
tained and show that the differences between experi
ment and "effective width" theory, shown by Fig. 2 at 
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Figure 2. Decay constant-buckling relationship 

high bucklings are largely due to the neglect of trans
port effects and not to limitations of the scattering 
kernel. 

Transport and energy behaviour near boundaries 
The Milne problem [21] was solved in the two-group 

approximation using the method initially applied to 
the one-velocity problem by Case et a/. [22]. The 
method was generalized to cover energy dependence 
using a degenerate series representation of the scatter
ing kernel [23]. It was found that the solution could be 
approximately divided into asymptotic, rethermaliza
tion and transport terms although each have a certain 
interdependence. Numerical results have been ob
tained for beryllium to compare the diffusion theory 
and transport theory treatments. 

ACKNOWLEDGEMENTS 

The universities have been greatly assisted in 
developing research schools in reactor physics by the 
Department of Scientific and Industrial Research and 
the United Kingdom Atomic Energy Authority. 

REFERENCES 

1. James, C. G. and Till, C. E., Proc. Roy. Soc., A269, 66 
(1963). 

2. James, C. G. and Grant, P. J., IAEA Symposium on 
Exponential and Critical Experiments, Amsterdam (1963). 

3. Codd, J. and Rennie, C. A., UKAEA report AEEW R/R 
818 (1962). . 

4. Rathur, M. A. J. and· Grant, P. J., Brit. J. Appl. Phys. 
(1964), (in press). 

5. Besant, C. B. and Grant. P. J., Brit. J. Appl. Phys. (1964), 
(in press). 

6. Kay, J. M., Grant, P. J., James, C. G. and Vaux, R., 
Conference on the Programming and Utilization of 
Research Reactors. IAEA (1961). 

7. Murgatroyd, W., Mansfield, W. K. and Kim, J. M., The 
Queen Mary College Uranium-Water Sub-Critical Assembly, 
Nuclear Engineering (October 1959). 

8. Mansfield, W. K. and Kim, J. M., Exponential Experi
ments with Water and Natural Uranium Lattices, IAEA 
Symposium on Exponential and Critical Experiments, 
Amsterdam (1963). 

9. Kim, J. M., Static and Dynamic Measurements of Uranium
Water Lattices, Ph.D. Thesis, University of London. (To 
be published.) 

10. Kemeny, L. G., Random Fluctuations in a Nuclear Fission 
Reactor, Nature, 189, 130-131 (1961). 

11. Kemeny, L. G. and Murgatroyd, W., Stochiastic Models 
for Fission Reactors, University of Florida Conference 
(November 1963). 

12. Santandrea, E., et at., Proceedings of the Second Inter
national Conference on the Peaceful Uses of Atomic 
Energy, P/1372, Vol. 16, p. 265, United Nations (1958). 



SESSION 3.1 P/564 

13. Hall, R. S., Scott, S. A. and Walker, J., Proc. Phys. Soc., 
79, 257 (1962). 

14. Brown, J. B. C., Ph.D. Thesis, University of Birmingham 
(1963). 

15. Brown, J. B. C. and Hall, R. S., J. Sci. lnstr., 38,381 (1961). 
16. Serdula, K. J., Ph.D. Thesis, University of Birmingham 

(1963). 
17. Gibson, I. H. and Walker, J., Exponential and Critical 

Experiments, Vol. I, p. 469, IAEA, Vienna (1964) 
18. Ombrellaro, P. A., USAECreport WAPD-TM-63. 

W. MURGATROYD eta/. 307 

19. Amster, H. J., USAEC report WAPD-TM-67. 
20. Egelstaff, P., UKAEA report AERE NP/Gen. 29. 
21. Davison, B., Neutron Transport Theory, Oxford University 

Press. 
22. Case, K., De Hoffman, F. arid Palczek, G., Introduction to 

the Theory of Neutron Diffusion, USAEC. 
23. Corngold, N., Michael, P. and Wollman, W., Nuclear Sci. 

Eng., 15, 13 (1963). 
24. Lopez, W. M. and Beyster, J. R., Nuclear Sci. Eng., 12, 

190 (1962). 

ABSTRACT -RESUME-AHHOTA~111JI-RESUMEN 

A/564 Royaume-Uni 

Recherches sur Ia physique des reacteurs 
dans les universites du Royaume-Uni 

par W. Murgatroyd eta/. 

Le memoire decrit brievement les travaux effectues 
et les resultats obtenus jusqu'a present dans les uni
versites britanniques qui s'occupent d'une fac;on active 
des recherches 'sur la physique des reacteurs. 

La validite de !'utilisation d'un ensemble exponen
tiel de graphite pour les mesures de barres de com
maude a la place d'un systeme critique a, a certains 
egards, ete confirmee a l'lmperial College (Universite 
de Londres). II semble que si les longueurs d'extrapola
tions de barres de commande sont mesurees pour une 
seule barre, Ia theorie des groupes de deux barres 
predit d'une facon satisfaisante le comportement 
d'ensembles a deux et quatre barres. A ce College, on 
poursuit les travaux sur le ralentissement de neutrons 
en utilisant un compteur a scintillations avec verre a 
lithium 6 couvert de cadmium. On effectue egalement 
des mesures des parametres de diffusion par neutrons 
pulses. Le nouveau reacteur CONSORT de 100 kW de 
l'Universite de Londres permettra d'etudier les effets 
des gradients de temperature sur Ia diffusion neu
tronique. 

Au Queen Mary College (Universite de Londres), 
des mesures sur les reseaux nraniumjeau, faites en 
utilisant Ia resonance et des detecteurs ljv, ont revele 
que le laplacien mesure varie selon le type de detecteur 
utilise. On a mesure Ia vie moyenne des neutrons dans 
les reseaux et Jes parametres de diffusion dans divers 
systemes hydrogenes, en utilisant des sources pulsees. 
Un reacteur critique de 10 W, conc;u pour l'etude des 
systemes hydrogenes, est en construction. Un nouvel 
oscillateur de reacteur de haute precision a ete mis au 
point au College et est utilise sur les reacteurs de Har
well. Des etudes experimentales et theoriques sur 
!'utilisation de Ia theorie stochastique des reacteurs 
sont egalement en cours, et un oscillateur stochastique 
binaire a ete construit. 

Le groupe a l'Universite de Manchester etudie 
!'utilisation des techniques a sources pulsees pour Ia 
mesure des parametres de diffusion et des sections 
efficaces d'absorption, en apportant une attention par
ticuliere a l'analyse harmonique. Des mesures de 

spectres neutroniques sont effectuees sur un ensemble 
exponentiel a eau Iegere et uranium naturel et sur un 
assemblage important de graphite. Le groupe etudie 
egalement la cinetique des systemes moderes a l'eau, 
utilisant des sources pulsees et des mesures a l'etat 
stationnaire sur des ensembles sous vide. Le reacteur 
commuh aux Universites de Manchester et de Liver
pool sera utilise pour·ce travail. 

A l'Universite de Southampton, un laboratoire de 
genie nucleaire a ete etabli en 1961 au departement 
<< Mechanical Engineering >>. Le principal outil de 
recherche est un ensemble sous-critique eau Iegere/ 
uranium naturel, accouple a un accelerateur d'ions 
positifs de 150 kV. Le groupe de recherche s'interesse 
particulierement a }'utilisation des techniques des 
sources pulsees pour la mesure du laplacien d'un creur 
de forme irreguliere par comparaison avec celui d'un 
creur simple. 

En Ecosse, les recherches sur la physique des 
reacteurs se font au Scottish Research Reactor Centre, 
oil l'equipement de base est un reacteur de recherche 
UTR-100 de 100 kW. II est actuellement en fonction
nement. Le programme actuel de recherches com
prend le developpement des spectrometres pour les 
analyses de structure cristalline et Ia determination du 
spectre neutronique. 

A l'Universite de Birming)J.am les principales 
experiences faites jusqu'ici concernent )'application de 
Ia technique des sources pulsees a des moderateurs 
purs et a des ensembles multiplicateurs. De plus, des 
experiences soot en cours sur la diffusion inelastique de 
neutrons a tres faible energie et sur les reactions oil 
interviennent des neutrons rapides tels que les pro
cessus inelastiques qui se produisent dans le beryllium. 

A/564 CoeAHHeHHoe KoponeecTBo 

HccneAOBaHH'fl no peaKropHoA fPHaHKe 
s yHHBepcHrerax CoeAHHeHHoro Ko
ponescrsa 
,lJ,)t{. Mapra TPOHA et al. 

B ~oKJia~e KpaTKO onHcMoaeTCJI pa6oTa, npo

BO~HMaJI ·u TeX 6pHTaHCKHX YHHBepCHTeTaX, KOTO-
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pLie aKTHBHO aaHHMaiOTCJI HCCJie/];OBaHHJIMH B o6-

JiaCTH peaKTOpHOH ~H3HKH. 

BoaMomuocTL :o:cnoJIL30BaHHH AJIH H3Mepeu:o:il: 

3~~eKTHBHOCTH peryJI:o:pyiO~HX CTepmHeH rpa

~HTOBLIX 3KCnOHeHn;HaJibHhiX COOpOK BMeCTO KpH

TH'IeCKHX CHCTeM OLIJia B HeKOTOpLIX OTHOlleHHJIX 

nO/];TBepmp;eHa B liMnepCKOM KOJIJie/];me (JlOH/];OH

CKHH YHHBepc:o:TeT) • lloKaaauo, 'ITO, ecJIH HaMe

pHTL ]I;JIHHY 3KCTpanoJIHD;HH peryJIHpyiO~HX 

cTepmueil: AJIH cJiyqaJI OAHOro CTepmHH, AByxrpyn

noBaH TeopHH AaeT BoaMomuocTL YAOBJieTBop:o:

TeJILHhiM o6paaoM pacctJHTaTL noBe/];eHHe c6opoK 

c ABYMH HJIH tJeTLipLMH CTepmHHMH. B aTOM KOJI
Jie/];me npoBOAHTCH pa6oTa no aaMe/];JieHHIO ueii:

TpouoB npH HCnoJIL30BaHHH CIJ;HHTHJIJIJID;HOHHOrO 

ClJeTtJHKa CO CTeKJIOM H3 Li6, noKpLITOrO Ka/];

MHeM. llaMepHIOTCJI TaKme /];H~~Y3HOHHhle napa

MeTpLI c noMo~LIO :o:MnyJILcuoil: TeXHHKH. Ho

BLiil: peaKTop CONSORT Mo~HOCTLIO 100 1£6T np:o: 

JlOH/];OHCKOM YHHBepCHTeTe OTKpoeT B03MO>KHOCTb 

H3YlJHTb BJIHHHHe TeMnepaTypHLIX rpa/];HeHTOB 

Ha AH~~Y3HIO Heii:TpOHOB. 

B HoJIJie.I(me KopoJieBLI Map:o::o: ( JloHAOHCKHH 

YHHBepc:o:TeT) H3Mepeu:o:H ua ypaH-BOAHLIX pe

meTKax C HCTIOJib30.BaHHeM peaoHaHCHLIX H 1/V 
p;eTeKTOpOB noKaaaJIH 3aBHCHMOCTb H3MepeHHOH 

neJIH'IHHLI JianJiac:o:aua oT THna :o:cnoJILayeMoro 

/];eTeKTOpa. flpH nOMO~H HMnyJILCHLIX HCTO'IHH

KOB H3MepHJIHCb cpe/];HJIJI npo,I(OJI>KHTeJILHOCTb 

>KH3HH HeHTpOHOB B 3THX pemeTKaX, a TaK>KC 

~H~~ya:o:oaaLie napaMeTpLI B paaHLIX BOAopoA

coAepma~:o:x cHcTeMax. CTpOHTCH KPHTH'IeCKHH 
peaKTOp MOIIJ;HOCTbiO 10 6T, CKOHCTpyHpOBaHHhiH 

/];JIJI H3YtJeHHJI DOAOPOACO/];epma~HX CHCTeM. 

B KoJIJiep;me 6LIJI CKOHCTpy:o:ponau HOBLIH THrr 
TO'IHOrO peaKTOpHoro OCIJ;HJIJIJITOpa, KOTOpbiH HC

nOJib3yeTCJI ua peaKTopax B XapyaJIJie. llpoBo

AHTCH TaKme TeopeTH'IeCKHe H 3KCnep:o:MeHTaJIL

HLie HCCJie/];oDaHHJI TIO TipHMeHeHBIO CTOXaCTBtJe

CKOH TeopHH peaKTOpOB, /];JIJI 'lero 6LIJI nOCTOpOeH 

C,!I;BOeHHLIH CTOXaCTHlJeCKHH OCD;BJIJIHTOp. 

llccJieAOBaTeJILCKaH rpynrra npu MaaqecTep

cKo¥ yuHDepcHTeTe :o:ayqaeT np:o:Meueu:o:e :o:M

nyJILCHhiX BCTO'IHHKOB /];JIH B3MepeHHJI napaMeT

pOB AH~~ya:o::o: H ceqeau:il: norJiomeu:o:H, YAeJIHH 

OC06oe BHHMaHHe rapMOHHlJeCKOMY aHaJIH3y. flpo
BO/];HTCJI H3MepeHHJI HeHTpOHHbiX cneKTpOB Ha 3K

cnoHeHn;HaJILHOH c6opKe :o:a np:o:pOiJ;Horo ypaua H 

o6bltJHoil: BOALI, a TaKme ua 6oJILmoil: rpa~HTO
BOH c6opKe. llccne/];oBaTeJILCKa.a rpynna :o:aytJaeT 

TaKme KHHeTHKY CHCTeM C BO/];HHbiMH aaMe,I(JIHTe

JIJIMH, HCnOJIL3YH /];JIJI 3TOYO HMnyJILCHYIO TeXHH

KY H CTaD;HOHapHLie H3MepeHHJI Ha c6opKaX C 

HYCTOTaMH. flpoBe/];CHHIO 3TOH pa6oThl B 60JibillOM 

Mepe 6y11;eT crroco6cTBoBaTL coopymeu:o:e peaKTo

pa MaatJeCTepcKoro H JI:o:nepnynLCKoro yu:o:Bepcn

TeToB. 

llp:o: yunnepc:o:TeTe B CayTreMnToHe ua u:ume

HepHo-Mexau:o:qecKOM OT,I(eJieHHH B 1961 ro/J;y 6hl

Jla C03/];aHa na6opaTopH.R. no Jl/];epHOH TCXHHKe. 

MccJie/];oBaHHH npoBOAHTCH B oCHOBHOM ua no,u;

KpHTH1JecKoil: COOpKe Ha rrpHpO/J;HOM ypaHe C BO-

W. MURGATROYD eta/. 

Aoil:, a TaKme ua ycKopnTene noJiom:o:TeJILHo aa
pHmeHHLIX HoHoB ua 150 1£8. HccJie/];oBa

TeJILCKaH rpynna o6pa~aeT oco6oe BHHMaHne 

Ha npHMeHeHHe MeTO/];OB nyJII,CHpyiOIIJ;HX HCTO'I

HHKOB /];JIH H3MepeHHH JianJiaCHaHa aKTHBHhiX 30H 

HenpaBHJlbHOH ~OpMbi no cpaBHeH:HIO C npOCTLI

MH ~OpMaMH. 
B liioTJiaup;HH :o:ccJiep;onaHHH B o6JiaCTH peaK

TopHoil: ~H3HKB COCpe/];OTO'IeHLI B illoTJiaH/];CKOM 

HCCJie/];OBaTeJILCKOM peaKTOpHOM n;eHTpe, B KOTO

poM OCHOBHhlM o6opy!1;0BaHHeM HBJIHeTCH HCCJie

/];OBaTeJILCKHH peaKTop UTR-100 MOID;HOCTLIO 

100 1£6T. Oa yme BBeAeH B cTpoil:. llccJieAoBa

TeJII:.CKaH nporpaMMa BKJIIO'IaeT paapa60TKY KpH
CTaJIJIH'IeCKHX cneKTpOMeTpOB /];JIJI aHaJIH3a KpH

CTaJIJIH'IeCKOH CTpyKTypLI H onpe/];eJieHHH cneKT

poB HeHTpOHOB. 

B BupM:o:uraMcKoM yu:o:nepcHTeTe npoBeAeH·· 

Hhle /1;0 HaCTOHID;ero BpeMeHH 3KCnep:o:MeHThl Ka

caiOTCJI rJiaBHLIM o6pa30M npHMeHeHBJI MeTO/];HKH 

HMnyJILCHLIX HCTO"'HHKOB K 'IHCThlM aaMC/];JIHTe

JIJIM H paaMHomaiOIIJ;HM c6opKaM. HpoMe Toro, 

npoBOAHTCH aKcnep:o:MeHTLI no ueyrrpyroMy pacce

HHHIO HeHTpOHOB O'leHI:. MaJIOH aaeprHH H peaK

IJ;HH c 6LicTpLIMH ueii:TpouaMH, uanp:o:Mep ueyrr
pyr:o:x npou;eccoB B 6epHJIJIHH. 

A/564 Reino Unido 

lnvestigaci6n de Ia fisica de reactores 
en las Universidades del Reino Unido 

por W. Morgatroyd et a/. 

Esta memoria describe someramente el trabajo que 
se esta realizando y los resultados obtenidos basta 
ahora en las Universidades britanicas que se dedican 
activamente a la investigacion de la fisica de reactores. 

En el Imperial College de la l,Jniversidad de Londres 
se han confirmado algunos aspectos de Ia validez del 
empleo de una instalacion exponencial, en Iugar de una 
critica, para medidas de la eficacia de barras de con
trol. Si se miden las longitudes de extrapolacion de una 
barra \mica, es posible, al parecer, predecir satis
factoriamente el comportamiento de sistemas de dos y 
cuatro barras mediante Ia teorfa de dos grupos 
neutr6nicos. En este centro se esta investigando la 
moderaci6n de neutrones mediante el uso de conta
dores de centelleo de 6Li recubierto de cadmio. 
Tambien se estan Ilevando a cabo medidas de para
metros de difusi6n con tecnicas de neutrones pul
sados. El reactor CONSORT de 100 kW de Ia Uni
versidad de Londres permitira estudiar los efectos de 
los gradientes de temperatura sobre la difusion de 
neutrones. 

En el Queen Mary College de la Universidad de 
Londres se han Ilevado a cabo medidas en redes de 
uranio-agua con detectores 1/v de resonancia que han 
puesto de manifiesto que Ia laplaciana medida depende 
del tipo de detector utilizado. Se han medido vidas 
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medias de los neutrones y parametros de difusion en 
varios sistemas hidrogenados usando fuentes pul
santes. Esta en construccion un reactor critico de I 0 W 
diseiiado para el estudio de sistemas hidrogenados. Se 
ha desarrollado un nuevo tipo de oscilador que se 
usani en los reactores de Harwell. Tambien se estan 
llevando a cabo estudios teoricos y experimentales 
sobre Ia aplicacion de Ia teoria estocastica de reactores. 

El grupo de Ia Universidad de Manchester esta 
estudiando Ia aplicacion de tecnicas de fuente pulsante 
a las medidas de panimetros de difusion y de secciones 
eficaces de absorcion, prestando especial atencion al 
analisis de armonicos. Se estan haciendo medidas de 
espectros neutronicos en un sistema exponencial de 
uranio natural y agua Iigera y en un gran bloque de 
grafito. Este grupo tambien esta estudiando Ia cinetica 
de sistemas moderados por agua, con tecnicas de 
fuente pulsante, y el estado estacionario en sistemas 
con huecos. El Manchester-Liverpool Joint Reactor 
contribuira mucho a este trabajo. 

En Ia Universidad de Southampton se establecio un 
laboratorio de ingenieria nuclear en 1961 dentro del 
Departamento de Ingenieria mecanica. La berra-
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mienta fundamental de investigacion es un conjunto 
subcritico de uranio natural-agua, acoplado a un 
acelerador de iones positivos de 150 kV. El grupo de 
investigacion esta particularmente interesado en la 
aplicacion de tecnicas de fuente pulsante a las medidas 
de laplacianas de un nucleo de forma irregular por 
comparacion con otro de forma simple. 

En Escocia, Ia investigacion en fisica de reactores se 
realiza en el Scottish Research Reactor Centre, siendo su 
equipo basico, ya en funcionamiento, un reactor de 
investigacion de 100 kW del tipo UTR-100. El pro
grama actual de investigacion comprende el desarrollo 
de un espectrometro de crista! para Ia determinacion 
de espectros neutronicos y estudios de redes crista
linas. 

En Ia Universidad de Birmingham, los experimentos 
mas importantes, basta ahora, han consistido en 
aplicar la tecnica de la fuente pulsada a moderadores 
y a conjuntos subcriticos. Ademas, ahora se efectuan 
experimentos de importancia en Ia dispersion in elastica 
de neutrones de muy baja energia y en reacciones con 
neutrones rapidos, como los procesos inelasticos en 
el berilio. 
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Thermal neutron cross sections and diffusion parameters 
in several organic materials 

By L. Pal, E. Kisdi-Kosz6, L. Bod, Z. Szatmary and I. Vizi* 

In the past few years considerable effort has been 
put into measuring the influence of chemical binding 
on the scattering of slow neutrons in several organic 
materials. This is of practical importance, since the. 
shape of the neutron spectrum might depend on the 
binding effect. The quantitative understanding of neu
tron thermalization requires a fairly good knowledge 
of the scattering law for slow neutrons in organic 
materials. 

Unfortunately the determination of the scattering 
law needs the measurement of the double differential 

. . d2a U scattenng cross sectiOn --. p to now only a few 
d.Qdw 

measurements have been made because of the experi
mental difficulties. 

In the calculations of the nuclear characteristics of 
reactors it is necessary to know the thermal neutron 
transport cross section of the moderator. In the 
diffusion approximation one obtains for the transport 
cross section: 

.Etr(E) = .Et(E) - p,(E).Es(E), 

where .Et(E) is a macroscopic total cross section at 
energy E,.Es(E) is the macro~copic scattering cross 
section at energy E, and p,(E) is the average cosine of 
the scattering angle at energy E. The cross sections 
.Et and .Es can be measured in a relatively simple way, 
but p,(E) necessitates the measurement of the differen-

tial scattering cross section da. To avoid the necessity 
d.Q 

of costly measurements of this quantity, Radkowsky 
[I] formulated a semi-empirical method of calculating 
the average transport cross section from the energy 
dependence of the integral scattering cross section. 
The aim of the present work is to show the usefulness 
of the Radkowsky method for calculations of the 
transport cross section in various organic materials. 
For this purpose we chose some hydrocarbons with 
different chemical structures, namely benzene, toluene, 
xylene, cyclohexane, n-hexane and diphenyl. In these 
materials we measured the energy dependence of the 
integral neutron cross section by the time-of-flight 
technique and the diffusion parameters by the pulsed 
neutron source method. From the integral cross 
section data, the average transport mean free path 

* Central Research Institute for Physics, Budapest. 

1 
<Atr)= -

<.Etr) 
(1) 

was calculated by making use of the Radkowsky 
method. As a check of this method the calculated 
values were compared with the values measured 
directly by the pulsed method. 

Measurement of the integral cross section 

The energy dependence of the total neutron cross 
section was measured in the energy range from 0.001 
to 0.1 eV. The collimated beam of neutrons from the 
reactor was chopped by a mechanical selector. The 
sample holder was preceded by a second collimator. 
The neutrons neither scattered nor absorbed in the 
sample were detected by a set of BFa counters coupled 
to a 128 channel time-analyser. The distance between 
the chopper and the detector was 4.7 m; the duration 
of the neutron pulse produced by the chopper was 
126 p,s and the total time resolution was 190 p,s. 

As a check of the apparatus the energy dependence 
of the total cross section in water was measured and 
the results were compared with the measurements of 
Melkonian [2] and Heinloth [3]. Present results are in 
good agreement with those obtained by them. 

The energy dependence of the total cross section per 
hydrogen atom in benzene can be seen in Fig. 1 . 
Kovner and Kolerov [4] and Boffi et al. [5] calculated 
the total cross section for benzene and their theoretical 
results are in good agreement with present experi
mental data. Figures 2-6 show the energy dependence of 
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Figure 1. Energy dependence of the total neutron cross section 
per hydrogen atom bound in benzene 
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Figure 2. Energy dependence of the total neutron cross section 
per hydrogen atom bound in toluene 
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Figure 3. Energy dependence of the total neutron cross section 
per hydrogen atom bound in xylene 
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Figure 4. Energy dependence of the total neutron cross section 
per hydrogen atom bound in cyclohexane 
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Figure S. Energy dependence of the total neutron cross section 
per hydrogen atom bound in n-hexane 
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Figure 6. Energy dependence of the total neutron cross section 
per hydrogen atom bound in diphenyl 
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Figure 7. Schematic plot of the t.otal neutron cross sections per 
hydrogen atom for water, benzene, toluene, xylene, cyclohexane, 

n-hexane and diphenyl 

the total cross section in toluene, xylene, cyclohexane, 
n-hexane and diphenyl. For comparison all data are 
collected in Fig. 7. It is seen that below 0.01 eV the 
values of utH for diphenyl are definitely higher than 
those for the others since the temperature of the 
diphenyl sample was higher (85 °C). 

Measurement of the diffusion parameters 

The thermal neutron diffusion parameters were 
measured by pulsed source method. The principle of 
this method is quite simple: a burst of fast neutrons 
is injected into a moderating sample. Mter slowing 
down and thermalization of neutrons the decay con
stant a of the fundamental mode is measured at 
different bucklings B2 of the moderating sample. The 
decay constant is given by the well known relation: 
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Table 1. Diffusion parameters of thermal neutrons measured by pulsed method 

Matertal (Eav) 
(1,,,) (v) c L NH(A.,)I0-21 -3-

Water 22"C 4859±123 36533±1362 5939±3148 2.74±0.09 29.32±0.8 
Benzene 22 oc 2886±111 48649±1373 13869±3849 4.11 ±0.10 23.61 ±0.8 
Toluene 22 oc 3357± 80 44229± 847 9359±2007 3.63±0.06 23.97±0.8 
Xylene 2rc . 3719± 66 41140± 648 11165±1415 3.32±0.04 24.11±0.8 
Cyclohex:ane 22 oc 4925±103 29944±1382 5603±4185 2.47±0.06 23.91±0.8 
n-Hexane 22°C 5046± 67 28818± 546 -927± 975 2.39±0.03 22.36±0.8 
Diphenyl 85 oc 2778± 72 59529±1534 20336±3632 4.63±0.08 25.03±0.8 

NH number of hydrogen atoms/em'. 

where .Ea and Care the macroscopic absorption cross 
section and the diffusion cooling coefficient respec
tively. 

In present measurements the duration of the fast 
neutron burst was 20 fLS. The fast neutrons were pro
duced by a 200 kV Cockcroft-Walton generator in 
(d,t) reaction. The detector consisting of a sensitive 
thermal neutron scintillator and a Zeiss-60 type photo
multiplier was placed in the middle of the moderator 
vessel bottom. The signals of the detector were re
corded by a 24 channel time-analyser. 

The decay constants were evaluated from the time
analyser data using the three parameter maximum 
likelihood estimation. The diffusion parameters were 
obtained by means of a weighted least square fit. 
Figure 8 is a plot of the decay constants as a function 
of buckling. The diffusion parameters obtained are 
listed in Table 1. 

In the last column of Table 1, the NH<Atr) values 
are given where NH is the number of hydrogen atoms 
per cma. It can be seen that they agree reasonably well 
within the statistical error except water. If the value 
found for diphenyl at 85 oc is reduced to the tempera
ture 22°C using the T0.4 temperature dependence [6] 
it yields a better agreement. The comparison of these 
data shows that the difference in the molecular bind
ing of the hydrogen atoms is very small in the hydro
carbons investigated. 

Calculation of the transport mean free path 

Scattering of neutrons on hydrogen in hydrocarbons 
is mostly incoherent. There are, therefore, no diffrac
tion effects. In the laboratory system the average 
cosine of the scattering angle is given by: 

2 
fL(E)= 3M 

where M is the number of mass units of the scattering 
atom. Because of the molecular binding effects, M can 
be considered to change with energy for low-energy 
neutrons, The energy dependent effective mass Merr(E) 
can be calculated using the Radkowsky method. 

Merr(E) = JasH(E) (3) 
I + M err{ E) 80 

In case of hydrocarbons, the expression for the 
transport mean free path becomes: 

[Atr{E)]-l = NHUtrH(£) + NcUtrC(£) {4) 

In the calculations for carbon, the following values 
were used: 

fLC(£) = 1/18 
UsC=4 b 
uaC=O 

For hydrogen, the values of aaH were calculated 
applying the 1/v law starting from the value 

11 
l 
~ 
). 

aaH(0.025 eV) = 331.5 mb 

~ ,,.,. ~--t---. ......... 1"-+---~--l----+---1-
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Figure 8. a vs. 802 for benzene, toluene, xylene, cyclohexane, 
n-hexane and diphenyl 
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Table 2. Calculated and measured values of transport mean free path 

Material 
(.\,,) 

(measured) 

Water 22°C 0.438±0.017 
Benzene 22 oc 0.584±0.017 
Toluene 22 oc 0.531±0.010 
Xylene 22°C 0.494±0.008 
Cyclohexane 22 oc 0. 359±0.017 
n-Hexane 22 oc 0.346±0.007 
Diphenyl 85 oc . 0.654±0.017 

Using these cross-section values and the Radkowsky 
method (3)A.tr(E) can be calculated from the measured 
atH(E). The average value of the transport mean free 
path 

00 

JA.tr(E)c/>T(E)dE 
(Atr) = ::..O -----

oo 
(5) 

Jc/>T(E)dE 
0 

was obtained by numerical integration. The energy 
distribution of neutrons was approximated by the 
usual Maxwellian distribution. The values of A.tr(E) 
had to be extrapolated to the high energy end of the 
Maxwellian distribution for lack of experimental 
points in that part of the spectrum. The contribution 
of this extrapolated energy region to the integral is 
rather small, thus the uncertainty introduced by the 
extrapolation can be neglected. 

The results of the measurements and calculations 
are presented in Table 2. It contains also the values of 
(A.tr) calculated from 1.3-butadiene cross-section 
data given by Petrie et a/. [7]. 

Discussion 

Present investigations show that the chemical bind
ing plays the same role in each of the hydrocarbons 
considered. It should be noted, however, that in water 
the chemical binding shows a quite different behaviour. 

The values of calculated mean free path are in fairly 
good agreement with those directly measured when 
the proper cross sections are used for the calculation. 
The agreement between the calculated and experi
mental values could be improved by substituting for 

(.\,,) (.\.,) Ratio of calculated 
(calculated) (from 1.3-butadiene) and measured values 

0.463 1.057 
0.622 0.651 1.065 
0.596 0.596 1.122 
0.557 0.559 1.128 
0.382 0.419 1.064 
0.437 1.263 
0.706 1.080 

I 

the 80 b a somewhat lower value varying from material 
to material. Thus, the expression would loose its 
generality though the value of 80 b in the expression 
can be considered as the zero energy limit of the elastic 
scattering cross section only and does not reflect the 
general asymptotics of the integral cross section for 
low energies. For this reason, it was attempted to use, 
instead of 80 b, the values extrapolated from the 
measured cross-section data for low energies. The 
above agreement was spoilt by this procedure giving 
too high values for the transport mean free path. This 
is due to the inelastic part of the total scattering cross 
section. The 80 b used in the calculations seem to be 
a reasonable but theoretically not a rigorous value. 

As a conclusion it should be emphasized that the 
Radkowsky method is to be considered rather as a 
useful tool, than as a theoretically rigorous treatment 
of neutron scattering in moderators. 
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ABSTRACT-RESUME-AHHOTAI...lf.tlJI-RESUMEN 

A/651 Hongrie 

Sections efficaces et parametres de diffusion 
des neutrons thermiques 
dans differentes matieres organiques 

par L. Pal et a/. 

Depuis quelques annees, on s'efforce de mesurer 
!'influence de la liaison chimique sur la diffusion des 
neutrons Ients dans differents liquides hydrogenes. 
Cette mesure a· un grand interet du point de vue 
pratique, car la forme du- spectre des neutrons dans 
les moderateurs hydro genes depend de l'effet de liaison. 
Pour determiner les aspects quantitatifs de la thermali
sation des neutrons, il est necessaire de bien connaitre 
la loi de diffusion des neutrons Ients dans les liquides 
hydro genes. 

Malheureusement, la loi de diffusion est assez 
difficile a etablir experimentalement. La mesure de Ia 
section efficace totale est plus simple, mais ne donne 
pas d'indications aussi precises sur les caracteristiques 
du systeme de diffusion. Malgre cela, i1 peut etre utile 
de connaitre les sections efficaces totales pour calculer 
la section efficace de transport. On peut obtenir Ia 
section efficace de transport en fonction de la tem
perature a partir de la section efficace totale de diffu
sion, en utilisant la methode de Radkowsky, qui est 
assez utile mais peu rigoureuse du point de vue 
theorique. 

Les auteurs analysent en detail la methode de 
Radkowsky, en prenant comme base les mesures des 
sections efficaces totales et des parametres de diffusion 
dans differents liquides organiques: benzene, cyclo
hexane, n-hexane, toluene, xylene et diphenyl. Les 
sections efficaces totales des neutrons en fonction de 
l'energie ont ete mesurees par la technique du temps 
de vol et calculees d'apres Ia theorie de Zemach
Glauber. Les resultats des calculs concordent assez 
bien avec les resultats experimentaux. Les parametres 
de diffusion ont ete etablis a partir des mesures 
effectuees par la methode de la source de neutrons 
pulses. La section efficace de transport moyenne, 
obtenue a partir des mesures des sections efficaces, a 
ete comparee aux resultats des mesures au moyen de 
la source pulsee. II ressort de cette comparaison que 
les valeurs des sections efficaces de transport calculees 
par Ia methode de Radkowsky concordent assez bien 
avec celles des mesures faites au moyen de Ia source 
pulsee. -

Les auteurs ont egalement calcule les sections effi
caces de transport d'apres les donnees de aHs(E) pour 
le 1,3-butadiene, car Petrie et ses collaborateurs ont 
propose d'utiliser ces donnees pour calculer les sec
tions efficaces de transport dans differents hydro
carbures. Malheureusement, les donnees fournies par 
1 ,3-butadiene ne donnent pas de resultats satisfaisants; 
pour calculer la section efficace de transport moyenne, 

il apparait done necessaire de connaitre la section effi
cace en fonction de l'energie. 

En conclusion, il convient de souligner que la 
methode de Radkowsky doit etre consideree comme 
un instrument utile, et non comme une formu1e per
mettant de calculer de maniere absolument rigoureuse 
Ia diffusion des neutrons dans les moderateurs. 

A/651 BeHrPHR 

CeYeHHH pacceHHHR H napaMeTpbl 

AHQlQlY3HH TennOBbiX HeATpOHOB B HeKO

TOpbiX opraHH4eCKHX se~eCTBaX 

n. nan et al. 

B nocJie~mre ro~LI aHa'IHTeJibHLie ycHJIHH 6LIJIH 

rrpHJIOJReHhl ~JIH orrpe~eJieHHH BJIHHHHH XHMH'Ie

CKOH CBH3H Ha 3aKOH pacceHHHH B HeKOTOphlX 

BO~OpO~CO~epmaiiJ.HX IRH~KOCTHX. 8TO Bail\HO H C 

rrpaKTH'IeCKOH TO'IKH apeHHH, TaR KaK BH~ Heii

TpOHHOfO crreKTpa B OpraHH'IeCKHX aaMe~JIHTeJIHX 

TaKme OKa3hlBaeTCH 3aBHCHIIJ.HM OT alfllfleKTa XHMH

'IeCKOH CBH3H. IIo:noMy KOJIH'IecTBeHHOe paccMo

TpeHue TepMaJIH3a~HH HeiiTpOHOB B 3THX 3aMe~JIH
TeJIHX Tpe6yeT ~eTaJihHOfO 3HaHHH 3aKOHa pac

CeHHHH. 

R comaJieHHIO, orrpe~eJieHue aaKOHa pacceHHHH 

corrpoBom~aeTCH 6oJihiDHMH 3RcrrepuMeHTaJibHhl

MH TPY~HOCTHMH. llaMepeaue HH'rerpaJII>Horo ceTJe

HHH ITpOIIJ.e, HO 3aTO OHO MeHee TJYBCTBHTeJibHO 

R ~eTaJIHM CTPYRTYPLI pacceuBarorn.eii CHCTeMLI. 

HecMoTpH Ha aro, aHalJeHue aHepreTuTJeCiwii aaBH

CHMOCTH HHTerpaJibHOfO CeTJeHHH MOJReT 6hlTb 

HCTIOJibaoBaHo. ,Il;JIH pacTJeTa TpaHcrropTHoro ceqe

HHH aaMe~JIHTeJIH TeMrrepaTypHaH 3aBHCHMOCTb 

TpaHCITOpTHOfO CeTJeHHH MOJReT 6LITh ITOJiyTJeHa 

H3 HHTerpaJihHOfO ceTJeHHH pacceHHHH C ITOMOIIJ.biO 

MeTo~a Pa~ROBCKoro, KOTOphlii BeCI>Ma rroJieaeH 

~JIH rrpaRTHTJeCRHX pacTJeTOB,' XOTH C TeopeTH

IJeCROH TOIJRH ape HuH u HecTpor. 

B pa6oTe ~aeTcH ~eTaJihHLiii aHaJIHa MeTo~a 
Pa~KOBCKoro ua QCHOBe uaMepeHuii HHTerpaJib

HhlX CelJeHHH H ~HifllflyaHOHHhlX rrapaMeTpOB Heii

TpOHOB B pa3JIH'IHhlX opraHHTJeCKHX IRH~KOCTHX 

(6eH30JI, I~IIRJIOfeKCaH, n-reKCaH, TOJIYOJI, KCHJIOJI 

H ~HifleHHJI). 8HepreTHTJeCKaH 3aBHCHMOCTb HHl'e

rpaJibHhlX ceTJeuuii pacceHHHH 6LIJia uaMepeHa 

ITpH ITOMOIIJ.H MeTo~a BpeMeHH ITpOJieTa H, RpOMe 

TOfO, paCClJHThlBaJlaCh Ha OCHOBe TeOpHH 3eMa

xa-rJiay6epa. .PacqeTHhle peayJibTaThl xoporrro 

COfJiaCyiOTCH C 31\CITepHMeHTaJibHhlMH ~aHHhlMH. 

,IJ;ulfllflyauoHHhle xapaKTepucTHRH orrpe~eJIHJIHCT> 
C ITOMOIIJ.biO HMITYJihCHOfO HeiiTpOHHOfO HCTOTJ

HIH,\a. }' cpe~HeHHhle TpaHCITOpTHhle c.eTJeHHH, 

rroJiyqenuhle ua HHTerpaJihHhiX celJeHHii pacceH-
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HHR, Cpa!lHHBaJOTCR C peayJILTaTaMH Henocpe.n;
CTBeHHbiX HaMepeHHii. CpanHeHue noHaablnaeT, 
'ITO MeTo.n; Pa.n;HoncHoro .n;aeT TpaHcnopTHhle 
ceqeHHH, xopomo corJiacyro~uecsr c .n;aHHhiMH ua
MepeHuii:, BhlllOJIHeHHhiX no HMllYJibCHOH MeTO,ll;HHe. 

TpaHcnopTHhle ce'!eHHH n uccJie.n;yeMblx ne~e
cTnax Bhl'IHCJISIJIHCb TaHme Ha OCHOBe .n;aHHhiX 
o!f (E) .n;Jisr 1 ,3-6yTa.n;ueHa. McnoJib30BaTb 3TH 
.n;aHHhle ,ll;JIH onpe.n;eJieHHSI ~tr B paaJIH'IHhlX yrJie
no.n;ax npe.n;JIO>KHJIH IleTpH H ;n;p. K comaJieHuro, 
3Ta MeTO)J;HRa He ll03BOJISieT llOJIY'IHTb y,ll;OBJieTBO
pHTeJibHble peayJibTaTbl, TaR RaR ,ll;JIH paC'IeTa 
TpaHcnopTHoro ceqeHHSI Ram.n;oro yrJieno.n;a Heo6-
xo.n;nMo, llO-BH,ll;HMOMy, 3HaTb ero ceqeHHe B 3aBH
CHMOCTH OT 3HeprHH. 

B aaHJIIO'IeHHe MomHo c.n;eJiaTb BbiBo.n;, 'ITO 
MeTOl~ Pa.n;R.oncRoro, XOTH H He HBJIHeTcH Teo
peTH'IeCRH o60CHOBaHHhiM, HMeeT npaRTH'!eCROe 
aHa'!eHue ,ll;JIH onpe.n;eJieHHH TpaHcnopTHoro ce'!e
HHSI n no.n;opo.n;co.n;epma~ux aaMe.n;JIHTeJIRX . 

A/651 Hungrla 

Secc,iones eficaces y parametres de difusi6n 
de neutrones termicos en varias sustancias 
organicas 

por L. Pal et at. 

En los ultimos aiios se han dedicado esfuerzos 
considerables a Ia determinacion de Ia influencia del 
enlace quimico sobre Ia dispersion de neutrones lentos 
en varios liquidos hidrogenados. Esta cuestion reviste 
importancia desde el punto de vista practico porque 
Ia forma del espectro neutronico en los moderadores 
de hidrogeno depende del efecto de enlace y porque, 
ademas, Ia interpretacion cuantitativa de Ia madera
cion neutr6nica en estos materiales exige un cono
cimiento detallado de Ia ley de dispersion de los 
neutrones lentos. 

Por desgracia Ia determinacion de Ia ley de disper
sion encierra dificultades experimentales de bastante 

consideracion; Ia medida de Ia seccion eficaz integral 
de dispersion es mas sencilla pero no es tan sensible a 
las particularidades del medio dispersivo, a pesar de 
Jo cual su conocimiento puede tener importancia para 
calcular Ia seccion eficaz de transporte. En efecto, esta 
ultima seccion eficaz, cuyo valor depende de Ia tem
peratura, puede deducirse de Ia seccion eficaz integral 
aplicando el metodo de Radkowsky, que es bastante 
util aunque carece de rigor teorico. 

La memoria presenta un analisis detallado del 
metodo de Radkowsky aplicado a las mediciones de 
Ia seccion eficaz integral y del parametro de difusion 
de varios liquidos organicos como el benceno, ciclo
hexano, n-hexano, tolueno, xileno y difenilo. La 
influencia de la energia sobre las secciones eficaces 
integrales se midio segun la tecnica de tiempo de vuelo 
y se calculo por Ia teo ria de Zemach-Giauber; los 
valores calculados concuerdan satisfactoriamente con 
los resultados experimentales. Los panimetros de 
difusion se dedujeron de las medidas llevadas a cabo 
por el metodo de Ia fuente neutronica pulsante y el 
valor de Ia seccion eficaz media de transporte obtenido 
a partir de las determinaciones de secci6n eficaz inte
gral se compar6 con los resultados de Ia fuente pul
sante. Los datos asi obtenidos concuerdan satisfacto
riamente con los valores calculados segun el metodo 
de Radkowsky y los de Ia fuente pulsante. 

Tambien se calcularon secciones eficaces de, 
transporte a partir de valores de·la aH8(E) para el 
1,3-butadieno, de acuerdo con Petrie et a/. quienes 
propusieron este calculo para varios hidrocarburos. 
Los datos correspondientes al 1,3-butadieno no dan 
resultados satisfactorios, de donde se deduce la 
importancia de conocer la variaci6n de Ia secci6n 
eficaz en funci6n de la energia para cada uno de los 
hidrocarburos investigados, a fin de poder calcular el 
valor medio de Ia seccion eficaz de transporte. 

La memoria concluye subrayando Ia conveniencia 
de considerar el metodo de Radkowsky como medio 
de utilidad practica, pero no como un tratamiento 
teorico de caracter riguroso de la dispersion de 
neutrones en un moderador. 
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A study on the diffusion length of thermal neutrons in 
terphenyl (Santowax - R) at temperatures up to 400°C 

By S. Hohki, Y. Tsuji, T. Matsubara, T. Makaiyama and H. Tada* 

It is well known that the temperature dependence of 
the diffusion length is important in relation to the 
neutron transport cross section as a basic reactor 
parameter because of the higher temperatures of 
modern reactors. 

The diffusion length of thermal neutrons in various 
moderators containing hydrogen has been studied for 
a long time, especially theoretically. However, only a 
few experiments covering a wide temperature range 
have been reported, most experiments and calculations 
being at comparatively low or at spot temperatures, 
e.g., Wright and Frost [1], Rockey and Skolnik [2], 
Reier and de Juren [3], Csikai, Daroczy and Dede [4], 
Yurova [5] and Baumann [6]. This is due to experi
mental difficulties, such as using water at high tem
peratures. However, it appeared that a study of the 
deviations from the 1/v law due to molecular binding 
would be interesting at temperatures above 200 oc. 

In this work, the temperature dependence of the 
diffusion length of thermal neutrons in terphenyl 
(C1sH14) has been measured over the temperature 
range 200 o to 400 °C, and from these results the trans
port cross section has also been studied. From com
paring the results with calculated values, using a 8(E) 
from Brugger's experimental data on the scattering law 
for Santowax-R, it is clear that there are still problems 
arising from the assumption that the diffusion length 
varies as (ljp)yT at temperatures above 300°C. 

Some of the experimental difficulties encountered in 
making the measurements were: 

(a) maintaining a uniform temperature distribution 
during the experiments; 

(b) assumptions about the neutron flux spectrum, 
including the epithermal spectrum; 

(c) measurement of the neutron flux, that is, the 
development of gadolinium and dysprosium foils in 
view of the difficulty of using cadmium and indium 
foils at high temperatures. 

EXPERIMENTAL ARRANGEMENT 

All the components of the system used in these 
experiments are shown in Fig. 1. 

It consists of a main organic loop and accessory 
loops, consisting of a nitrogen gas loop, an air loop, a 

* Research Division, Sumitomo Electric Industries Ltd., 
Osaka. 

cooling water loop and the cooling loop of the main 
circulating pump. Brief descriptions of the operating 
conditions are now given. 

First, solid organic material was placed in the drain 
tank and all the components evacuated in order to 
replace the air in the system by nitrogen. Next the 
organic material was melted down in the drain tank at 
about 200 °C, then transferred to the pressure vessel 
through the circulating loop by pressurized nitrogen. 

During experiments, the circulating pump and main 
heaters were operated to keep the organic temperature 
uniform and the vessel was pressurized with nitrogen 
to suppress bulk boiling. 

The temperature of the organic liquid in the vessel 
was kept at 400°C without difficulty. 

All the pipes and valves of the loops were sur
rounded with sheathed wire heaters and thermal 
insulators to keep them at a temperature above the 
melting point of the organic material. 

The distribution of thermal neutrons at various 
temperatures was measured in the pressure vessel by 
the foil method. A vertical section of the pressure 
vessel is shown in Fig. 2. In the experimental tubes of 
the vessel, the ceramic foils were fixed with aluminium 
foil holders. 

The flow skirt in the vessel was used to maintain a 
constant level of the organic liquid and keep, the 
temperature of the organic uniform in the measuring 
region. 

The induction heating kept the vessel at a tempera
ture close to 200 °C. 

The temperature distribution in the vessel was 
measured with thermocouples at six different points. 
Good uniformity in the temperature distribution 
inside the flow skirt was confirmed. 

The pressure vessel had a level controller, level 
gauges, a pressure gauge, a safety valve and an 
emergency valve. It was constructed of carbon steel 
and surrounded with thermal insulators and steel clad 
cadmium plates. An aluminium clad cadmium shutter 
was inserted between the vessel and the graphite 
pedestal for the control of epithermal neutrons. 

The pressure vessel and the graphite pedestal were 
surrounded by a heavy concrete shield. 

A polonium-beryllium neutron source of initial 
intensity 4.0 x 107 neutronjs was placed in the centre 
of the graphite pedestal. 
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Figure 2. Pressure vessel for neutron diffusion experiments 
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Tabl.e 1. The composition of Santowax-Ra 

Biphenyl o-Terphenyl m-Terphenyl p-Terphenyl HBR 

0.6% 11.4% 60.2% 27.2% 0.1% 

• The sample was taken from liquid Santowax-R which had been 
kept at 200°C. for 24 hours. 

The organic material used in the experiments was 
a mixture of terphenyl isomers (C1sH14) that is known 
commercially as Santowax-R and was provided by the 
Monsanto Chemical Co. Its composition was checked 
by gas-chromatography and the analysis is shown in 
Table I. 

The yield of the high boiler residue (HBR) was very 
small during the present experiments. The density of 
Santowax-R was measured separately at every tem
perature with a pyknometer with bulk boiling sup
pressed by nitrogen. 

THEORY OF THE METHOD 

The diffusion of thermal neutrons in a source-free 
medium is expressed by the steady-state, one-group 
diffusion equation: 

1 
'V2cfo(r)= L2cp(r) (1) 

where .cfo(r) is the thermal neutron flux, and L is the 
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thermal diffusion length which is defined as: 

L=JAtr 
3L'a 

P/653 

(2) 

with the macroscopic absorption cross section L'a and 
the transport mean free path Atr of the medium. In the 
case of cylindrical geometry and a circular symmetric · 
source, Eq. (1) is solved in the form: 

~(r,z)=n~! Anlo(/Ln ~)exp [ -zJ b +(JiY] 

X {1-exp [ -2(Z -z)J 12 +(';; rn (3) 

where Jo is the first kind Bessel function of the zeroth 
order and fLn is the n-th zero point. Z and R are the 
extrapolated height and radius of the cylinder deter
mined from the real height, Zo and radius Ro of the 
cylinder and the extrapolation lengths. The Fourier
Bessels coefficients An are determined by the thermal 
flux distribution in the radial direction, z =zo and the 
orthogonal relation of the J o function: 

An= 

1 

~2 
{Jl(/Ln)}2 {1-exp[ -2(Z-zo)J b +(';Y]} 

xJ~(r,zo)Jo(fLn~)rdr (4) 

If z is sufficiently large, the term exp 

[ -2(Z-zo) xJ 12 +(';;rJ in Eq. (3) is negligible 

in comparison with unity and the flux distribution on 
the central axis, ~(o,z) is expressed in the simple form: 

~(o,z)=Al esp{ -zJ12 +(';;Y}K(o,z) (5) 

where K(o,z) is a correction factor for the higher mode 
which has a value nearly equal to unity. 

K(o,z)=l+~exp[-z{J12 +(~f 
-J 12 + (fL~) 2} J + ~ exp [- z{ J,-,-12 -+ (:--:-IL~r 

-J 12 + (IL~r} J + .. .. (6) 
The value L may be determined by the iteration 

method; An can be computed from the radial flux 
distribution at Z = z0• The logarithmic axial flux 
distribution is plotted as a function of Z and a straight 
line is fitted by the method of least squares. With this 
slope, the first approximation L' is determined· from 
the following relation: 

J 1 (/L1)2 tana= - + -
L'2 R 

(7) 

S. HOHKI eta/. 

Using the value L', the correction factor K(o,z) can 
be obtained as a function of Z. Then L", the second 
order approximation to L, can be determined as 

log~ (O,z) =log A1 -zJ-1
- + (IL1

)
2 

(8) 
K(O,z) L"2 R 

This iteration process goes on until the series L',L",L'", 
L(n>, •.. converge into a constant value L. 

MEASUREMENTS AND RESULTS 

Measurements were performed in the pressure 
vessel previously described. The distribution of thermal 
neutrons was measured by the foil activation method 
using the experimental tubes in the vessel. Foils used 
in the experiments were binder-free Dy20 3 ceramic 
discs, 1.000 em in diameter and 0.050 em in thickness. 
Each foil was fixed in aluminium holders and activated 
in the vessel. 

The induced activities were measured with a low 
background 211-gas-flow counter. Besides corrections 
for the thermal expansion of foil holders and self
absorption of {3-rays in the foils, additional correction 
factors for self-shielding and flux depression of each 
foil were calculated at each temperature by Bathe
Tittle's formula [7, 8] which seemed applicabfe for the 
relatively thick foils. To evaluate the contribution of 
epithermal neutrons, duplicate runs were made with 
and without the cadmium shutter at each temperature 
and the epithermal neutron induced activity subtracted 
from the activity without the shutter. 

The diffusion length of thermal neutrons was deter
mined at seven different temperatures from 200 o to 
400 °C. The axial and radial distribution of the thermal 
(subcadmium) neutrons was plotted on semi-logarith
mic graphs and typical data from the experiments are 
shown in Fig. 3. Because of the statistical fluctuation 
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Figure 3. Axial and radial distribution of thermal neutrons in 
Santowax-R 



SESSION 3. 1 P/653 

12.0 

PRESENT EXPERIMENTS 

11.0 

10.0 

E 
CJ 

..J 

~ 
1-
C) 
z 
w 
..J 

z 
0 
in 
:::::l 
LJ.. f¥' ..... LJ.. 
i5 

6.0 
o EXPERIMENTAL DATA 
0 CALCULATION BY 

THE BRUGGER'S CROSS SECTION 
5. AT 207°C AND 267°C 

200 300 350 400 

TEMPERATURE, oc 
Figure 4. Diffusion length of thermal neutrons in Santowax-R 

of the observed activity, the slopes of the axial distribu
tion curves were determined by the least squares 
method. These data were substituted in Eq. (7) and the 
first approximation to the diffusion length L' calcu
lated. Then, the higher harmonic correction factor 
K(z,0) was decided using the radial distribution data. 
Using this method the iteration calculation was made 
until convergence of the fit within the chosen degree 
of accuracy was obtained. In the experiments, the 
higher harmonic corrections were very small, less than 
a few per cent in every diffusion length. 

All these calculations were carried out with the 
NEAC 2203 electronic computer, the capacity of 
which is comparable with an IBM 650. 

The results of these corrections for the data are 
plotted in Fig. 4; the total probable error of the 
diffusion length is also shown. 

DISCUSSION 
The experimental values for the thermal diffusion 

length in Santowax-R were compared with the calcu
lated values. In the expression of the thermal diffusion 
length: 

L -J Atr -J I (2') 
- 3L'a - 3L'tr . L'a 

Because the transport cross section utr and the absorp
tion cross section (ua) of Santowax-R are assumed to 

S. HOHKI eta/. 319 

vary as 1/v, the value of L should be proportional to 
(1/p)yT where p and Tare the density and tempera
ture of the Santowax-R respectively and v is the 
neutron velocity which is in equibrium at the tem
perature of the Santowax-R. 

Rockey and Skolnik [2] have verified that the 
theoretical 1/v law is in good agreement with the 
measured values in water at temperatures up to 296 °C. 
In order to compare this data with our experimental 
value, a curve proportional to (1/ph/T is shown in 
Fig. 4. It is clear that there is still a problem in assum
ing that the diffusion length varies as (1/p)yT at 
temperatures above 300°C . 

When calculating the diffusion length of thermal 
neutrons, it is difficult to estimate the scattering cross 
section us( E) for a hydrogen atom to include the effect 
of chemical binding. Thus an attempt was made to 
deduce the value of us( E) from Brugger's experimental 
data on the scattering law of Santowax-R [9]. Firstly, 
the value of u 8 (0.0252 eV) of Santowax-R was deter
mined by subtracting the calculated value ua (0.0252 
e V) from the total cross section uT (0.0252 e V) which 
was also measured by Brugger [9] assuming the 1/v law. 
Then the ratio of u 8(E) to us (0.0252 eV) was calculated 
from the scattering law [9] and normalized to the 
previously determined value of u 8 (0.0252 eV). It was 
assumed that the value for u8(E) of Santowax-R was 
similar to that of water in the energy region where 
experimental data were not obtained. Then, the macro
scopic transport cross section of Santowax-R was 
calculated by the following formula: 

L' tr C"H14(E) = ~ N., {uTi( E) -
i 

I 

2TT J u 8i(E, COS 8) . COS 8 X d( COS 8)} (9) 
-I 

where Nt,uTi(E) and cos 8 are, respectively, the number 
of atoms, microscopic total cross section and cosine of 
the scattering angle for the i-material. 
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Figure S. pA1r of Santowax-R as a function of f3y and temperature 
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(A)- o;,c,eH,. FROM SANTOWAX-R CROSS SECTION AT 207"C 
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Figure 6. Deviation of transport cross section of Santowax-R. from 
the 1/v law. The graph~ were normalized to the data at 0.04 eV 

The calculation of the average L'tr and L'a over a 
Wigner-Wilkins spectrum was made with a NEAC 
2203 computer using a code translated from DONATE 
[10]. With this procedure, the value of L at 207 o and 
267 oc was calculated and is plotted in Fig. 4. Using 
the value of u 8(E) for Santowax-R at 267 °C, the extra
polated 'value pAtr was calculated at the higher tem
peratures shown in Fig. 5. The effective mass of the 
bound hydrogen was obtained as described by Rad
kowsky [2]. The results of the calculations of the value 
of L made with the value of p>.tr are also shown in 
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Fig. 4. The experimental values of L deviated consider
ably from the values calculated by the Radkowsky 
method at temperatures over 300 °C. This result might 
mean that the deviation of the transport cross section 
atr from the lfv law is considerable at temperatures 
over 300 °C. The deviations of the calculated values of 
atrH(E) of Santowax-R and water are plotted in Fig. 6 
where atrH(E) of water was calculated using Mel
konian's data [II]. It is difficult to determine any clear 
trend from these curves but it seems that the deviations 
of Santowax-R were relatively larger than those of 
water in the thermal region. 

It was concluded from the experimental results that;, 
(a) the experimental values of L were proportional 

to (1/p)y'Tat temperatures below 250°C; 
(b) the experimental values of L were somewhat 

larger than the theoretically expected values at high 
temperatures; 

(c) the temperature dependence of the transport 
cross section could be substantial at temperatures over 
300°C. 
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ABSTRACT-RESUME-AHHOTA~IIIJI-RESUMEN 

A/653 Japon 

Etude sur Ia longueur de diffusion 
des neutrons thermiques dans le terphenyle 
(Santowax-R) a des temperatures 
allant jusqu'a 400°C 

parS. Hohki eta/. 

ll est bien connu que l'etude de la variation de la 
longueur de diffusion en fonction de la temperature 
est tres importante pour les determinations de la 
section efficace de transport des neutrons, qui est un 
parametre fondamental du reacteur, en raison de 
I' elevation des temperatures utilisees dans les reacteurs 
modernes. 

On a etudie depuis longtemps, surtout dans le 
domaine tbeorique, la longueur de diffusion des 
neutrons thermiques dans divers moderateurs con
tenant de l'hydrogene. Toutefois, on n'a publie qu'un 
petit nombre d'experiences faites dans un grand inter
valle de temperature, la plupart des experiences et des 
calculs ayant ete faits a des temperatures relativement 
basses ou isolees. Cela est du a certaines difficultes qui 
se presentent, par exemple lorsque l'on utilise l'eau a 
haute temperature. Cependant, on a pense qu'une 
etude des ecarts par rapport ala loi Ifv dus a l'effet de 
la liaison moleculaire serait interessante a des tem
peratures de plus de 200 °C. 

En consequence, dans Ie present travail Ia variation 
de la longueur de diffusion des neutrons thermiques en 
fonction de la temperature dans le terphenyle (C1sH14) 
a ete mesuree de fa~on suivie dans l'intervalle de 
temperature de 200 a 400°C et la section efficace de 
transport etudiee d'apres les resultats. En comparant 
les resultats avec les valeurs calculees, en faisant usage 
de us( E), d'apres les donnees experimentales de Brugger 
sur la loi de diffusion dans le Santowax-R, il est clair 
qu'il reste encore le probleme que pose !'hypothese 
selon laquelle la longueur de diffusion varie comme 
(1/ph/Taux temperatures superieures a 300°C. 

Quelques-unes des difficultes experimentales ren
contrees en faisant Ies mesures ont ete les suivantes: 

a) Le maintien de l'uniformite de la distribution 
geometrique de temperature pendant les experiences; 

b) L'obtention du spectre de flux souhaite, y com
pris les neutrons epithermiques; 

c) La mesure du flux de neutrons, c'est-a-dire Ia 
mise au point de feuilles de gadolinium et de dys
prosium, en raison de la difficulte que presente !'usage 
de cadmium et d'indium en feuilles aux temperatures 
elevees. 

A/653 flnoHMR 

J1ccneAoBaHHe AHlfllflyaHOHHoA AllHHbl 
rennOBbiX HeArpoHoe e replfleHHne 
(CaHTOBaKc-R) npH BbiCOKHX TeMnepary
pax AO 400oC 
C. XoKH et al. 

HeT Heo6xo)J;HMOCTH ronopHTh o TOM, qTo B CBJI-

3H C HC110Jib30BaHHeM'- B COBpeMeHHbiX peaKTOpax 

BbiCOKHX TeMrrepaTyp TeMrrepaTypHaJI 3aBHCHMOCTb 

)1;H!}J!}Jy3HOHHOH )J;JIHHbi rrpe)J;CTaBJIJieT COOOH BeCbMa 

Baii\HbiH !}JaKTOp, TaR KaK TpaHCITOpTHOe ceqeHHe 

JIBJIJieTCJI O)J;HHM H3 OCHOBHbiX rra paMeTpOB BbiCO

KOTeMrrepaTypHbiX peaKTOpOB. 

,[(u!}J!}Jy3HOHHaJI )J;JIHHa TeiTJIOBbiX HeiiTpOHOB 

B pa3JIHqHbiX aaMe)J;JIHTeJIJIX, CO)J;epiKalll.HX BO)J;O

pO)J;, uayqaJiach B TeqeHHe )J;oJiroro npeMeHH, 

oco6eHHO TeopeTuqecKH. 0)1;HaKo )J;O HacToHm.ero 

BpeMeHH OhiJIO coo6m.eHo JIHlllb o HeMHorux aKc

nepuMeHTax, BbillOJIHeHHbiX B lllHpOKOM )J;HaiTa30-

He TeMrrepaTyp, XOTH onyOJIHKOBaHbi HeKOTOpbie 

peayJihTaTbi aKcnepuMeHTOB H pacqeToB )J;JIJI o6Jia

CTH cpaBmfTeJibHO HH3KHX TeMnepaTyp H )J;JIJI HeKO

TOpbiX OT)J;eJibHbiX TeMrrepaTypHbiX ToqeK. ()To, 
no-BH)J;HMOMY, OO'hJICHJieTCJI TexHuqecKHMH TPYA

HOCTJIMH, HaiTpHMep npHMeHeHHeM BO)J;bi npH 

BbiCOKOH TeMnepaType. 

IIpe)J;noJJaraeTcJI, O)J;HaKo, qTo BcJie)J;cTBHe )J;eil

cTBHJI MOJieKyJI.fipHOH CBJI3H OTKJIOHeHHe OT 3aKO

Ha 1 /v npu TeMrrepaTypax Bbirne 200" OhiJIO Obi 

3HaqHTeJibHbiM. 

B )J;aHHoii pa6oTe TeMnepaTypHaJI aaBHCHMOCTh 

)J;JIHHbi )1;H!}J!}Jy3HH TellJIOBbiX HeiiTpOHOB B Tep!}Je

HHJie (C18H 14) H3MepJIJiaCb B lllHpOKOM )J;Hana3oHe 

TeMrrepaTyp HenpepbiBHO C 200 )1;0 400° C H B CBJI3H 

C ;)THMH pe3yJibTaTaMH H3yqaJIOCb TpaHCITOpTHOe 

ceqeHue. Ha ocHoBaHHH cpanHeHHH aKcrrepuMeH

TaJibHhiX )J;aHHbiX C )J;aHHbiMH pacqeTa, B KOTOpOM 

cr8 (E) orrpe)J;eJIJIJIOCh ua aKcrrepHMeHTaJibHhiX 

)J;aHHbiX Bparrepa oTHOCHTeJibHO aaKoHa paccea

HHJI B Tep!}JeHHJie MapKH caHTOBaKc-R, ycTaHOBJie

HO, qTo cnpaBe)J;JIHBOCTb npe)J;ITOJIOii{eHHH 0 TOM, 

qTo )1;H!}J!}Jy3HOHHaJI )J;JIHHa llpH TeMrrepaTypaX 

nhlrue 300° C H3MeHHeTcH no aaKoHy ~ VT, 
BeCbMa COMHHTeJihHa. Mm1mo noJiaraTb, qTo TeM

nepaTypHaJI 3aBHCHMOCTb )1;H!}J!}Jy3HOHHOH )J;JIHHbi 

B ropJiqeii BO)J;e MomeT OhiTh uoJiyqeHa H3 ana

noruu c )J;aHHbiMH HacToJim.eii pa6oTbi. 

B )J;annoM )J;OI\Jia)J;e yKaaan TaKme pJI)J; TeXHH

qecKHX npOOJieM, KOTOpbie B03HHKJIH TipH npoBe

)J;eHHH H3MepeHuii B aTHX ycnoBHJix: 

a) ,[(OCTHil\eHHe paBHOMepHOCTH reoMeTpuqe

CKOfO pacnpe)J;eJieHHH TeMnepaTyp rrpH rrposeJJ;e

HHH aKCrrepHMeHTOB. 

b) Orrpe)J;eJieHue !}lopMbi HeiiTpOHHOro noToKa, 
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B TOM qHCJie alfl!fleRTa Hap;TeDJIOBhlX HeiiTpOHOB. 

c) lf3Mepeane DOTORa HeiiTpOHOB, a HMeHHO 

Tpy,n;aocTb ncnoJib30BaHHH Ra,IJ;MHeBhlX H na,u;ne

.BhlX lfloJibr H3-3a BbiCOl\OH TeMnepaTyphl, H Heo6-

XO,li;HMOCTb B CBH3H C 3THM paapa60TKH TeXHHKH 

HCDOJib30BaHHH rap;OJIHHHeBbiX H ,li;HCDp03HeBbiX 

lfloJThr. 

A/653 Jap6n 

Estudio de Ia longitud de difusi6n 
de los neutrones termicos en el terfenilo 
(Santowax-R), hasta 400°C 

por S. Hohki et a/. 

Es sabido que la relacion de dependencia entre la 
longitud de difusion y la temperatura reviste gran 
importancia en lo que atafte a la seccion eficaz de 
transporte neutronico, en su canicter de panimetro 
basico del reactor, y habida cuenta del aumento de 
temperatura que se registra en los reactores modernos. 

La longitud de difusion de los neutrones termicos en 
diversos moderadores hidrogenados se ha estudiado 
por largo tiempo, especialmente en sus aspectos 
teoricos. En cambio, solo se han descrito contados 
experimentos efectuados en un amplio intervalo de 
valores de la temperatura, si bien se han publicado los 
resultados de algunos experimentos y calculos corres-
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pondientes a temperaturas relativamente bajas o 
locales. AI parecer, Ia raz6n estaba en las dificultades 
tecnicas, tales como las que derivan del empleo de 
agua a temperaturas elevadas. No obstante, se supone 
que, a temperaturas superiores a 200 oc, serian notables 
las desviaciones con respecto a la ley 1/v debidas 
al efecto del enlace molecular. 

Los autores estudiaron la variaci6n de la longitud de 
difusi6n de los neutrones termicos en el terfenilo 
(C1sH14) en funcion. de la temperatura, entre los 
200 oc y los 400 oc y analizaron las secciones eficaces 
de transporte teniendo en cuenta los resultados 
hallados. De la comparacion de estos resultados con 
los valores calculados aplicando la as(E) deducida de 
los datos experimentales de Brugger sobre la ley de 
dispersion en el caso del Santowax-R, se desprende 
que sigue en pie el problema de si debe suponerse que 
la longitud de difusi6n varia en funci6n de {1/p)y/Ta 
temperaturas superiores a 300 °C. 

En la memoria se seftalan tambien algunos pro
blemas tecnicos surgidos al efectuar las medidas en 
estas condiciones, a saber: 

a) Uniformidad de Ia distribuci6n espacial de la 
temperatura en el curso de los experimentos; 

b) Configuraci6n del flujo, incluso el efecto de los 
neutrones epitermicos; 

c) Dificultades que entrafi.a Ia determinacion del 
fl.ujo neutr6nico, con detectores de cadmio e indio a 
temperaturas tan elevadas y, por consiguiente, necesi
dad de recurrir a laminas de gadolinio y disprosio. 
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A study of fast-neutron transport in water with a 
pool-type reactor* 

By M. S. Bokhari** and V. V. Verbinski*** 

A knowledge of the spatial, spectral and angular 
distributions of neutrons through the reactor shield is 
of interest particularly for shield design purposes and 
generally for a wide variety of experiments and instru
ment calibrations that require a neutron flux of known 
intensity and spectral shape. This paper reports 
spectral measurements of the fast-neutron angular 
flux at various positions and ang'•:s within the water 
shield of the Bulk Shielding Reactor 1 (BSR1) [1]. 

The geometry of the reactor core and its water 
shield is simple in that water acts as both reflector 
and shield. It should be relatively easy to reproduce 
this geometry in shielding calculations for a compari
son with these measurements. An attempt has been 
made to compare the experimental results with the 
transport calculations embodied in the NIOBE 
(Numerical Integration of the Boltzmann Equation) 
code of Preiser et al. [2]. The NIOBE code handles 
only spherical geometry. Accordingly, one of the 
calculations was normalized to reproduce the mea
sured source distribution along the centre line in the 
BSRl's horizontal mid-plane. This choice should 
provide a good comparison with measurements of 
forward-directed flux of the actual reactor, where the 
spectrometer views only a small central region of the 
BSRl, while the calculation should underestimate the 
angular flux at 40-50 o by as much as a factor of 2 
because the spherical source used for NIOBE has only 
about one-half of the volume of the BSRl. 

Other rigorous techniques for calculating the spatial
spectral distribution such as Monte Carlo methods 
have not as yet been applied to the present work. 

The experiments were carried out with the shielded
diode spectrometer described below. This spectrometer 
is especially suitable for spectral measurements of fast
reactor neutrons because of its unusual features such 
as reasonable counting rates behind thick shields, 
moderate energy resolution, and good discrimination 
against gamma pulses. 

Experimental arrangement 

The general arrangement of the reactor and the 

*Work performed while first author was a visiting scientist 
at the Oak Ridge National Laboratory. 

**Pakistan Atomic Energy Commission, Karachi. 
***Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

Research sponsored by the US Atomic Energy Commis
sion under contract with the Union Carbide Corporation. 

spectrometer in the Bulk Shielding Facility pool is 
shown in Fig. 1. The shielded-diode spectrometer was 
positioned in the horizontal mid-plane of the reactor 
and the data were obtained as a function of 0, the 
horizontal angle between the prolonged reactor centre 
line and the centre line of the spectrometer, and of r, 
the distance from the reactor face to the end of the 
air-filled spectrometer collimator. Sulphur pellets 
positioned 20 and 40 em from the reactor face and 
38 em away from the prolonged reactor centre line 
were used to monitor the relative power of the reactor 
for various runs. The relative power level from one 
run to the other was thereby determined to an accu
racy of about 2 %. 

Shielded-diode spectrometer 
As shown in Fig. 1, the shielded-diode spectrometer 

essentially consists of a 580-JLgfcm2-thick 6LiF layer 
which is supported in vacuum between two widely 
spaced silicon-gold surface-barrier diodes. To shield 
the diodes against intense gamma-ray fields and very 
fast neutrons, a lead shield and a tungsten-lined 18 in 
long lead collimator were used. By further shielding 
against thermal neutrons with 6Li on all sides, the 
spectrometer was found to work satisfactorily for the 
fast-neutron directed-flux measurements above 1 MeV. 

A neutron, after passing through the lead colli
mator, impinges on the 6LiF layer and produces an 
alpha particle and a triton emitted in opposite direc
tions in the centre-of-mass system. These charged 
particles share between them the energy of the in
coming neutron plus 4.78 MeV, the Q value of the 
6Li(n,a)T reaction. Before electronically [3] summing 
up the pulses corresponding to the energy deposited 
in the diodes by the alpha-triton pair, a fast coinci
dence (R:<75 ns resolving time) was demanded between 
the individual pulses from the silicon-gold surface
barrier diodes. 

Spectrometer response 

The response of the shielded-diode spectrometer to 
monoenergetic neutrons was found to be linear, and 
the response function has been shown elsewhere [3] 
to be a Gaussian peak whose width at half-height, a 
measure of the resolution, is a function of the energy. 
The half width was 1.1% at 14 MeV, 8.2% at 3 MeV, 
and 18% for thermal neutrons. However, subjecting 
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Figure 1. Experimental arrangement of BSR1 and shielded-diode spectrometer in the BSF pool 

the instrument to intense gamma radiation results in 
both an increase in the width of the peak for mono
energetic neutrons and a channel shift that is a con
stant for all pulse heights (therefore a baseline shift). 
Both the width increase and the channel shift were 
measured by sending pulses from a pulse generator 
through the spectrometer pre-amplifiers in the actual 
operating environment. Both these effects were made 
negligible by selecting suitable levels of reactor power 
for each run [4]. 

Spectrometer efficiency 

The spectrometer efficiency is taken as the count 
rate observed for a flux of 1 n/cm2s incident on the 
6LiF film. This efficiency depends on the differential
reaction cross section per steradian, the thickness of 
the 6LiF film, and the geometry of the diode arrange
ment. If u is the differential-reaction cross section per 
steradian, N the number of 6Li nuclei, and w the net 
average solid angle between the 6LiF layer and the 
diodes, then efficiency E is given by NTITu. In obtaining 
w, the alpha-triton coincidence requirement excludes 
those elements of solid angle in which only one par
ticle strikes a diode. The value of E was calculated and 
also experimentally determined to be R:~3.2 x 10-3 and 
3.5 x 10-3 (± 10 %), respectively, for thermal neutrons. 
Both these values agree within 10%. Therefore, the 
efficiency calculated for MeV neutrons from the ex-

perimentally measured value for thermal neutrons is 
expected to be accurate to 10 %, assuming an accurate 
knowledge of the 6Li(n,a) differential cross section. 
Some assumptions regarding the differential-reaction 
cross section were required because of the lack of data 
in the neutron energy range from 2.15 MeV to 14 MeV. 
In particular, it was assumed that the differential cross 
section averaged about 90 a in the centre-of-mass 
system could be reasonably represented by the total 
cross section reduced by a factor of 13.3 because this 
was found to be the case for energies up to 2.15 MeV 
and at 14 MeV. With this assumption the detection 
efficiency for fast neutrons was calculated. 

The efficiency curve is shown in Fig. 2. Several 
independent checks of both the differential and the 
integral efficiency have been made. Figure 3 gives the 

t 
\ 

-- r--,__ 
2 4 6 8 tO 12 

NEUTRON ENERGY (MeV) 

Figure 2. Shielded-diode spectrometer efficiency versus neutron 
energy 
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fission spectrum [5] as measured with the spectro
meter. A comparison with the measurements made by 
Cranberg et al. [6], also plotted in Fig. 3, shows 
reasonably good agreement within the statistical limits 
of the experiment. In Fig. 4 the spectrum at the BSRI 
core-shield interface (r=O and 0=0°) has been com
pared with that measured at the same position with a 
proton-recoil telescope by Cochran and H~nry [7] .. The 
agreement in shape is excellent. The shielded-diOde 
spectrometer data show a higher intensity of fast 
neutrons - for instance, 1.4x 106 neutrons cm-2s-1 

W-lMeV-1 at 2 MeV compared with 1.22x 106 
neutrons cm-2s-1W-1MeV-1 for the proton-recoil
spectrometer data. The difference in absolute intensi
ties measured with these two spettrometers is under
stood to be due to slightly different core loadings and 
the uncertainty in the reactor power for each of the 
two measurements. Data for the determination of 
absolute power of the BSRI with the fuel configura
tion as shown in Fig. 1 have been collected and will 
be reported when analysed. 
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Data treatment 
A typical pulse-height distribution for the spectrum 

at the core-shield interface is shown in Fig. 5. In this 
plot, background has been subtracted. At the end of 
each foreground run, the background was measured 
by replacing the 6LiF film with a 7Li film of almost 
identical size and mass. It has been shown [3] that 
measurement with 7LiF accounts for the background 
arising from both the (n, charged-particle) reactions 
in the material of the diode and the competing re
actions in 6Li. By plugging the wedge-shaped collimator 
(Fig. 1) with water, it was also established that the 
background from the neutrons leaking through the 
sides was negligible. 

As can be seen in Fig. 5, the peak due to epithermal 
neutrons extends to about 1 MeV. The subtraction of 
this peak, as shown by the solid line in Fig. 5, resulted 
in a large error in the data below.1 MeV while it had 
negligible effect on the data above 1 MeV. For this 
reason, only the data above 1 MeV have been reported 
here. 

Transmission corrections for the presence of the 
0.5 em thick 6Li shield in the neutron beam, the 
stainless-steel encapsulation of this 6Li disc, and the 
aluminium window of the spectrometer were not 
applied to the data, since the effect of these correc
tions is to raise the spectrum at 5 MeV only about 5% 
relative to the 1 and 10 MeV points . 

Results and discussion 
The NIOBE transport calculations 

Four types of radial-source distributions were 
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Figure 6. NIOBE source distribution versus radial distance 

assumed for the spherically symmetric geometry of 
the NIOBE code. A 20 em radius source region was 
used in each case. One of the source distributions was 
chosen to duplicate the measured flux at the face of 
the reactor, the results of which will be discussed later 
in the paper. For the other three cases, fission neutrons 
were distributed throughout the source region, which 
had a density equal to the average density of the water, 
aluminium and uranium in the BSRl core. The three 
source distributions, shown in Fig. 6, are a flat distri
bution, a distribution calculated by the PDQ-2 code 
[8], and a distribution that w~s measure? in the BSRl 
mid-plane along the centre hne. Each mtegrates to a 
total source strength of one fission neutron per second 
over the source region. A comparison of the NIOBE 
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figure 7. The NIOBE calculated _values of 4>~f£=_0.989,r,E) with 
three source distributions shown m f1g. 6 

predictions of forward-directed angular flux, tl>(p, = 
0.989,r,E), is shown in Fig. 7 for the three cases. The 
spectral shape is seen to be ~uite insensitive to ~ource 
distribution, and the intensity everywhere vanes by 
only about 20% for the two extreme cases. 

Comparison with experiment 
The calculation that utilized the source distribution 

measured along the BSRI mid-plane centre line 
(Fig. 6) was chosen for comparison with experimental 
results for tl>(p, = I ,r,E), tl>(p, = 0. 7 55,r,E), and tl>(p, = 
0.617,r,E) in Figs. 8, 9 and 10, respectively. All the 
experimental data have been normalized to this source 
distribution by means of correlating the activity in
duced in the sulphur pellets placed at the standard 
location (Fig. 1) with the absolute fission rate mea
sured with fission foils. These fission foils, in turn, 
had been calibrated by exposing them to the ORNL 
Standard Graphite Pile [9]. The measurements, there
fore, represent the neutron flux obtained fr~m t_he 
reactor whose source density along the reactor s IDld
plane centre line is identical to that shown in ~ig. 6, 
the source density used in the NIOBE calculatwn. 

In Fig. 8, six measured spectra of forward-directed 
flux at r=O, 10, 20, 30, 40, and 50 em are shown. 
These are harder than the calculated spectra. Other
wise the over-all agreement in both shape and magni
tude' is everywhere within a factor of two, excluding 
the fine structure in the predicted spectral shape. The 
measured spectrum is consistently higher below 1.5 
MeV, where the spectrometer is least reliable. The 
pronounced dips predicted by NIOBE at abo~t 3.5 
and 7.3 MeV arise from oxygen resonances m the 
water shield. Although this fine structure will be 
somewhat smeared by finite instrument resolution, the 
calculation should overestimate the resonance effect 
at 3.5 MeV, because the spherical geometry of NIOBE 
is more localized than the reactor. The highly forward 
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scattering at 3.5 MeV [10] results in a strong depend
ence on the source geometry. In the limit of a very 
small source, the dips in the spectrum have been 
observed to be very pronounced in the high-resolution 
measurements of Verbinski et a/. [11 ]. 

The angular flux measured at 8=40.5° {J.t=0.755) 
is compared with a NIOBE calculation in Fig. 9. The 
two show remarkably good agreement at r = 40 em. 
At r = 20 em, where the spectrometer is aimed at the 
edge of the reactor, the flux is considerably higher than 
that calculated for a spherical reactor where the edge 
of the reactor would be clearly out of view of the 
spectrometer. 

For B = 51.8 o (ft = 0.617) the measured spectra at 
r = 10 and 20 em (Fig. 10) show the effects of viewing 
the edge of the reactor in that the spectrum is con
siderably harder than the equilibrium spectra at r = 30 
and 40 em, the flux is considerably higher than that 
calculated for a spherical reactor, and the spectral 
shape shows sign~ of the dips that characterize a 0° 
(forward leakage) spectrum. At greater distances, as 
with the 40.5 o spectrum, both the spectral shape and 
intensity of the· calculation reproduce the measured 
results reasonably well. 

It should be noted that for directed fluxes at 40.5 o 

(r = 40 em) and at 51 o (r = 30 and 40 em) the calcu
lated intensities should depend not so much on the 
absolute source strength along the reactor centre line 
as on the total power of the reactor. Therefore, since 
the volume of the spherical reactor in the calculation 
is less than half the volume of the BSR1 reactor, the 
NIOBE calculation appears to overestimate the 
angular flux at these angles. 

In Fig. 11 the experimental results for forward
directed flux (B = 0) are compared to a calculation in 
which both the spectrum and the intensity are forced 
to agree with experiment at the face of the reactor. 
The spectrum was forced by distributing a source 
which had a spectral shape identical to that measured 
at the face of the reactor throughout the volume of a 
non-scattering source region 20 em in diameter. The 
intensity was "forced" by arbitrary normalization to 
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Figure 10. A comparison between measured and calculated values 
of <P(p.=0.617,r,E) 

that measured at the face of the reactor. The ratios of 
intensities calculated at the various depths have not 
been altered. While there is fairly good agreement in 
intensity and over-all spectral shape up to a 50-cm 
penetration in water, the measured spectrum appears 
to smooth out the peaks and dips of the calculated 
spectrum above 1.5 MeV. 
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ABSTRACT-RESUME-AHHOTAL\IItii-RESUMEN 

A/670 Pakistan 

Etude du transport des neutrons rapides 
dans l'eau dans un reacteur du type piscine 

par M. S. Bokhari et V. V. Verbinski 

On a mesure les distributions spatiales, spectrales 
et angulaires de neutrons au-dessus de I MeV a 
l'interieur du bouclier d'eau du reacteur dit << Bulk 
Shielding Reactor I >>. On a fait varier la distance 
suivant des valeurs allant jusqu'a 50 em le long de la 
normale ala paroi de !'enceinte du reacteur et jusqu'a 
40 em le long de droites faisant des angles de 51 o et 
40,5 o avec la normale. Les donnees obtenues le long 
de la normale indiquent un durcissement du spectre 
et !'apparition d'une structure fine lorsque la distance 
augmente dans l'eau. Cette structure fine disparait 
pratiquement et le spectre devient plus flou a 51 ° et 
40,5 °. Les resultats ont. ete compares avec des calculs 
de transport faits en integrant numeriquement !'equa
tion de transport de Boltzmann. L'accord general 
entre les calculs et !'experience au-dessus de 1,5 MeV 
est raisonnablement bon; toutefois, les calculs indi
quent des minimums plus prononces pour les mesures 
a 0°. Ce desaccord a ete attribue en partie ala diffe
rence entre la geometrie dans !'experience et la geo
metrie utilisee dans le calcul pour la region de la 
source et a la limite finie de la resolution du spectre
metre. 

A/670 naKHcTaH 

Hay4eHHe nepeHoca 6biCTpb1X HeA
rpoHoe BOAe e peaKTope norpy .mHo
ro THna 
M. C. ooHxapH H B. B. Bep6HHCHH 

BLIJIH npoBep,eHLJ H3MepeHHH npocTpaHCTBeH

Horo, cue:KTpaJILHoro H yrJI<>Boro pacnpe,n;eneHHH 
HeiiTpoHoB c aHeprHeif 6oJILme 1 M 86 B BO,IJ;HHOH 

aa~HTe peaKTopa norpyamoro THna. PaccToHHHe 

H3MeHHJIOCb ,!1;0 50 C.M B,IJ;OJih HopMaJIH K JIHqeBOM 

tTopoHe peaKTopa H ,n;o 40 c.M no,n; yrJiaMH 51 H 

40,5° K HOpMaJIH. IloJiylJeHHhle B,IJ;OJib HOpMaJIH I> 

JIHqeBOH llOBepXHOCTH peaKTopa pe3yJihTaTbl no

Ka3aJIH, 'ITO C yBeJIHlJPHHeM CJIOH BO,IJ;hl CneKTp 
CTaHOBHTCH 6oJiee meCTKHM H nOHBJIHeTCH 6oJiee 

TOHKaH CTpyKTypa. 8Ta TOHKaH CTPYKTypa cneK

Tpa no C~eCTBY HC'Ie3aeT, H cneKTp CTaHOBHTCH 
6oJiee MHfKHM llpH 51 H 40,5°. lloJiy'leHHhle flKC

nepHMeHTaJihHble ,n;aHHble CpaBHHBaiOTCH C pe

ayJibTaTaMH TeOpeTH'IeCKHX pac'leTOB no TeopHH 
nepeHoca, H 'IHCJieHHo HHTerpnpyroTcH BonbqMa

HOBCKHM ypanHeHHeM nepeHoca. 06~ee cornacne 

Memp,y paC'IeTHhiMH H flKCUepHMeHTaJibHhiMH p,aH

HbiMH p,JIH aHeprHH Bhlme 1,5 MaB y,n;onJieTnopH

TeJihHoe, 3a HCKJIIOlJeHHeM TOfO, 'ITO pac'leThl 

npep,cKaaLJnaroT 6onee CilJihHhiH nponaJI P,JIH H3-

MepeHnH npH 0°. 8To pacxomp,eHHe MomHo qac

TH'IHO o6'hHCHHTh pa3JIH'IHeM B reoMeTpHH HCTO'I

HliKa P,JIH paC'IeTa I{ flKCnepHMeHTOB, a TaKme KO

He'IHOH BCJIJI'IHHOH pa3pemeHHH cneKTpOMeTpa. 
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A/670 Pakistan 

Estudio del transporte de neutrones rapidos 
mediante un reactor de piscina 

por M.S. Bokhari y V. V. Verbinski 

Se han medido las distribuciones neutr6nicas espa
cial, espectral y angular en el blindaje de agua del Bulk 
Shielding Reactor 1 para energias superiores a 1 MeV. 
Se vari6 la distancia hasta 50 em en direcci6n normal 
al reactor y hasta 40 em en direcciones que forman 51 o 

y 40,5 o con la normal. A lo largo de la normal se 

observa un endurecimiento del espectro y que aparece 
estructura fina al aumentar Ia distancia en el agua. 
Esta estructura tina desaparece pnicticamente y el 
espectro se reblandece a 51 o y 40,5°. Se han com
parado los resultados con calculos que integran Ia 
ecuaci6n de transporte de Boltzmann. Por encima de 
1,5 MeV el acuerdo general entre calculo y experi
mento es razonablemente bueno, excepto que los 
valles predichos por el calculo a 0 ° son mas pronun
ciados. Este desacuerdo se ha atribuido en parte a Ia 
diferencia entre las geometrias usadas en el calculo 
y en Ia experiencia para la region de fuente y a Ia 
resoluci6n finita del espectrometro. 
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Desarrollo de Ia tecnica de Ia fuente pulsada 
de neutrones en Ia Junta de Energfa Nuclear 

por F. Verdaguer, M.A. Vig6n, F. Cordero, B. Garda-Castaiier y E. R. Mayquez* 

La utilidad de Ia tecnica de Ia fuente pulsada de 
neutrones ha sido demostrada a lo largo de los ultimos 
afios a partir de los trabajos de von Dardel y Sjostrand 
[1] en 1954. Con el fin de utilizar este metodo en 
nuestros laboratorips nuestro primer objetivo fue, en 
cuanto en la instrumentaci6n se refiere, pulsar un 
acelerador Cockcroft-Walton de 600 k V para ser usa do 
en medidas con medios moderadores, c.onstruyendose 
otro de 150 kV, con mayor flexibilidad de montaje y 
traslado, para aplicarlo al estudio de medios multi
plicativos. Se describen en este trabajo algunas carac
teristicas de estos aceleradores y las medidas efec
tuadas, o en curso, con ellos. 

MEDIOS MODERADORES 
lnstrul)1entaci6n 

Se disponia de un acelerador de 600 kV tipo 
Cockcroft-Walton construido hace aiios en nuestros 
laboratorios. Consiste en tres etapas de aceleracion, y 
se utiliza una fuente de iones de catodo frio tipo 
Penning. 

Los impulsos de neutrones se consiguen pulsando la 
fuente de iones con impulsos de forma sinusoidal con 
picos de corriente de 2A. Los picos de corriente de 
iones en el blanco son del orden de 200 ~-tA. La anchura 
de los impulsos es variable entre 10 JLS y 100 JLS, y la 
frecuencia de repeticion puede variar entre 500 y 
2000 impulsos por segundo. El sistema de pulsar Ia 
fuente ha sido descrito en [2]. 

Se ha utilizado un analizador de tiempos de 
9 canales cuyas caracteristicas principales son las 
siguientes: los canales son contiguos con anchuras de 
5, 20 y 50 JLS. El instante de apertura del primer canal 
puede retardarse, respecto al impulso de sincronizacion 
recibido del acelerador, un intervalo de tiempo 
ajustable entre 0 y 800 JLS. La sincronizaci6n entre el 
acelerador y el analizador de tiempos se consigue dis
parando al ultimo con Ia sefial producida en el blanco 
por la llegada de los iones, convenientemente modi
ficada. 

Como detectores se han utilizado contadores de 
FaB con 96% de B10 y presion del gas 120 em Hg. Para 
pro bar la instrumentacion y la puesta a pun to de la tec
nica se midieron en primer Iugar los parametros de difu-

*Junta de Energia Nuclear, Madrid. 

sion del agua natural, obteniendose los val ores (D v) = 
35600 ± 1100 cm2 s-1, c= 3000 ± 1800 cm4 s-1y ,\0 = 
4892 ± 147 s-1, que estan de acuerdo, dentro de los 
errores experimentales, con los resultados que figuran 
en la bibliografia. 

Medida en soluciones de cadmio en agua natural 

La relaci6n existente entre el coeficiente de enfria
miento, c, y la transferencia cuadratica media de 
energia, o poder de termalizacion, M2, hallada por 
primera vez por Nelkin [3], sugiri6 el estudio del 
efecto producido por una captura no 1/v sobre los 
parametros de difusi6n del agua, y poder determinar 
asi el valor de M2 a partir de estos efectos. 

Utilizando el metodo variacional usado por Nelkin 
para estudiar el efecto de enfriamiento superficial, es 
facil demostrar que el valor de la constante de decreci
miento, ,\, del modo fundamental en una disolucion de 
cadmio en agua natural viene dada, en primera 
aproximacion, o sea, para temperaturas de los neu
trones que difieren poco de la del agua, por la siguiente 
expresi6n: 

donde 
00 

J.E~ (E) M(E) dE 
(.E!fd)T = (.E!fd)o g(T) = .:..o _

00 
_____ _ 

voJ(lfv) M(E) dE 
0 

es la secci6n eficaz efectiva del cadmio a la tempera
tura T del medio, definida segun Westcott [4], y donde 
M(E) es la distribucion maxweliana normalizada a 
la unidad, 

00 

J[D (E)v] (1/v) M(E) dE 
(D v)T = .::....0 

--,-------
co 

J(l/v) M(E) dE 
0 
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es la constante de difusi6n en la temperatura T del 
medio, y los otros simbolos 

vo = 2,2. 105 em s-1 
VT = ve1ocidad mas probable a la temperatura T 
.Er•o = secci6n eficaz del agua para v = vo 
B2 = laplaciana del modo fundamental 

roro 

M2= ;
2
J J .E(E--+E') M(E) (E -E')2 dE dE' 

0 0 

la transferencia cuadratica media de energia, o poder 
de termalizaci6n. 

Friedman [5] llega a una expresi6n parecida 
desarrollando la perturbaci6n producida sobre el 
espectro de neutrones por la presencia de la captura 
no 1/v y el tamaiio finito del medio en polinomios de 
Laguerre y quedandose con el polinomio de primer 
orden. 

Segun la expresi6n (1), midiendo la constante de 
decrecimiento, A, a distintas concentraciones de 
cadmio y los valores de la 1aplaciana, B2, se puede 
evaluar el valor de M2. 

Las medidas se han efectuado con dos concentra
ciones de cadmio: 3,08 g/1 y 1,59 g/1. Se escogieron 
estas concentraciones para obtener capturas el triple 
y el doble de la del agua natural. 

Para eliminar los arm6nicos que acompaiian al 
modo fundamental se ha utilizado el siguiente proce
dimiento: se han situado cuatro contadores de forma 

... ·. · .. : .. .' ·. 

Figura 1. Esquema del montaje 
1: Contadores; 2: Blindaje de 6xido de boro; 3: Blindaje de 
carburo de boro; 4: Blanco; 5: Conexi ones de los contadores 
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simetrica en el cero del primer arm6nico radial y de tal 
forma que el nivel maximo alcanzado por la disoluci6n 
fuera igual a la longitud del volumen util de los 
contadores. De esta forma, ademas del citado arm6-
nico, se eliminan, por integraci6n, todos los impares 
axiales y se reducen a 1/(n + 1) los pares axiales de 
orden n. Ademas, estando situados los contadores en 
e1 interior del medio, se aumentaba su velocidad de 
recuento, pudiendo aumentar el tiempo de retardo sin 
menoscabo de la estadistica necesaria. En la Fig. 1 se 
presenta un esquema del montaje de la experiencia. 

Con elfin de corregir por la perturbaci6n producida 
por los contadores se efectuaron medidas sucesivas de 
A con 4, 3, 2 y 1 contadores. En cada caso, los tubos no 
ocupados por el correspondiente contador se llenaron 
de disoluci6n hasta el mismo nivel alcanzado en el 
resto del recipiente. En Ia Fig. 2 . se presentan los 
valores · asi obtenidos para A, en funci6n del numero 
de contadores para cada concentraci6n y cada la
placiana. No observandose ninguna desviaci6n de la 
linearidad, lo que demuestra que no existia pertur
baci6n mutua entre los contadores, era licita Ia extra
polaci6n a cero contador, obteniendose asi el valor de 
la constante de decrecimiento sin perturbar, corres
pondiente a cada concentraci6n y laplaciana. 

Los tiempos de retardo utilizados han estado com
prendidos entre 200 f'S y 300 f'S, dependiendo del valor 
de la laplaciana. Por defecto de neutrones no pudo 
medirse a retardos may ores y para la mayor laplaciana, 
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Figura 2. ,\en funci6n del numero de contadores, 
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Las•rectas a1 y a2 corresponden a B2=0,1571 cm-2; b1 y b2 a 
B 2 = 0,1104 cm-2; c1 y c2 a B2 = 0,0846 cm-2 
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B2 = 0,0846 em -2 se estim6, por calculo, que a un 
retardo de 300 fLS, Ia contribuci6n de los arm6nicos en 
el primer canal era del orden de 1 % del modo funda
mental, dando Iugar a una correcci6n sobre el valor de 
Ia constante de decrecimiento del orden de 0,2 %. 

Las medidas se efectuaron en tres laplacianas 
distintas. Para el calculo de estas se tom6 como 
primer valor de prueba de Ia longitud extrapolada, 
de= 0,33 em. Para corregir por el efecto de enfria
miento superficial se adopt6 como valor de prueba del 
coeficiente de enfriamiento, c = 3 700 cm4 s -1. En Ia 
Fig. 3 se presentan los valores de ..\ en funci6n de B2 y 
para las dos concentraciones. Las rectas se ajustaron 
por minimos cuadrados segun: 

AtJ = (E!j. vo)t + (D v)Ti B21 

obteniendose los val ores siguientes: 

Concentraci6n: 3,08 g/1 (sol. I) 
(.E:f vo)l = 16440 ± 115 s-1 
(D v)T1 = 33807 ± 1070 cm2 s-1 

Concentraci6n: 1,59 gjl (sol. 2) 
(.Ef voh = 11073 ±97 s-1 
(D v)T2 = 36069 ±866 cm2 s-1 

Se dedujeron val ores para M2 y ( D v)T, identificando 
, los resultados experimentales con las expresiones que 
figuran en (1). Para ello se ha utilizado el siguiente 
con junto de val ores: 

y 

g(T)= 1,3281 T(dg(T)jdT)T=0,982 de [4] 

(.E!/'0 vo)l = 4 838 ± 31 s -1 [(.E;l)o voh = 
9020±54s-1 

(E!/'0 voh=4851 ±31 s-1 [(E;rd)o vo]2= 
4660±28 s-1 
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Tabla 1. Comparaci6n de los valores de los parametros 
de difusi6n, enfriamiento y termalizaci6n 

Au tor (D v)T 
cm2 s-1 

Scott eta/. (1954) 38500±800 

c 
em-~ s-1 

Mz 
cm-1 

vonDardeleta/.(1954) 36340±750 7300±1500 1,63±0,33 
Antonov eta/. (1955) 35 000 ± 1 000 4000 ± 1 000 2, 76 ±0,69 
Braccieta/.(1956). 34850±1100 3000±1000 3,66±1,20 
Dio eta/. (1958) 34450±600 3 700± 700 3,07 ±0,58 
Kiichle (1960) . 35400±700 4200±800 2,70±0,51 
Lopez eta!. (1962) . 36892±400 5116± 776 2,40±0,36 
Reier (1961) 37 618±205 
Rocket eta/. (1960) 38 800 
Este trabajo 38411 ±910 8090±2400 1,65±0,49 

calculados a partir de 
aCd (22 °C) = 3 328 ± 20 b 
aH (22°C)=329,3±2,1 mb 
(NH)I=6,6788.1022 cm-3 (NCd)1=1,636.1Q19 cm-3 
(NH)2 = 6,6968.1022 em -3 (NCd)2 = 0,845.1019 em -3 

Los valores obtenidos fueron M2 = 1,42 cm-1 y 
(D v)T= 37864 cm2 s-1. A estos corresponden valores 
de c y de mayores que los adoptados, con lo cual se 
oper6 iterativamente. Despues de pocas iteraciones se 
alcanz6 consistencia con los valores definitivos 
siguientes: 

(D v)T = 38411 ±910 cm2 s-1 
M2 = 1,46 ±0,43 cm-1 

En Ia tabla 1 se presentan algunos de los datos 
publicados de (D v)T y c, y los valores correspondientes 
de M2 calculados usando Ia expresi6n de Nelkin [3]. 
Para comparar nuestro valor de M2, y el correspon
diente de c, con los otros, aquel fue corregido por un 
factor 1,13 debido a Ia sustituci6n de 77! por 2,004 en 
Ia expresi6n (1), tal como propone Nelkin. 

Nuestro valor de (D v)T esta de acuerdo con los 
obtenidos en volumenes relativamente grandes, inde
pendientemente de si se ha utilizado fuente pulsada [6] 
o estacionaria [7, 8] de neutrones. En cambio, es 
mayor que los obtenidos utilizando fuente pulsada con 
pequefia geometria [9-13] asi como tambien el valor 
de c, excepto el publicado en [14]. Esta diferencia de 
valores podria ser quiza explicada suponiendo una 
subestimaci6n del coeficiente del termino B6. 

El valor de M2 determinado en este trabajo es menor 
que los deducidos a partir de los valores de c publi
cados y que el calculado [3] suponiendo rotaciones 
completamente ligadas y traslaci6n libre de moleculas 
de masa 18, (M2 = 2,27 em -1). Segun este resultado 
tendriamos que suponer que Ia masa aparente de las 
moleculas del agua es mayor de 18. 

Usando las formulas presentadas en [3] que rela-
cionan Ia masa Myel tiempo de termalizaci6n con M 2, 
se obtienen y-1 = 8,3 ± 2,3 fLS y M = 26. El valor 
de y-1 esta de acuerdo, dentro de los errores experi
mentales, con y-1 = 7 fLS, medido por von Dardel y 
Sjostrand [14]. El valor de Ia masa: 26, es coherente, 
tambien dentro de los errores experimentales, con el 
de M = 23, calculado suponiendo que el 43% de las 
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moleculas de agua, debido a su fuerte polaridad, estan 
asociadas a pares, como se predice en Ia teoria 
fenomenologica de Eucken [15] sabre la estructura del 
agua. La existencia de complejos de moleculas tam
bien Ia han supuesto varios autores [16-18] para 
explicar Ia aparicion de picos a baja energia en experi
mentos sobre Ia dispersion inelastica de neutrones 
frios por el agua natural. 

Refrigerantes organicos 

Debido a Ia aplicacion que tiene el Santowax-~ 
como refrigerante organico en ciertos tipos de reac
tores de potencia era interesante medir sus parametros 
de difusion. 

EI dispositivo experimental consistia en un reci
piente cilindrico que mediante resistencias arrolladas en 
su superficie permitia fundir y calentar el Santowax-R. 
La temperatura maxima era de 300°C. La existencia 
de Ia resistencia, asi como del material aislante del 
calor que protegia a los contadores situados exterior
mente produce un efecto equivalente a un reflector. 
Con el fin de asignar a este reflector un coeficiente de 
reflexion que permitiera corregir el valor de Ia longitud 
extrapolada a utilizar para el calculo de Ia laplaciana, 
se efectuaron medidas previas, y con el mismo dis
positivo, con Gilotherm a la temperatura ambiente. 

Admitiendo los valores publicados sobre los para
metros de difusion [19,20] del Dowtherm, equivalente 
al Gilotherm, se calculo que el efecto del reflector era 
corregir Ia Iongitud extrapolada del medio por un 
factor igual a 1,8 ±0,2. 

Los resultados de Ia medidas efectuadas con Santo
wax-R estan siendo tratados teniendo en cuenta Ia 
existencia de dicho reflector. 

MEDICS MULTIPLICATIVOS 

La primera aplicacion de Ia tecnica de Ia fuente 
pulsada en medios multiplicativos va a ser ei estudio 
del conjunto subcritico de agua pesada, uranio natural 
y refrigerante organico descrito en el trabajo [21] pre
sentado en esta conferencia y que expone las experien
cias verificadas con fuente estacionaria de neutrones. 

Para este fin se ha construido y esta a punto de 
entrar en servicio un acelerador de 150 kV cuyas 
caracteristicas se describen someramente a continua
cion: el sistema de vacio esta formado por una bomba 
rotatoria de 12 m3/h y una difusora de aceite de 
2000 1/s. La presion final en el acelerador es de I. I0-6 

torr y Ia presion maxima de trabajo es de 4.10-5 torr 
con un flujo maximo de 13Ucm3 atm/h de deuterio. 

Lafuente de iones es de tipo Penning con catodo frio 
de uranio. La corriente maxima de descarga es de 5 A 
de pico y 50 rnA de media. La tension de manteni
miento del arco es de 650 V y Ia presion de trabajo de 
3 a 5 I 0 -a torr. Se utilizan orificios de salida de I a 
3 mm de diametro. La anchura de los impulsos puede 
variarse desde 6 JLS basta varia's milisegundos, y Ia 
frecuencia de repeticion puede ser de I 6 2 por 
segundo a 2 kc/s. 

El sistema extractor tiene geometria Pierce modi
ficada ligeramente para mejorar Ia conductancia en 
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vacio. Una lente electrostatica de tres electrodos forma 
el sistema de enfoque y acelerador siendo desacelera
dora Ia lente intermedia. En la Fig. 4 puede verse un 
esquema de este sistema. Las Ientes son de gran 
abertura, siendo 22,5 em el diametro de Ia Iente 
aceleradora. 

·En el blanco pueden obtenerse corrientes de 

2 

Figura 4. Sistema de extracci6n y enfoque del acelerador 
de 150 kV 

1 : Fuente de iones; 2: Refrigeraci6n; 3 : Aislante; 4: Electrodo 
acelerador; 5 : Electrodo desacelerador; 6: Electrodo extractor; 

7: Caperuzas antiefluvios; 8: Valvula de gas 

Figura 5. Vista general del acelerador de 150 kV 
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deuterones de 15 rnA de pico a 150 kV, con 
diametro del haz ionico de 3 em. Se estima que el 
porcentaje de iones atomicos oscila entre 40% y 60%, 

F. VERDAGUER et a/. 

segun la intensidad de descarga en la fuente de iones. 
En la Fig. 5 se presenta una fotografia del acelera.dor 

en su estado actual de montaje. 
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ABSTRACT -RESUME-AHHOTAU£.1.R-RESUMEN 

A/678 Spain 

Development of the pulsed neutron source 
technique at the Junta de Energla Nuclear 

By F. Verdaguer et a/. 

In this paper are presented some applications of the 
pulsed neutron source technique, the results obtained 
and the measurements in progress. 

A 600 kV Cockcroft-Walton accelerator has been 
used as a neutron source, the neutron bursts being 
obtained by pulsing a Penning type ion source. The 
first measurements have been performed with a 
9 channel time analyser. 

First, the diffusion parameters of light water have 
been measured, the results agreeing with published data. 

The connexion between the cooling effect coefficient 
c and the mean square energy transfer M2 suggested 
the possibility of measuring M2 through the perturba
tions which are produced on the capture and diffusion 
constant of non-1/v capturing media. These media 
have been obtained by dissolving different amounts of 
cadmium in light water. The perturbations depend on 
the cadmium concentration, on the temperature 
dependence of the effective cross section of cadmium 
and on M2. From measurements, a value of M2= 
1,65 ±0,49 cm-1 has been deduced. 

Previous results from measurements of the diffusion 
parameters of Santowax-R as a function of the 
temperature are also presented. To calibrate the 
experimental arrangement used, measurements have 

been performed in which Gilotherm was substituted 
for Santowax-R. 

With regard to non-multiplying media, measure
ments are in progress to study the effect produced by 
a reflector on the mean life of neutrons in moderators. 

In order to apply the pulsed neutron source tech
nique to multiplying media, a 150 kV pulsed accelera
tor has been built and its description is given. The first 
measurements will be performed on a heavy-water 
moderated subcritical assembly with two different 
kinds of fuel elements. 

A/678 Espagne 

Progres dans Ia technique de Ia source 
de neutrons pulses 
a Ia Junta de Energla Nuclear 

par F. Verdaguer et a/. 

Le memoire decrit quelques applications de la tech
nique de la source de neutrons pulses et donne les 
resultats deja obtenus, ainsi que les mesures en cours. 

On utilise comme source de neutrons un accelera
teur Cockcroft-Walton de 600 kV avec une source 
d'ions a impulsions du type Penning. 

Pour les premieres mesures, on a eu recours a un 
analyseur de temps a 9 canaux. 

On a mesure d'abord les parametres de diffusion de 
l'eau Iegere, dont les valeurs concordent avec celles 
mentionnees dans la litterature. 
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La relation entre le coefficient de refroidissement c 
et le transfert moyen quadratique d'energie M2 a 
incite les auteurs a mesurer cette valeur a partir des 
perturbations de Ia capture et de Ia constante de 
.diffusion d'un milieu dont Ia section efficace de capture 
n'obeit pas a Ia loi 1/v. On a obtenu ce milieu en dissol
vant dans de l'eau Iegere des quantites variables d'un 
compose du cadmium. Ces perturbations dependent de 
Ia concentration en cadmium, de Ia variation de Ia sec
tion efficace effective du cadmium suivant Ia tempera
ture des neutrons et de Ia valeur de M2• On deduit 
des mesures effectuees que M2 = 1,65 ±0,49 cm-1. 

Les auteurs indiquent egalement les resultats ob
tenus precedemment en mesurant Ies parametres de 
diffusion de Santowax-R a diverses temperatures. 
Pour proceder a ces mesures, il a fallu etalonner le 
dispositif experimental en rempla9ant Ie Santowax-R 
par le Gilotherm. 

En ce qui concerne les mesures de ce genre dans des 
milieux non multiplicateurs, on poursuit actuellement 
!'etude de l'effet que produit un reflecteur sur Ia vie 
moyenne des neutrons dans un milieu ralentisseur. 

Afin d'appliquer Ia technique de Ia source pulsee a 
I' etude des proprietes des milieux multiplicateurs, on a 
construit un accelerateur pulse de 150 kV. Les pre
mieres mesur~s seront faites dans un assemblage sous
critique modere a l'eau lourde et avec deux types 
d'elements combustibles. 

Paapa6orKa cnoco6os 
HMnyllbCHbiX HCT04HHKOB 
s KoMHCCHH no aroMHO~ 

¢1. BepAaryep et al. 

A/678 HcnaHHA 

npHM6H6HHH 
HeJ:iTpOHOB 

3HeprHH 

B HaCTOH~eM )];OKJia)W onHCbiBaiOTCH HeKoTo

pble CITOC06bl HpHMCHCHHJ:I HMITYJILCHbiX HCTO'l

HHKOB HCHTpOHOB H coo6~aiOTCJ:I ITOJiyqCHHI.Ie pe-

3YJILT3TLI. 
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B K3'1CCTBC HCTO'lHHKa HeiiTpOHOB HCITOJIL3YCT

CJ:I ycKopHTCJIL KoKpoqJTa - YoJITOHa Ha 600 1>6, 

OCHaii\CHIIbiH HOIIHLIM HCTO'IHHKOM THIIa fleHHHH

J'H u pa6oTaiO~Hii B HMUYJILCHOM pemuMe. 

B Ha'laJILHhiX H3Mcpeuuax npuMeHHJICH ~}-Ha
JIUJILHhLK BpCMCHHOH anaJIH33TOp. 

B nepny10 O'Iepc)];h OhiJIH uaMepcuLI ,n;u.p<J>yau

oHHhie napaMCTphi )];JIJ:I o6hi'lHOi'J BO)];bl, HpH'ICM 

IlOJIY'lCHHbiC peayJibTaTbl COBIIaJJH C HMeiOll\HMU

CJ:I B JIHTepaType )1;3HHblMH. 

CooTHollieuue MeJKAY Koaq)<f>Hl\HCHTOM a.P.PeK

Ta OXJiaJK)];CHHJ:I C H cpe)];HHM 1\Ba)];paTOM BCJIH'IU

Hbl rrepe)];anaeMoii ::mepriiH M2 nano,n;IIT ua MhiCJJL 

00 OIIpC)];CJieHJIH llOCJIC)];HCH neJilf'llfHI>I 113 H3MC

peHI1H B03M~CHHH B CC'll'HJUI 33XBaTa H B K03$

<pHI\11CHTC AH«i>«i>Y311H CpC)];bl, CC'ICHI1C 33XB3Ta 

KoTopoii: He IIOA'IHHHCTCH aaKouy 1/v. Ta:KaH cpe

,n;a oi.IJia noJiyqeua rryTeM pacTnopeuua n o6LmHo

neuuo:ii BOAC pa3JIH'lHhlX KOJIH'ICCTB CO,I.l;CpiKa~e-
1'0 Ka)];MHH ne~ecTBa. BoaMy~enua aaBI1CHT oT 

l<OHI\CHTpaqHH .Ka)];MHH, OT H3MCHCHHH a.PifJeKTHB

HOrO CC'ICHHH 3aXBaTa l\3)1;MlfJ:I B 33BIICHMOCTH OT 

TeMrrepaTypLI ueii:Tpouon 11 OT anaqeuua M2. Ha 

ocuonauuu rrpouaue,n;eHHLIX H3Mepeuuii oLIJia uaii

;~ena HCKOMaH BCJilf'l~Ha: M2 = 1,65± 0,49 CJit -~ 
llpHBOAHTCH Ta«me noJiyqeHHbie pauee peayJIL

TaTLI uaMepenua AII«flifJyauouHLIX napaMeTpon 

TepifJeHHJia MapKH CaHTOB3KC-R npu pa3JIH'IHLIX 

TCMIIepaTypax. ,lJ;JIH KaJIHOpOBKH peay JJbTa TOB 

CaHTOBaKc-R 33MCHJ:IJICJ:I iKHJIOTepMOM. 

q TO KacaeTCH npoue,n;eHHH Ta:Koro po,n;a uaMe

penuii: B Hepa3MHOiK310ll\HX cpe,n;ax, TO B H3CTOH

ll\CC BpCMJ:I IIpOBO)];HTCJ:I H3Y'lCHHl' BJIHJ:IHI1J:I H3JIH

'IHJ:I OTpamaTCJIJ:I Ha cpe,n;Hee BpCMJ:I JKH3HH HCH

TpOHOB B 3aMC)];JIHTCJIJ:IX. 

B l\CJIHX npHMeHeHHH MeTo)];a HMITYJILCHoro lfC

"I'O'lHHKa AJIH uayqenua cnoiicTB paaMnomaiO~ux 
cpe,n; pa3HbiX COCTRBOB 6LIJI UOCTpoeH HMHYJih

CHbiH YCKOpHTCJIL Ha 150 1>6, OllHCaHHC KOTOporo 

llpHBC)];CHO B )1;0KJI3)1;C. llepBbiC H3MepeHIIJ:I 6YAYT 

rrpone,n;eHLI na HOAKPHTH'leCKoii: c6opKe c aaMeA

JIHTeJieM H3 TJ:IiKCJIOH BO)];bl, npH'ICM 6y)];yT uay

'll'Hbl )1;B3 THITa TCITJIOBbi)];CJIJ:IIO~HX :lJJCMCHTOB. 
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Investigations into the moderating properties of water 

By U. Dahl borg,* G. Grosshog, ** K. E. Larsson,* E. Moller,*** S. N. Purohit*** 
and N. G. Sjostrand** 

In order to predict the neutron spectrum in a 
thermal reactor, one has to know how the neutrons 
interact with the moderator. Based on theoretical and 
experimental evidence, several scattering models have 
been proposed. In the present paper, a review is given 
of recent work performed in Sweden to test and 
improve the present models for neutron scattering in 
water. The work consists of differential neutron 
scattering experiments, integral time-dependent and 
stationary measurements as well as theoretical con
siderations. 

PART1 
Cold neutron scattering experiments 

(K. E. Larsson and U. Dahlborg) 

During the last few years, some experiments on light 
and heavy water have been performed at the Stock
holm reactor Rl by use of the cold neutron scattering 
technique [1-3]. A beryllium filtered neutron beam 
impinges upon a sample, and the energy distributions 
of the scattered neutrons are measured at some selected 
scattering angles by the slow chopper time-of-flight 
technique. In Fig. 1, the scattering pictures from H20 
at 275 °K and 365 oK are shown. It is seen that the 
scattered spectra divide into two parts, one inelastic 
part ranging from about 0.2 eV down to 0.005 eV and 
one quasi-elastic part for energies below 0.005 eV. It 
is immediately obvious by comparison with the neu
tron spectrum calculated according to the gas model 
(also shown in Fig. 1) that this model cannot at all 
describe the scattering picture. This fact seems to be 
generally true in the case of low energy neutrons 
scattered by a liquid. 

The differential scattering cross section per atom 
may generally be written as [4] 

--=-- exp[i(K · r- wt)]-G(r,t)drdt d2a a2 k JJ -+-- - ___,. 
d.Qdw 21Tko 

(1) 

where G(7,t) is the generalized pair distribution func
tion of the scattering medium which can be in the 

solid, liquid or gaseous state. k and ko are the scattered 

and ingoing neutron wave vectors, li; is the momen
tum transfer, and liw the energy transfer. The function 

* Royal Institute of Technology, Stockholm. 
** Chalmers University of Technology, Goteborg. 

** * AB Atomenergi, Studsvik. 

G(7,t) can naturally be split up into a part Gs(:.t), 
describing the correlation between positions of one 
and the same particle at different times, and a part 

Gd(7,t) which refers to pairs of distinct particles. The 
G8 function gives rise to incoherent scattering and the 
Gd to coherent scattering. As the self part of the pair 
distribution function is much easier to handle mathe
matically, one normally omits the distinct part. This 
is justified in the case of scattering from light water, 
as the hydrogen nuclei scatter almost completely 
incoherently, but is not necessarily true for the case 
of heavy water, as up to 80 per cent of the deuterons 
scatter coherently. The incoherent differential scatter
ing cross section for a solid can be rigorously derived 
in terms of the frequency spectrum of the normal 
modes. Similarly, in the case of a liquid the cross 
section can be expressed in terms of a generalized 
frequency distribution, which can be shown to be the 
velocity auto correlation function of the atoms in the 
liquid [5]. This function may be derived from experi
ments by two different methods, one according to 
Egelstaff et a!. [6] and one according to Larsson et a/. 
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Figure 1. Examples of observed neutron spectra scattered from 
H20 at two temperatures. For comparison the (mass=1) ideal 
gas model curve is shown as calculated for the highest tempera-
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[2, 3, 7]. The two methods give on the whole the same 
result, but differences in the detailed structure of the 
obtained distributions may appear. 

The justifications for the assumption that there 
exists a more or less pronounced vibrational spectrum 
in a ]~quid are many. From careful experimental stu
dies of the broadening of the quasi-elastically scattered 
neutron spectrum it is possible to obtain relaxation 
times for the diffusive motions in liquids. Thus experi
ments on some hydrogenous liquids (H20 and glycer
ine) have shown that the spectra of quasi-elastically 
scattered neutrons can be explained by a model of the 
atomic motions where the solid-like properties are 
predominant. From this model, and also directly from 
the uncertainty relation, relaxation times for the diffu
sive motions. are obtained. This relaxation time seems 
to reach a saturation value, about 1 x 10-12 s, as the 
temperature is inqeased [7]. Thus, even close to the 
boiling point, any atomic or molecular, vibrational or 
rotational, motion with a period shorter than 10-12 
seconds is defined and is existing although it must be 
more or less damped. It therefore seems reasonable 
to believe that a velocity spectrum or a frequency 
spectrum of these motions exists. We have derived 
such spectra on the basis of the formalism already 
developed for the phonons in a solid. 

A strong support for this procedure is that the 
frequency spectra derived from the inelastically 
scattered neutron spectra in for instance D20 just 
below and just above the melting point (Fig. 2) 
coincide almost exactly [2]. This means indeed that 
the internal motions do not differ to any appreciable 
amount in the solid and the ,liquid phase. Measure
ments at higher temperatures (Fig. 2) have shown that 
even for D20 at 300aC there exists a frequency spec
trum with a rather well pronounced structure. 

A rather intricate question in neutton spectra 
scattered from liquids is whether any coherent scatter
ing is observed in the pattern or not. Coherent scatter
ing could apparently be caused by the oxygen nuclei, 
the deuterons, and also to a small degree by the 
protons. One way to study this is to compare the fre
quency spectra for HzO and D20 just above the melt
ing points [7]. If the high energy peak in H20, which 
is known to originate from the hindered rotation of 
the proton within the hydrogen bond, were shifted 
down in energy in the ratio 1 :y'2, one should obtain 
the spectrum for DzO very closely. The new H20 
spectrum obtained in this way is compared to the 
measured one for DzO in Fig. 3. The two distributions 
are arbitrarily normalized to each other at about 
0.055 eV. As can be seen the spectra differ in shape 
most markedly at about 0.02 eV at which energy the 
coherent scattering should be at its maximum. It thus 
seems that there exist coherent contributions in the 
observed patterns in cold neutron scattering from 
water. Recent measurements have, however, shown 
that only very weak coherent scattering from more 
complicated liquids such as glycerine seems to exist. 

All the facts presented give strong support to the 
idea that there exists a spectrum of the internal 
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Figure 3. The frequency spectrum for H20 at +2°C with the 
high energy peak shifted down in energy in the ratio 1 :y2 
compared to the measured frequency spectrum for 0 20 at +5°C 

motions in water and that this spectrum can be 
derived, retaining the first term in the phonon expan
sion formula for the differential scattering cross sec
tion in the incoherent approximation given by [8], 

d2a k liw 
-- =a2inc .-. exp( --- -2W) 
d.Qdw . ko 2knT 

[

fzK2j(w) + ~ (2~)nGn(w)] 
4M 

0 h liw n~2 n. 
wstn --

2knT 

(2) 

where 2W is the Debye-Waller factor, f(w) is the fre
quency spectrum and the Gn denotes certain functions 
of the energy transfer E =fzw. If one includes the 
internal molecular vibrations at ,-...,{).2 eV and ,-...,{).4 eV 
it is possible to obtain a physically reliable expression 
for the scattering kernel. The use of very approximate 
models like the width model [9] is justified only by its 
ability to describe details of thermalization spectra 
but it has no physical significance as it exaggerates the 
importance of the diffusive part of the atomic motions. 
Likewise, the use of the gas model is only justified for 
neutron energies which are high compared to the 
energy transfer. 

PART 2 
Experimental investigation of time dependent slowing 

down 

(E. Meller and N. G. Sjostrand) 

Principle of the experiment 

Bursts of neutrons are produced in a large volume 
of water. In a chosen position, a pot is placed contain
ing a weak solution of a substance with a known 
neutron capture cross section Ea(E). The time and 
energy dependent neutron flux C/J(E,r,t) reacts with the 
capturing substance resulting in a time dependent 
reaction rate R(t) given by 
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R(t) = J Jtl>(E,r,t).Ea(E)dEd V (3) 
VE 

The integration is performed over the volume of the 
container. If the concentration of the capturing sub
stance is low, the perturbing influence on the neutron 
spectrum is negligible, and the spectrum will be 
dependent on the neutron source energy and the 
scattering properties of the medium only. Knowing 
the properties of the source one may thus obtain 
information about the scattering laws by studying R(t). 
The information depends on the cross section of the 
added substance, the spectrum indicator. A 1/v cross 
section results in a measurement of the time depend
ent neutron density. If the cross section deviates from 
the 1/v law, the time behaviour of certain energy 
regions is enhanced or suppressed. The near thermal 
region is of the greatest interest to study, since here 
the neutron scattering is a very complicated process 
and incompletely known. The most suitable spectrum 
indicators are cadmium (resonance energy 0.18 eV), 
samarium (0.098 eV) and gadolinium (0.03 eV). Silver 
has close to thermal energies a cross section which 
with good accuracy follows the 1/v law and may be 
used for neutron density measurements. 

Experimental procedure 

Neutrons with a mean energy of 1 MeV were pro
duced by the 7Li(p,n)?Be reaction, the protons being 
delivered by the pulsed 5.5 MV van de Graaff accele
rator in Studsvik. The absorption of the indicator 
solution reduced the lifetime of the thermal neutrons 
to 60fLS. In order to avoid discontinuities in the me
dium, the whole volume was poisoned with boron to 
the same absorption. The capture gamma radiation 
from the· spectrum indicator was detected by a scintil
lation counter with a plastic scintillator. The pulses 
from this were, after discrimination against capture 
gamma radiation of 2.2 MeV energy from hydrogen 
in the water, fed to a time analyser. Neutrons were 
produced every 250fLS, and the measurements were 
made with time resolutions of 0.155 and 0.330fLS. The 
position of the indicator was varied. Measurements 
were also made with indicator solution in the whole 
tank. The records of the measurements were corrected 
for dead-time, and the background was subtracted. 

Experimental results and their interpretation 

The results of the measurements at a distance of 
9 em from the source with a- time resolution of 0.33fLS 
are shown in Fig. 4. The maximum in the reaction 
rate curve is observed at 3.8 and 6.lfLs for cadmium 
and samarium respectively. For gadolinium there is 
no pronounced peak. All the curves pass over into a 
smooth decay after 25-30JLS. This is evidently the time 
for complete thermalization. Then an exponential 
decay follows, resulting from absorption and diffu
sion. The measurement with silver shows that the 
neutron density in the indicator pot decays exponen
tially from the first microsecond. The transients in 
the other curves have their origin in the energy changes 
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Figure 4. Measured reaction rate curves 

during the thermalization .. Figure 5 shows the same 
curves, but measured with a time resolution·of0.155JLS 
and corrected for absorption. The curves have been 
normalized to the same final level after complete 
thermalization, and they have been found to repre
sent the infinite medium. The basis for the theoretical 
curves in the same figure is given in part 4, where the 
results are also discussed. 

The last stage of the thermalization has been des
cribed by von Dardel [10] as a cooling down Maxwell 
spectrum, the temperature of which is exponentially 
approaching the moderator temperature. The time 
constant, lth, depends on the energy transfer during 
the scattering. Since the effective cross sections (g) for 
a Maxwell spectrum are linear functions of the tem
perature up to 250 oc for cadmium and gadolinium, 
one obtains g=g2o+kexp( -t/tth). From the time 
9p.s, when all the neutrons are down in the near 
thermal region, the experimental curves yield, when 
analysed as a sum of a constant and an exponential, 
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Figure 5. Reaction rate curves for cadmium, samarium and 
gadolinium corrected to zero absorption for water. All the 

curves are normalized at the final level 
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a thermalization time constant of 4.1 ± 0.4f-'S. This 
value is lower than that predicted for the mass 18 gas 
model, but it is between the values expected for a 
proton gas and for Nelkins model (see part 4). 

The slowing down time to a given energy cannot be 
found directly from the experimental curves. A mea
surement of this quantity requires an indicator cross 
section of 1/v shape with a sharp cut-off at a suitable 
energy. A cross section being a good approximation 
of the ideal is obtained by mixing ~admium and 
gadolinium in the atomic ratio 1 :0.365. The experi
mental curve, in its shape, similar to the gadolinium 
curve but with a steeper slope in the beginning, can 
be obtained by adding in that ratio curves from the 
individual measurements, in Fig. 5, of the two indi
cators, after having normalized them to the same 
source strength and number of atoms. The slowing 
down time is found to be 2. 7 ± 0.41-'s for an energy of 
0.2 eV. This result is discussed in part 3. 

A more detailed report on these measurements will 
be given elsewhere [11]. The method has also been used 
to study transport effects in the time behaviour in the 
e V region and to investigate the thermalization in ice 
[12]. 

PART 3 
Static measurement of the slowing down time 

(G. Grosshog) 

A neutron source which emits Q neutrons per 
second is placed in an infinite medium. If the total 
number of neutrons then present in the medium is N, 
the mean life time i of the total neutron population is 
N/Q. In the same way, if Na is the number of neutrons 
in the medium having a velocity above vc, the mean 
life time ic of this part of the neutron population is 
Na/Q. Thus we can write ific = R, where R is the cut
off ratio of a 1/v detector, i.e., the ratio of the inte
grated counting rates observed with and without a 
filter having a cut-off at vc. Neutrons are removed 
from the group having velocities above Vc through 
slowing down and absorption. Defining the slowing 
down time is as the average time a neutron spends 
from birth to reaching the cut-off velocity and assum
ing 1/v absorption in the medium we find 

lfls=R-1 (4) 

Because i can be obtained easily from known cross 
sections it is possible to determine the slowing down 
time from a cut-off ratio measurement [13]. 

In the present experiment, cadmium and gadolinium 
were used in the form of cylindrical filters with thick
ness 600 and 150 mgjcm2 respectively. A 100 mG 
Ra-Be neutron source was placed in the centre of a 
cylindrical aluminium tank (height 100 em, diameter 
90 em) filled with water. The neutron distributions in 
the tank were measured with a small boron trifluoride 
proportional counter. Great care must be taken to 
eliminate the disturbance caused by the detector. The 
correction was determined both theoretically, using 
the P1 approximation and experimentally by foil 
measurements in the vicinity of the detector. Good 
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agreement was found between theory and experiment. 
The effect of leakage of thermal neutrons through the 
hole in the filters caused by the connection to the 
preamplifier was determined experimentally. Another 
correction was necessitated by the finite dimensions 
of the detector, which makes it average the neutron 
density differently, depending upon the shape of the 
distribution. 

Using 330 ±3 mb as the absorption cross section 
of hydrogen the slowing down times were determined 
as i8 =2.47 ±0.111-'s for gadolinium and is= 1.60± 
0.07 J-LS for cadmium. The effective cut-off energies 
for the filters were taken from the tables of Stoughton 
and Halperin [14] to be 0.3 eV for the gadolinium 
and 0.5 eV for the cadmium filter. The uncertainty in 
these values is estimated to be less than 10 per cent. 

In Fig. 6 various theoretical and experimental 
values are compared. The curve represents the rela
tion is= 2/sfvc corresponding to slowing down in a 
gas of free protons at rest with a scattering mean free 
path Is = 0. 7 5 em. The calculated points all lie below 
the curve, probably because of different primary data. 
The experimental points agree well with the curve 
down to an energy of 0.4 eV. At lower energies the 
deviations indicate that the assumed model is no 
longer valid, but that chemical binding and up
scattering are becoming important. 

A detailed description of the experiment has been 
published in Arkiv for Fysik [15]. 

PART 4 

Theoretical work on time dependent neutron therm
alization 

(S. N. Purohit) 

Calculation procedure 

Time-dependent neutron energy spectra have been 
obtained for free and bound proton models by the 

fs 

lcr' 

3 

2 

0 

ll 
\ 
\' 

O.o 

f\ 
\ 

L\. 
.I'. 

~ 

O.s 

M(6~!.!8(12 ~I.!.!U 

9 MliLLER. SJBSTRANO NUCL SCI ENG ..lS.. 221 ( 1963) 

A, PROFIO MASS I NST OF TE:CHN (1962) 

Q DEJUREN NUCL SCI ENG J. lt08 (1961) 

0THIS WORK 

'6L.,!.!L.6UR ~L!.!U 
9KRIEGER, FEDERIGHI TRANS AM NUCL SOC J., 102 (1959) 

.HAYNAH, CROUCH NUCL SCI ENG .2., 626 (1957) 

r. 2ls 
....... r vc 

~ r-, t- /:--o-=-:-
r-: -

l.o ts fc eV 

Figure 6. The slowing-down ~ime as a function of neutron energy 



SESSION 3. 1 P/680 

same method as used for the heavy gas in a previous 
paper [16]. From these spectra reaction rates for the 
spectrum indicators used in the experiments have 
been calculated. The thermal neutron flux (/>(E,t) as 
a function of energy and time has been generated from 
the time dependent Boltzmann equation. The scatter
ing integral was extended up to a thermal cut-off 
energy ET. The source for neutrons with energies 
between zero and ET was obtained from a source 
integral from energy ET to the neutron source energy. 
It was calculated using the Ornstein-Uhlenbeck solu
tion [17] for (/>(E,t) and the free proton gas scattering 
matrix with an effective temperature to characterize 
the binding. The numeric~! solution was undertaken 
by two multigroup programmes NEFLUDI and 
NEFLUDI-TDCS prepared by Mr. L. Persson in 
collaboration with Mr. K. Nyman for the Ferranti 
Mercury Computer. The programmes can handle a 
maximum number of 22 thermal groups. The NEF
LUDI generated <P(E,t) for a given thermal neutron 
scattering matrix for times greater than the initial 
time, IO-Bs. In the NEFLUDI-TDCS the thermal 
group cross sections are recalculated for a set of time 
points, using the calculated time and energy depend
ent neutron flux as the weighting factor. The program
mes also calculate the reaction rates for specified 
neutron detectors. 

The reaction rates for spectrum indicators 

The reaction rates calculated with NEFLUDI
TDCS for the free proton gas and the bound proton 
model of Nelkin [18] along with the experimental 
results of Moller and Sjostrand described in part 2 
for cadmium, samarium and gadolinium detectors are 
shown in Fig. 5. The scattering matrix for the Nelkin 
model as given by Honeck's Gaker code [19] was 
used. All the curves are normalized so as to have the 
same asymptotic value 50. The free particle macro
scopic scattering cross section .Eso = 1.33 em -I has 
been used in the present calculations. The following 
conclusions are drawn: 

(a) The free proton gas model is inadequate to 
explain the experimental results in all the three cases. 
The deviation is large beyond 2.5 JLS. 

(b) Reaction rates for the bound proton model of 
Nelkin are in better agreement with the measured 
reaction rates than the proton gas model. Neverthe
less, the disagreement still persists. 

(c) The thermalization time constant values for the 
free proton gas and the N~lkin model are estimated 
to be equal to 3.5 JLS and 4.7 JLS respectively. These are 
consistent with the values obtained by the eigenvalue 
method. The experimental value of Moller and 
Sjostrand given in Part 2 is equal to 4.1 ± 0.4 JLS. 

(d) The study of the reaction rate for cadmium may 
prove to be significant in the investigations of the 
details of the neutron scattering law in the energy 
region around the cadmium resonance of 0.178 eV. 

The resolution of the difference between the results 
of Nelkin's model and experiments may be sought 
along two lines-by refining the present numerical 
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calculations and by modifying the existing bound 
model. 

Modification of the Nelkin model 

The dynamics of atomic motions in the Nelkin 
model is represented by the free translation motion 
of the whole molecule plus the harmonic vibrations 
of four oscillators (three correspond to the intra
molecular vibrations of equal weight and the fourth 
represents hindered rotations). The generalized fre
quency spectrum discussed in part 1 for this model is 
represented by the following expression 

f(w) = fgas(w) + ~ S(w- wt) (5) 
Mmolecule i~l Mt 

Two modifications are proposed. First, the oscillator 
(delta function) representation of hindered rotations 
should be replaced by the distribution given by the 
cold neutron scattering experiments. As described in 
Part I, Larsson and Dahlborg have derived the 
generalized frequency spectra for H20 and D20 for 
several temperatures. The modified bound model 
should therefore include the available information 
about the medium energy transfer modes (hindered 
rotations) and the low energy transfer modes (hind
ered translational and diffusive motions), as given by 
the experiments. This would ensure the correct estima
tion of Placzek's moments including the Debye
Waller factor. 

Second, the realistic relative weight between one 
intra-molecular vibration and hindered rotations 
should be assigned. In the present Nelkin model, the 
use of the Sachs-Teller mass tensor concept is not 
rigorous. The exact theoretical and experimental 
estimates of the relative weight are not available. The 
theoretically least understood of all motions, hindered 
rotations, complicate the problem. On the other hand, 

,. the present neutron scattering experiments do not 
cover energy transfers of the magnitude of intra
molecular vibrations. Attempts have been made to 
obtain this parameter from the scattering law data [20]. 
The determination of the relative weight from the 
analysis of two integral experiments has also been 
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Figure 7. The ratio of M2 (bound proton) to M2 (proton gas) and 
the ratio of Tetr/4T versus the relative weight between one intra

molecular vibration and hindered rotations 
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proposed in a study of the integral parameters of the 
neutron scattering law [21]. 

Integral parameters, such as M2 (the second energy 
transfer moment weighted by the Maxwellian distri
bution) and the effective temperature Tert (2/3 mean 
kinetic energy) are sensitive to the variation of the 
relative weight, as shown in Fig. 7. M2 was obtained 
using the Doppler approximation by the method given 
in [21]. 

The thermalization time constant t th versus Terr/T 
for H20 is shown in Fig. 8. fth has been estimated 
using the L1 approximation result [22] involving only 
M 2• There is always one point (from experiments) in 
this plot which is exact and corresponds to the real 
moderator. The point corresponding to the experi
mental results of Moller and Sjostrand for t th = 4.1 ± 
0.4 JLS and of Poo~e eta/. [23] for Terr/T= 3.9 ±0.4 is 
also shown. From the analysis of the results presented 
here, one obtains an estimate of the relative weight 
between one intra-molecular vibration and hindered 
rotations equal to 0.222 (compared to 0.397 for the 
Nelkin model) assuming equal weight for three intra
molecular vibrations. 

Further studies of time dependent thermal neutron 
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with the effective temperature for H20 obtained by varying the 
relative weight between one intra-molecular vibration and 

hindered rotations 

energy spectra by varying the relative weight between 
the intra-molecular vibration and hindered rotations 
are being planned. A programme is in preparation for 
calculating the scattering matrices based upon the 
experimentally derived frequency spectra by Larsson 
and Dahl borg and also using the rigid hindered rotator 
model of Yip and Osborn [24]. 
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ABSTRACT -RESUME-AHHOTAL.tllt.R-RESUMEN 

A/680 Suede 

Recherches sur les propric~tes moderatrices 
de l'eau 

par U. Dahlborg eta/. 

Le memoire est consacre aux travaux de recherche 
effectues en Suede sur les proprietes moderatrices de 
l'eau a l'aide de diverses methodes experimentales et 
theoriques. 

La nature des mouvements atomiques dans l'eau 
Iegere et l'eau Iourde a ete etudiee a l'aide de spectro
metres a temps de vol pour neutrons lents. Des distri
butions de frequences generalisees ont ete tirees des 
spectres de neutrons diffuses inelastiquement, deter
mines par voie experimentale, et il a ete etabli qu'elles 
existaient meme a + 300 oc. Ce fait ainsi que Ia 
largeur du pic quasi elastique indiquent nettement 
que les molecules d'eau ont un comportement iden
tique a celui des solides. II est montre que le modele 
de diffusion continue n'explique pas le comportement 
en largeur et que le modele gazeux ne decrit pas les 
mouvements de translation des molecules d'eau. Il 
est etabli que le pic quasi elastique est dans une grande 
mesure determine par le mouvement des protons dans 
les liaisons hydrogene. 

Le comportement dans le temps des neutrons pen
dant le ralentissement et Ia thermalisation dans l'eau 
a ete etudie a l'aide d'un generateur van de Graaff a 
pulsations. Des renseignements sur Ia variation, dans 
le temps, du spectre des neutrons ont ete obtenus par 
sa reaction avec des indicateurs de spectres, Ia vitesse 
de reaction etant observee par Ia detection de rayons 
gamma de capture radiative. Des mesures ont ete 
effectuees avec du cadmium, du gadolinium et du 
samarium comme indicateurs. On a obtenu un temps 
de ralentissement de 2,7 ±0,4 J.LS a 0,2 eV. A partir 
de 9 J.LS apres injection les resultats sont bien decrits 
par !'hypothese du flux correspondant a une distribu
tion de Maxwell se refroidissant a Ia temperature du 
moderateur avec une constante de temps de thermali
sation de 4,1 ±0,4 J.LS. 

Les temps de ralentissement des neutrons Ra-Be 
dans l'eau aux energies de coupure des filtres de 
cadmium et gadolinium ont ete mesures a l'aide d'une 
methode stationnaire. Le temps de ralentissement est 
tire du rapport des densites de neutrons integrees 
mesurees dans un milieu de grandes dimensions a 
l'aide d'un detecteur 1/v avec ou sans les filtres en 
question. Les temps de ralentissement obtenus sont 
de 1,60±0,07 et 2,47 ±0,11 J.LS respectivement a des 
energies de coupure de 0,5 et 0,3 eV. 

Divers modeles theoriques pour le ralentissement 
des neutrons dans l'eau ont ete compares aux expe
riences integrales. Une solution numerique de !'equa
tion de Boltzmann pour le modele du gaz de protons 
indique que Ia validite de ce modele est limitee aux 

energies superieures a 0,4 eV. Le modele de Nelkin 
est meilleur mais sa concordance avec les experiences 
n'est pas encore satisfaisante. Les possibilites 
d'amelioration basees sur les mesures differentielles 
detaillees font !'objet d'une discussion. 

A/680 Waet.tMH 

HccneAOBaHHe aaMeAm:tiO~Hx ceoAcTB 
BOAbl 
Y. ,lJ,anb6opr et al. 

B AOKJiaAe AaeTCH o6aop pa6oT, npoBOAHMLIX B 
IDBe~uu no uccmlAOBaHuro aaMeAJIHrorqux cBoii
CTB BOALI pa3JIHqHLJMH 3KCnepnMeHTaJibHLIMH II 
TeopeTHqeCKHMH MeToAaMH. 

ITpHpOAa aTOMHLIX ABHH<eHHii B ooLiqHoii H TH
meJIOH BOAe OLIJia HccJieAOBaHa npH noMorqH cneK
TpoMeTpoB MeAJieHHLIX HeHTpOHOB no MeTOAY Bpe
MeHH npoJieTa. 06o6rqeHHLie pacnpeAeJieHHH 
qacToT 6LIJIH BLIBeAeHLI Ha ocHoBe aKcnepnMeH
TaJibHO onpeAeJieHHLIX cneKTpoB Heynpyro pac
ceHBaeMLIX HeiiTpOHOBj YCTaHOBJieHO,' qTO OHH cy
m;eCTByiOT Aame npH + 300° C. 3To o6cTOHTeJib
CTBO, a TaKme IDHpHHa KBaaHynpyroro nHKa CBH
A8TeJibCTByiOT o npKo BLipameHHoM noBeAeHHH 
MOJieKyJI BOALI nOAOOHO TBepAOMY TeJiy. lloKaaa
HO, qTo HenpepLIBHaJI AHcflt)yaHOHHaJI MOAaJib He 
o6'hHCHJieT noBeAeHHJI mupHHLI H qTo raaoBaH 
MOAeJib He onHC:E.IBaeT ABHH<eHHH nepeHOCa MOJie
KYJI BOALI. Y CTaHOBJieHO, qTO KBaaeynpyrHH nHK 
B Bblcmeii CTeneHH onpeAeJIHeTcJI ABHmeHHeM npo
TOHOB B BOAOPOAHLIX CBJI3JIX. 

BpeMeHHoe noBeAev:ue HeiiTpoHoB B npo~ecce 
aaMeAJieHHJI H TepMaJIHaau;uu B Bo~e 6blJIO uayqe
Ho c ucnoJih30BaHHeM ycKopuTeJIJI BaH-~e-fpaacfla 
B HMnyJihCHOM peH<HMe. lfHcflopMaD;HJI no H3MeHe
HHJIM aeiTpOHHoro cneKTpa co BpeMeHeM 6LIJia 
no~eHa no HX peaKD;HJIM C HHAHKaTopaMH 
cneKTpa; CKOpOCTb peaKD;HH onpeAeJIJIJIH nyTeM 
p;eTeKTHpoBaHHJI HaJiyqeHHJI aaxBaTa. BLIJIH npo
Be~eHLl H3MepeHHJI Ha Ka~MHH, raAOJIHHHH H ca
KapHH B KaqecTBe HHcflHKaTopoB. Bpe1r1n aaMeAJie
HHJI AO 0,2 96 cocTaBHJio 2,7+0,4 M1£Ce1£. OT 
9 M1£ce1£ nocJie HHmeKD;HH peayJILTaTLI xopomo 
onHCLIBaiOTCJI npeAnOJIOH<eHHeM, qTO nOTOK HMeeT 
KaKCBeJIJIOBCKOe pacnpe~eJieHHe aaHeAJieHHJI ~0 
TeHnepaTypbi aaHeAJIHTeJIJI C nOCTOJIHHOH BpeMe
HH TepMaJIH3aD;HH nopHAKa 4,1+0,4 M1£Ce1£· 

BpeHH aaMeAJieHHJI ueiiTpoaou paAHeBo-6epuJI
JIHeBoro HCTOqHHKa B BOAe AO noporOBLIX 3HeprHii 
Ka~HHeBLlX H raAOJIHHHeBLIX cfl~JibTpoB 6LIJio ua
KepeHo cTan;uoHapHbiM HeTOAOH. BpeHJI aaHeAJie
HHJI no~aiOT npH nOKOI.qH OTHomeHHJI HHTe
rpaJibHOH nJIOTHOCTH HeiiTpOHOB, HBMepeHHOH B 
6onLmoii cpeAe AeTeKTopoM tlv c yKaaaHHblMH 
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«f>HJibTpaMH HJIH 6ea HHX. BLIJIO noJiy'leno BpeMJJ 
3aMeAJICHHH 1,60±0,07 M1£Ce1£ H 2,47+0,11 M1£Ce1£ 

.D;O noporOBbiX aoeprHH 0,5 H 0,3 36 COOTBCTCT
BeHHO. 

PaaJIH'IHLie TeopeTH'ICCKHe MOACJIH aaMeAJieHHJJ 
HeiiTpOHOB B BOAC cpaBHHBaiOTCH C HHTerpaJib
HbiMH aKcnepHMeoTaMH. qHCJienooe pememm 
6oJIL~ManoBcKoro ypaBHeHHH AJIH MOAeJIH npo
Tonooro rasa noKaShlBaeT, 'ITO npHro.n;oocTL aToit 
MOACJIH orpaHH'IHBaeTCH aoeprHHMH Bhlme 0,4 36. 

MoAeJIL HeJibKBna Jiy'lme, no corJiaCHe c aKcrrepH
MeHTOM e~e oeyAOBJieTBopHTeJibHOe. 06cymAaiOT
ca B03MOffiHOCTH YCOBepmeHCTBOBaHHH, OCHOBaH
Hble oa AeTaJILHbiX AB«f>«f>epeo~HaJibHhlX H3Mepe
HHHX. 

A/680 Suecia 

Estudio de las propiedades del agua 
como moderador 

por U. Dahlborg eta/. 

Los autores resefian los trabajos que se realizan en 
Suecia con el proposito de estudiar las propiedades 
moderadoras del agua mediante diversos metodos 
experimentales y teoricos. 

Aplicando espectrometros de tiempo de vuelo para 
neutrones lentos, se ha investigado Ia naturaleza de 
los movimientos atomicos en el agua ligera y en el 
agua pesada. De los espectros de dispersion inehistica 
de los neutrones, determinados experimentalmente, se 
han deducido las distribuciones de frecuencia generali
zadas, comprobandose que persisten aun a los 300°C. 
Este hecho, unido a Ia amplitud del maximo cuasi
elastico, indica netamente que el comportamiento de 
las moleculas de agua es claramente parecido al de 
los solidos. Se demuestra que el modelo de difusion 
continua no explica lo que ocurre con las anchuras 

U. DAHLBORG et a/. 

de banda y que el modelo gaseoso no describe los 
movimientos de traslacion de las moleculas de agua. 
Se comprueba que el maximo cuasielastico depende 
en gran medida del movimiento de los protones en los 
enlaces de hidrogeno. 

Mediante un generador van de Graaff pulsado, se 
estudio el comportamiento de los neutrones en fun
cion ·del tiempo durante Ia moderaci6n y Ia termali
zacion en el agua. Para obtener datos sobre Ia varia
cion del espectro neutronico en funcion del tiempo, 
se recurrio a Ia reaccion con indicadores de espectro 
de cadmio, gadolinio y samario observandose Ia 
velocidad de reaccion por medio de Ia deteccion de 
rayos gamma de captura. El tiempo de moderaci6n 
basta 0,2 eV obtenido fue de 2,7 ±0,4 J-LS. A contar de 
los 9 J-LS despues de Ia inyeccion, los resultados pueden 
formularse satisfactoriamente suponiendo que el flujo 
obedece a una distribucion maxwelliana que va alcan
zando Ia temperatura del moderador, con una cons
tante de tiempo de termalizaci6n de 4,1 ±0,4 J-LS. 

Aplicando un inetodo estacionario, se midi6 el 
tiempo de moderacion de los neutrones de una fuente 
de Ra-Be, en agua, basta las energias de corte de los 
filtros de cadmio y de gadolinio. El tiempo de modera
ci6n se deduce de Ia raz6n de las densidades neutro
nicas integradas, determinadas en un medio de grandes 
dimensiones utilizando un detector 1 I v, sin y con el 
mencionado filtro. Los tiempos de moderacion 
obtenidos son 1,60 ±0,07 y 2,47 ±0,11 J-LS, basta las 
energias de corte de 0,5 y 0,3 eV, respectivamente. 

Se compararon varios modelos te6ricos de Ia modera
ci6n de los neutrones en el agua con los experimentos 
integrales. Una soluci6n numerica de la ecuacion de 
Boltzmann para el modelo de gas de protones de
muestra que este modelo solo es valido para energias 
superiores a 0,4 eV. El modelo de Nelkin es mas 
correcto, pero todavia no concuerda satisfactoria
mente con los resultados experimentales. Se discute 
Ia posibilidad de introducir mejoras sobre Ia base de 
mediciones diferenciales detalladas. 
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On the experimental region connecting diffusion length 
and pulsed neutron experiments 

By K.-H. Joest and G. Memmert* 

Integral properties of the theoretical scattering law 
of a moderator, such as diffusion and thermalization 
parameters, can easily be compared with the experi
mental values. The following possibilities exist: 

(a) Measurement of the asymptotic decay constant 
of a neutron pulse for different bucklings establishes 
the function .\( B2); 

(b) Measurement of the spatial attenuation co
efficient as a function of poisoning establishes the 
function K2(vL'&) 

The characteristic constants of the moderator can 
then be determined by 

vD=Do= (~) 
dB2 B•=o 

= --:----:-( dK-:o---:-2 )-

d(VL'&) •L'.=(•L'.)• 

I ( d2,\) I I ( d2K2 ) 
C= -2 dB4 B•=o = -2 Do3 d(vL'&)2 .x.=(•X.l" 

According to H. C. Honeck [1], the results of the 
two experiments can be expressed in one diagram with 

{ 
K2 ifk2>0 

k2= 
-B2 ifk2<0 

as abscissa, having the decay constant, ,\ for positive 
ordinate and poisoning, vL'& -(vL'&)o, as negative 
ordinate. In that representation, one part of the curve 
between - Kmin2 and 0 is not accessible with the above 
types of experiments because of the finite absorption 
(vL'&)0 of the moderator itself. While arbitrary small 
B2-values can be obtained by enlarging the moderator 
block, there is a minimum value for K2 given by 

2 (vL'&)o 
Kmin =--

vD 

Higher values of K2 can be produced by poisoning 
techniques. 

Consequently, an experimental gap is found in the 
region 

• Interatom, Intemationale Atomreaktorbau, GmbH, 
Bensberg. 

On the other hand, it is well known that a neutron 
flux decaying exponentially can be regarded as a 
stationary flux with the effective absorption vL'& -.\. 
This affords the possibility of effectively reducing 
absorption even to values below that of the moderator 
itself. A neutron flux decaying according to e-Aor in a 
half-space can, therefore, be expected to have the 
asymptotic relaxation constant 

K=J(VL'&)0 -Ao 
vD 

The neutron flux would show the time variation 
e-Aor imposed by the source, if Ao<(vL'&)0, i.e., the 
decay of the source is slower than the decay process in 
the half-space far from the boundaries. 

MATHEMATICAL TREATMENT OF 
NON-STATIONARY EXPONENTIAL EXPERIMENTS 

ACCORDING TO THE 
MONOENERGETIC DIFFUSION THEORY 

The problem is treated unidimensionally of a source 
varying according to e-Aor with time at the boundary 
of a moderator half-space. The spatial distribution of 
the source neutrons is then given by e-xz according to 
the first collision concept. Under these assumptions, 
the monoenergetic diffusion equation reads 

- + vL'&- v D- N(z,t) = Qoe-L'z-Aor {() ()2} 
i'lt ()z2 . 

(I) 

List of symbols: 
z 
t 
N 
N 

k 
s 
v 
L'& 
L's 
L'=L's+L'& 
D 
Qo 

position 
time 
neutron density 
Laplace transform of N with respect to 
one variable 
Laplace transform of N with respect to 
two variables 
Laplace variable conjugated to z 
Laplace variable conjugated to t 
neutron velocity 
macroscopic absorption cross section 
macroscopic scattering cross section 
total cross section 
diffusion constant 
source intensity 
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Finite dimensions of the moderator in the x-y axis 
have to be included into .Ea according to 

.Ea + (B:e2 + By2)D. 

Taking into account the initial and boundary con
ditions 

oN 
N(z,O) = 0; N(O,t) =d. oz (O,t) (2) 

the Laplace transform with respect to z and t results in 

- 00 00 

N(k,s) = I dt I dz N(z,t) e-kz-st 
0 0 

(s +Ao~~ +.E) -v DN(O,s)[k + d-1] 

s+ v.Ea- vDk2 
(3) 

When the Laplace inversion is made with respect to 
k, we have to pay attention to the compatibility con
dition of the boundary and initial values [2] 

- 1 Qo 
N(O,s)= vD(s+Ao)(k+.E)(K+d-1) (4) 

for the singularity of Eq. (3) in the right-hand part of 
the complex k-plane 

(5) 

The result is given by the residues in k2 = - K and 

ks= -£ 

N(z,s)= Qo e-"z [-1- + K-d-1 ] 
vD (s+Ao). 2K £-K (£+K)(K+d-1) 

e-Xz 

+ Qo (s+Ao)(s+ v.Ea- vD£2) (6) 

The Laplace inversion of (6) with respect to s in a 
closed form is possible only for a convolution repre
sentation of N(z,t). 

We therefore restrict the analysis to the calculation 
of the asymptotic representation for large t. 

Let us assume a source with Ao such that so= -Ao is 
the singularity with maximum real part compared to 
the other singularities ofEq. (6), then 

S1 = -v.Ea + vD£2 
S2= -v.Ea+ vDd-2 

ss= -v.Ea (7) 

and we obtain 

.;~( ) _ f(z,s) 
ll'ZS- --

' s+Ao 
(8) 

withf(z,s) being a regular function in the neighbour
hood of so= -Ao. Thus the asymptotic behaviour is 
given according to [3] by 

K.-H. JOEST and G. HEMMERT 

N(z,t)~e-~"1 .f(z1 -Ao) 

=~e-~<oz-~ot[_1_ + Ko-d-1 ] 
2vDKo E-Ko (.E+Ko)(Ko+d-1) 

+ Qo e-Xz-~ot (9) 
v.Ea -Ao- vD£2 

with 

Jv:Ea-Ao 
Ko= 

vD 
(10) 

For small values of the effective absorption v.Ea -Ao 
the relation 

Ko~E 

always applies. At some distance from the boundary 
and after the transients have died out, the variation of 
the neutron flux is characterized by e-~<oz-~•1• 

The asymptotic decay of the neutron flux is deter
mined by the decay constant of the source. The 

corresponding diffusion length Lo = _.!.._ is thereafter 
Ko 

determined by Ao according to Eq. (5). 
If it is possible to produce exponential sources suit

able for non-stationary exponential experiments as 
described above, the experiments will show the follow
ing advantages in measuring the characteristic con
stants Do, C, ... of moderators. 

(a) Poisoning can be simulated by neutron sources 
which increase exponentially with time according to 
e+~•1 , and also by a source varying with e1w1 [4]. 

(b) Depoisoning can be achieved by neutron 
sources which fall exponentially with time according 
to e-"•'. 
Such experiments correspond to the region 0 < K 2 < 
K2m1n, which is not accessible with all other types of 
experiments as mentioned above. 

Poisoning-variation by means of non-stationary 
exponential experiments can in some cases be faster 
and cheaper than real poisoning and provides a means 
of homogeneously poisoning even solid moderators. 

According to Eq. (10), the time variation of the 
source is limited by Ao < v.E a. For Ao > v.E a the squared 
relaxation constant Ko2 becomes negative, i.e., the value 
is really in the B2-region. So, if the source falls too 
rapidly, a neutron pulse runs into the half-space. 

The asymptotic behaviour discussed above is only 
valid for Ao when it is smaller than v.Ea- vDE2 and 
v.Ea- v Dd-2 because the real part of the pole, so= - Ao, 
must be the greater. 

TRANSPORT ANALYSIS OF THE 
ASYMPTOTIC EIGENVALUE EQUATION 

The transport analysis results in modified transients 
and a modified equation for the eigenvalues. We are 
interested in the asymptotic state only and, therefore, 
we restrict treatment to the eigenvalue equation and 
its modifications according to the transport theory. In 
general, the methods adopted by H. C. Honeck [1] are 
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applicable with slight modifications even to the non
stationary exponential experiments. A short descrip
tion is given below of the simultaneous treatment of 
the different experimental situations. 

We consider the energy-dependent one-dimensional 
Boltzmann equation 

{~ +v(E)~-t~ ot oz 

+ v(E) [L'a(E) + L's(E)]}N(E,z,IL,t) 

oo +I 

= J dEJ d~-t'v(E')L's e::~) N(E',z,~-t',t) (11) 
0 -1 

for an asymptotic state of the form 

N(E,z,IL,t) = N(E,k,~-t,s) est+kz (12) 

with a complex k = K + iB. 
In this way we can treat the three types of experi

ment envisaged: 
s k 

pulsed neutron experiments -A iBo 
stationary exponential 

experiments 0 - K 

non-stationary experiments ±Ao - K 

The index 0 denotes those values which are fixed by 
the experimental conditions. Neutron wave experi
ments can be included by admitting complex s-values, 
for which the following representation is.also valid. 

For the asymptotic states we arrive at the eigen
value equation 

{s + v(E)~-tk + v(E)L'a(E) }N(E,k,~-t,s) 
oo +I 

= J dEJ d~-t'v(E')L'a (!::!) N(E',k,~-t',s) 
0 -1 

-L'8(E)N(E,k,~-t,s) (13) 

With 
co +I 

J(E,k,~-t,s)= J dEJ ~'v(E')L'8 (!::!) N(E',k,~-t',s) 
0 -1 

The corresponding system of integral equations in 
B1-approximation is given by 

s + v(E)[L'a(E) + L'a(E)]Nz(E,k,s) 
co 

=:E (2n+ 1)Atn(E,k,s)Jn(E,k,s) (14) 
n~o 

with 
+I 

Atn(E,k,s) =- v(E) . k IL 
If Pt{IL)Pn(/L) d 

2 
I+ s+v(E)[L'a(E)+L's(E)t (15) 

-I 

There are as many independent equations as the 
number of non-vanishing Legendre coefficients L'st in 
the expansion of the scattering kernel. This system 
can be solved numerically according to an iteration 
method given in [1]. 

The coefficients Azn(7J) 

k s 
7J = - L'*(E) and E*(E) = v(E) +Ea(E) + Ea(E) (16) 

being symmetric in I and n being given by [5] 

Azn(7J) = ~ Qz (~) Pn (~) (17) 

with the first term: 

1 I 1 
Aoo(7J)=-ctgh-1-=-tanh-1 7J (18) 

7J 7J 7J 

For 7J being a real number and s = 0, a numerical pro
cedure was suggested by H. C. Honeck [1 ]. 

For isotropic scattering (Bo-approximation) there is 
only one integral equation 

{s + v(E)[L'a(E) + Ea(E)]}No(E,k,s) 

tan .E*(E) v(E')L'so . h
-1 k J 

= E*~E) .(E'--+E)No(E',k,s)dE' (19) 
0 

for one of the three values .\, K, B as an eigenvalue 
depending on which two of the parameters are fixed 
by the experiment. 

If one admits complex s-values with a view to a 
source varying according toe iwt, the neutron density 
function will be complex, too, which indicates a phase 
delay. 

The integral equation is invariant with respect to a 
change of sign ink. Therefore, there is a k2-dependence 
only. For experimentally reasonable states, either K or 
B is equal to zero. It follows that the eigenvalue 
depends on k2 = K2 - B2. In general, we are interested 
in the dependence of,\- vL'a on k2. This corresponds 
to the diagram of states given by H. C. Honeck [1]. 

The series expansion for k2 = - B2 < 0 htts been 
treated by M. Nelkin [7] and the inverse expansion for 
k2 = K2 > 0 by H. C. Honeck [I]. For vL'a -.\ instead 
of vL'a Honeck's expansion can be used for the non
stationary experiment. 

In the monoenergetic model 

N(E,k,s) = No(k,s) . 8(£-Eo) 

equation (19) can be expressed as follows 

vk =tang-l vk =!lns+vL'a+vL'a+vk 
vEa s + vL'a + vL'a 2 s + vL'a + vL'8 - vk 

After some rearrangements, we find for the different 
types of experiments: 
(a) pulsed neutron experiment: 

s= -A, k=iB 

A-VL'a=VL's l--c+g-[ vB vB] 
vL'8 vEa 

=VL's --!C'n -L 22n (vB)2 
(2n)! vEa 

(2la) 



348 SESSION 3.1 P/762 

with !l' n being Bernoulli's numbers. The divergence at 

the slab-thickness ~ = ! occurs because there is no 
B -"s 

longer an asymptotic spatial distribution etBz 

(b) non-stationary exponential experiment: 

S= -Ao, k= -K 

Ao- vL'a = vL's 1 --ctgh -[ 
VK VK] 

VL's VL's 

L 22n ( VK)2n = vL's -- ( -l)n-l !l'n -
(2n)! vL's 

n 

(c) stationary exponential experiments. 
For Ao = 0, we obtain the well-known equation 

K K 
-=tgh
L'T L's 

The above equations determine the function 

,\- vL'a =f(k2) 

(2lb) 

(21c) 

for k2 = - B2 < 0 and k2 = K2 > 0 according to the 
monoenergetic transport theory and isotropic scatter
ing. There is no upper limit to the eigenvalues of 
,\and K. For the energy dependent Boltzmann equa
tion, the upper limit of the discrete eigenvalue spec
trum is well known [1,6] to be · 

,\.<::::min v(L'a + L's) 

K.<::::min (L'a + L's) 

To allow for these asymptotic values, the second 
derivative of f(k 2) has to change its sign. 

The influence of spectrum effects on the diffusion 
cooling constant, therefore, is generally larger and of 
opposite sign to the transport effects. The different 
behaviour off(k2) depending on the theoretical approxi
mation is shown in Fig. I. 

K.-H. JOEST and G. MEMMERT 

The authors intend to extend this work to multi
plying media as done previously for pulsed neutron 
experiments [8]. 

A. v.t,. 
--;I," 

2 1 

r··----------- 1------------------------------ -··: _·:·::·::·.::-.::;:f~ifiP.Th~ 
- (energy dependent) .2 i -~ i I, 

___ 1 ___ 2 ______ L_-=-:_:!= 
vi. 
-~ 

-I 

·2 

figure 1. Schematic diagram of the function >.-v.Ea=f(k2) 
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ABSTRACT-RESUME-AHHOTALUAJI-RESUMEN 

A/762 Republique federale d'AIIemagne 

Sur Ia region experimentale reliant 
les mesures experimentales de longueur 
de diffusion et les mesures experimentales 
en neutrons pulses 

par K.-H. Joest et G. Memmert 

Comme H. C. Honeck l'a remarque, i1 y a un trou 
·entre la region des mesures avec neutrons pulses et la 
region des mesures de la longueur de relaxation, si 
elles sont decrites par A- v.Ea en fonction de B2• Cela 
est dfi au fait qu'il n'y a pas d'absorption possible 
inferieure a celle du moderateur lui-meme. Lorsqu'on 
considere des experiences exponentielles avec des 
sources croissantes avec le temps ou qui ne decroissent 
pas plus vite que exp (- v.Ea . t) on obtient une 
analogie complete entre les regions de B2 et de 
K = - B2 sans aucun trou. 

La variation exponentielle du flux en fonction du 
temps, qui est determinee par la variation de la source 
en fonction du temps, est physiquement equivalente a 
un changement d'absorption du systeme. Speciale
ment, une decroissance en fonction du temps corres
pond a une reduction de I' absorption, de telle sorte que 
des absorptions effectives plus petites que v.Ea soient 
realisables, ce qui est impossible avec des mesures 
stationnaires de Ia longueur de relaxation. L'accrois
sement de !'absorption peut etre simule par des 
sources croissant exponentiellement dans le temps. 
S'il est possible de realiser une source exponentielle 
experimentalement avec une exactitude suffisante, de 
telles experiences pourraient etre moins cheres et plus 
rapides que les experiences stationnaires avec change
ment de !'absorption. 

La theorie des etats asymptotiques donnes par 
exp( -At -Kz) a ete traitee pour le cas monoenerge
tique et pour le cas d'une energie dependant de I' equa
tion de Boltzmann. 

Les etats exp( -At- iBz) correspondant aux expe
riences en neutrons pulses dans des milieux finis ont ete 
inclus dans !'analyse pour montrer les relations etroites 
entre les deux types de theories asymptotiques. 

A/762 WPr 

SKcnepHMeHranbHOe onpeAeneHHe AnH

Hbl AHlfllflysHH 8 o6naCTH, r A9 STO He 

MOlH9T 6b1Tb BblnOnHeHO HH CTa~HO

HapHbiMH, HH oobJ'IHbJMH HMnynbCHbiMH 

M9TOAaMH 

K. ,lJ,>HOCT "' r. MeMMepT 

3aBHCHMOCTH A - vl: a OT B 2 HMeeTCH paapLIB 

Mem~y ooJiaCThiO crai\HOHapHLIX uaMepeuuii ~JIH
Hhl ~H<flcfly:mH H o6JiaCTbiO H:JMepeHHH C no

MO~hiO HMITYJihCHoii rexHHKH. (ho o6ycJionJieuo 

reM o6CTOHTeJihCTBOM, 'ITO norJio~eHHe He MQiKeT 

6LITb MeHhme, 1JeM norJio~euue n caMoM aaMe~JHf

'teJie. O~uaKo ecJIH paccMarpunarb B03MOil\HOCTh 

3KCUOHeHqHaJihHLIX :mcnepHMeHTOB C HCTO•JHHKa

MH, HHTeHCHBHOCTb KOTOphiX pacreT HJIH na~aeT 

co npeMeneM KaK exp (- vl:~·l), ro MOii\HO npo

MepHrh nero o6JiaCTh Mem~y R 2 H x = - B 2 6ea 

BCHKOfO paapLIBa. 
3KcnoueuquaJibHhle npeMeHHhle KOJie6aHHH no

TOKa, o6ycJIOBJieHHble BpeMeHHhiMH KOJie6aHHH

MH HCT01JHHK3, cflH3H1JeCKH 3KBHBaJieHTHhl H3Me

HeHHHM n norJIOU\eHHH CHCTeMLI. B 'Iacruocru, 

CJI~raii yMeHbllleHHH HHTeHCHBHOCTH COOTBeTCTBy

eT paaorpanJieHHIO CHCTeMhl, UpH'IeM MOil\HO ]\0-

CTH'Ib COCTOHHHH C acflcfleKTHBHhiM TIOrJIOU\eHHeM 

MeHbiDe V~a• 'ITO HeB03MOiKHO npH CTaqHOHap

HhiX H3MepeHHHX ~~HHhl ~HcflcflyaHH. 'Y BeJIH'IJeHHe 

OTpaBJieHHH MOiKHO HMHTHpOBaTb npH TIOMOIIJ.H 

HCTO'IJHHKOB C 3KCUOHeHqH3JlbHO yneJI:H'IJHBaiO

IIJ.eHCH no npeMeHH :HHTeHc:HBHOCTbiO. EcJI:H aKcno

ueuq:HaJibHhlii HCTO'IHHK MOiKeT 6LITb UOJiyqeH 

3KCnepHMeHT3JlbHO C ~OCT3T01JHOH TOqHOCTbiO, TO 

raKue aKcnepuMeHThl Moryr npono~HTbC.fl 6hlcTpee 

u ~emenJie, 11eM craqHonapnhle aKcnep:HMeHThl 

C H3MeHHIOIIJ.HMCH OTpanJieHHeM. 

TeopHH acHMTITOTH'IeCKHX cocTOHHHH nu~a 
exp [- At - xz] 6hiJia paccMorpeua KaK ~JI.fl 
MouoaueprerJI'IecKoro, 'l'aK H ~JI.fl aanucHm.ero 

or auepruu ypanHeHH.fl BoJihqMaHa. CocrOHHHH 

exp l- At- iBz ), coornercrnyrom.ue HMnyJihC

HhiM :mcnepHMeHT3M B KOHe'IHOH cpe~e, 6blJIH 

T3KiKC BKJIIO'IJeHbl B aHaJIH3, 1JT06bl TIOKaaaTh 

CHJibHYIO CB.fl3b Mem~y ~BYMR BH~aMH aC:HMTITO

TH'IeCKHX reopuii. 

A/762 Republica Federal de Alemania 

Sobre Ia region experimental que une 
las experiencias pulsadas de neutrones 
y las de longitud de difusi6n 

por K.-H. Joest y G. Memmert 

De acuerdo con H. C. Honeck hay un claro entre la 
zona de medidas pulsadas de neutrones y medidas 
estacionarias de longitud de difusi6n, si se representan 
en el plano A- v.Ea en funci6n de B2. Esto se debe al 
hecho de que no hay absorci6n posible que sea mas 
pequefia que la del propio moderador. Si se considera 
la posibilidad de experimentos exponenciales con 
fuentes crecientes con el tiempo o que disminuyen 
mas lentamente que exp( - v.Ea . t) puede establecerse 
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una analogia completa sin ningun claro entre la region 
de B2 y de K= -B2• 

La variacion exponencial con el tiempo del ftujo 
fijado por la variacion temporal de la fuente es fisica
mente equivalente a un cambio en Ia absorcion del 
sistema. Especialmente el estado de decrecimiento 
corresponde a una disminucion del envenenamiento 
de forma que pueden conseguirse estados con absor
cion efectiva mas pequefia que vL'a que son imposibles 
en las medidas estacionarias de longitudes de difusion. 
El incremento en el envenenamiento podria simularse 
mediante fuentes que aumentasen exponencialmente 
con el tiempo. Si se pudiese conseguir experimental-

K.-H. JOEST and G. MEMMERT 

mente una fuente exponencial con suficiente precision, 
dichos experimentos serian mas rapidos y mas baratos 
que los experimentos estacionarios de variacion del 
veneno. 

La teoria de estados asintoticos de Ia forma 
exp( -At- KZ) ha sido tratada por Ia ecuacion de 
Boltzmann dependiente de la energia y la mono
energetica. 

Los estados exp{ ->.t- iBz }, correspondientes a 
experimentos pulsados en medios finitos, han sido 
incluidos en el analisis con el fin de mostrar las fuertes 
relaciones existentes entre los dos tipos de teorias 
asintoticas. 
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On the determination of the diffusion constants of H20, 
polyphenyls, ZrH 1.92 and 0 20 by neutron single-scattering 
experiments 

By T. Springer,* C. Hofmeyr,** S. Kornbichler,** and H. D. Lemmel** 

THEORY 

For multigroup and other reactor calculations one 
needs the diffusion constant D as a function of neutron 
velocity v and moderator temperature T m, that is 

D(v,T m) = l/3L'8(1- p.) (1) 

L's( v,T m) is the scattering cross section of the modera
tor, and p. is the average cosine of the scattering 
angle 8: 

J 
da(8) 

P. = (1/as) d.Q COS 8dQ 

(4_11) 

with as= J (dajd.Q)d.Q 
(411) 

(2) 

(2a) 

dajd.Q is the differential scattering cross section. It is 
related to the well-known scattering law S(K,w) 
through 

00 

J E' 
da(B)jd.Q=ao v E S(K,w)dE' (3) 

0 

where ao is the bound scattering cross section, 

liK = li(fi-k) with K(E,E',8) =I Kl, and liw = E'- E 
~re the momentum and the energy transfer during 
scattering, respectively. Moreover, for flux calculations 
in the thermal group one needs the average diffusion 
constant (Dv)Tm and the thermal diffusion length Las 
a function of the moderator temperature T m· The 
average (Dv)Tm has to be performed over the neutron 
spectrum which will be assumed to be a Maxwellian 
distribution of the density N(v) with a temperature Tn, 
namely: 

00 00 

(Dv)Tm = J N(v,Tn)vD(v,T m)dvf J N(v,Tn)dv (4) 
0 0 

In the following, we put Tn = T m, where T m is the 
moderator temperature. In this work, measurements of 
the differential scattering cross section dajd.Q as a 

• Institut fiir Neutronenphysik der Kemforschungsanlage 
Julich. ' 

• • Labor fUr Technische Physik der Technischen Hochschule 
Miinchen. ' 

function of T m and E have been made on different 
moderator materials. A "black" 6Lil scintillation 
counter was used for the detection of the neutrons 
(Reinsch and Springer, 1961 [1]) which gives a nearly 
exact integration over all energies after scattering, E', 
as required by Eq. (3). From the measured da/d.Q
curves, the quantities p., D(v) and (Dv) .have been 
calculated. 

Conventionally, the quantities (Dv) and L are 
directly obtained from "integral" experiments, which 
have been described by many authors (for example 
during the Brookhaven Conference 1962, e.g. [21], 
theory cf [2]). In a time relaxation experiment, the 
neutron density is n(z,t, v) = N(v)e-at+iBz; inserting 
this in the Boltzmann equation, one finds 

(5) 

The relaxation time 1/a is determined experiment
ally. B2 is the buckling of the moderator vessel (here 
assumed one-dimensional, for simplicity). L'a(v) is the 
moderator absorption cross section, which is assumed 
to be 1/v. In a space relaxation experiment, one has 
n(z,x, v) = N(v)e-Yz+iB••x. lfy is the experimental relaxa
tion length along the ~-axis with B12 as the transverse 
buckling. In this case, the Boltzmann equation gives 
(a=O, -y2 for B2) 

L'av+(Bt2-y2)(Dv)+ ... =0 

This is, for L'a = constfv, identical with 
00 00 

y 2 - B2 = L'av/(Dv) = f L'a.<fodvf J D<fodv = L - 2 (6) 
0 0 

where <fo(v) is the Maxwellian neutron flux, and Lis the 
diffusion length. 

The systematic errors in the evaluation of (Dv) 
from the relaxation experiments are well known, e.g., 
the difficulties in the determination of the bucklings 
because of the uncertainty in the extrapolation length, 
difficulties in fitting the function a(B), and the com
plication in the evaluation of the fundamental mode of 
a decay (cf Beckurts [3]). 

In our approach, there are no such sources for 
systematic errors in the evaluation of D(v) and (Dv) 
and the experiments are less troublesome than the 



352 SESSION 3.1 P/763 

integral measurements described before. Furthermore, 
our experiments have shown that p,(E) is very insensi
tive to the moderator temperature, at least in the range 
0 o < T m < 200°C; therefore, one can easily calculate 
(Dv) as a function of temperature by means of 
Eq. (4) within a large temperature range. 

Finally, the determination of dajd.Q allows a reliable 
check of the scattering law S(K,w) by means ofEq. (3) 
as far as the "transport properties" of S(K,w) are con
cerned (namely the 8-dependency). This was done 
earlier by Kiefhaber [4) according to Nelkin's theory 
[10] for H20 (cf. also [5]). 

On the other hand, dajd.Q evidently is not very 
sensitive to thermalization and moderation properties 
which can be studied better by pulsed experiments. 

Several scattering experiments on H20, D20, 
diphenyl, terphenyl, benzene, and ZrH1.92 will be 
reported here and compared, if possible, with integral 
data. A very detailed description of all these experi
ments will be published later (in Nukleonik) [13, 16,8}. 

We do not claim that the determination of j1 and 
D(E) from da/d.Q curves is an entirely new method. It 
was applied earlier, using boron counters as detec
tors [6] and by ourselves [I J with "black" 6Lii 
counters. However, the possibility of finding the 
average diffusion constant (Dv)Tm as a function ofT m 
over a wide range by a few measurements only, its 
very good agreement with the integral data, and the 
useful information on the transport properties of 
S(K,w) contained in dajd.Q itself justify drawing more 
attention to these investigations. 

EXPERIMENTS 
Monochromatic neutrons were obtained from a 

simple lead single crystal spectrometer. The neutrons 
were scattered from a thin sample sheet (transmission 
0.7 ... 0.9), either in reflexion or in transmission 
position. The scattered neutrons were detected at 

2 2 

15 

45 

0 
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different angles by means of a 6Lil counter. By using a 
single channel analyzer, a good gamma background 
suppression was achieved. For the water measure
ments at elevated temperatures, the sample container 
was surrounded by a cylindrical pressure vessel. It was 
filled with argon (having a rather small total cross 
section); thereby, the pressure in the sample container 
can be compensated and thin walls are possible in spite 
of the high sample pressure. 

Great care had to be taken when determining back
ground, especially during the pressurized sample 
experiments, because the background depends on the 
sample transmission itself. Therefore, it cannot be 
determined by simple sample-in-sample-out experi
ments. Double and multiple scattering corrections are 
necessary when the scattering probability in the 
sample dEs is larger than a few per cent. The correction 
curves given by Vineyard [7) (assuming isotropic 
scattering) are not sufficient for dEs> 0.2 if the scatter
ing is highly anisotropic. An improvement has been 
developed by Lemmel [8], which is briefly described in 
the appendix to this paper. From measurements with 
samples of widely differing thickness (up to dEs =0.6) 
the corrected results for dajd.Q were consistent within 
3 % for 20 °K < () < 100 °K, and within about 8% at 
160 oK for the case of strongly anisotropic scattering 
on water. These results demonstrate that the back
ground and multiple scattering corrections can be con
sidered as reliable. 

For the lowest energy under investigation, 0.022 eV, 
a correction for the second-order contamination of the 
beam was necessary. Its contribution in the incoming 
beam was determined by gold transmission experi
ments. The resulting scattering contribution was 
found from dajd.Q results at the fourfold energy. In 
future experiments it would be highly d9sirable to 
suppress the second-order neutrons by an auxiliary 
mechanical selector. 

• 20"C 
• 200"C ,_....,. 

2 

as 

• 100'c 
• 20•c 

Jo• 60• so• 120• 150• 
11--

Figure 1 (a, b, c). Experimental differential scattering cross section dufd!J of ordinary water as a function of scattering angle (J at different 
neutron energies, E 

Solid line: T= 20°C, dashed line: T= 200°C 
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RESULTS AND DISCUSSION 
Light water 

P/763 

Results for scattering cross sections da{8)/dfi are 
shown in Fig. 1. The ordinate is normalized by the 
integrated scattering cross section a 8 • It is rather 
striking that the curves are very insensitive to the 
sample temperature. As demonstrated [1] previously 
this is true even below the melting point. There is a 
kind of compensating action between the quasi
elastic and the inelastic scattering contribution: the 
first is a decreasing function of angle like a Gaussian 
distribution (a kind of Debye-Waller-factor) and the 
latter has a rather flat maximum at larger angles (see 
Brockhouse [9]). With increasing temperature, the 
average proton amplitude yu2 increases and the 
Gaussian distribution becomes steeper. On the other 
hand, the inelastic contribution increases (being pro
portional to K2u2 in first order), making the scattering 
more pronounced at larger angles. This induces a sort 
of coll].pensation effect, but we do not quantitatively 
understand why it is so complete. The curves do not 
show maxima from coherence as was observed pre
viously in the solid phase of water [I]. 

From the curves in Fig. 1, the average cosine has 
been calculated by means of(l) and (2). The results are 
shown in Fig. 2. For comparison, experimental results 
from Reinsch and Springer [1], Whittemore and 
McReynolds [6], and calculations according to Nelkin's 
kernel [10] by Kiefhaber [4] are included. 

From p_(E), the average diffusion constant (Dv) was 
found by means of (4) as a function of moderator 
temperature T m· The results are shown in Fig. 3 and 
compared with "integral" determinations by time and 
space relaxation experiments, and with theoretical cal
culations (see [4]). A number of room temperature 
data are represented in Table 1 (for a more detailed 
review see [3] and [19]). 

There is good agreement between our values and 
most of the "integral" experiments. A small, but 
systematic discrepancy is observed between our data 
and those found from calculations by means of 

Q5 

I~ H10 
,. 

•;:q] 
~ ,-8' uo2 

/·' g.· 
tO.I ~· 

" 
0 o.os 0.1 

Figure 2. Average cosine of scattering angle iL as a function of 
neutron energy for H20, as calculated from Fig. 1 

e=20°C, 0=200°C (error about ±0.007). A Reinsch and 
Springer [1], 20°C; x Whittemore and McReynolds [6] (room 
temperature). th: calculated by Kiefhaber [4] according to 
Nelkin's theory [10]. ji. =2/3 A err= asymptotic value with tensor 

massAerr=2.1 
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Figure 3. Average diffusion constant as a function of water 
temperature Tm= Tn. as calculated from experimental curve in 

Fig. 2 (solid line). Error about ±2 per cent 
Dashed line: calculated from Kiefhaber's calculated p, (E)-curve. 
e = Ki.ichle [19], (time relaxation), 0 =Wright and Frost [31] 
(space relaxation and boron poisoning), Reier and De Juren [23] 

(calculated from the experimental diffusion length L) 

Nelkin's kernel. This might be partly because this 
theory describes the hindered rotation of the H20-
molecule by a single quantum energy instead of a 
broad rotation band. It should be mentioned that the 

Table 1. Average diffusion constant (Dv) of H20 at 
room temperature 

Method and authors (Temp. 'C) 
(Dy) (108 cm1/s) 

Extrapolated 
Results at 20 'C 

Pulsed methods: 
Ki.ichle,l960[19](22"C). 35.4 ±0.7(±0.4)35.16±0.7 
Antonow et al., 1956 [20] 

(2l 0 C) . 35.5 ±1.0 35.4±1 
Koppel and Lopez, 1962 [21] 

(average from different 
interpretations) (26.7°C) 37.43 ±0.37 36.63±0.37 

Space relaxation and 
poisoning methods 

Beckurts and Kli.iber, 1958 
[221 (room temperature). 

ReierandDeJuren,1961 [23] 37 .618±0.205 
corrected by Beckurts [3) 

(23°C). . 36.0 
Starr and Koppel, 1962 [24] 

(21 °C} . . 35.8 ±0.1 
Baker and Wilkinson, 1958 

[18] (average from 5 
authors) (22"C) . . 35.42 ±0.37 

This publication, from 
experimental ji. (E) 

Average over Maxwell
spectrum (Tn = Tm)(20 °C) 

Average over Beyster's ex
perimental spectrum [25] 
(25°C) 37.05 ±0. 30 

Theory with ji. (E) from 
Nelkin's kernel 

Kiefhaber's calculated p, (£) 
[4], average over Maxwell 
spectrum (20°C) . 

Honeck [26] (room tem
perature) . 

35.5± 1.1 

35.64 

35.68±0.1 

35.18±0.37 

35.30±0.30 

36.45±0.30 

38.10 

37.46 
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Figure 4. Experimental dcr/d!J of heavy water, showing strong 
diffraction peaks, as a function of scattering angle 8 at different 

neutron energies E 
Solid line: T= 21 oc, dashed line: T= 180°C 

discrepancy cannot be due to the neglect of the hin
drance of translational motion (cf. [5]). 

From our results, the temperature coefficient of the 
diffusion constant at 20 oc is about 

d(Dv)fdT m = 118 cm2/s oc for Tn = T m 

This value is mainly due to the change of density and 
to the shift of the spectrum. The change of the average 
cosine with temperature is very small (see above). 
Further, one finds 

d(Dv)fdTn = 111 cm2/s oc forT m = const. 

Heavy water 

The results for dajdQ for D20 are shown in Fig. 4. In 
this case, the influence of temperature on the cross 
section is also very small. The strong first, and the 
weaker second, maximum are due to interference 
effects. This is evident because the angles of the 
maxima, lh and B2, agree with a relation 

2ksinflt/2 = dt(k = 21rj>.) 

with d1 = 2.02 A -1 and d2 = 3.8A -1 

(7) 

If one assumes that the peak at (} =B1 is mainly due 
to elastica} coherent scattering, it is obvious that 
da(B)jdfJatB1 has the same value for all energies (in case 
of elastic scattering, dajdQ depends on (%/>.)sin(B/2) 
only). Therefore, the normalized experimental values 
(47Tda(Bt)/dQ)as(E)-1 have to be proportional to 

Table 2. The constancy of the peak values of dajdQ 
with energy E [11]. {a8{E) from [14]) 

E(eV) 

0.0225 
0.044 
0.071 
0.105 

4, du 
u,(E) df.l 

(experimental) at 6 =6, 

2.32 
2.38 
2.50 
2.58 

Cfu,(E) 
(Arbitrary units) 

2.11 
2.33 
2.50 
2.62 
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Figure S. Average cosine as a function of E. for 0 20, as calculated 
from Fig. 4; for higher energies, the low and high temperature 

points coincide. ji.=2/3 Aerr 
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Figure 6. Diffusion constant O(E.) for 0 20 

Cfas(E), where C is a constant. This is true with 
reasonable accuracy "(Table 2). This means that the 
intensity at the peaks contains mainly elastic and 
"nearly-elastic" scattering (nw~E). Two prominent 
maxima have also been observed and discussed by 
Morgan and Warren [35] in their excellent X-ray study 
on water with 

d1= 1.95 A-1, d2=2.9 A-1, and da=4.3 A-1 

The positions of Morgan's and our first peak at 
about d = 2.02 A -1 are in good agreement. Morgan's 
second peak is not resolved, and his third seems to 
correspond to our second. The very broad maximum 
at larger dt ( ~ 7) of our curves might be due to scatter
ing with rather large energy transfers. In a comparison 
of several points in Fig. 4 with Butler's theory [11, 12], 
good agreement has been obtained (cf. [13]). p, and D 
as a function of E as calculated from dajdQ are given 
in Figs. 5 and 6. The maximum and minimum are due 
to the shift of the interference peak with changing 
energy towards small angles. 

Ramanna and Sarma [15] have investigated neutron 
spectra emerging from plane moderator surfaces. The 
"leakage function" defined in their work should be 
approximately proportional to the transport mean free 
path Atr = 3 D. From their experiments, they found a 
maximum of Atr at 0.01 eV and a continuous decrease 
of Atr with increasing energy. This disagrees completely 
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Figure 7. (Dv)/v as a function of moderator temperature 
T m(v)=average thermal velocity 

e with arrows: Our experiments (average of Fig. 6 over a 
Maxwellian density distribution with Tn = T m). The other 
experimental points and the theoretical curve were transferred 

from a figure published by Brown and Hennelly [27] 

with our direct determination in Fig. 6. The Max
wellian average (Dv) is represented in Fig. 7 and 
Table 3 compared with "integral" measurements of 
other authors. In this case, also, there is rather good 
agreement, but one should remember that p,(E) is not 
a monotonic function of E, an'd the curve has to be 
interpolated somewhat arbitrarily through the points 
in Fig. 6. Therefore, our values for (Dv) might include 
some systematic error which cannot be estimated. To 
avoid this, a smaller separation of the energy values 
would have been necessary in this instance. In further 
work, the method will be improved by interpolating 
the da(B)/d.Q-curves of Fig. 4 drawn as a function of 
momentum K instead of the angle 8. 

Table 3. Average diffusion constant (Dv) of 0 20 at 
room temperature 

Method and authors 

Space relaxation and boron poisoning 
method 

Kash and Woods [34] . 
Brown and Hennelly [27]. 

Pulsed source 
Ganguly and Waltner [28] 
Kussmaul and Meister [36] 

Theory 
Radkowsky [29] 

From p. (E) curve 
This experiment 

• Statistical errors only. 

(Dv) (lo> cm2/s) 

• 
2.09±0.03 
2.09±0.025 

2.08±0.05 
2.00±0.01 

2.10 

2.09±0.02" 
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Figure 8. dafdQ of diphenyl for different values of E 

0 sd' tod' 1Stf 

I 

e-
Figure 9. pifferential scattering cross section of benzene for 

I different energies 

j Benzene and polyphenyls 

Several differential cross-section curves are shown 
in Figs. 8, 9 and 10 for diphenyl, benzene, and ter
phenyl ar different energies and temperatures above 
and bel~w the melting point. By various auxiliary 
experimehts it has been demonstrated that the numer
ous pea~s are not due to coherent scattering in the 
aluminium sample container. They result from C-C 
and C-Jfl intra-molecular and partly inter-molecular 
scattering; the intra-molecular interferences can be 
identified, by the fact that they have the same position 
in all th~se compounds both in the liquid and solid 
state. p,(4J is given in Fig. 11. Fig. 12* shows that 

• To av<)id difficulties over the density, p,p(Dv) is plotted 
instead of (Dv>. 

I 
I 
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... ~ ..... .. -·· .. 

1500 

Figure 10. Differential scattering cross section of m-terphenyl 
(solid and liquid) for different energies. Curve at f=0.10S eV for 

p-terphenyl 

there is good agreement between our (Dv)-results and 
calculations [40], and with experiments by Brown [39], 
but there are considerable discrepancies with the 
results of other authors. 

Zirconium hydride 

Several differential scattering cross sections are 
presented in Fig. 13. Diffusion parameters have not 
yet been calculated. The average cosine p. is compared 
with calculations of Memmert [37] in Fig. 14. The 
minimum is due to the increase of inelastic loss
scattering at 0.13 eV which makes scattering more 
isotropic. 
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Figure 11. Average cosine of benzene and polyphenyls at different 
energies and temperatures, calculated from Fig. 10 
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p=density (g/cm3), <Dv>p is shown instead of <Dv>; solid 
line =our experiments 
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Figure 13. Differential scattering cross sections of zirconium 
hydride at room temperature 

coh: calculated coherent contribution (arbitrary units). th: = 

incoherent approximation, according to Nelkin's calculus 
(by Memmert [37]) 
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Figure 14. Average cosine of ZrH1.92 ZrH, theor: calculated by 
Memmert (37) 

CONCLUSION 

QJ 

Good agreement has been obtained between average 
diffusion parameters from integral experiments (time 
and space relaxation), and our values evaluated from 
differential scattering cross sections for H20, D20, 
and diphenyl. In the case of D20, there might be the 
possibility of a small systematic error because of the 
structure of the p,(E)-curve and the lack of sufficient 
experimental data. This might be improved by a more 
efficient interpolation method. Our D(E)-curves are 
important for multigroup diffusion calculations. Even 
if the extrapolation between our experimental points 
might not be completely correct with regard to D20, 
the curves will give good results because the average 
values of D are in good agreement with those from 
other experiments within a wide temperature range. 
Finally, the experimental dajdQ curves are useful to 
check the transport properties of the scattering law 
and they allow a more detailed study of these proper
ties than by using integral data. 

(J .. .-...!!!:._ .. 

Figure 15. Typical multiple scattering correction curves C(8) for 
the determination of dufdQ from a scattering experiment 

L'sd=relative sample thickness (for a typical shape of the 
anisotropic du/d!J curve, characterized by the parameters 

a= 0.85; b= 1.40; c=0.45; d= 0) 
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Figure 16. Ave~age of Cover solid angle as a function of relative 
, sample thickness 

The shaded r4gion covers the range of the anisotropy para
meters (b, c, d) which were applied for the differential scattering 
cross sections fn Fig. la-lc. V =isotropic correction according 

to Vineyard [7] 
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APPENDIX: 

MULTI LE SCATTERING CORRECTIONS 

In the wo k of Vineyard [7] isotropic scattering has 
been assumcrd throughout all scattering processes in 
the sample. In most cases, allowance has been made 
for anisotropy in our calculations for the first and 
second even~, and isotropy has been assumed for third 
and higher order scattering events. To simplify calcula
tions, the aqgular distribution has been expanded by 
dajdQ =a +lbcosO + ccos20 + dcosao. The scattered 
intensity recrived by the counter is given by Zexp 

=P ( ~d :~ t Km), Pis a constant, Km is the contribu

tion of multiple scattering, and 

[

e-dE,(cos <9/2l[dL'8/cos(0/2)] ("Transmission" 
I arrangement of 

Kd = I sample) 

(1/2)~1 - e2dE,Jco•G- n) ("reflexion" 
1 arrangement) 
I 

P can be eli~nated by integrating Z over dQ and using 
Eq. (2a). Wit '= Km/Kd one finds that 

(%) =4n-Zexp 1 + f'(O)dQ -%,(0) 
as d Kd J Zexp(O)dQ 

(41r) 

' has been ~umerically calculated for different dEs 
values and s apes (characterized by the choice of a, b, 
c, and d). A t pical set of correction curves is shown in 
Fig. 15 for a, scattering distribution which is about a 
factor of two I more anisotropic than the steepest curve 
ofFig. I. 

Assuming the multiple scattering correction to be 
isotropic, thelquantity %' = J UO)dQ can be used as a 

:1 41T 

rough first a.JI>proximation. This is shown in Fig. 16. 
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The shaded region covers the range of the dajd.Q 
curves of Fig. 1. One can see that, on an average, the 
degree of anisotropy does not unduly influence the 

T. SPRINGER et a/. 

correction. For comparison, the simple isotropic 
correction of Vineyard [7], which is an overestimation 
is included. 
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ABSTRACT -RESUME-AHHOTAI...\l.1JI-RESUMEN 
'I 

A/763 Republique federale d'AIIemagne 

Sur Ia determination des constantes 
de diffusion de H20, de polyphenyles, 
de ZrH1.92 et de 020 par des experiences 
de diffusion simple de neutrons 

parT. Springer eta/. 

On determine habituellement Ia constante de 
diffusion thermique moyenne <Dv) par des methodes 
integrates, c'est-a-dire en etudiant Ia relaxation de Ia 
densite neutronique dans Ie temps ou dans l'espace. 
Dans ce memoire, on a utilise une autre methode: Ia 
mesure de Ia section efficace differentielle de diffusion 
da(O)jdQ pour differentes energies E des neutrons et 
differentes temperatures T de l'echantillon. On peut 
calculer Ia constante de diffusion D(E,T) ainsi que 
<Dv) a partir des fonctions da(O)jdQ. On a trouve que 
les sections efficaces de diffusion dajd.Q dependent tres 
peu de Ia temperature. Par suite, Ia grandeur <Dv) 
peut etre calculee dans un domaine etendu de tem
perature a l'aide d'un nombre relativement faible de 
mesures de dajd.Q. Un bon accord a ete observe entre 
ces resultats sur <Dv) et les experiences plus classiques 
dans le cas de H20, de D20 et du dipbenyle. 

A/763 ttiPr 

H sonpocy oo onpeAeneHHH KOHCTaHT 

AH~~Y3HH oobiLJHoA H TflmenoA BOAbl 

8 3KCnepHM6HTaX no OAHOKpaTHOMY 

paCC6fiHH~ HeATpOHOB 
T. WnpHHrep et al. 

06LiqHo cpeAH.JUI KOHCTaHTa TeTIJIOBOH AHifllfly-
3HH (Du) onpe,o;eJI.ReTC.JI HHTerpaJibHLIMH MeTO
,o;aMH, a HMeHHO nyTeM HCCJieAOBaHH.JI peJiaKCaiJ;HH 
DJIOTHOCTH HeHTpOHOB BO BpeMeHH HJIH B DpO
CTpaHCTBe. B :lTOH pa6oTe OLIJI npMMeHeH APYro:H 
DOAXOA - nyTeM H3MepeHHH AMifllflepeHn;HaJib-

Horo a~lfleKTHBHoro ceqeHHJl pacce.RHH.JI 
da (9) /dQ AJI.JI paaJIHqHLIX aHeprn:H He:HTpoHoB E 
H TeMneparypLI o6paan;a T. Ma lflyHKIJ;HH da !dfJ. 
Moamo BLI1HCJIHTb KOHCTaHTLI .o;nlfllflyann D (E, T) 
H {Du)• ¥crr

1 

aHOBJieHO, qTO alfllfleKTHBHOe ceqeHHe 
pacce.JIHH.JI da /dQ oqeHb MaJioqyBCTBHTeJibHO K 
TeMnepaType. CJieAOBaTeJibHO, BeJinqnHy (Dv) 
MOlliHO BLI'fHCJIHTb B IIIHpOKOM AHaDa3oHe TeMne
paTyp npllj DOMOIIJ;H cpaBHHTeJibHO HeOOJibiiiOrO 
qucJia H3MepeHHH da /dQ. ,lJ;JIH o6LiqHo:H n THme
JIOH BOALI HaOJIIOAaJIOCb xopoiiiee corJiaCHe MemAy 
aTHMH AaHliLIMH (Dv) H AaHHLIMH APYrHx, ooJiee 
ooLiqHLIX, fKcnepHMeHTOB. 

A/763 Republica Federal de Alemania 

Oetermin~ci6n de las constantes de difusi6n 
del H20, j>olifenilos, ZrH1,9t y del 020 
mediante ~xperimentos de dispersion 
neutr6nic~ simple 

porT. Spri~ger et a/. 

Por regiai general, Ia constante media de difusi6n 
termica <Dv) se viene determinando por metodos 
integrates, a. saber, estudiando Ia relajaci6n de Ia 
densidad nehtr6nica con el tiempo o en el espacio. En 
el presente trabajo, se enfoca el problema desde un 
pun to de vista distinto: se mide la secci6n eficaz de 
dispersion diferencial da (O)jdQ para distintas energias 
de los neutrones, E, y para diferentes temperaturas de 
Ia muestra, T. Entonces puede calcularse Ia constante 
de difusi6nf:(E,T) y <Dv) a partir de las funciones 
dajdQ. Se h comprobado que las secciones eficaces de 
dispersion ajdQ son escasamente afectadas por Ia 
temperatura Por consiguiente, se puede calcular Ia 
magnitud < v), en un amplio intervalo de tempera
turas realizapdo un numero relativamente pequeiio de 
mediciones de dajd.Q. En el caso del H20, del D20 y 
de difenilo, , se ha podido observar que los datos 
obtenidos d~ este modo para <Dv) coinciden satis
factoriamentie con los valores determinados con ayuda 
de experimeJtos de caracter corriente. 



P/858 Yugoslavia 

Neutron measurements inside reactors with semi
conductor counters 

By V. Ajdacic, B. Lalovic, M. Barucija and B. Petrovic* 

A method of absolute in-core measurement of high 
neutron fluxes inside reactors operating in the mega
watt region is described. In this method a semi
conductor counter observes particles from neutron 
induced reactions in a target placed inside the reactor 
core through a long evacuated aluminium tube. The 
paper deals with factors which influenced the accuracy 
of the method and the possible use of the long-tube 
method for neutron flux measurements in advanced 
reactors with neutron fluxes of 1015-1016 njcm2 s. 

The possibility of using the su semi-conductor 
counter spectrometer for measuring fast neutron 
spectra inside the zero power reactor at Vinca has been 
investigated. Great difficulties associated with the high 
interference of thermal neutrons have been en
countered. The thermal neutron interference is almost 
completely suppressed by a new detector-target 
arrangement, in which only those products of the 6Li 
(n,a)T reactions whose mutual angle of emission is 
different from 180 o are detected in coincidence. Reso
lution of the spectrometer as a function of the reactor 
power and correction factors of the spectrometer 
efficiency for various neutron energies are presented. 

ABSOLUTE IN-CORE MEASUREMENTS OF HIGH 
NEUTRON FLUXES BY THE LONG-TUBE 

METHOD 

Due to the lack of neutron counters which operate 
in high radiation fields, integral methods have been 
exclusively used for relative in-core measurements of 
high neutron fluxes (101LIQ15 njcm2 s). In addition, 
instead of direct absolute measurements of these 
fluxes, integral neutron fluxes determined by activa
tion methods have been used. 

In earlier papers describing the first counting 
method (the "long-tube" method which enables simple 
and direct measurements of high neutron fluxes inside 
the reactor core [1-3]), its application to relative 
measurements was dealt with. In this method, an 
evacuated aluminium tube six meters in length was 
inserted into the reactor core. A target made of fissile 
materials or light elements such as su or lOB was 
placed at the bottom of the tube and a semi-conductor 

* Boris Kidri~ Institute of Nuclear Sciences, Beograd-Vin~a. 
The work was carried out under International Atomic 
Energy Agency contracts RB/179 and RB/130. 

counter was mounted at the other end of the tube, out
side the core. to detect fission fragments or charged 
particles coming from the target due to the neutron
induced nuclear reactions. It has been shown that high 
counting rates of the reaction products can be achieved 
with 2350, 239Pu, 6Li and 10B targets placed inside the 
reactor core. 

To extend this method to absolute measurements of 
high neutron fluxes, il is necessary to consider all the 
factors defining the observed yields from the reactions. 
These factors include: 
Flux depression. In view of the microgram quantities 
of the target material the flux depression caused by the 
target itself can be safely neglected. Other materials 
included only aluminium of a a= 1 barn purity. The 
aluminium tube was 0.5 mm thick in the vicinity of the 
target and 41 mm in diameter. An approximate calcu
lation showed that the screening effect of the alu
minium tube and the 50 micron thick targets support
ing the aluminium foil placed at a distance of 15 em 
from the bottom of the tube was less than 0.3 %. After 
the tube was inserted into the 5 em diameter air-filled 
channel in the core the change of the reactor reactivity 
was less than 5 x 10 -5 
Number of atoms in the target. Enriched uranium ob
tained by electromagnetic separation was used as the 
target material. A mass-spectrometric analysis showed 
the following abundances in the material; 93.0 ± 
0.05 %2aso, 6.1 %2aso and 0.9 %2340. The total 
quantity of the uranium in the target was determined 
gravimetrically and was 285 ± 4 fi-g. 
Cross section. The Vinca 10 MW reactor is a well
moderated heavy water reactor. Therefore, Wescott's 
value for the thermal neutron cross section for the 
fission of 2350 (a1 =550.4 b) was used. The impurities 
2340 and 2aso cannot contribute to the observed 
fission yields due to their high fission thresholds. 
Scattering and absorption. Since a thin uranium target 
( ,._,300 ftgfcm2) was used, the effects of self-absorption 
and self-scattering on the counting rate were estimated 
to be small. However, the scattering of fission frag
ments on the walls of the 6 m long aluminium tube was 
found to be the most serious difficulty in the absolute 
measurement of neutron fluxes [2]. The scattered frag
ments reaching the detector gave an unknown con
tribution to the counting rate and also distorted the 
fission spectrum, thus preventing the setting up of a 
correct discriminator level. An experiment in which 



SESSION 3.1 P/858 

20 40 60 80 100 120 CHAifiEL N.MER 

Figure 1. Fission-fragment spectrum at 6.5 mW power 

the distance of the detector from the target was varied, 
showed that the counting rate did not follow a geo
metrical relationship because of the scattering effect. 
The effect of scattering on the counting rate was 
avoided by inserting a collimator, 1 em in diameter, at 
a distance of 2m from the target. Under these con
ditions the fission spectrum (Fig. 1) was almost 
identical to the spectrum obtained with the same 
target and the detector 5 em apart, i.e., without 
scattering. As the measurements were made with a tube 
evacuated to a pressure lower than 10-3 mm Hg, the 
absorption and scattering of fission fragments in the 
residual gas were negligible. 
Geometry. The geometrical efficiency of 2.644 X 10-s 
was obtained with an effective detector area of 
12.57 ± 0.25 mmz, a target 12 mm in diameter, and a 
detector to target distance of 615 em. 

Absolute measurements of the thermal neutron 
fluxes were made in an air filled vertical channel VC-2 
of the Vinea reactor operating at 6.5 MW. The value 
obtained for the thermal neutron flux was: 

cp = (3.47 ± 0.13) x 1013 n/cmz s 

The estimated accuracy of about 4% results from the 
uncertainties in: 

-number of zasu atoms in the target (1.4 %), 
-fission cross section (1.8 %), 
-scattering of fissic;>n fragments (less than + 2 %), 
-self-scattering, self-absorption, absorption (less 

than -2%), 
-geometry (2 %) and 
-neutron flux instability and other factors (1.5 %). 

I 

I 
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The statistibal error was about 0.2 %. The reproduci
bility of th~ results is 1 %, as limited by the accuracy 
with which 

1 
the same reactor power could be repeated 

and by the oscillations of the neutron flux at the point 
of measurdment. It is interesting to note that by 
observing tfe changes of the counting rate we were 
able to not ce very fine actions in the reactor system 
affecting th local neutron flux. 

One of he disadvantages of this method when 
applied to igher neutron fluxes (101LI016 njcmz s) 
for long ti e periods is that the burn-up of the high 
cross secti n target is appreciable. However, in the 
case of big er neutron fluxes use can be made of this 
fact for king absolute measurements ·since the 
counting ra e as a function of time is given by: 

A= GNoacpe-uif>t 

where G is~
1 

the geometrical factor, No-number of 
atoms at ti e t =0, a-reaction cross section, and 
cp-neutron ux. If the flux is constant the slope of the 
curve InA v~. time is given by the value of the product 
acp. Assuming that the reaction cross section is known, 
one can fin~ the neutron flux simply by measuring the 
slope of this': curve. I;' or example, for a 10B target and a 
thermal neutron flux of 1016 n/cmz s the half-time for 
the target blil.rn-up is about 5 hours. A unique feature 
of this method of absolute measurement of neutron 
fluxes is th~t it is not necessary to know either the 
geometry of: the experiment or the number of atoms in 
the target. 

MEASUREMENT OF FAST NEUTRON SPECTRA 
INSIDE REACTORS WITH THE 6Li 

SEMI-CONDUCTOR COUNTER SPECTROMETER 

Two serio~s difficulties are encountered in the use 
of the 6Li ~mi-conductor counter spectrometer for 
measurements of pile neutron spectra in well
moderated teactors. First, the resolution of the 
spectromete~ is affected by the high level of gamma 
radiation inside the reactor [4]; this sets an upper 
limit to the reactor power at which measurements can 
be made. Second, the high flux of thermal neutrons 
which are d~ected in the spectrometer with an effici
ency of abo~t 4000 times that of fast neutrons, can 
seriously affept the low energy part of the fast neutron 
spectrum [5]. In addition to these problems, fast 
neutrons pro~uce (n,p) and (n,a) reactions in silicon, 
which may r~sult in a considerable background count
ing rate. Th~y also cause radiation damage in the 
silicon monof:rystal, which limits the life of the semi
conductor co~nters to a total dose of about 1012 fast 
neutrons per cm2. 

To study the possibilities and limitations of this 
technique the fast neutron spectrum inside the VinCa 
heavy water ~ero power reactor was measured with a 
6Li sandwich~' type spectrometer. Each counter in the 
spectrometer ad a sensitive area of 75 mm2, and the 
target consist d of 150 p,g/cm2 of6LiF evaporated onto 
a thin organi~ foil. 

II 
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Figure 2. Energy resolution of the spectrometer vs. reactor power 

To find suitable conditions for the measurements 
the change in energy resolution of the spectrometer 
was measured as a function of the reactor power. The 
energy resolution was found to be poorer as the reactor 
power increased (Fig. 2). This was probably caused by 
gamma radiation, since a similar loss in energy resolu
ti~n was observed both with and without a boron and 
cadmium shield enclosing the detector chamber. 
Therefore, this effect imposes an upper limit to the 
reactor power at which neutron spectra can be mea
sured. The charged particle energy spectrum obtained 
at the power of 2 W is shown in Fig. 3. The fast 
neutron spectrum can be derived by multiplying it by 
factors for neutron transmission in the shield and for 
the 6Li (n,a)T cross section. In spite of using the boron 
(0.60 g/cm2) and cadmium (0.43 g/cm2) shield the 
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FOR SANDWICH C3EOMETRY 
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Figure 3. Coincidence sum spectrum of charged particles for 
sandwich geometry 
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DETECTOR 1 Sensitive area 

DETECTOR 2 

Figure 4. Cylinder geometry with an absorber placed between 
two counters having ring sensitive areas. Theta-minimum angle 
between triton and alpha particles for neutron energies up to 

S MeV 

thermal neutron component, which was reduced by 
66.4 times, was not suppressed to a sufficient degree 
and the data in the part of the spectrum below 1 MeV 
are uncertain. Hence, this thermal neutron interference 
is the main disadvantage of the 6Li-semi-conductor 
counter spectrometer in the measurement of neutron 
spectra in well-moderated reactors. 

It was attempted to overcome this difficulty by con
sidering the fact that in the case of thermal neutron 
reactions the fragments (alphas ;md tritons) move in 
opposite directions, while in the case of fast neutron 
reactions they form angles other than 180°. These two 
types of reactions were distinguished by using a target 
in the form of a hollow cylinder with evaporated 6LiF 
on its inner surface (Fig. 4). The dimensions of the 
cylinder were inner diameter 16 mm and length 
10 mm. Two counters were placed at the opposite ends 
of the cylinder. In this way it was impossible for both 
coincident fragments travelling in opposite directions 
to reach the detectors. But if a neutron had an energy 
even as low as 100 keY, the mutual angle of the frag
ments differed from 180 o by a value lying between 
0 o and 6 o (Fig. 5) and both fragments could be detec
ted. The efficiency of this geometrical arrangement is 
not the same for various neutron energies. The geo
metrical efficiency of the spectrometer for several 
neutron energies was calculated by the ZUSE digital 
computer, and is given in Fig. 6. The charged particle 
spectrum measured at 2 W for the same position of the 

z 
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~160 
:!! 
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1t,OL--~-~---~---!.-------~-~ 
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Figure 5. Dependance of the angle between triton and alpha 
particles on the angle of triton emission for various neutron 

energies 
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Figure 6. The relative geometrical efficiency of the spectrometer 
vs. neutron energy (in this calculation the isotropic angular 

distribution was assumed) 

target inside the core as in the case of the plane target 
was similar to that obtained earlier [5]. The use of the 
absorber inside the cylinder improved the ratio of the 
true counting rate to background from 3 :2 to 2: 1. 

In summary of this section it can be said that the 
6Li-semi-conductor counter spectrometer can be used 
for measuring fast neutron spectra inside reactors 
operating at a power of a few watts. However, such a 
spectrometer is not suitable for neutron spectra 
measurements in well-moderated reactors because of 
the high 6Li (n,a)T thermal neutron cross section. The 
thermal neutron peak spreads over a substantial part 
of the spectrum and this is found to be a greater prob
lem than the gamma-ray background. Hence, with this 

! 
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spectromet¥ and 1 microsecond electronics fast 
neutron speptra above 1 MeV can be measured in well
moderated 

1

reactors. Spectra below 1 MeV can be 
measured opJy in fast assemblies. 

With the; cylinder-target arrangement the difficulty 
of the thermal neutron interference can be overcome. 
However, the efficiency of this arrangement is lower 
than that bf sandwich geometry, and this is the main 
disadvantate of the method. 

ACKNOWLEDGEMENT 
Th~ authors wish to express their thanks to the 

members of the Scientific Institute of the "Atoms at 
Work" exhibition held in Belgrade in 1963 for their 
kind co-operation during the scattering experiments 
made on the exhibition Lockhead nuclear research 
reactor. Tije authors also thank the staff of the 
Vinca RA and RB reactors for their help during the 
experiments. 

REFERENCES 

1. Ajdacic~V., Kurepa, M., and Lalovic, B., Nucleonics, 20 
(2), 47 ( ebruary 1962). 

2. Ajdacic, ., Azuma, R., and Fleming, W., ibid., 21 (1), 60 
(January 1963). 

3. Ajdacic, V., and Lalovic, B., Neutron Dosimetry, Vol. I, 
p. 271, I A, Vienna (1963). 

4. Nygaardr.K., Electronique Nucleaire, p. 693, ENEA 
(Paris 19 ). 

5. Ajdacic, ., Lalovic, B., and Petrovic, B., ibid., p. 181. 

ABSTRACT -RESUME-AHHOTA~II1 -RESUMEN 

A/858 Yougoslavie 

Mesures du flux de neutrons dans les reac
teurs a l'aide de compteurs a semi
conducteurs 

par V. Ajdacic eta/. 

Des publications precedentes decrivant Ia premiere 
methode de comptage (methode du (< tube long>>, qui 
permet de mesurer de far;on simple et directe des flux 
eleves de neutrons dans le cceur d'un reacteur) ont 
traite de son application aux mesures relatives. Dans 
cette methode, un tube d'aluminium sous vide, de 
6 metres de long, est ·introduit dans le cceur du reac
teur. Une cible composee de matieres fissiles, lithium 6 
ou bore 10, est disposee au fond du tube. A l'autre 
extremite du tube, a l'exterieur du cceur, on place un 
compteur a semi-conducteur pour detecter les frag
ments de fission ou les particules lourdes emises par Ia 
cible a Ia suite des reactions nucleaires provoquees par 
Ies neutrons. On a ainsi pu obtenir des taux de comp
tage eleves de produits de reactions neutroniques en 
pla~ant dans le cceur du reacteur des cibles d'ura
nium 235, de plutonium 239, de lithium 6 et de bore 10. 

Pour etendre cette methode a Ia mesure absolue de 

flux eleves e neutrons, on a etudie les divers para
metres qui definissent le rendement observe des 
reactions. E ce qui concerne l'effet de Ia diffusion des 
particules, n a choisi avec beaucoup de soin la 
geometrie c nvenant le mieux a !'experience (cible
collimateur- ompteur). 

On a rea ise, avec une cible d'uranium 235, des 
mesures ab olues des flux de neutrons thermiques 
dans le reac eur modere a l'eau lourde de Vinca, a une 
puissance d 6,5 MW. La precision de Ia methode est 
estimee a 4 ° environ. 

On a eg~lement envisage !'application de cette 
methode a f mesure des flux de neutrons dans ces 
reacteurs de type avance avec des flux tres eleves de 
neutrons (1QlL1016 n/cm2 s). Cette application utilise 
le fait que le taux de comptage pour une position 
donnee du detecteur decroit avec le temps a cause de 
l'epuisemen(',de la cible de grande section efficace. 

Les spectr¢s de neutrons rapides dans le reacteur a 
eau lourde d~ puissance nulle de Vinca ont ete mesures 
avec des coJ:tipteurs a semi-conducteurs et une cible 
de lithium ~- On a utilise une nouvelle disposition 
detecteur-cib~e, seuls les produits de Ia reaction 
6Li(n,a)T dont l'angle d'emission est different de 180° 
etant detect~s par coincidences. On supprime ainsi 

I 
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presque completement !'interference des neutrons 
thermiques. On precise la resolution du spectrometre 
en fonction de la puissance du reacteur et les facteurs 
de correction du rendement du spectrometre pour 
diverses energies de neutrons. 

A/858 KJrocnaBHA 

HeArpoHH~e HsMepeHHH e peaKropax 
C nOMO~bK) nonynpOBOAHHKOBbiX C4eT-
4HKOB 
B. AHAa4H4 et al. 

B npel(napHTCJibH.biX pa6oTax o nepnoM c'IeT

HOM MeTO,z:(e (MeTO,z:( <<,z:(JIHHHOH Tpy6KH)>, C llO

MOUJ;hiO KOTOporo ocym;ecTBJieHO HeCJIOJRHOe npH

MOe H3MepeHHe HHTeHCHBHhiX HeHTpOHHhiX llOTO

KOB BHYTPH aKTHBHOH aoHhl peaKTopa) paccMorpe

Hhl B03MOJRHOCTH ero npHMeHeHH.II ,!:(Jill OTHOCH

TeJihHhiX H3MepeHHH. fipH HCllOJih30BaHHH 3TOrO 

MeTO,z:(a B aKTHBHyiO 30HY peaKTOpa norpymaeTCJI 

3BaKyHpOBaHHa.ll aJIIOMHHHeBaH Tpy6Ka ,z:(JIHHOH 

6 .~. Ha !(He aToll rpy6KH ycraHaBJIHBaeTCH MH

meHh H3 l(eJIHUJ;llrocH Bem;ecTBa, Li6 HJIH B 10 , 

a Ha ,z:(pyron ee KOHen;, BHe peaKTOpa, MOHTHpyeT

CJI llOJiynpOBO,z:(HHKOBhiH C'IeT'IHK. C llOMOUJ;hiO 

llOJiynpOBO,z:(HHKOBOro C'IeT'IHKa ,z:(eTeKTHpyiOTCJI 

OCKOJIKH ,z:(CJieHHJI HJIH THJReJible 'IaCTHI.J;hl - npo

l(yKThl HI(CpHhiX peaKI.J;Hll HCHTpOHOB Ha MHIDeHIL 

BhiJio noKaaaHo, 'ITO c MHIDCH.IIMH H3 U236 , 

Pb239 , Li 6 H B 10 , ycTaHOBJieHHhiMH B aKTHBHOH 

aoHe peaKropa, MOiUHo noJiy'IHTh BeCI>Ma 6oJih

mHe CIWpOCTH C'ICTa npOI(YKTOB peaKI.J;Hll. 

,)J;JIH roro 'ITOOhl pacnpocrpaHHTh aToT MeTol( 

H Ha aOCOJIIOTHhle H3MepeHHJI CHJihHhiX HeHTpOH

HhiX noToKoB, OhiJIH HCCJICI(OBaHhl paaJIH'IHhle 

napaMeTphl, onpel(eJIHIOm;He BhiXOA peaKn;Hii. 

fipH 9TOM OCHOBHOe BHHMaHHe yl(eJieHo Bbl6opy 

HaHOOJiee llO,z:(XO,z:(JIUJ;CH reoMeTpHH ::mcnepHMeH

TOB (MHIDCHh- IWJIJIHMaTop- Cl!CT'tHK), ll03BO

JI.IIIOUJ;eH yqecrh alfldJeKT pacceHHH.II qacmn;. 

McnoJih3YH MHIDeHb H3 U 236 , onpel(eJieH noTOI\ 

TellJIOBLIX HeHTpOHOB B aKTHBHOH 30He THmeJio

BO,z:(HOrO peaKTopa B BHH'le npH MOII.J;HOCTH 

6,5 MBm. To'IHOCTh MeTol(a, corJiaCHO ou;eHKaM, 

COCTaBJIHeT OKOJIO 4%. 
PaccMorpeHa TaKme nepcneKTHna HCITOJII>aoBa

HHH Toro a\e MCTOI(a B peawropc c ooJiec 

BhiCOKHM HC:iiTpoHHLIM IIOTOKOM ( f015 -

1016 ~-teiimp /eM 2 • cet>) nyreM HaOJIIOI(CHHH a a CHH

iKCHHCM CKOpOCTH C'ICTa CO BpeMeHeM, Bhl3BaHHhiM 

BLiropaHHeM Bem;ecrBa MHmeHH c 6oJibiDHM ceiJe

HHeM. 

CneKTphl 6hlcTphlx HenrpoHoB B peaKTope HyJie

Boii MOUJ;HOCTH B BHHIJe c THmeJioBOI(HLIM aaMei(

JJHTeJieM H3MCpHJJHCb C llOMOUJ;biO IIOJiyllpOBO,z:(HH

KOBLIX cqenHKOB MHIDCHbiO H3 Li6 • Ilpn aroM 

6LIJia HCITOJib3oBaHa reoMeTpHH cHcTeMhl C'ICT

'IHK - MHIIICHh, B KOTOpOH ,z:(eTeKTHpOBaJIHCb (Ha 

V. AJDACIC et a/. 

COBlla,z:(eHHH) TOJJbKO TC 'IaCTHI.J;hl 113 peaKI.J;HH 

Li6 (n, a) T, yroJI Meml(y HarrpaBJICHHCM I(BHme

HHH ROTophlx oTJIHtiaJICH OT 180°. TaKHM o6pa

aoM, BJIHHHHe TenJIOBhiX HCHTPOHOB notiTII noJI

HOCTbiO ycrpaHHJIOCb. B HacToHm;e.H pa6oTe npHBO

AHTCH 3HepreTH'ICCKOC paapeiiiCHIIe CllCRTpOMeTpa 

KaK lflyHKI.J;HH MOUJ;HOCTH peaRTOpa H IIOllpaBO'IHhlC 

MHOI:KHTeJIH alfllfleRTHBHOCTH CllCKTpOMeTpa ,z:(JIJI 

pa3JIHl!HhiX aHeprHH HeHTpOHOB. 

A/858 Yugoslavia 

Medidas neutr6nicas en el interior de 
reactores usando detectores semiconductores 

por V. Ajdacic eta/. 

En nuestros articulos previos, que describian el 
primer metodo de recuento, el metodo del << tubo 
largo )), que permite medidas sencillas y directas de 
fiujos elevados de neutrones dentro del nucleo del 
reactor, nos ocupabamos de su aplicacion a medidas 
relativas. En este metodo se utiliza un tubo de alu
minio de 6 metros de longitud en cuyo interior se ha 
hecho el vacio y que se introduce en el nucleo del 
reactor. Un blanco compuesto de materiales fisibles, 
6Li o loB, se coloca en Ia parte inferior del tubo. En el 
otro extremo del tubo, que queda fuera del nucleo, se 
monta un detector semiconductor que detecta frag
mentos de fision o particulas pesadas que proceden del 
blanco debido a reacciones nucleares inducidas por los 
neutrones. De esta forma se demostro que pueden 
obtenerse ritmos elevados de recuento de los productos 
de reaccion usando blancos de 2asu, 239Pu, 6Li y lOB en 
el interior del nucleo del reactor. 

Para extender este metodo a la medida absoluta de 
fiujos elevados de neutrones, hemos medido, en el 
presente trabajo, parametros que definen el rendi
miento observado de las reacciones. Con relacion al 
efecto. de la dispersion de las particulas, se ha puesto 
un cuidado especial en elegir la geometria mas con
veniente para el experimento (blanco-colimador
detector). 

Utilizando un blanco de 2asu se efectuaron medidas 
absolutas de fiujos de neutrones termicos en el reactor 
Vinca, moderado con agua pesada, operando a 
6,5 MW. La precision del metodo se estima en 
un 4% aproximadamente. 

Se estudian posibles aplicaciones del metodo a Ia 
medida de fiujos neutronicos en reactores avanzados 
de flujo muy elevado (101s_1016 nfcm2 s). Esta aplica
ci6n se basa en el hecho de que el ritmo de recuento 
para una posicion fija del detector disminuye con el 
tiempo, debido al agotamiento del blanco con alta 
seccion-eficaz. 

Con detectores semiconductores y un blanco de 6Li 
se han medido espectros de neutrones nipidos en el 
interior del reactor de potencia cero y moderado con 
agua pesada, Vinca. Se ha empleado una nueva dis
posicion detector-blanco, de modo que solo se detectan 
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mediante un dispositivo de coincidencias aquellos 
productos de la reacci6n &Li (n,a)T cuyo angulo 
relativo de emisi6n es diferente de 180°. De este modo 
se suprime casi completamente la interferencia de los 

I 
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neutrone~ termicos. Se da la resoluci6n del espectr6-
metro enl funci6n de la potencia del reactor y los 
factores de correcci6n de la eficiencia del espectr6-
metro pa~a diferentes energias de los neutrones. 



P/167 United Kingdom 

Neutron interactions with reactor materials 

By E. R. Rae,* R. Batchelor,** P. A. Egelstaff* and A. T. G. Ferguson* 

An important aim of reactor physics is the calcula
tion from first principles of the behaviour of a reactor 
system, and the prediction of reaction rates, neutron 
fluxes and spectra as functions of position, time and 
temperature. Interest in this approach has grown 
rapidly in the UK since the 1958 Geneva Conference, 
and has been stimulated by the increasing availability 
of large digital computers. For thermal systems, these 
calculations required not only improved nuclear data 
in the thermal and epithermal regions, but also a 
detailed knowledge of the interaction of slow neutrons 
with fuel and moderator materials, which would per
mit calculation of the neutron spectrum in an as
sembly. Further confidence in the data and methods of 
calculation has been established by experimental 
measurements [1] of the neutron spectra in as
semblies of particularly simple composition and shape. 

This programme for thermal systems has now been 
under way for several years. Recently the widespread 
interest in large fast breeder reactors with relatively 
soft spectra has led to increasing demands for accu
rate neutron cross-section data throughout a wide 
neutron energy range, from fast fission neutrons right 
down to the resonance region. This latter region is of 
particular interest because of its influence on the tem
perature coefficients and stability of fast systems. Of 
the nuclear data measurements currently in progress, 
those in the thermal region and a part of the resonance 
region work are due to the requirements of thermal 
systems, but the fast neutron measurements and the 
bulk of the experiments in the resonance region arise 
out of the fast reactor programme. 

In the thermal region the UKAEA programme in
cludes a number of precision measurements on fuel 
materials which are still required to round off the set 
of parameters needed to allow calculations of reaction 
rates with a standard deviation of,...._, 1 %. These consist 
of a careful study of the thermal fission cross section of 
235U, mass spectrometer measurements of a for 233U, 
zasu, 239Pu, and 241Pu and precision measurements of 
v for zaau, zasu and 239Pu using the Boron Pile detec
tor. The thermal region programme also includes 
studies of the scattering of slow neutrons by a range of 
moderator and fuel materials such as HzO, DzO, C, 
Be and UOz. These studies, which consist of measure-

* UKAEA, Atomic Energy Research Establishment, Har
well, Berks. 

** UKAEA, Atomic Weapons Research Establishment, 
Aldermaston, Berks. 

ments of the angular distribution and spectra of the 
scattered neutrons, are made as a function of the 
temperature of the scatterer. 

In the resonance region, a wide range of experiments 
is in progress. These include high resolution measure
ments of the total absorption cross section of 232Th, 
zasu, zaau, zasu, 239Pu, and 241Pu, of the fission cross 
section of 233U, zasu, 239Pu and 241Pu, of YJ (E) for 
zaau, zasu, and 239Pu and of the capture cross section 
of 232Th and zasu. In addition to the work on fuel 
materials, capture cross section measurements are also 
in progress or planned on a number of structural and 
coolant materials such as iron and sodium. 

Work in the fast neutron range (up to 14 MeV), in 
which electrostatic generators are used, includes in
elastic scattering measurements on Fe, Na and K, 
and 238U, and the determination of the capture 
cross section of zasu, the fission cross section of 235U 
and v(E) for 232Th, zaau, 234U, zasu, zasu, za9pu, 240Pu 
and 241Pu. 

It is impossible in a single paper to describe more 
than a small fraction of this programme, and conse
quently the neutron interactions of a small number of 
nuclides which are important to nearly all reactor 
systems are described here. In order to illustrate as 
many classes of materials as possible, the nuclides 
chosen are zasu (fissile), zasu (fertile), Fe (structural) 
and HzO (moderator and coolant). The remaining 
sections of this paper review the measurements carried 
out on these materials at Harwell and Aldermaston. 

URANIUM-235 

Fission cross section and direct measurement of Eta 

Two serious anomalies exist in the fission cross sec
tion data on zasu. In the thermal region, the measure
ments of Bollinger and Saplakoglu [2, 3] which ap
peared to employ one of the best experimental tech
niques, and which claimed an accuracy of 1 %, were 4% 
higher than the accepted world value. In the resonance 
region, recent work by Bowman eta/. [4] suggested that 
the normalization of previous measurements had been 
wrong by .-..20%. For these reasons, and in order to 
improve the quality of the available data in certain 
respects, the UKAEA has made measurements over 
a wide energy range. 

In the thermal region Maslin has made a measure
ment similar to that of Bollinger and Saplakoglu, using 
the Aldermaston Fast Chopper. In this experiment 
both the neutron flux through a foil of 235U and the 



~ 

Ill 

21 ... r-·~ ~ .. " t 1, _ o! • •• ,, , hi,, t , 

ET~I I I y ~q lwtf ['!~At \i\_l~ Vt ~1' •\tl1tS•fi!ti1lfl i-p-l,lf"Jllf i~l1/li ·l~lfllll YAl 
(b) ETA AS A FUNCTION 

OF NEUTRON ENERGY 
0~--------~--------~------L-__ _L __ L_~~~-LL-------------~~-------L-----L----L---L-~--~~_J ______________ _L ______ __J 

E 1000 
0 

co 
z 
Q 
1-
u 
w 
Vl 

Vl 
Vl 

~ 
u 
z 
0 
VI 
Vl 

u.. 

" ""-\ I 

~~ A -.'"" 
) 

I 

'"\} 

100 

10 

) (a) FISSION CROSS SECTION ~ 
I I I 
0•01 C>l 10 

~A ~ 
~J~ • . ~~~A ~~~~~.w" ~ ~~ !- . ' 

~. 'I. ~ , fl' ff lfT 1 rr • ~ 
• I . . 

.~ 
. 

I 

30 100 300 

NEUTRON ENERGY eV 

Figure 1. Neutron induced fission 235U 

VI 
m 
VI 
VI 

0 
z 
p .... 

~ ...... 
0.. 
'-I 

!'" 

E 
;;tl 
> m 
n> .... 
~ 

~ 



368 SESSION 3.1 P/167 

number of fission events occurring in the foil (which is 
thick enough to be assayed by weighing) are measured 
absolutely using a coincidence technique. In particular 
the number of fissions occurring is determined by 
observing the fast fission neutrons with a set of liquid 
scintillator detectors employing pulse shape discrimi
nation. The efficiency of this system is measured abso
lutely by a coincidence method involving the use of a 
2asu fission chamber containing a thin (0.5, 0.14 and 
0.1 mg/cm2) 2asu foil placed back to back with the 
main foil (130 mg/cm2). 

The set of neutron counters does not subtend a 411" 
solid angle at the foil, and Maslin has found that the 
efficiency depends on the angle between the incident 
neutron beam and the set of counters. This can be 
understood since fission neutron emission is correlated 
with fragment direction and the lost fission events are 
predominantly those with fragments travelling in the 
plane of the foil. Measurements have been made at 
two angles and at each angle an extrapolation to zero 
foil thickness has been made. The preliminary value 
obtained for the fission cross section of 235U at 2200 
m/s is 574±6 barns, a result in good agreement with 
the values suggested by Safford and Melkonian [5], 
Deruytter [6] and Bigham et al. [7]. 

In the resonance region, Brooks [8] has made a 
direct determination of 7J(E) in the energy range from 
0.04 to 300 e V using the Harwell Electron Linac 
(Neutron Project) time of flight spectrometers. In this 
measurement the fission neutron yield from a sample 
was again determined using liquid scintillators with 
pulse shape discrimination [9] while the absorption of 
neutrons in the same sample was obtained by applying 
a scattering correction to its measured transmission. 
Such an experiment was carried out for each of four 
samples of 2asu ranging in thickness from 0.001 to 
0.02 atoms/barn and the time of flight resolution 
varied from 0.35 to 0.01 ,.,s/m through the energy 
range. It will be readily observed that the raw data for 
this measurement yield, in addition to 7J(E), the total 
and fission cross sections of 2asu, (the latter on the 
assumption that v is constant over the restricted neu
tron energy range involved). The final values of all 
three quantities, ar O'T an~ 7J are obtained by taking a 
weighted mean of the values obtained from each of the 
four samples. The fission cross section and 7J(E) are 
normalized by setting 7J(E) near thermal energy to 
correspond to the value determined by Macklin et al. 
[10] at thermal energy. 

Fig. l(a) shows the fission cross section of 2asu 
from 0.04 to 300 e V. The present data are in good agree
ment with those of Shore and Sailor [11] to which 
previous higher energy measurements [12, 13] had been 
normalized; they do not support the contention of 
Bowman eta/. [4] that this normalization was wrong 
by ......,20%. Fig. 1(b) shows the values of 7J(E) over 
the same energy range. 

In the fast neutron region, White, at Aldermaston, 
has measured the fission cross section of 2asu in the 
energy range 100 keV to 14 MeV. Painted and vacuum 
evaporated foils were used and were assayed by direct 
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weighing, coulometry, spectrophotometry, alpha assay 
and back-to-back fission counting. As a result of these 
assays the mass of 235U in the foils was considered to 
be known to ,..., 1 %. Fission fragments were detected 
in a 217 ionization counter, and the correction for frag
ments lost in the foils was determined experimentally. 
Further corrections were made for the fission frag
ment angular distribution and for centre of mass effects. 

The neutron flux was monitored at the lower ener
gies by a hydrogen-fi~led proportional counter similar 
to that described by Skyrme et al. [14]. At higher 
energies a semi-conductor recoil counter similar to that 
described by Dearnaley and Whitehead [15] was used, 
the mass of the polythene radiator being determined 
by direct weighing. For both counters the recoil proton 
spectrum was calculated and compared with the olr 
served spectrum [16]. The accuracy of this fitting was 
1.5% to 2.5% depending on the neutron energy. At 
14 MeV the flux was measured by the detection of the 
associated alpha particles at either 135 o or 84 o to the 
neutron beam. At all energies corrections (of a few 
per cent) were applied for neutron scattering in the 
targets and counters and for attenuation in the air. 

The results of the measurements are shown in Table 
1 together with the figures taken from Brookhaven 
report, BNL 325. It will be seen that the results of the 
present work while agreeing in shape with the BNL 
325 curve, are systematically lower by about 5 per cent 
in the region 100--500 keV. 

v measurement 

Two independent experiments are being conducted 
to measure ilp the numbers of prompt neutrons emitted 
per fission. At Harwell, Colvin and Sowerby [17] have 
concentrated on obtaining absolute measurements of 
spontaneous and thermal neutron induced fission to 
high accuracy using the boron pile, and at Alder
maston, Mather, Moat and Fieldhouse [18] have used 
a large scintillator to obtain relative measurements 
over a wide energy range. 

Colvin and Sowerby have measured the ilp values 
for the thermal fission of 233U, 235U, 239Pu and 241Pu 
and for fast fission of 235U in the region 0.1 to 2.6 MeV 
relative to the values for the spontaneous fission 
of 240Pu and 2!>2Cf, which they established absolutely. 

The Aldermaston team find that iip for 2asu can be 
represented by iip (£)=2.423 ±0.008+0.088 (±0.008)E 

Table 1. Measured fission cross section of 235U 

Energy Cross Error Cross 
section Energy spread section per BNL 325 MeV MeV (Barns) cent (Barns) 

0.127 0.015 1.54 2.5 1.65 
0.160 0.02 1.52 2.5 1.57 
0.207 0.02 1.38 2.5 1.47 
0.312 0.02 1.30 2.5 1.33 
0.404 0.02 1.22 2.5 1.28 
0.505 0.02 1.17 2.5 1.23 
2.25 0.05 1.31 3.0 1.31 

14.1 0.05 2.17 2.0 
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Figure 2. Yp as a function of neutron energy for a nu1mber of heavy nuclides 

+0.0088 (±0.0011)£2 and this curve is reproduced in 
Fig. 2, along with other recent data obtained at the 
two laboratories. The uranium data clearly show that 
Vp is very insensitive to N. It will be of considerable 
interest to see if this also holds for the Pu isotopes. 

Neutron strength functions and absorption 
cross section of 235U 

A measurement and analysis of the total cross sec
tion of 235U from 100 eV to 80 keY has recently been 
described by Uttley [19]. This work, carried out on the 
Harwell Electron Linac (Neutron Project) time of 
flight system, utilized the 120 metre flight path and the 
time of flight resolution was --o.002 p.s/m. Four metal
lic samples from 0.001 to 0.03 atoms per bam were 
employed which were thin enough to ensure accurate 
measurements of true average total cross section 
throughout the range. 

The average cross section was analysed to obtain 
the s-wave potential scattering cross section and the s 
and p-wave strength functions (So and S1). The values 
obtained were 11.7±0.1 b, (1.02±0.03)10-4, and 
(2·0±0·3)10-4 respectively. These results represent the 
first measurement of S1 and by far the most accurate 
measurement of So to date. The relatively high value of 
2 x I0-4 for S1 is in agreement with other recent deter
minations for heavy nuclides [20], and with recent 
theoretical estimates [21,22]. 

The average absorption cross section was also 
obtained from the total cross section data by subtract
ing the scattering cross section (potential scattering+ 
compound elastic contribution of 0.6 barn) and values 
are given in Table 2. Included also are data for the 
total cross section, fission cross section [12], capture 
cross section obtained by subtraction, and a=uo/uF. 

The errors quoted in a arise almost equally from 
uncertainties in the potential scattering and measured 

total cross section, and assume no error in the fission 
cross secti n. 

The flue uations in the observed total cross section 
have also een analysed and were found to be consis
tent with Porter-Thomas distribution of reduced 
neutron wi ths, and a Wigner distribution in the level 
spacing. 

URANIUM-238 
Capture cross section 

I 

Neutron apture measurements have been made on 
238U in the nergy range from a few eV to 14 MeV. At 
Harwell, oxon and Rae have used one of the Elec
tron Linac ime of flight spectrometers in conjunction 
with detect on of the prompt capture y-rays [23], to 
measure th capture cross section from a few e V to 

I 
100 keY. Tqe measurements are absolute below 100 eV 
but at higher energies the shape of the curve is nor
malized to that of the lOB(n,a) curve in BNL 325. 
Hanna and', Rose [24] at Harwell made activation 
measurements between 30 keY and 1 MeV, while at 
Aldermaston, Barry, White and Bunce have recently 
carried out a set of activation measurements between 
0.12 and 7.6 MeV. In this experiment the 2asu formed 
on neutron ~capture was allowed to decay to 239Np 
which was ~eparated chemically and counted. The 
cross section was measured relative to the hydrogen 
scattering cross section. An activation measurement 
at 14 MeV Was also made at Aldermaston by Perkin 
et al. [25]. ' 

The composite capture cross section curve obtained 
from all these measurements is shown in Fig. 3. It will 
be observed that from 300 keY upwards there is good 
agreement b~tween the data of Hanna and Rose and 
of Barry eta. The Hanna and Rose point at 152 keY 
however, lies some 20% below the points of Barry 
et al. Moxo 's data, on the other hand, are in good 

! 

I 
I 



370 SESSION 3. 1 P/167 E. R. RAE eta/. 

Table 2. Average cross-section data for 235U 

Energy Strength <anA> <ant> <ony> function a keV So( X 104) Barns Barns Barns 

0.1-0.2 1.03±0.03 33 .65±1.00 20.5 13.15 0.64±0.05 
0.2-0.3 1.28±0.04 32.45±1.00 20.3 12.15 0.60±0.05 
0.3-0.4 0.89±0.01 18.88±0.21 14.45 4.43 0.31±0.02 
0.4-0.5 0.94±0.01 17.51±0.22 13.22 4.29 0.32±0.02 
0.5-0.6 1.12±0.01 19.04±0.23 14.68 4.36 0.30±0.01 
0.6-0.7 0.96±0.01 14.96±0.23 11.66 3.30 0.28±0.02 
0.7-0.8 1.13±0.01 16.39±0.24 10.93 5.46 0.50±0.02 
0.8-0.9 0.85±0.02 11.51±0.26 8.63 2.88 0.33±0.03 
0.9-1.0 0.97±0.02 12.46±0.27 7.85 4.61 0.59±0.03 
1.0-1.1 1.13±0.02 13.79±0.32 7.79 6.00 0. 77±0.04 
1.1-1.2 1.13±0.02 13.25±0.32 9.70 3.55 0.37±0.03 
1.2-1.3 0.96±0.03 10.72±0.32 7.94 2.78 0.35±0.04 
1. 3-1.4 1.11±0.03 11.93±0.32 8.17 3.76 0.46±0.04 
1.4-1.5 0.93±0.03 9.64±0.32 8.02 1.62 0.20±0.04 
1.5-1.6 0.90±0.03 9.06±0.32 6.24 2.82 0.45±0.05 
1.6-1.7 1.00±0.03 9. 73±0.32 6.90 2.83 0.41±0.05 
1. 7-1.8 0.97±0.03 9.13±0.32 7.24 1.89 0.26±0.04 
1. 8-1.9 0.90±0.03 8 .23±0.32 6.69 1.54 0.23±0.05 
1.9-2.0 1.22±0.03 10.95±0.32 6.66 4.29 0.64±0.05 

2.0-3.0 7.81±0.14 5.80 2.01 0.35±0.02 
3.0-4.0 6.87±0.17 4.90 1.88 0.38±0.04 
4.0-5.0 6.09±0.19 4.50 1.59 0.35±0.04 
6.0-7.0 5.04±0.21 3.78 1.26 0.33±0.06 
7.0-8.0 4.82±0.22 3.54 1.28 0.36±0.06 
8.0-9.0 5 .25±0.23 3.52 1. 73 0.49±0.07 
9.0-10.0 4.68±0.23 3.41 1.27 0.37±0.07 

agreement with the Hanna and Rose point at 29 keV, 
and appear to support the low point at 152 ke V. They 
are not, however, seriously inconsistent with the Barry 
data since the uncertainty in the 10B(n,a) cross sections 
to which they are normalized is large above 100 keV. 

nique. Neutrons were produced by the reaction 7Li 
(p,n)7Be, energy spread in the incident neutrons being 
6-8 keV. A detector whose efficiency for 100 keV 
neutrons was ,...._,40% of its maximum value [27] was 
used to detect the neutrons, its efficiency as a function 
of energy being determined with reference to the 
hydrogen cross section as is described in detail by 
Barnard et al. [27]. Cross sections were measured 
absolutely, by direct observation of the incident and 
scattered flux. Corrections are made for multiple 
scattering by a Monte Carlo method [28]. 

Elastic-inelastic scattering in zasu 

At Harwell the IBIS pulsed Van de Graaff has been 
used by Barnard, Ferguson, McMurray and Van 
Heerden [26] to make measurements of the elastic and 
inelastic cross sections between 75 keV neutron energy 
and 1400 ke V using the neutron time of flight tech-

10
3 .--rr.,.,r-r..---.---,-----:-::---r-----r-

• lrotoxono:~nd Rae 

• Barry, Wlute and 
a Honng and Rose 

lD 10 10 10 10 

NEUTRON ENERGY (keV) 

Figure 3. Capture cross section of 23BU 

A typical time of flight spectrum obtained at an 
incident neutron energy of 1 305 ke V is shown in 
Fig. 4(b) and the levels observed are included in Fig. 4( a) 
where they are compared with those found by Cou
lomb excitation (Elbeck et al. [29]) and by Smith [30]. 
Inelastic scattering clearly excited levels in addition to 
the collective levels favoured by the Coulomb excita
tion but the remaining levels correspond well with 
those found in the latter process. Angular distributions 
of elastically scattered neutrons were measured at 75, 
157, 250, 405 and 550 keV. The results at 550 keV 
agree to within 2 to 3% with those of Cranberg and 
Levin [31] and Smith [30]. Angular distributions of 
the inelastic neutron groups were measured at 157, 
550, and 1305 keV. At 157 and 1305 keV all groups 
appeared to be isotropic within the errors of the experi
ment. However, a more detailed distribution at 550 
keV confirmed threshold anisotropy found by Smith 
[30]. Differential cross sections at 90° for the excita
tion of the 45 keV level were measured at 107, 120, 
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Table 3. The inelastic cross sections of 23BU-differential cross sections at 90° 

Level position 

E. 

107 
120 
140 
155 
200 
250 
405 
450 
550 
650 
720 
750 

45 keY level 

da 
dO mb/st. 

40±10 
58±18 
68±88 
78±8 
79±6 
85±8 

106±7 
122±10 
125±5 
125±15 

110±10 

Level position 

1023 keY 

1050 

1050 
1099 
1150 
1240 
1305 

146 ke V level 

do 
dQ mb/sr 

24±6 
23±3 

30±5 
32±5 

832 keY 
da 
d.Q 

3.3 ±1.5 
4.0 ±1.5 
6.2 ±1.5 
6.40±1.5 
7.2 ±1.5 

1048 keY 

E .. 

800 
840 
890 
940 
990 

1090 
1050 
1099 
1150 
1240 
1305 

926 keY 
do 
iW 

18.0±2 
21.1±2 
19.2±1.5 
17.6±2 
22.1±1.5 

1093 keY 

680 keY level 

do 
iW mb/sr 

19.8±2.6 
23.9±1.2 
24.4±1.2 
26.2±1.5 
23.5±2 
26.6±2.5 
23.5±2.5 
23.5±2 
20.4 
17 ±1.5 
16.0±1.5 

953 keY 
do 
d.Q 

13.8±2 
18 ±2 
17.5±2 
20.5±3 
21.9±1.5 

!Ill keY 

730 keY 

du 
dQ 

13.0±1.7 
14.7±2 
17.6±2 
16.0±2 
18.3±4 
20.3±2 
21.0±1.5 
19.8±1 
16.5±1.5 
17.2±1.5 

987 keY 
do 
d.Q 

4.5±1.5 
13.7±2 
12.5±1 .5 
14.7±2 
16.4±2 

1147 keY 

. 1099 
1150 
1240 
1305 

13.7±2 
12.5±1.5 
14.7±1.6 
16.4±2 

15.7±2.5 
19.7±2 
26.2±2 

9.9 ±2.5 
11.10±2 

6.8 ±2.5 
13.12±2.5 

4.05±2 
8.20±12 

140, 157, 300, 350,405,450, 550,650 and 720 keY, and 
cross sections for the 145 keY level between 450 and 
750 keY. Cross sections for the levels between 680 and 
1147 keY were measured at 50 keY intervals from ,_,go 
keY above threshold to 1400 keY neutron energy. All 
of these results are shown in Table 3. 

At A WRE Aldermaston measurements have been 
made by Batchelor, Towle and Gilboy of elastic and 
inelastic scattering from uranium of neutrons of 2 
MeV, 3 MeV and 4.0 MeV, using the 6 MY Van de 
Graaff as described by Towle and Gilboy [32]. Neu
trons were produced in the reaction T(p,n)3He, with 
an energy spread ,--,JOO keY. Absolute cross sections 
were obtained by comparison with scattering from 
hydrogen. 

At 2 MeV, the elastic peak contains also inelastically 
scattered neutrons to the levels at 45, and 146 keY. 
The observed angular distribution for elastic neutrons 
agreed well with the results of Cranberg and Levin 
[33]. Underlying the scattered neutrons was a back
ground due to fission neutrons. Assuming a fission 
spectrum given by N(E)=kElexp.( -0.75E) the ob
served fission spectrum at a higher energy than the 
elastic peak is extrapolated to lower energies beneath 
the elastic and inelastic neutrons. The inelastic neu
trons were divided into two main groups (the 730 keY 
group) with bounds at 0.57 and 0.87 MeV and the 
1.03 MeV group with boundaries at 0.87 and 1.38 
MeV. The inelastic neutrons were found to be iso-

tropic. The cross sections obtained at this energy are 
included in Table 4. At 3 MeV and 4 MeV incident 
neutron energy the only line structure in the secondary 
neutron spectrum is that of the "elastic" peaks. The 
remainder consisting of fission neutrons and an eva
poration spectrum was assumed to have the form 

N(E)=AEexp( -Eja)+B E!exp( -0.75E) 

where E=energy of the emitted neutron, and B was 
obtained from the known value of var. The constants 
A and a were then chosen to give the best fit to the 
observed spectrum. The values found and the other 
cross sections etc., assumed are shown in Table 4. At 
3 MeV incident energy, there is still a measurable 
cross section to levels near 1 MeV. An estimate of this 
cross section is 0.105±0.04b. At 3 and 4 MeV the 
values found for a were 0.4 and 0.41 MeV respectively. 
At 3.0 MeV, the "elastic" peak includes inelastic 
scattering with energy loss less than 0.75 MeV while 
at 4.0 MeV it includes scattering with energy losses 
up to 1.5 MeV. At 4 MeV the angular distribution 
agrees with that of Walt and Beyster except at back
ward angles. 

These results together with the earlier work referred 
to, now give a fairly detailed picture of elastic and 
inelastic scattering in 2asu up to an incident neutron 
energy of 4 MeV and should provide a sound basis for 
reactor calculations. 
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Incident energy 2 MeV 
Cross 

Parameter section 
(Barn) 

a elastic 4.07 ±0.2 
a inel. (0.73 0.285±0.03 

MeV Group) 

ainel.(l.03 1.025±0.10 
MeV Group) 

a nf 0.54 
any 0.05 

a total 7.45 

:.a soft 1.48 ±0.25 
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Table 4 

Incident energy 
Parameter 

3 MeV 4 MeV 

a elastic 4.38 ±0.21 5.38±0.25 
a total 7.80 ±0.21 7.84±0.21 

:. a non-elastic 3.42 ±0.30 2.46±0.32 
v 2.76 ±0.03 2.95±0.03 

a nf 0.56 ±0.02 0.56±0.02 
any 0.02 0.02 
:."J 1.290±0.03 1.44±0.03 
:."'a non-elastic 4.40 ±0.39 3.55±0:46 
by direct observation 

! 4.22 ±0.30 3.78±0.25 
"Ja non-elastic 

:.most consistent values are: 
a elastic 5.25 
a non-elastic 

14.46 
3.34 2.59 

71a non-elastic 14.31 3.66 
7J 
a inelastic 

t 

11.290 1.413 
2.76 2.03 

IRON 

Capture cross section 

The capture cross section of natural iron has been 
measured by \Moxon at Harwell using the same equip
ment as was psed for 238U. Fig. 5 shows the cross sec
tion from I ~o 100 keY. The error bars represent the 
statistical un¢ertainty in the points, while the uncer
tainty in the i. zero position is shown by the dashed 
curves. The !~vel at 1150 eV in 56Fe [34,35] is clearly 
seen and its eutron width was estimated as 50 MeV. 
The cross s ction curve indicates the presence of 
several weak evels between 1 and 28 ke V in addition 
to the two pr viously reported. 

N utron scattering and (n,n'y) 

The fast n®tron time of flight spectrometer asso
ciated with th~· 6 MV Van de Graaff at Aldermaston 
has been used by Gilboy and Towle [32, 36] to study 
neutron scatt ring by natural iron in the region 1 to 
4 MeV. This !.study was similar to work previously 
carried out by fhese authors on sodium and aluminium. 

Differentialfross sections for elastic and inelastic 
scattering wer measured at 0.98, 2.01, 3.01 and 3.99 
MeV and exci ation functions for scattering to levels 
at 0.845 and 2. 85 MeV in 56 Fe and 1.409 MeV in 54 Fe 
were measured from 1.4 to 3.0 MeV. 

I H,, +t+, 
t 

------ ---

2 3 4 5 6 8 10 20 3040506080 100 

Some of the1 integrated cross sections are shown in 
Fig. 6(a); and ~he data for the 0.845 MeV level show 
good agreement with previous measurements [34]. Fig. 
6(b) also shows the angular distributions for elastic 
and inelastic sc~ttering at 3.99 MeV; the symmetry of 
the inelastic d~stributions about 90 o suggests that 
compound nucJFus formation dominates at this energy. 
Consequently 4n attempt has been made to obtain 
information or\ level spins using Hauser-Feshbach 
theory. , 

NEUTRON ENERGY K~V 

Figure 5. Capture cross section of iron 
The elastic d~ta were first fitted with optical model 

calculation using a Bjorklund-Fernbach potential [38] 
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Figure 6. Neutron scattering by iron 

(a) Integrated scattering cross section of iron; (b) Angular distributions of 
elastic and inelastic neutron scattering at 3 . 99 MeV 

and the non-local potential of Perey and Buck [39]. 
After correcting the 3.99 MeV data for the presence 
of 54Fe, the inelastic cross sections for 56Fe were 
compared with the predictions of the theory of Hauser 
and Feshbach [40]. Transmission coefficients were 
derived from •the two nuclear potentials which were 
used to fit the elastic data. The 56Fe level spins which 
best fitted the data are 0.845 MeV(2), 2.085 MeV(4), 
2.658 MeV(2 or 3), 2.958 MeV(2 or 3), 3.119 MeV(2), 
3.369 MeV(3 or 4), 3.388 MeV(4 or 5) and 3.445 
MeV(2). These assignments are relatively insensitive 
to the parities of the levels. 

Perkin (Aldermaston) has used a three crystal pair 
spectrometer to measure the cross sections for emis
sion of y-rays from neutron interactions with Fe in the 
region 3.5 to 8.5 MeV. This work forms part of a 
survey of several materials of interest for reactor 
shielding calculations. The inset in Fig. 7 shows the 
experimental lay-out. The spectrometer gives a simple 
line shape for incident monoenergetic y-rays and its 
y-efficiency has been measured at 1.37, 2. 76, 4.43 and 
6.14 MeV. The absolute scale of the cross sections 
shown in Fig.? was obtained by reference to the known 
cross sections for scattering to the first excited states 
ofl2C and 2ospb [41]. Corrections have been made for 
neutron and y-ray attenuation in the sample, and the 
background due to neutrons scattered by the sample. 
The solid lines in Fig.? are theoretical curves [42] 
assuming that the level density of 56Fe is given by 
p(E)=B.exp(aE)t and that all y-ray transitions are 
dipole. The experimental points follow the general 
shape of the theoretical distributions except at low 
energies where discrete structure is observed. 
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Figure 7. Spectra of gamma rays from neutron interactions with 
iron 
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WATER 
Scattering of thermal neutrons 

The earlier sections of this paper have discussed the 
slowing down of neutrons from several MeV to the 
region of 1 eV. Below 100 keY inelastic scattering is 
no longer important and the neutrons lose energy 
through the recoil of the scattering nucleus. In calcu
lating this effect it is usual to assume isolated and 
stationary nuclei (the billiard ball model) but at suffi
ciently low neutron energies in a moderator this 
assumption is inadequate and both the dynamics and 
the structure of the sample modify its neutron scatter
ing properties. 

In a basic paper Van Hove [43] discussed the theory 
of neutron scattering in this limit, and he emphasizeq 
the importance of a function now called the scattering 
law. He shows that for isotropic samples only the 
magnitudes of the energy and momentum transferred 
are important in determining the cross section. 

Van Hove's equation for the cross section is 

d2a = < a2> (E) i Sl(Q,w) 
d.QdE Eo 

where liw =Eo- E = fikT, JiZQ
2 

=Eo+ E- 2(EoE)t 
2m 

M 
Cos8=-akT 

m 

m is the neutron mass, M the nuclear mass and a the 
nuclear scattering length. S1 is the "Scattering Law". 

Egelstaff [44] has pointed out that this equation can 
usefully be modified to 

d2a ab (E) i --=-- ____. exp( -{3/2) S(a,f3) 
d.QdE 41TkT Eo 

where ab is the bound atom scattering cross section 
and S(a,fi) is the Egelstaff Scattering Law. 

Measurements on the neutron scattering by moder
ating materials have been under way for several years 
at the NRU reactor at Chalk River, Canada (Egelstaff, 
Cocking and Alexander [45]). The moderators which 
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Figure 8(a) Scattering law for water, 295 °K 
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have been studied include light and heavy water at 
room temperature and 150°C, Be and BeO at room 
temperature, graphite at room temperature, 300 and 
600°C, and UOz at room temperature and 500°C. In 
some cases, such as H20 and graphite, earlier measure
ments (1959)! on the equipment have been repeated 
more recently (1962) and agreement found which con
firms their reliability. Due to shortage of space in this 
paper, we will discuss only the results on H20 at room 
temperature ~tnd at 150°C. These results have been 
reported by 'Haywood and Thorson [46,47] and a 
discussion of ~hem has been given by Egelstaff, Hay
wood and Thprson [48]. They are shown in Figs. 8(a) 
and 8(b). Eaclh line on the graphs is the "best" line 
through the 4perimental points. 

It will be nbticed that the scattering law has a low 
value for small values of a, rises to a maximum and 
then decrease~' at high a. The maximum corresponds to 
interactions in which the momentum transfer is of the 
same order of agnitude as the most probable momen
tum for the h drogen atoms in water. Interactions for 
larger or smal~ei' values of the momentum transfer are 
less probable. £:11 the lines on these curves converge at 
high values o a. The point to which they converge 
indicates the b ginning of the region where a "billiard 
ball" model is ~uffici~ntly accu~ate. The observed ~ide 
divergence bet}veen lines for d1fferent values of f3 1s a 
measure of thel departure of the actual sc~ttering cro~s 
sections from those that would be pred1cted by th1S 
model. I 

The results tnay be compared with more sophisti
cated models, for example, the perfect gas, the Debye 
crystal model o( Nelkin's [49] model of water. Compari
son with the experimental data shows that the maxima in 
S of the perfed gas model are in the wrong place and 
the magnitudes', are also incorrect. A comparison with 
the Debye modlel is more successful at large values of 
f3. However, at the smaller values of f3 the De bye model 
curves are almlost independent of /3, and this is in 
marked contra~t to the experimental results. The 
variation of th curves with fi at low f3 demonstrates 
the existence f low energy modes of motion for 
hydrogen in w ter. It is perhaps to he expected that 
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the Nelkin model of water comes closer to the results 
than the models previously discussed. However, there 
are also discrepancies in this case in both the magni
tude and shape of the curves. A discussion of the 
significance of these discrepancies and of some possi
bilities for overcoming them has been given by £gel
staff, Haywood and Thorson [48]. 

The reasons for the search for a model are first that 
it is necessary to extrapolate the experimental results 

E. R. RAE et al. 

from the measured region to values of a and fJ not 
covered by the experiment, and secondly that since 
reactor physics quantities depend on certain averages 
over the scattering law it is convenient to use these 
average quantities in a model and determine them by 
fitting to the scattering law data. Some aspects of the 
use of these data for reactor physics calculations have 
been discussed in a companion paper by Story et a!. 
[50]. 
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ABSTRACT-RESUME-AHHOTAUliJ.R-RESUMEN 

A/167 R.oyaume-Uni 

Interactions neutroniques avec les materiaux 
pour reacteurs 

par E. R. Rae et a/. 

Le programme de l'UKAEA de mesures des inter
actions neutroniques avec les matieres fissiles, fertiles, 
moderatrices, de refr.oidissement et de structure est 
expose brievement a Ia lumiere des exigences de Ia 
physique des reacteurs. On resume dans Ia premiere 
partie les raisons de ces mesures et I'etendue du pro
gramme, tandis que le reste du memoire est consacre 
a la description des travaux experimentaux sur des 
exemples typiques de chacune des categories mention
nees: uranium•235, uranium-238, fer et eau. 

Le passage concernant l'uranium-235 decrit les 
mesure$ de la section efficace de fission dans differentes 
regions d'energie neutronique depuis les energies 
thermiques jusqu'a 14 MeV. On presente la variation 
des grandeurs v et "' avec l'energie neutronique, Ia 
premiere sur une vaste gamme d'energie et Ia seconde 
dans Ia region de resonance. On donne egalement une 
determination de Ia section efficace totale jusqu'a 80 
keV, d'ou on deduit les fonctions de forces d'ondes 
set p et Ia section efficace d'absorption. 

Le travail sur l'uranium-238 est illustre par des 
etudes de Ia section efficace de capture sur toute Ia 
gamme d'energie depuis quelques eV jusqu'a 14 MeV 
et de Ia diffusion non elastique depuis le seuil jusqu'a 
4 MeV. Les recentes ameliorationl' de technique per
mettent la construction de sch6mas de niveaux d'ener
gie plus complets pour le noyau d'uranium-238. 

La diffusion nucleaire non elastique dans le fer est 
egalement decrite pour Ia gamme d'energie de I a 4 
MeV et on donne les valeurs des parametres du modele 
optique qui correspondent Ie mieux aux donnees 
experimentales. On presente Ies sections efficaces et 
les spectres pour I' emission des rayons gamma a Ia suite 
de diffusion non elastique et on discute brievement Ia 
section efficace de capture au-dessous de 100 keV. 

La derniere partie de l'expose traite de la diffusion 
des neutrons thermiques par les noyaux lies. Les 
resultats des mesures ne contiennent pas les renseigne
ments complets necessaires pour les calculs de reacteur 
et doivent etre completes par des considerations th6o
riques basees sur des concepts choisis de fa~on appro
priee concernant les materiaux de moderation. On 
presente les donnees pour l'eau a des temperatures 
variees et on les compare avec plusieurs concepts 
th6oriques. 

A/167 CoeAHHeHHOe Hoponescrso 

BaaHMOAeHCTBHR HeHTPOHOB c peaH
ropH~MH MarepHanaMH 

3. P. Psiii et al. 

RpaTI<O paccMoTpeHa c TO'II\11 apeHHR Tpeuona
nuii <fluaH!lH peai<Topon nporpaMMa Ynpan;wHHH 
uo aToMHO~ :mepruu Benni<o6pnTaHim no naMe
peHIHIM B3aHMO,[(CHCTBl1H HeiiTpOHOB C ACJUl.ll~HMH
CH BCUJ;CCTJilaMH, MaTCpHaJiaMU f\JIH BOCllpOU3BOA
CTBa HACpHoro TOIIJIHBa, 3aMC,[(JJUTCJIHMU, TCllJIO
HOCHTCJIHMh: H I<OHCTPYI\D;HOHHblMil MaTepHaJiaMH. 
R rrepnoii 'lfaCTH AOI\Jia,[(a nanomem,r upiP!HHbl, 
uo6y.n;nnmue rrponecTu To nJIH nnoe JJ3Mepenne, 
H o6'heM nporpaMMbi pa6oT, a ocTaJI&Hafl lfaCTh 
)WRJiaAa Il()CDRUJ;Cila OllHCaHHIO ;mcnepnM<'HTaJib
lTblX pa60T; Ha TIIllH'IHbiX MaTepllaJiaX 1\a>K,[(OJi 
Ha3BaHHOH ~I<aTeropHH, a HMCHHO B3lllfl\fO.O:l'iicTBUi[ 
c. U235, U23~. meJieaoM n BOAO:if. 

B paa.n;e~e, nocn11rn;enHoM U235, om1caHhi ual\re
penufl a<fl<flei<THBHOrO CC'ICHIIH J~eJit'HHH .O:JIH paa
JIH'IHbiX o6JiaCTCH aneprHll HCHTpOHOB OT TCllJIO
BbiX <mepmii -AO 14 Mae. llpe,[(cTanneno naMeHP
une BPJIIPUlH v H ..,, c aueprneii ueiiTponon, nep
ao:ii - a IITifPOKoir o6nacTn aueprnir n BTopoii -· 
n o6JiaCTH ~ peaonaHCHhiX :meprnii. llpune;~;euo 
Ta«me orrpe~enenue nomroro acfllj)ei<Tlmnoro ceq.:'
HHH ,[(O ane.prnii 80 nas, na ocnonanuu qero Bbl
ne,n;eHLI s- ,u p-BOJIHOBLie cunonMe lflyu«n;uu u 
:lqJ<fJei<THBH~Ie ceqeuua nornorn;enu11. 

Pa6oTLI do U238 HJIJIIOCTpnpyiOTC11 nay•renneM • 
a<fJ<fleKTI:IDIIOto CC'ICHliH aaxnaTa l\.1I11 06JiaCTll 
:meprHii 0~ HCCI\OJibKHX 3JICKTpOHBOJibT ,[(0 
14 Mas n e<fl<Pe«TliBHoro ceqenuR yrrpyroro 1r 
ueynpyroro pacce.JIHHH OT noporonoii aneprHH ,[(o 
4 Mas. llocJ1CAHHe ycouepmencTnonannH B MeTo
,n;ni<e II03BOJlHIOT IIOCTpOHTb 3Ha'IHTeJI_bHO 6onee 
JTOJIHyiO CXeMy :mepreTH'ICCI<HX ypOBHCH ,[(JIH H]J;pa 
023a , 

O~ucano tai<me ueynpyroe paccc11nue HAep u 
mene3e B o6nacTII auepru:H oT 1 A<> 4 Mas H AaHa 
no,[(rOHKa oriTuqeci<oii MO,[(CJIII na ocnone aTHX 
,[(aHHbiX. flp)lne,n;eHbl a<fl<fleKTliBHbiC CClJCHliH H 
cneKTpbl ncrrycKaHH11 raMMa-uanytJeHU11, conpono
m.n;arorn;ero neyrrpyroe pacceHHHe. RpaTKo pac
CMOTpeno a*eKTHBHoe ceqenue aaxnaTa n o6na
CTH aHeprHH 'HH>J<e 100 ~tae. 

B aai<JIIOlJHTeJibHOM paaAeJie ,n;oKna.n;a paccMaT
pnnaeTcR paiCe.JIHlfC TCIIJIOBbiX HeihpOHOB CBH
:~aHHbiMII R,n; aMH. PeayJihTaTbi HaMepenuii ne co
AepmaT IIOJI OH liH<flopMRIJ;Hll, HeOOXO]l;liMOH ,[(JUI 
pac'leTa pea TOpOB, H ,[(OJI>J<Hbl 6b1Th ]l;OllOJIHCHbi 
TCOpCTHt{eCI<~MH coo6pameHliHMH, OCHOBaHHbiMH 
Ha COOTBCTCT~YIOUJ;HM o6pa30M BbiOpaHHbiX MO]l;C
JI11X MaTepHMIOB aaMe,[(JIHTCJie:ii. fipe,n;CTaBJieHbi 
~aHHLIC .0:JI11 '! BO.O:bi IIpH pa3JIH'IHbiX TCMUepaTy-
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pax. 8TH AaHHLie cpaBHHBaiOTCR c TeopeTIPieCHlf

Mn MOAeJIRMH. 

A/167 Reino Unido 

lnteracciones de los neutrones con los 
materiales de los reactores 

por E. R. Rae et a/. 

Se examina brevemente, a Ia luz de las necesidades 
en materia de fisica de reactores, el programa que Ia 
UKAEA lleva a cabo en Ia esfera de las mediciones de 
las interacciones de los neutrones con los materiales 
fisionables, fertiles, moderadores, refrigerantes y 
estructurales. Las razones que inspiran estas medi
ciones y el alcance del programa se resumen en Ia 
primera parte; el res to de Ia memoria se dedica a Ia 
descripcion de trabajos experimentales relativos a 
ejemplos tipicos de cada una de las clases de materiales 
mencionadas, a saber, uranio~235, uranio-238, hierro 
y agua. 

La parte relativa al uranio-235 describe Ia medicion 
de Ia seccion eficaz de fision para varias energias 
neutronicas comprendidas entre Ia region. termica y 
14 MeV. Se indica fa variacion de las cantidades v y 

YJ en funcion de la energia neutronica, la primera en 

E. R. RAE et a/. 

un amplio intervalo energetico, y la segunda en la 
region de resonancia. Se expone tambien Ia deter
minacion de Ia seccion eficaz total hasta 80 keV, de la 
que se deducen las intensidades de las ondas s y pyla 
seccion eficaz de absorcion. 

Como ejemplo de los trabajos relativos al 2asu, cabe 
citar los estudios sobre Ia seccion eficaz de captura en 
todo el intervalo de energia comprendido entre unos 
eV y 14 MeV, y sobre dispersion elastica e inelastica 
en el intervalo energia umbral-4 MeV. Los recientes 
perfeccionamientos tecnicos permiten trazar esquemas 
de nivel de energia mucho mas completos para el 
nucleo del 23BU. 

Tambien se estudia Ia dispersion inelastica nuclear 
en el hierro, en el intervalo de 1 a 4 MeV, ajustandose 
los datos segun un modelo optico. Se indican las 
secciones eficaces y los espectros correspondientes a 
la emision de rayos gamma consecutiva a Ia dispersion 
inel<istica, y se examina brevemente la seccion eficaz 
de captura para energias inferiores a 100 keY. 

La ultima parte de Ia memoria trata de la dispersion 
de neutrones termicos por nucleos enlazados. Los 
resultados de Ia mediciones no proporcionan toda la 
informacion requerida para el c:ilculo de reactores y 
deben completarse con consideraciones de car:icter 
teorico, basadas en modelos adecuadamente selec
cionados de los materiales moderadores. Se indican 
los datos correspondientes al agua a diferentes tem
peraturas y se comparan con varios modelos teoricos. 
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BnMSIHMe XMMM"'eCKOM CBSI3M Ha TepManM304MIO 

HeMTpOHOB 

n. B. Ma~opos, B. Cb. Typ•notH, M. c. IOAKeBK'I .. 

flpu paC'leTaX CII8KTpOB T8IIJIOBhlX Hei'npOHOB 

B peaKTopax neo6xo;n,nMo YllMThlBaTh, 'ITO xnMn

lJ.eCKaR CBH3h aTOMOB 3aM8;ri,JIMT8JIH CYIIJ;8CTB8HHO 

BJIHR8T Ha C8'l8H:Ii.fl paCCeHHHH H8HTpOHOB. flpo-
6JieMa yqeTa BJIHRHHR XHMuqecKHX CB.!l38H aTOMOB 

B aa;n,aqax Teopuu peaKTopoB B Teqenue pn;n,a JieT 

pernaJiaCb C IIOMOIIJ;hiO yrrpOIIJ;8HHhiX MO;ri,eJieH. 

B nacToH:mee BpeMR B CBR3H c pa3BHTHeM cneK

TpocKonuu M8;rJ.JI8HHhiX H8IITpOHOB CTaJIO B03MOtK

HhlM noJiyqaTh :mcrrepuMeHTaJihHhlM nyTeM neo6-

xo;n,uMhle ;ri,aHHhl8 0 ;ri.HHaMHKe CB.I13aHHhlX aTOMOB 

B8IIJ;8CTBa H, HCllOJlh3YR panee pa3BHThl8 TeopeTH

'l8CKH8 M8TO;rJ.bl **, ;ri.OCTaTO'lHO TO'IHO Bhl'IHCJIHTh 

ce'leHHH pacceHHMR Me;n,JieHHbiX neiiTponoB. KaK 

H3B8CTHO, TOHKaH CTpyKTypa ;n,u<f><f>epeHIJ;HaJibHhlX 
ceqenuii cJia6o nmureT na cneKTphi Me;n,JieHHhlX 

H8HTpOHOB, BO BCHKOM CJiyqae B paMKaX TO'IHOCTH 

9KCll8pHMCHTa. llo9TOMY ;ri,JIH paC'leTa CII8KTpOB 

H8liTpOHOB B peaKTOpax U aHaJIM3a pa3JIHlJ.HhlX 9KC

nepnM8HTOB, CBH3aHHhlX C H3Y'l8HH8M B3aHMO;rJ.8HCT

BHH M8;ri.JI8HHhlX H8HTpOHOB C B8IIJ;8CTBOM, ,ll;OCTaTO'l

HO Bhl'lHCJIHTh C8'l8HHH B npu6JIHiK8HHH, KOTOpOe 

He rrpeTeH;n,yeT Ha OTIMCaHue TOHKOH CTpyKTyphl 

ceqenuii, no ;n,aeT rrpaBHJibnhle rpynnoBhle KOHC

TaHThi llpll JII060M paayMHOM BhiOOpe llillpiiHhl rpyn

llhl. Mhl ucxo;n,uM 113 o6:merrpHHHToro B nacTOH

:mee BpeMR neKorepeHTHOro rayccoBCKoro rrpu6JIH

menuR, KOTOpoe Y;rJ.OBJI8TBOpH8T 9THM TpeoOBaHHHM. 
H11me onHChlBaiOTCH MeTO;ri.hl Bhl'lHCJieHHR rpyn

noBhrx KOHCTaHT M8;ri.JI8HHhlX H8HTpOHOB II nporpaM

Mhl ,ll;Jl.!I Bhl'lliCJlliT8JlhHhlX MailliiH, KOT0pbl8 

B HaCTORIIJ;88 Bp8MR HCllOJlh3YIOTCH ;rJ.JI.fl peaKTOp

HhlX paC'l8TOB. flpHBO,ll;RTC.fl peayJibTaTbi paC'l8TOB 

C8'l8HHH ,ll;JIR H8KOTOphlX 3aM8;ri,JIHT8Jl8H H aHaJIH-

3HpyeTC.fl BJIHRHH8 pa3JIH'lHbiX MO,ll;8JI8H Ha XapaK

TepHCTHKH C8'l8HHH, BaiKHhl8 ,ll;Jl.fl OllHCaHII.fl TepMa

JlH3aiJ;IIII H8HTpOHOB. )J;JI.R aHaJIH3a BJIHRHHR XHMH

lJ.8CKHX CBR38H Ha T8pMaJIH3aiJ;HIO Heii:TpOHOB Hayqa

IOTCH cneKTphl H8HTpOHOB B 08CKOH8'lHhlX cpe.l(ax, 

peTepMaJIH3aiJ;HR H8HTpOHOB H npOIJ;8CC ycTaHOBJie

HHH cneKTpoB neii:TponoB co BpeMeHeM. PeayJihTaThl 
pac'leToB ceqennii n crreKTpoB cpannnBaiOTC.R c 

:mcnepiiM8HTOM, Ha OCHOBaHIIli 'l8f0 MOiKHO ,!1;8JiaTb 

aaKJIIO'lenue o npnMeHIIMOCTH Toii: HJIH nnoii Mo,D;eJin. 

* <flH3HRO-:JHepreTHqecRHR HHCTHTyT, r. 06HHHCR. 
** CrrcTeMaTrrqecRoe 113JIOmemre Teopnn pacceHHHH 

M9~JJ9HHhiX He:il:TpOHOB BMecTe C 6H6JU10rpa.pueii MO'RHO 
uaiiTH B pa6oTe 1. 

nPOrPAMMA YnPAC 
,r(JIJJ: pac'leTa MHororpynnoBMX ,D;u<f><f>epeniJ;nam>

HhlX C8'l8HIIH paCC8.RHHH M8,ll;JI8HHhlX H8HTpOHOB 

6wra cocTaBJieHa nporpaMMa YllP AC (ynnBep

caJihH~H nporpaMMa pacqeTa ceqenuii), nanncan

HaH Ijia .fl3hlKe AJifOJI-60 u aBToMaTn'leCKH 

nepeBE),D;8HHa.R Ha KOHKpflTHbiH MalliHHHbiH .R3biK. 

llo rrporpaMMe YllP AC Bhl'lHC.JI.ReTc.R cnMMeTpH-

aoBanaMii aaKoH pacceHHHR S (q, e). 

MoryT 6MTb yqTeHM Tpu Mo,D;yca ,D;Bumeuu.R 
aTOMa. 

1. .AKyCTII'l8CKH8 KOJI80aHH.fl C IIpOH3BOJihHbiM 

cneKTpOM. llpn MaJihlX q ,ll;JI.fl BbllJHCJI8HH.!I 3aKOHa 

pacce.!liHHH ucrroJILayeTC.!I paaJiomenue no <f>ono

naM, npu OOJihlliHX q ucnoJih3YIOTC.fl <f>opMyJihl, 

rroJiy'lennhle 8reJicTa<f><f>oM u CKo<f>uJI,D;OM 2 c no
MOIIJ;hiO MeTo,D;a naucKopeiirnero cnycKa. 

2. O~TII'leCKHe KoJie6amm c b-o6pa3HhlM crreK

TpoM. J0rrTH'l8CKH8 KOJieoaHH.!I CO cneKTpOM KO

H81IHOH rnupunhl Moryr ohlTb YliTeHM KaK aKyCTH

l!ecKue.) 

3. )J;1I.<f><f>y3HOHH08 ;rJ.BHiK8HH8 C noJiyiiiHpHHOD 

rayccuana, KOTopaR npn It \-+co BoapacTaeT 

nporropiJ;HOHaJibHO I t \ . 
B o6~eM cJiy'lae aaRon pacceHHHH Bhl'lHCJI.ReT

C.R KaK CBepTKa aaKOHOB paCC8.!1HH.fl ,ll;JI.fl pa3JIH'l

HhlX M"O;ri,yCOB C II~OH3BOJiblihlMH B8COBbiMH K03<f>
<f>HIJ;H8HTaMH. 

flo 3aKOHY paCCEUIHII.fl Bhl'IHCJI.RIOTC.fl MaTpHIJ;hl 

a (Ei -+ Ei) n a 1 (Ei -+ Ei) nyJieBoro n rrep

Boro Yl'.JIOBLIX MoMeiiroB ,D;BaiK,D;hl .I(u<f><f>epeHIJ;H

a.JI:r:.noro ceqenu.R. MaTpHIJ;hl MoryT nMeTh paaMep

HOCTh 50 X 50. Bhl'IHCJI.RIOTC.!I ·raKme nnTerpaJih-

Hhle xapaKT8pHCTHKH C8'l8HHH: 0'8 , £, COS 9 H ;n,p. 

RpoM~ Toro, no rrporpaM:Me YllPAC Momno 

Bbi'IHCJI,Th IIOJIHb18 C8'l8HH.!I O't (E) H HCTO'lHHKH 

T8IIJIOBhlX Heii:TpOHOB, TO 8CTb nOJIHOCThiO no,D;rOTO

BHTb H&'laJibHbl8 .I(aHHbl8 ,ll;JI.fl paC'l8Ta cneKTpOB 

TenJIO'BJX H8DTpOHOB. 

nPOrPAMMA nPACCHB 
,r(JIH tpOB8pKH TeopeTHlJ8CKHX MO,ll;8J18H ,D;HHaMH

KH aro OB na aKcnepnMenrax no pacce.RHHIO 

Me;n,JieHH x neiiTpOHOB OMJia cocraBJieHa npor

paMMa J1IP ACCIIB (nporpaMMa pac'lera ce'lennii 
nnrerpn_poBaniieM no BpeMenn), no Koropo:ii c no

MOIIJ;hiO ~8TO.I(a, COBepmeHHO OTJIH'lHOrO OT onu-
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CaHHOfO BhliDe, Bhl'IIICJUIIOTCH B HeKOrepeHTHOM 
rayccoBoM npiiOJIIIateHIIII Allcf>cf>epeHn;llaJILHhle ce
'leHIIH pacceHHII.II ueiirpouos. B nporpaMMe 
ITP ACCMB CIIMMeTpllaosaHHhl:ii aaKOH paccesa11s 
Bhl'IIICJI.IIeTC.II Henoc pe,n;CTBeHHO IIHTerpllpOBaHII
eM no BpeMeHH HSBeCTHOfO BhlpameHHH lJ..JI.II 3aKOHa 
paccesHHH KaK rrpeo6paaoBaHII.II Cl>yp:r,e c BBelJ..e
HHeM nOli.. 3HaK HHTerpaJia rayCCOBCKOfO oope
aarorn;ero cf>aKropa exp {-62t 2/2}. CorJiacHo 
cBoiicTBY npeo6pasoBaHHH Cl>ypLe Bhl'IIICJieHHhlii 
TaKIIM of5pa30M 3aKOH paCCeHHIIH 

S'(q,e)= 
00 

1 \ ~ 
= Zn J exp {- qy (t)} exp {- 62t2/2} cos etdt 

-oo 
OTJIII'IaeTC.II OT IICTIIHHOfO saKOHa pacce.IIHIIH 

S ( q, e) reM, 'ITO no apryMeHTY e OH CBepHyT 
C rayCCIIaHOM ID11p11Hhl 6: 

00 

S' (q, e)= ~ S(q, e-e')(2n62)-112exp {-e'2/262}, 
-oo 

OlJ..HaKO IIMeHHO TaKOH «pasMasaHHhlH)) SaKOH pac
Ce.IIHIIH 11 npoHBJI.IIeTCH B :mcnep11Meure. BeJIII'III
Ha 6, xapaKrep11syrorn;as paapemeHHe aKcne
pnMeHTaJILHOii: ycTaHOBKH, 3alJ..aeTCH KaK HeKOTO
pa.ll cf>yHKD;H.II Ha'laJILHOH II KOHe'IHOH 8Hepr11H 
E 0 11 E (1160 B .n;eii:cTBIITeJibHOCTH 6 CHJILHO saBH
CHT or E 0 11 E). TaKHM o6paaoM, BBe,n;eHHe o6pe
aarorn;ero cf>aKTOpa He TOJibKO lJ..eJiaeT B03MOatHhlM 
Bhl'IHCJieHHe SaKOHa pacce.IIHH.II npoCThlM IIHTerpH
poBaHHeM no BpeMeHH, HO TaKate H30aBJI.IIeT OT He
OOXOlJ..HMOCTH BBe,n;eHHH nonpaBoK ua paapemeune. 

ITp11 OTCYTCTBHII ,n;ncf>cf>ysHOHHOfO ,li;BHiiWHH.II 

cf>yHKD;HH y (t) Bhl'IIICJI.IIeTC.II 11epea cneKTp HOp
MaJibHhlX ROJie6aunii g (<0). CneKTP Momer HMeTb 
JIIOOOH Bll,ll;, II HaJIH'IHe npOH3BOJibHOI'O 'IIICJia 
OnTII'IeCKIIX KOJieoaHHH He ycJIOatHHeT Bhl'IIICJie
HIIH. ITp11 uaJIH'IHH lJ..Hcf>cf>yaHOHHoro lJ..BHateHHH 
cf>yHKIJ;HH y (t) Bhl'IHCJI.IIeTC.II no IIHTepnOJIHD;HOH
HOH cf>opMyJie, npelJ..JiomeuHoii: pauee 1 (npH MaJihlX 
t HaJIH'IHe AHcf>cf>yaHH MeH.IIeT cf>yHKD;HIO 'Y (t) 
ae3ua'IHTeJILHo). 

ITo nporpaMMe ITP ACCliB Momuo Bhl'IHCJI.IITb 
KaK ,li;Baat,n;hl AHcf>cf>epeHn;HaJILHhle Ce'leHH.II, TaK 
11 .n;ncf>cf>epeun;naJILHhle ce'leHH.II a (Eo -+E) H 
a 1 (E 0 -+E), a raKme nurerpaJibHhle xapaKre
piiCTHKH ceqea11ii:. Oua Momer ohlTb IICnOJib30Ba
Ha ,li;JIH pac'leTa rpynnOBhlX KOHCTaHT, eCJIH 
aa.n;arb 6, He npeBhlmarorn;ee mHpHHhl rpyrrrrhl. 

A~mmEPEHU~ARbH~E CE4EH~A 

RopoTKO oxapaKrep113yeM npo6JieMhl, Boaun
Karorn;He npH Bhl'IHCJieHIIH lJ..Hcf>cf>epeHD;IIaJibllhlX 
ceqeaHii lJ..JIH pa11..a BaatHhlX 3aMe).l;JIIITeJieii, 11 npH
Be,n;eM HeKOTOpble peayJILTaTbl pacqeTOB. 

Bo)J.a. CneKTP KOJie6au11ii aroMa BO).l;opo.n;a B BO
lJ..e Momuo npe.n;craBHTb B BHlJ..e cyMMbl ,n;Byx 
qacreii. 

ITepBas (aKycTH'IecKaa) BKJIIO'Iaer aKyCTII'Ie
CKHe KOJie6aHHH H aaropMomeHHhle Bparn;areJILHble 
KOJie6aHHH H npOCTIIpaeTC.II OT HYJI.II ,!1;0 ,._. 0,13 88. 

n. B. MAI10POB et al. 

Bropas (onrH'lecxaH) orrHChlBaer KOJie6aa11.11 BOlJ..o
po.n;uoro aroMa B MOJiexyJie c xapaKrepHhlMII 
qacroraMII 0,2 H 0,48 38. Rp11rep 11 HeJIKIIH 8 

uam1111 Bee aKyCTH'lecKoii 'laC Til cnexrpa A a = 
= 0,48. 3ro aHa'lealle 11 6hlJIO npHH.IITO HaMH .D;JI.II 
pac11eroB. Cl>opMa aKyCTII'lecxoii 11acT11 cnexrpa 
onpe.n;eJI.IIJI8CL JlapCCOHOM 4 no pacce.IIHIIIO XOJIO).l;
HhlX ueiirpouoB 11 3reJicracf>cf>oM o 11 MocTOBhlM 
II .n;p. 6 113 8KCnep11MeHTOB C lJ..BOHHhlM cneKTpO
MeTpOM C nOMOIIJ;biO .8KCTpanOJIHD;IIOHHOfO MeTO
.n;a, npelJ..JIOmeuuoro 3reJicracf>cf>oM 7 • 

IIo nporpaMMe ITP ACCliB Bhl'IHCJI.IIJIIICL lJ..Hcf>
cf>epean;llaJibHhle eeqeHII.II a (E 0 -+E) np11 Ha'laJib
uoii auepr1111 E 0 = 0,102 a8 co cneKrpaMII 3reJI
cracf>l}>a 11 Jlapccoua 11 cpaBHHBaJIHCb c aKcnepii
MeHTaJILHhlMH peayJibTaTaMII MocToBoro (puc. 1). 
lla piiCYHKa Bll,li;HO, 'ITO KpiiBa.II, paCC'IIITaHHa.ll CO 
cneKTpoM 3reJicral}>cf>a, xopomo corJiacyercH 
C 8KCI1ep11MeHTaJILHbiMH ,ll;aHHbiMII, nOSTOMY BlJ..aJib
Heii:meM ,n;Jis pacqeToB TepMaJIIIaa:D;IIH B Bo,n;e 
IICnOJib30BaJIC.II cneKTp oreJICTacf>l}>a. 

llurerpaJILHhle xapaKTepHCTIIKII ce'leHHii ropaa
.n;o MeHee 'IYBCTBHTeJibllbl K l}>opMe aKyCTII'IeCKOI'O 
cneKTpa, 11eM lJ..III}>I}>epeun;naJILHble ce'leHII.II, 'ITO 
MOiKHO Bll,ll;eTb 113 pHC. 2 II 3, Ha KOTOpblX nOKa-

3aHhl cpelJ..HIIH KOCIIHYC yrJia pacce.IIHII.II COS 9 
11 cpe,n;uHs JiorapHI}>MII'IecKaH noTepa auepr11H 6. 
TeopeTH'leCKIIe KpiiBhle ,n;JIH o6o11x cneKTpoB xo
pomo corJiacyroTCH c aKcnepiiMeHTOM. 

rpa!\>IIT. PasJIH'IHhle reopeTII'IeCKIIe IIOlJ..XO,ll;hl 
np11 Bbi'IHCJieHHII cneKTpa HOpMaJibllhlX KOJie6a
HIIH rpacf>HTa .n;aroT paaJIII'IHhle peayJILTaTLI. Onpe
,n;eJieHHe cneKTpa HOpMaJibHhlX KOJieoaHIIH 113 
aKcnepHMeuTa no MeTo,n;y 3reJicTacf>cf>a ocJiomaser
cs KorepeHTHhlMII acf>cf>eKTaMII. O.n;uaKo lJ..JI.II peaK
TOpHbiX paC'leTOB ).l;OCTaTO'IHO MOlJ..eJIII, KOTOpaH 
11..aeT 6oJiee IIJIH Meuee BepuLie IIHTerpaJILHhle 
xapaKTepiiCTIIKII ceqeu11ii paccesulls. TaKo:ii: 
MOlJ..eJibiO, B 'laCTHOCTII, .IIBJIHeTC.II MOlJ..eJib 3reJI
CTacf>cf>a 8• ITo ue:ii: 6hlJI rrpoBelJ..eH P.IIli.. pacqeroB 
,li;JIH IICCJielJ..OBaHH.II TepMaJIH3aD;HII ae:ii:TpOHOB 
B npoCTpaHCTBe II BpeMeHII, 0 KOTOphlX 6y.n;er 
cl>a3auo HHme. RpoMe roro, OhlJIII pacc'IHTaHLI 
ce11eH11H co cneKrpoM, npelJ..JiomeHHhlM BaJilJ..O
KOM 9. llx HHTerpaJILHble xapaKTepiiCTJIKII CpaBHII
BaJIHCb C IIHTerpaJibHblMII XapaKTepiiCTIIKaMII Ce
'leHHH, paCC'IIITaHHhlX no MOlJ..eJIII 3reJICTal}>l}>a. 
0Ka3aJIOCb, 'ITO pa3JIII'IIIH Mem,n;y HIIMII HeBeJIIIKII. 
B Ka'lecrBe np11Mepa ua p11c. 4 npiiBOlJ..HTC.II 
cpelJ..HH.II OTHOCIITeJILHaH noreps auepr1111 no yKa
saHHhlM MOlJ..eJI.IIM. 

BepiiJIJIB:ii:. BhlCOKaH CIIMMeTpiiH KpllcTaJIJIII
qecKoii pemeTKH 6ep11JIJIII.II n03BOJI.IIeT IlpiiMe
H.IITb K ueii: ).l;eoaeBCKYIO MO).l;eJib C.O 3Ha'leHIIeM 
9 = 1000 ° K, uaii,n;eHHhlM 11a renJioeMKOCTII. Ha 
p11c. 5 B KaqecrBe IIJIJirocrpan;1111 pa6oTbl no 
nporpaMMe ITP ACCliB npnBelJ..eHhl .n;ncf>l}>epeun;ll
aJibHbie ceqeuHs pacceHHII.II ua .n;e6aeBCKOM Kpll
craJIJie c Maccoii 9 np11 6oJILIDHX Ha'laJILHbiX auep
rHsx, pacc'IHTaHHble no aroii: nporpaMMe. TeM
neparypa T 6Lma Bb16paua paBuoii 9. RpiiBble 
nocrpoeHhl B Macmra6e Ha'laJILHoii auepr1111 Heii
rpouoB E 0• ITp11 E 0 = 60 9 .n;ncf>cf>epeHn;llaJibHoe 
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E,sa 

PHc. 1. ,lJ.H(jl(jlepeHL!HanbHoe ce'feHHe pacce.RHH.R 
HBHTPOHOB B BO,D,e a (Eo+- E) npH E0=0,102 86. 

CnJiomHall KpHBa.ll paccqaTaaa co cneKTpoM 3reJicTa!f>
!f>a II, nyaKTHpaa.ll -Jlapccoaa 4. 3KcnepHM6HT8JibHHe 

TOqKH B3JITH H3 pa60TH 6 

Cos 8 

o, 4 

~-? --,. 
~ 
k' 

~_,· ..... v 
,a 

""V 

l 'I" 

,2 

l I. 
I 

,I 
~ 

ill 

0 

0 

0 

I 
0 0,05 0,10 0,115 E,aa 

PHc. 3. Cpe,o,HHH KOCHHYC yrna pacce.RHH.R HBHTPO· 
HOB B 80,11,6. 

CnJiomHaJI KpHBaJI paccqHTaaa co cneKTPOM 3reJI
cTa!f>!f>a, nyaKTBpaaJI - Jlapccoaa, mTpHx-nyHK
TBp- Mo~eJIL HeJIKBHa. 3KcnepuMeHTaJJLHHe 
TOqKB H3 pa60TH 6 (CB6TJIH6 KpyiKKB) H H3 pa60TH 23 

, (TeMHHe KPYiKKB) 

n. B .. 1 MAIIIOPOB et al. 381 

- E 
t =<ln'Ef:...>-.-----,-----r-----, 

0,81-----+---t----+----1 

0.4~---4----~-~......,::...__---1 
I 

O.OG 0,10 0,115 E,sa 

PHc. 2. CpeAHRR norapH(jJMH'feCKa.R noTep.R SHeP· 
' rHH HBHTPOHOB S B aop,e. 

CnJiomaaJI KpuaaJI paccquTaHa co cneKTpOM 
3reJICTa!f>!f>a, nyaKTBpHaJI- Jlapccoaa. 3K
cnepHMeHT8JibHHe TOql(H B3JITH B3 pa60TH 6 

I 

! 
I 

dE , 
E"' 
0,1 

o,o 

-0.0 

-o,l i 

\ 

PHC. 4. rlpe,II,HR.R OTHOCHTenbHa.R noTep.R SHeprHH 
Ha rpa(jl~e co cneKTpoM arencTa(jl(jla8 (cnnowHaa 

KPHB*.R) H Eianp,oKa9 (nyHKTHpHa.R KPHBa.R) 
'I 
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ceqeane npn6mmmeTCJI R <<CTOJioo6paaaoMy» BH,Ay, 
xapaRTepHOMY ,AJIJI pacceJIHHJI Ha CB060,AHOM 
H,Ape. 

l'HAPHA u.npKoHHH. CneKTP ROJie6aHnii aTOMa 
BO)];Opop;a B TH)];pHp;e IJ.HpKOHHH COCTOHT H3 OIITH
lJeCROll qacTH co cpep;neii 3Heprneii """' 0,13 ao 
ll noJiyiiiHpHHOH ~ 0,025 38 ll aRyCTH'leCKOH 
lJaCTH C p;e6aeBCKOH TeMrrepaTypoii ~ 0,02 38 lo, 23 • 

· Beca 3THX qacTeii OTHOCHTCH KaK Macchi aTOMOB 
Zr n H. C rroMOID;hiO rrporpaMMhl ITP ACCHB 
MOJI\HO yTO'lHHTb CIIeKTp HOpMaJibHbiX KOJie6aHHH 
nccJie,AyeMoro neru;ecTBa, ecJin Y'lMThiBaTb aRcnepn
MeHTaJibHhle ,ABaJI\,Ahl ,AH<fl<flepeHU.HaJibHhle CelJeHHH 
H )l;eHCTBOBaTb MeTO)];OM IIOCJiep;oBaTeJibHblX IIpH-
6JIHJI\eHHH. Ha pnc. 6 noKa3aH crreKTp HeiiTpOHOB 
c HalJaJibHOH :meprneii 0,020 38, pacce.HHHhlX rrop; 
yrJIOM 8 = 80°, noJiy'IeHHoii rpynnoi! llap<J!e
HoBa Ha ,ABOHHOM ClleRTpOMeTpe Mep;JieHHhlX HeH
TpOHOB, ncnoJibayroru;eM HMIIYJibCHbiH 6hlcTphli1 
peaKTOp B ,IJ,y6He 11, B CpaBHeHHH C TeopeTHlJe
CIWH Kpnnoii, pacClJHTaHHOH no rrporpaMMe ITP AC
CHB nocJie p;nyKpaTHoro BHeceHHH nonpaBRH 
B cneKTp HOpMaJibHbiX ROJie6aHHH. 

rnApH)l; JlliTHH. flo )];aHHhlM pa60Thl 23 cneKTp 
HOpMaJibHhlX KOJie6aHHH aTOMa BO)];Opop;a B TH)];
pnp;e JIHTMH npHHIIMaJICH cocTosru;uM H3 p;nyx 
OIITH'IeCKliX JllfHliH 0,10 H 0,13 38 C OTHOIIIenHeM 
BeCOB 2 : 1 ll aKyCTM'leCKOH lJaCTll C )l;e6aeBCKOH 
TeMnepaTypoii 8 = 250° K 11 necoM MH /(Mn + 
+ ML1) = 0,125. Ha pnc. 7 noKaaano noJIHoe 
Ce'leHHe pacce.HHHH Ha TH)];pHp;e JIHTHH, paCClJMTaH
HOe no rrporpaMMe YITPAC B cpaBHennH c :mcrre
pnMeHTaJibHhlMH ,AaHHhlMH ,ll;OMJibHHD;hlHa ll )l;p. l2 

CnEKTPbi.B 5ECKOHE4HO~ CPE,LJ,E 
BJIMHHHe XHMH'IeCKOH CBH3H Ha TepMaJIH3an;Hro 

HeHTpOHOB MOJI\HO on;enHTb, liCCJie,AyJI, RaK MeHH
IOTCJI pa3JIH'.Jnhle HnTerpaJibHhle XapaKTepMCTHKH 
npOCTpaHCTBennhlX li BpeMeHnhlX cneKTpOB Mep;
JiennhlX HeiiTpOHOB. B qacTnocTH, op;noii H3 caMhlX 
cyru;eCTBennhiX TepMaJIH3aD;HOHnhlX xapaKTepH
CTHK Beru;eCTBa JIBJIJieTCJI TeMnepaTypa neil:TpOH
HOTO raaa B 6eCKOHe'IHOH cpe,Ae npH ne OlJeHb 
6oJibiiiOM norJioru;eHHH no aaKoHy 1/v, Korp;a 
CneKTp TeUJIOBhlX HeHTpOHOB MOJI\HO OnHCaTb 
RaK MaKCBeJIJIOBCKHH. 

,ll;JIH Tpex BO)];OpO,ACOp;epmaiiJ;HX 3aMe,AJIHTeJieJ'i:: 
BO,Abl, Tll)l;pH)l;a D;HpKOHHJI li rnp;pn,Aa JIMTMH, 
BhllJHCJIHJIHCb cneKTphl Heil:TpOHOB B 6eCKOHe'InOH 
cpep;e (T = 300° K), oTpanJiennoii norJIOTHTe
JieM no 3aKony 1/v npH HeCKOJibKHX 3HalJenHHX 
norJiorn;eHHH, B nnTepBaJie p;o 10 6apn na aToM 
Bo,Aopo,Aa. CneKTpbi B Bo)l;e n rHAPH.Ae JIMTMJJ 
6JIH3KH R MaKCBeJIJIOBCKHM C HeKOTOpOH TeMnepa
TypoH T n. CrreKTpbl B rHp;pnp;e n;npKOHHH 
(pHC. 8) cyru;eCTBeHnO OTJIH'laiOTCH OT MaKCB9JI
JIOBCKHX, op;HaKo no MHrKoii qaCTH cneKTpa (.Ao 
0,1 36) )];JIJI nHX TaKme 6biJIH HaH,Aenbi a<fl<fleKTHB
Hhle TeMrrepaTyphl T n- q T06bi npe)l;CTaBHTb aaBH
CHMOCTb TeMnepaTyphl OT llOTJIOIIJ;eHHJI, Mhl 3anH
IUeM ee B BH,Ae 

n. B. MAI10POB et al. 

rp;e a a - ceq en He norJioru;enns npH E = T, 
a 0'8 = 20,4 6apn - ceqenne pacce.HHHH Ha cno-
6op;HOM Bo,Aopop;e. 1\oa<J!<J!n.u;neHTY a Momno npn
p;aTh CMbiCJI a<J!<fleKTHBnOH MaCChi 3aMe)l;JIHTeJIH: 
a = mef• TaK KaK npH pacCeJinHH na O)];nOaTOM
noM np;eaJihHOM ra3e ~ npHMepno panna Macce 
aToMa 13. Ha pHc. 9 noKaaana 3aBHCHMOCTb mer 
OT a a )];JIH nepe'IHCJienHhiX aaMe)];JIHTeJieii. CnJih
nas 3aBIICHMOCTb mef OT a a )];JIH TH)l;pH,!I;a D;IIpRO
HllJI OTpamaeT TOT <flaKT, 'ITO MexanH3M 3aMep;Jie
HHJI ,!I;JIH nero CHJihnO OTJIH'IaeTCH OT MexanH3Ma 
aaMep;JienHH B THmeJioM raae. HanpoTHB, no'ITH 
noCTOHHnoe H 6JIH3KOe K e,!J;HHHIJ.9 3Ha'leHHe mer 
,!I;JIH BO,!I;hl CBH,!I;eTeJihCTByeT 0 TOM, 'ITO BO)];a, KaK 
3TO H90,AHORpaTHO OTMe'IaJIOCb B JIHTepaType, no 
CBOHM aaMe,!I;JIHIOID;HM CBOHCTBaM 6JIII3Ka K CB0-
60,!I;HbiM aToMaM nop;opop;a. PeayJihTaThi paciJeTa 
)];JIJI BO,!I;hi H rHAPHAa JIHTHH xopoiiio corJiacyroT
ca C 3KCnepHMeHTaJibHhlMH p;aHHbiMH 12, 14 

.D,JlVIHA P ETEPMAJ1VI3AWVIVI 
fipH Bbi'IHCJieHHll npOCTpanCTBeHH0-3nepreTM

qeCROf0 pacnpe,!l;eJieHHJI Mep;JieHnbiX HeHTpOHOB 
B cpep;ax c 6oJibiiiHMH rpap;HenTaMn TeMnepaTyphl 
Bail\HO 3naTb, na KaKOM paCCTO.HnHH OT noBepX
HOCTH TeMnepaTypnoro pa3pbiBa ycTanaBJIHBaeTCH 
cneKTp, pannonecnnril )];JIH cpe,!l;bl c p;annoii TeMne
paTypoii. 3TO paCCTOHHHe xapaKTepH3YIOT TaK 
Ha3biBaeMOH ,AJIHnOH TepMaJIH3aiJ.Mll, HJIH peTep
MaJIH3aD;Hll, L 1h, KOTopaa onpep;eJiaeTCH KaK noKa
aaTeJih 3KCnonenn.HaJihnOrO npH6JIHJI\eHHH TeMne
paTyphl neiiTponnoro ra3a T n K pannonecnoMy 
ana'IeHHIO 

T n (x)- Tn (co)= const -exp { -x;Lth}, 

rp;e X - paCCTOHnHe )1;0 nJIOCKOCTH TeMnepaTyp
HOTO pa3pbiBa. 

.,ll;Jinna peTepMaJIH3aiJ;HH cyru;eCTBeHnO 3aBHCHT 
OT XHMH'IeCROH CBH3H aTOMa aaMe)];JIMTeJIH ll CJiy
JI\HT BamnoH XapaKTepRCTHKOH BJIHHHHH aTOH 
CBH3H. B KalJeCTBe npnMepa npnnep;eM pe3yJih
TaTbi pac'leTa npocTpancTBeHHo-anepreTH'leCKoro 
CneKTpa HeHTpOHOB B ,!I;BYX30HHOM rpa<fmTOBOM 
D;HJIHH,!I;pe. Ero BHyTpeHnHJI 301Ia pap;HycoM 
R = 40 c.u HMeeT TeMnepaTypy 300° K. BneiiinHH 
aoHa pa,!l;nycoM 80 c.u HMeeT TeMnepaTypy 450° K. 
Ha pnc. 10 noKaaan xop; TeMnepaTyphr HeiiTpon
Horo ra3a no pap;nycy n;nJinnp;pa, Bhl'lHCJieHnnrii no 
MOp;eJIH O,!l;HORTOMHOTO ra3a (M = 12), H C ce•re
HHHMH, pacc'lnTaHnhlMH no nporpaMMe YITPAC 
C MO,!I;eJibnhlM cneKTpOM 3reJICTa<fl<fla 8 • ,lJ,JIH O)];HO
aTOMHOTO raaa L 1h = 4,2 c.u, AJIH KpncTaJIJIH
qecKoro rpa<fl«Ta Lth = 6,9 c.u. TaK KaK p;JinHa 
TepMaJIH3JHJ;HH B op;noaToMnoM raae noapacTaeT 

KaK VM~ 3TOT peayJihTaT Momno TpaKToBaTb 
RaR B03pacTaHHe a<fl<fleKTHBnoii MaCChi rpa<fJHTa 

BCJie,!J;CTBHe XHMH'leCROH CBJI3H ,!1;0 BeJIH'lHHhl 
mer~ 32. 

PaclJeThl no peTepMaJinaan;nH npoH3BOAHJIHCb 
no nporpaMMe T-2 (p - 1-npn6JinmeHne, 
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PHc. 5. AH!fl!flepeHI..\HanbHoe ceLJeHHe a (B0 ... E0) 
pacceHHHH H6HTPOHOB Ha Ae6aeBCKOM KPHCTanne 

C MaCCOH M=9: 
1- aa'laJihHaa aaeprna E0 = 10 6; 2- Ha'laJihHaH aaep

rna E0 =60 8 

20 

10 

0 
0,1 0,2 E,sa 

PHC. 7. nonHoe C646HHe pacce.RHH.R H6HTPOHOB Ha 
aToMe BOAOPOAa B rHAPHAe nHTH.R 

n. B. MA~OPOB et al. 383 

E, ~SB 

PHc. 6.
1 

CneKTP He~hJ::OHOB c HaLJanbHoi;l sHeprHei;l 
20 M36~ pacceHHHbiX noA yrnoM 6=80° Ha rHAPHAe 
1..\HPKOH~.R npH TeMnepaType 760° K. TeopeTHLJec
Ka.R KpHBaH paCC4HT.aHa no nporpaMMe nPACCHB 

c yoileToM SKCnepHMeHTanbHoro paspeweHH.R 

PHc. 8. CneKTpbl Hei;lTpoHoe B 6ecKoHe4HOH cpeAe 
rHAPHA. 1..\HPKOHH.R npH KOMHaTHOH TeMnepaType 

c nornoTHTeneM no saKOHY 1/v. 
IJ;nipphl y KpHBhiX oaaa'laiOT ceqeane norJiom;eHnH npn 

E=0,025 36 B 6apaax aa aTOM BOAOPo,I~a 
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n. B. MA~OPOB et al. 
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PHC. 10. TeMnepaTypa He~TpoHHoro rasa e rpalf!H
TOBOM 1..\HnHH,D.pe. 

CnnomHall xpnBax pacc'IHTaHa c yqeTOM xnMnqecxoii 
CBH3H, DYHKTHpHali-DO raBOBOH MOP,eJIH 
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PHC. 12. AcHMnTOTH'IecKH.:i cneKTp nnoTHOCTH 

H TOKa He~TPOHOB B Bop.e npH paanH'lHbiX B2 
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40 rpynn, npOH3BOJibHbte rpaHH'IHbte YCJIOBH11 
u pacnpep;enesue ucro'IHHKOB). 

TEPMAnH3AUHH HE~TPOHOB 
OT HMnY nbCHOfO HCTOYHHHA 

BonLmoe ROJIH'Iecrno JilHi{>opMaiJ.IIH o naauMo
p;eiieTBHH HeHTpOHOB e BeiiJ,eCTBOM p;aiOT 3KCne
piiMeHThl C HMnyJILCHhiM HeTO'IHHKOM HeiiTpOHOB. 
IIoaToMy npep;eraBn11eT HHTepec cpaBHeHHe pe
aynLTaTOB aKcnepuMeHTOB c pac11eTOM. ,L(na npo
Bep;eHH11 nop;o6Horo pop;a pae'leToB ua HaYKe 
AJifOJI-60 6hlna HanHcaHa nporpaMMa pac11era 
B p- 1-npu6numeHHH TepMamman:HH u AH4J-
4JyaHH ueiirpouon B orpauH'IeHHoii cpep;e TE)J.l1 
(TepManHMU.IIH H AHi{>4JyaH11). MeTop;oM Pyure
RyTTa pemaeTc11 CHCTeMa p;Byx ypaBHeHHii f:I;JIH 
llJIOTHOCTH Heii:TpOHOB N (E, t) H TOKa J (E, t) 
H npOH3BO;IJ;HOH aJ /at He npeHeoperaeTCH. Pac
'leT Bep;eTeJI ;IJ;JIJI npoeTpaHCTBeHHOH rapMOHHKH 
c aap;aHHhiM B 2• MaKCIIManLHoe 'IIICJIO rpynn no 
auepruu paBHO 30. 

Ha pn:c. 11 npn:nep;euo uaMeueun:e co Bpe:MeHeM 
Cpep;HeH CROpOCTH HeftrpOHOB B BOp;e. l1a rpai{>IIRa 
BHf:I;HO, 'ITO 'lepea 12 MKCeK a4Ji{>eRTHBHaH TeMnepa
Typa HeiirpoHHoro raaa T n 9KenoHeHIJ,IIaJI:&Ho 
npn:t5numaeTea K Te:Mneparype cpep;hl 

Tn-T= const-exp {-tilth}, 

rp;e BpeMH Tep:Mann:aaiJ,HII lth = 4,6 MKCeK. 

)J.JIH rpai{>IITa 9RCllOHeHIJ,IIaJibHaH aaBHCHMOCTb 
na'IHHaercn npu 800 MKCeK u BpeMH repMann:aa
IJ.HII lth = 315 MKCel'O (ITJIOTHOCTb 'V = 1,6 e/c.M3

). 

Ca:MoeroJITeJILHhlii IIHTepec IIMeeT H3Y1J:eHue 
aciiM:nToruqecKux eneKrpoB ueiiTpoHOB npu 6onL
mux BpeMeHax, Korp;a 

N(E, t)=n(E)e-at; J(E, t)=l(E)e-at. 

RoHcTaHTa pacna;IJ;a a B aaBIICHMocru oT B 2 

ua:Mepanaeb AJIH paanH'IHhiX aa:Mep;nuTeneii MHo
rHMH aBTOpaMII. l1a 9THX H3MepeHHH onpe;IJ;eJIJieT
CH R094JcpHIJ,HeHT ;IJ;HcpcpyaHH B 6eCROHe'IHOH cpep;e 
D0 u Roa4Jcpun:ueHT p;ucp4JyauoHuoro oxnamp;e
HHH C. RaK IIaBecTBo, paecMoTpeniie aa;IJ;a'lu 
o eTan:uouapuoii A»4Jcpyauu ueiiTpouoB Bp;anH oT 
HCTO'IHHRa npHBO;IJ;HT K TOMY me ypaBBeBHIO, 'ITO 
u ;IJ;JIH acHMnTOTHqecKoro cneKrpa B enyqae 
uMnynLcHoro HCToqHHKa, no TOJILKO c B 2 < 0. 
Ma:MepHH KBap;paT p;Hcpcpyan:ouuoii AJIHHhl L2 RaK 
cpyBKIJ.HIO ceqenHH nornoiiJ,eBHH a a.• 9Kcnepu
MeuTaJILHO onpep;eJIJIIOT C06CTBeHHOe 'IHCJIO a KaK 
4JYHKIJ.HIO B 2 (npH orpun:aTenLHhiX B 2

}. IIoaTo:My 
aeHMUTOTH'IeeKHe eneKTphl H KOHeTaHTa a paccqu
TbtBaJIHCb no nporpaMMe TE,L(l1 KaK p;na B 2 > 0, 
TaR K p;nn B 2 < 0. 

Ha puc. 12 n 13 npiiBep;eubt cneKTpbt acuM
nTOTH'IeeKoii llJIOTHOCTH H TOKa ueii:TpOHOB, 
paCC'IHTaHHhle ;IJ;JIH BO;IJ;hl (eM. piie. 12) II rpacpHTa 
{eM. pn:e. 13) npH paaahiX B 2• )J.na o6onx aaMe;IJ;JIH-

,, 
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TeJieii Cll8KTphl llJIOTHOCTH II TOKa 3HaqiiTeJII.HO 
OTJIH'IaiOTCH. fleHO BHf:l;eH 94J4JeKT p;u4J4Jy3HOHHOTO 
oxnamp;eann p;nn B 2 > 0 H AH4JcpyaBoHaoro aa
rpeBaHHH ;IJ;JIH B 2 < 0. Marepeeao OTMeTHT:&, 
qTo n (E) n I (E) aaquaaa c aaepruii E ,.._. T 
OITIIebtBaiOTeH MaKeBeJIJIOBeKHM paenpep;eneHHeM 
c reMnepaTypoii Tn, aaBueniiJ,eii oT B 2

• 

Ha pn:e. 14 npuBe;IJ;eH rpa4JBK a (B 2
) ;IJ;JIH BO;IJ;hl 

npu Telo.mepaType 295° K e ce'leHHHMII, pacequ
TaHHbtlfii co cneKrpoM qacroT 3renera4J4Ja 5 • TaM 
me npnBep;eabt aKcnepn:MearanbHMe p;aHHbie 
(HMnyJELeHbie HaMepeBHH 15 • 16 H 9KCnepH-
MeHTbt 1

,, c oTpaBneHueM 17). Pae11eT u aKenepH
MeBT C OTpaBJieHHeM llOJIHOeTLIO COrJiaeyiOTeJI. 
Ilpu m!JJiomHTeJILHMX B 2 pae11er xopomo corna
cyeTCH ' c uaMepeBHHMH Jlonen:a u BeiicTepa 15 

u aecKoJI:&KO pacxop;urca c p;aHHMMH AaroaoBa 18• 

Ta me ,Kapruaa ua6nro;IJ;aeTCH u npu cpaBaeauu 
pae'leTQB c 9KenepHMeHTaMK Rroxne 18 (aa puc. 14 
p;aaabte~' Rroxne ae aaaeceabt). Ha;IJ;o OTMeTuTL, 
qTo aRc epHMeHT Jlonen:a K BeiicTepa npoBop;HJien 
B reo:M Tpuu napannenenunep;a, B TO BpeMH KaK 
9Kenep MeHTbt AaTonoBa H RIOxne - B U.HJIHH
APH'Iec oii reoMeTpuu, rp;e onpep;eneaBe B 2 :Meaee 
aap;ema . PaeqeTHbte aHa'leHHH napaMeTpoB: D 0 = 
= 3,66 • 10' c.M2/ee10, C = 3,08 • 103 c.M4/cer;,. 

l1a e aBHeHHJI pac'leTa a (B 2) C 9KCllepKMeHTOM 
MOmHO ;IJ;eJiaTL BhiBO;IJ;, qTo uenOJib30BaHHe ClleKT
pa qaeT T 3reJieTacpcpa npHBOf:I;HT K npaBHJibHOMY 
OnHeaH~IO TepMaJI.HaaiJ.HH H ;IJ;HcpcpyaHH aeiiTpOHOB. 

Ha p~e. 15 npHBep;eHo a (B2
) ;IJ;JIH rpacpHTa npK 

T = 29 o K. Ce11eHKH paeequrYBanucL no npo
rpaMMe 'YllP AC e :Mop;en:&HhiM eneKTpOM 8ren-

. eTacp4Ja t floeKOJILKy 9KCnepuMeHTOB e OTpaBJie
HHeM H rpai{>n:Te He npOBO;IJ;HJIOe:&, Ha rpai{>uKe 
npuBep;e a TOJibRO o6nacr:& B 2 > 0. 8KcnepK
MeHTaJIL Me aHaqeaua B3HThl ua pa6or 19 • 20 • IIpH 
6onLmui paaMepax eucTeMbt eornacue pac'leTa 
e 9KenepHMeHTOM xopomee, To eCTb pae'leTaoe 
aaaqeaHe KoacpcpHn:HeHTa p;HcpcpyaHH D 0 = 2,12 X 
X 105 CM2/ce10 eoBnap;aeT e 9KCnepHMeHTaJI:&HbtM, 
npu :Melf:&IDHX paaMepax pac'leT p;aeT aaBMmeH
uoe auaqeHue a, qTo oaHa'laer, 'ITO pae11eraoe 
aaaqeHue Koai{>4JHn:IIeHTa p;Hi{>cpyauoHHOro oxnam
p;eHHH C = 1,95 • 106 CM4/ce10 HeeKOJI:&KO aaHH
a<eHO. 

3AHnJOYEHHE 

Bnarop;apa HHTeHeHBHOii pa6ore Hap; npo6neMoii: 
TepMaJIH~aiJ.HH HeiiTpOHOB, DpOBO;IJ;HBIDeHCJI B paa
JIH'IHhiX CrpaHaX, K HaCTOHIIJ,eMy Bpe:MeHH paapa-
6oTaHbt ~KenepuMearanLnMe u reoperH'IeCRHe Me
TO;IJ;bt, mi>aBOJIHIOIIJ,He nonY1J:a TL p;u4JcpepeHn:uam>
Hhle ceqeHBH paeeeH:HHJI Heii:TpOHOB Ba XBMH
qeCKH e~H:3aHHhiX aTOMaX H ROHTpOJIHpOBaT:& BX 
nyTeM ClJaBHeHHJI C BKCnepHMeHTaJibHbtMH ;IJ;aH
HLIMH n~ Heii:TpOHHMM cneKTpaM. B eo11eraauu 
C eyiiJ,ee ByiOIIJ,HMH MeTO;IJ;aMH paeqera eneKTpOB 
(eM., ua puMep pa6ory 21, a TaKme ;IJ;OKJiap;22} aro 
p;aeT B03 Oa\HOCTb ;IJ;JIJI nro6oii eHCTeMM paCC'IHTaT:& 
ClleRTp ep;JieHHhiX HeiiTpOHOB H ai{>cpeKTbt, eBJI
aaHHhle Q ero uaMeHeHueM. 
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A/360 USSR 

The effect of chemical binding on neutron 
thermalization 

by L. V. Maiorov et a/. 

The paper discusses the effect of chemical binding 
on the integral and differential scattering characteris
tics and the formation of slow neutron spectra in the 
most important moderators (C, H20, Be, ZrH, LiH). 

The differential scattering cross sections which are 
calculated with the aid of the UPRAS code, taking 
account of the acoustic, optical and diffusive motions 
of the atoms, are used for the analysis of the neutron 
spectra in heterogeneous media, media with a tem
perature gradient, and media with a pulsed source. 

Influence de Ia liaison chimique 
sur Ia thermalisation des neutrons 

par L. V. Maiorov et al. 

A/360 URSS 

Les auteurs etudient !'influence de la liaison chi
mique sur les caracteristiques integrates et differentielles 
de Ia diffusion et sur la formation des spectres de neu
trons Ients dans les principaux ralentisseurs (C, H20, 
Be, ZrH, LiH). 

Les sec~ions eflicaces differentielles de diffusion, que 
l'on calctile a l'aide du programme UPRAS, compte 
tenu des tnouvements acoustiques et optiques et des 
mouvem~ts de diffusion des atomes, sont utilisees 
pour l'a lyse des spectres de neutrons dans des 
milieux h mogenes, des milieux a gradients de tem
perature e! des milieux a source pulsee. 

A/360 URSS 

lnfluenci~ del enlace quimico 
sobre Ia termalizaci6n de los neutrones 

por L. V. Maiorov eta/. 

Se estudia Ia influencia del enlace quimico sobre las 
caracteristicas integrates y diferenciales de la disper
sion y so~re la formacion de los espectros de los 
neutrones Jentos en los moderadores mas importantes 
(C, H20, Be, ZrH, LiH). 

Las secciones eficaces de dispersion diferenciales, 
que se calculan con el programa UPRAS, teniendo en 
cuenta los movimientos acusticos, opticos y de difu
sion de I! atomos, se utilizan para analizar los 
espectros eutronicos en medios homogeneos, en 
medios con gradiente de temperatura y en medios con 
fuente puis nte. 
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Analysis of integral data for few-group parameter 
evaluation of fast reactors 

By G. Cecchini, U. Farinelli, A. Gandini and M. Salvatores* 

The lack of many reliable nuclear data needed to 
evaluate fast reactor performance, in particular 
2aau-Th systems, and the difficulties inherent in 
differential measurements suggest the exploitation of 
integral data obtainable in critical experiments in 
order to arrive at a final few-group cross-section set 
that is applicable to a certain range of systems. In the 
first part of this paper the requirements for calculating 
reactor performance are discussed; the applicability of 
a single few-group cross-section set to a broad range 
of reactors is then analysed. In the second part, 
integral experiments which can yield the required infor
mation are evaluated and a method of correlation for 
these results is developed. Various types of critical 
facilities (fast, coupled fast, coupled thermal-fast 
reactors) are finally compared on the basis of the pre
cision obtainable from such measurements. In par
ticular, some experiments which might give informa
tion on transport cross sections are examined. 

FAST REACTOR SYSTEMS CONSIDERED 

The choice of the reference systems for this study is 
consistent with a proposed Italian programme in this 
field, that is of sodium-cooled, paste fuel type reactors 
using U-Th oxides [1]; other fuels are considered for 
comparison and generality. However, the paste fuel 
concept appears in these calculations mainly as a lower 
fuel to sodium ratio than has usually been considered 
hitherto; thus the results are not limited to paste type 

* Comitato Nazionale per I'Energia Nucleare, Rome. 

fuelled reactors, since some present proposals for low 
density oxide fuel rods [2] lead to average composi
tions close to those considered here and heterogeneity 
is not taken into account. The reference systems 
studied are illustrated in Table I. Calculations were 
carried out in spherical geometry by the RE-122 
multigroup diffusion code of the Argonne National 
Laboratory. The sixteen group cross-section library 
ofYiftah, Okrent, Moldauer was used [3]. 

The volume fractions (VF) of fuel, coolant and 
structural materials in the various regions are the same 
for all systems, i.e.: 

{ 

VF-Fuel (oxide) 0.180 
Core VF-Na 0.667 

VF-Fe 0.153 

{ 

VF-Th02 0.537 
Blanket VF-Na 0.4306 

VF-Fe 0.0324 

{
VF-C 0.6 

Reflector VF-Na 0.4 

ERRORS IN CALCULATION OF CRITICAL MASS 
AND CONVERSION RATIO 

Errors may be introduced in the calculation of 
critical mass and conversion ratio from: 

(a) schematization of the geometry of the system; 
(b) homogenization of the various regions of the 

reactor; 
(c) reduction of the cross sections to few-group 

constants; 

Table 1. Fast reactors studied 

Core volume Fissile Critical 
System (litres) Fuel Fiss. + Fert. mass 

nuclei (kg) 

1 400 239Pu02_238 u 02 0.396 263 
2 1500 239Pu02_2asuo2 0.233 573 
3 3000 239Pu02_2asuo2 0.187 914 
4 400 ?.33U02-Th02 0.387 250 
5 800 233U02-Th02 0.282 364 
6 3000 233 U02-Th02 0.172 833 
7 400 235U02-Th02 0.673 430 
8 800 235U02-Th02 0.593 628 
9 3000 235 U02-Th02 0.289 1428 

10 800 239Pu02_238 u 02 0.296 389 
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(d) use of approximations of transport theory (in 
the few-group scheme); 

(e) errors that are present in the nuclear data before 
reduction to a few-group library. 

In most cases, especially for large systems, (e) is at 
present the main source of uncertainty; this is par
ticularly true when interest lies less in the absolute 
performance of the particular reactor than in the com
parison of different systems, using for instance dif
ferent fuels. When only relative performances are inves
tigated, systematic errors (as may arise from the first 
four sources) may cancel out. A choice between two 
fuel cycles, which is largely based on considerations of 
neutron economy, is difficult on present knowledge 
and improved precision of the cross-section data for 
these fuel cycles is certainly desirable. 

The relative importance of the various cross sections 
for the case considered here, may be explored by per
turbation analysis [4]. We may thus set reasonable 
requirements for each nuclide, type of reaction and 
range of energy to be measured (by differential or 
integral techniques) so that the main contributions 
from the various cross sections to the uncertainty in 
the final results are of the same order of magnitude. A 
general criterion for the final precision required in the 
calculation of critical mass and conversion ratio is 
difficult to establish; one should compare the eco
nomic value of the information obtained, with the cost 
of carrying out the experiment. 

In the following calculations, we have somewhat 
arbitrarily set an uncertainty requirement not greater 
than 2% in reactivity and 4% in conversion ratio. 
We feel that this goal represents a substantial improve
ment on the present situation (especially for U-Th 
oxide systems) and should allow a more reliable choice 
of a fuel cycle for a fast power reactor; at the same 
time, it seems that such figures are not unrealistic 
considering the type of integral experiments proposed 
in this work. 

RANGE OF VALIDITY OF A 
FEW-GROUP SET WITH RESPECT TO 

GIVEN PRECISION REQUIREMENTS 

It is well known that the reduction of nuclear data, 
given as continuous functions of energy, to a few
group constants for use in nuclear computational 
codes, generally introduces uncertainties in the calcu
lated quantities. These uncertainties are larger if the 
system under consideration is characterized by a 
neutron spectrum that is very dissimilar from that 
used to weight the nuclear constants themselves and, 
of course, if the degree of coarseness of the energy 
subdivision is high. As a consequence, an energy group 
subdivision must be chosen which on the one hand 
involves only a few groups, in order to allow some 
calculational flexibility, and on the other hand is suffi
ciently detailed, so that the range of systems to which 
it is applicable within the specified precisions is broad 
enough to justify the integral experiments proposed 
for its evaluation. The problems to be .solved are then: 

I 
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(a) t see if a cross-section set exists with a reason
ably small number of energy groups which is valid in 
the range of systems considered (e.g. ,_,20); 

(b) i~ (a) is possible, to find a standard set by means 
of integral experiments, starting from a similar set 
chosen with best-value criteria. 

To a!' swer the first question, we have started con
sidering an energy subdivision of 16 groups similar to 
that us d in the YOM library. Such a subdivision 
seemed to match adequately the above-mentioned 
require ents of calculational flexibility and relative 
indepen~ence of the neutron spectra. Then using 
libraries with very high number of energy groups, 
fundam ntal mode calculations have been made for 
systems \of the same compositions as the reference 
systems lin order to calculate the equilibrium fine 
structurd spectrum needed for the I6-group cross
section ~verage. For this purpose, the ELMOE code 
of the Argonne National Laboratory has been em
ployed. ~t uses a library of about 700 energy groups to 
account i for the elastic scattering resonances of the 
light m~terials present in the system, such as Na, 0, 
stainless steel. In addition, calculations were made 
with the:, GAM-I code of General Atomics, which uses 
a 40-gro).lp library to account for the effects of dilution 
on the ¢apture and fission cross sections. Firstly, a 
very sm~ll dependence has been noticed in the I6-group 
scheme cjhosen of these latter quantities on the dilution 
and also on fuel materials (fissile and fertile) present. 
More p ecisely the deviations noticed among the 
different 16-group absorption and fission cross-section 
sets eval ated with perturbation calculations showed 
effects n t larger than 0.1 %6.kfk. The results obtained 
.vith the ELMOE code have similarly demonstrated 
that the deviations among the elastic removal and 
transpor cross-section sets for the light materials are 
small fo those systems where the volume fractions of 
the light elements are kept constant. In this case the 
correspo ding reactivity effects are about O.I %6.kfk. 
On the ther hand there is a marked indication of 
deviatio s between the elastic removal and transport 
cross sec ion obtained by averaging over a spectrum 
with a ne structure and the same types of cross 
section afieraged over a coarse few-group spectrum. 
Reactivity effects are then of the order of I %6.kfk and 
this is consistent with the results obtained previously 
by others,in a similar analysis [5]. 

We may conclude that a standard cross-section 
library eXists with a number of groups less than or 
equal to 1'6, valid in the range of the reference systems 
considered in Table I (and probably valid outside the 
range to ~ certain extent), where the composition of 
the light ~ements is kept almost constant and only the 
fissile/ferttle atoms ratio is varied. The fact that sys
tems witli different fissile and fertile materials are 
included ih this range is particularly important as this 
means tha~ the proposed integral experiments to deter
mine the standard set do not need any particular 
quantity or 2aau (or Pu) but can be fuelled with 2asu 
and that the results obtained have a rather broad 
application. 
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DETERMINATION OF THE 
STANDARD SET BY MEANS OF 

INTEGRAL EXPERIMENTS 

P/627 

In order to determine the standard few-group cross
section set as described above, two different and 
possibly complementary approaches may be taken. 
One is the direct measurement of differential para
meters, to be averaged into few-group constants, 
following a priori criteria derived from a sensitivity 
analysis. The considerable difficulties that exist in 
differential measurements of many important para
meters suggest the second approach, namely to make 
use of the integral data obtained in critical experi
ments. The integral quantities to be measured are 
capture and fission rates and reactivity changes due to 
insertion of samples into the facility either in points of 
high flux gradient or where it is negligible so as to 
emphasize (or not as the case may be) the diffusion 
terms. Besides, spectra with different hardness must be 
chosen to emphasize the importance of the parameters 
at different points of the energy range of interest, 
within the limitations already defined for the validity 
of the standard set. The criteria to be applied to the 
analysis of these integral data are not uniquely defined 
because of the limited number of integral experiments 
and the difficulty of evaluating the precision of avail
able data from which is derived the initial "best 
known" cross-section library to use in the theoretical
experimental correlations. A method has been 
developed which should allow a broad flexibility of use 
and represent a reasonable compromise between the 
need to reduce corrections to a minimum and to take 
care of the assumed absolute errors. 

Let us suppose that H critical experiments are set up 
in a facility by generally changing size, geometry, and 
composition. In each of these critical experiments a 
series of measurements can be made of capture rates 
Tch1, fission rates T1h1 and reactivity changes kh1 by 
insertion of samples of given materials in L significant 
positions of the facility. If it is assumed that the real 
and adjoint fluxes </>t, <Pt* are known precisely as well 
as the nuclear parameters at (in a few-group energy 
subdivision where i = 1,2 ... , N), the experimental 
values can l)e interpreted in the following way (assum
ing the a's as the volume integrated macroscopic cross 
sections of the sample): 

N N 
Tchl =L <Pthlaci Tjhl =L <Pthlafi 

i~I i~t 

khl = _!_ [ f Vi act <Pthl</Jf*hl _f au<Pthl<Pt*hl 
Jh i~l i~l 

N N ~0 

- :E act<Pthl<Pt*hl +:E :E (aini-->-J +aiel f3t--+J)<Pihl 
i~t i~l (j-i)~l 

N 
(<PJ*hl _ <Pt*hl) +:E (aiel+ aci +au 

i~l 

S(i) ] 

+ u-*=' atnt->1)3 (Dthl)2V<PthlV<Pt*hl 

fh= J v dVi~t Vi l:cth (r) fPth(r)'Pc*h(r) (1) 
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N 

where 'Pc*hl =L <Pt*hlxt Cxt is the fission spectrum) and 
i~l 

where we suppose groups broad enough so that [3]: 

f3 f3 ( ) gi <P( Etmin.) Etmin. 
t-J = i- i+l = <Pt 

We are still considering here the case where 1> and</>* 
are precisely known, either by experiment or by cal
culation. This is not true in general but it is a starting 
point. If we substitute in (1) the values for a that are 
now considered as best known (a'), we obtain expres
sions similar to (1), where (Tch1)', (Tthl)' and (khl)' are 
now calculated values. We introduce now a set of 
"weighted corrections" Dt and a set of at coefficients, 
so that: 

at -at' "' ---=ot 
at 

The at values have been introduced to take into 
account the absolute error assumed for each para
meter a, and also to permit other sets of conditions to 
apply to the corrections. Subtracting now from expres
sion (1) those parts relative to the computed quanti
ties (Tchl)', (Trh1)' we obtain a set of equations which 
may be represented as follows when reduced to an 
implicit form: 

r{l1(S1,S2, ... , D1)=A1 1 M=Number 
- auS1-a12D2- ... -auDJ=O of measure-

rP2(DI,D2, .. . ,S1)=A2 ments 
- awllr-a22Sz- ... -auDJ=O , (2) 

. . . . /=Number 
r/JM(SJ,S2, .. . ,DJ)=AM ofunknown 

- aMrS1-aM2D2- . .. -aMIDI=O parameters 

where A k and atk are given constants. Generally the 
inequality M <I is valid and so further conditions 
have to be set in order to obtain a definite solution of 
system (2). In order to minimize the magnitude of the 
weighted corrections, S's, that solution is chosen 
which minimizes the function: 

N S(i) 

E ~ :E :E [(Stt)2+(Stc)2+0ltnt)2+(Stel)2 
i~l (j-i)~l 

I 

+ (St--..J)2] = :E St2 

i=! 

The problem can be reduced to seeking the minimum 
of the function (3) under conditions (2). We also 
assume that the Jacobian characteristic of system (2) is 
equal to M. This means that theM values Sn, Dt2, •.. , 
DiM can be assumed to be, without losing generality, 
S~,S2, .. . ,DM for which: 

o(r/JI,r/J2, .. . ,r/JM) =tf:O 
o(Sr,Sz, .. . ,oM) 

This condition corresponds in our case to saying that 
the Sk(k = 1,2, ... ,M) are linearly independent, that is 
llaikll=r':O (i,k= 1,2, .. . ,M). Introducing the Lagran
gian multipliers ,\k, the search for the conditioned 
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Table 2. Example of a's corrected consistently with given data 

Group 
art33U. 

True Wrong Corrected 

1 1.64 1.75±0.0525 1. 7536 
2 1.89 1.83 ±0.0549 1.8526 
3 1.95 1.89 ±0.0567 1.9063 
4 2.13 1.94 ±0.0582 1.9826 
5 2.38 2.24 ±0.0672 2.2875 
6 3.32 3.23 ±0.2584 3.7297 

minimum leads to values of Dt which are linear com
binations of the terms aki: 

} M 
Dt=- ~ AkGik 

2k=l 

where the Ak values are given by the matrix expression: 

>.1 bu h12 ••. htM - 1 At 

>.2 =2 h21 h22 ..• h2M A2 

I 

btl= 'E atkaJk 
k=l 

The inversion of the matrix !!btl II is always possible 
under the assumed conditions. In case the initial real 
and adjoint fluxes, which account for the Gtk values, 
are incorrect, an iterative procedure may be adopted. 

A small programme for the solution of equations (2) 
has been written for the IBM-1620 computer. The 
running time is of the order of a few minutes for most 
cases. To test the method with a simple numerical 
example, the critical configuration 51/03 of Table 9 has 
been considered. The experimental data relative to the 
central reaction rate and reactivity measurements have 
been replaced with computed ones starting from a 
given "true" cross-section library and the cross-section 
set to be corrected has been substituted by an arbitrary 
"wrong" set with given errors assumed for the a.i 

values. The results are given in Table 2. Even with the 
limitation of the amount of assumed data with respect 
to the assumed variables (H = l, L = l, I= 12), all the 
cross sections ar with the exception for groups 1 and 6 
have been corrected in the right way and by amounts 
reflecting well the criteria assumed for the method. 

FAST, COUPLED-FAST AND 
COUPLED THERMAL-FAST FACILITIES 

CONSIDERED 

Th~ ~ollowi~~ criteria should be adopted in choosing 
the cntical facdtty where the integral experiments have 
to be made: 

(a) cost of the facility; 
(b) safety of the system; 
(c) flexibility and reproducibility; 
(d) precision of measurement with respect to the 

more important quantities; 

(vat)233U. 
Tr11e Wrong Corrected 

5.105 5 . 285 ± 0. 158 5.3016 
5.233 4.491 ± 0.148 5.0294 
5.1~0 4.933 ±0.148 4.9929 
5.4?5 4.986 ± 0.150 5.1351 
6.0a8 5 . 667 ± 0. 170 5.8211 
8.3 2 8.107±0.649 9.5715 

(e) poksibility of using a simple theoretical method 
to correlrte the experimental results. 

We h~ve reviewed and compared several facilities 
with resrct to. t~e l~st tw~ criteria without making 
any specrfic optimiZatiOn whtch might hinder the com
parisons 'themselves. Three types of systems are con
sidered: ~pherical fast systems (F), those with a fast 
driver, g~nerally called coupled-fast systems (F-F) and 
those with a thermal driver, generally called coupled 
thermal-fast systems (T-F). In the test region the flux 
spectra ~f interest are obtained by a suitable com
position ~nd when there is a strong spectral difference 
?etween t~e driver and th~ test region a decoupler and, 
tf ne~ess~, a buffer _are u~serted. The critical facilities 
constdere are descnbed m Table 3 with their main 
c~aracter sties. The calculation of critical composi
tions an fluxes have been made by means of the 
RE-122 code and the Yiftah, Okrent and Moldauer 16-
group cross-section set. The facilities 7 and 8 are 
simply fast systems equivalent to those of the same 
nu~ber. ip Table ~. In systems 27 and 29 the test 
regiOn ts 1charac~enzed by t~~ different dilutions of 
233U correspondmg to fast cntical systc;ms with cores 
of 800 an~ 3000 litres (systems 5 and 6 of Table 1). 
System 34 is a thermal-fast facility where the test 
region has no buffer and is fuelled with 235U in a 
800 litre dritical core concentration. The thermal-fast 
SY_Stems 38 and 40 use 233 U as fuel for the test region 
wtth the s~tme compositions as for systems 27 and 29, 
and are st:jrrounded by a buffer with 235U as fuel in a 
concentra~ion corresponding to a critical400 litre core. 
In all the thermal-fast systems a decoupler of 5 em of 
metallic t!orium separates the thermal from the fast 
zone. The composition of the thermal driver has been 
assumed o be similar to that used in the ECEL 
experime~of Atomics International. 

Since t e t~ermal-fast facilities considered for the 
central ex enments do not seem to achieve a flux 
gradient s ffi.cient for transport measurements, two 
other the al-fast facilities have been considered for 
this kind of experiment. One is system 42 of Table 3 
which is characterized by a cylindrical pancake 
·geometry; 1it is formed by a thermal driver 5 em of 
thorium metal as decoupler, a fast test ~egion of 
appropriat¢ composition and a reflector of 30 em of 
thorium oxide. The other is system 45 of spherical 
ge~~~try ~·mi.lar to the other thermal-fast spherical 
facdtties ev10usly c:onsidered but with a central 
region, of 5 em radius, filled with thorium metal. 
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Table 3. Facilities studied 

Corresp.• Fissile Corresp.a Fissile Fissile 
Type Outer radius (em) Fissile critical mass critical mass mass 

System of Geometry Test (test volume (test volume (buffer) (driver) 
facility region Buffer Driver region) (test region) region) (buffer) kg "'U kg•85U 

litres kg litres 

7 F Sphere 45.7 2asu 400 436 
8 F Sphere 57.6 2asu 800 637 

27 F-F Sphere 17.3 57.6 2aau 800 10 613 
29 F-F Sphere 20.5 57.6 2aau 3000 10 626 
34 T-F Sphere 30.6 43.8 2asu 800 94.5 14.3 
38 T-F Sphere 17.3 30.6 43 2aau 800 10 400 106 13.4 
40 T-F Sphere 20.5 30.6 43.5 2aau 3000 10 400 90 14 
42 T-F Cylinder H=26 H=72.34 2asu 800 78.8 3.2 

R=35 R=35 
45 T-F Sphere 15 45 57.54 800 290 20.3 
51 F Sphere 21.2 2asu 40 109 

• Critical volumes of the facilities in Table I corresponding to the same compositiOns of test region. 

As an attempt to compromise between high per
formance and economy a highly compact fast facility 
is envisaged and represented here by system 51. In this 
the weight fractions of the light and heavy materials 
(in the latter case only 2350) correspond to the refer
ence systems of Table 1. In order to minimize the 
critical mass no fertile material is introduced and only 
high density materials are considered. Thus UOz is 
replaced with U metal and the corresponding oxygen 
requirement is provided by an appropriate quantity 
of sodium oxide which is much denser than sodium. 
Canned sodium and canned sodium oxide should be 
used in a facility of this kind, but in principle other 
high density materials might be considered. 

SPECTRAL BEHAVIOUR IN THE FACILITIES 
In order to study neutron spectra behaviour in the 

facilities considered, several reaction rate ratios have 
been computed in the test regions. The ratios relative 
to the thermal-fast and fast-fast facilities compare well 
with those relative to the corresponding reference 
systems and the differences do not seem important as 
far as the independence of the group parameters to 
spectrum is concerned. The situation is not so favour
able for the compact fast facility 51. Here the 16-group 
elastic scattering and transport cross sections of light 
materials, weighted in a fine structure spectrum cal
culated with the ELMOE code, account for estimated 
errors around I %flk/k if applied to the reference 
systems of Table I. 

No difficulties of this kind have been found for the 

fission and capture cross sections averaged in a neutron 
spectrum calculated with the GAM-I code. As a con
sequence, if higher precisions are required, some inter
mediate facility with core volume of 100-200 litres 
might represent the optimum for high performance 
and economy or some finer group subdivision should 
be considered. 

PRECISION OF THE CENTRAL 
REACTION RATE MEASUREMENTS 

The precision of the measurements obtainable with 
a given facility depends upon three main factors: 

(a) sensitivity of the instruments which are used in 
the experiment, for a given time of measurement and 
total power of the system (in other words, the influence 
of statistical noise); 

(b) noise due to sources other than statistics (tem
perature and pressure fluctuations, mechanical vibra
tions, etc.); 

(c) magnitude of the quantity to be measured. 
With respect to the first two factors, for the central 

reaction rate measurements there appears to be no 
reason to prefer one type of facility to the others. How
ever, with regard to the third factor, in Table 4 reaction 
rate values are normalized to equal total power and 
are reported for the various facilities. The values rela
tive to the fast and fast-fast facilities are larger by 
factors of 2 to 8 when compared with those relative to 
the thermal-fast ones. Obviously these factors increase 
inversely with the core volume of the fast facilities 
themselves. 

Table 4. Central reaction rates normalized to same power (arbitrary units) 

System Type of F(23 'U) F("•U) F(239Pu) F("0Pu) C(Th) F(Th) C(23BU) F(•"Pu) Facility 

7 F 1328 2057 1585 500 185 16.7 155 483 
8 F 985 1515 1132 309 144 9.65 122 299 

27 F-F 1008 1545 1145 308 148 9.55 126 298 
29 F-F 970 1475 1069 250 147.5 7.35 127 244 
34 T-F 487 750 582 170 69 5.4 58.5 164 
38 T-F 460 712 561 166 64.7 2.25 54.7 161 
40 T-F 516 790 635 158 74.3 4.72 63.6 153 
51 F' 4250 6600 5250 550 71.0 450 
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Table 5. Central reactivity worths (10-8 l1kf~) per gram of material 

Type of Radius of iReactivity worths 
System perturbed Sample I facility zone (em) Total Fission Absorpt. Transf. Diff. 

7 F 1.83 2aau 496.88 924.88 -433.48 5.45 0.022 
Th -26.49 7 .i6t -40.165 6.04 0.024 
Fe 4.52 -4.11 8.59 0.034 

8 F 2.30 2aau 381.29 714 .. 33 -335.89 2.84 0.014 
Th -24.08 ~f8 -31.84 3.07 0.012 
Fe 1.26 -3.24 4.47 0.022 

27 F-F 2.32 2aau 383.82 725.91 -345.18 3.09 0.015 
Th -24.80 4.56 -32.90 3.54 0.014 
Fe 1. 71 I -3.32 5.00 0.025 

29 F-F 2.05 2aau 349.47 652.63 -304.96 1.8 0.0024 
Th -24.21 3.31 -29.50 1.98 0.0022 
Fe -0.225 

31~t 
-2.96 2.73 0.0031 

34 T-F 2.04 2aau 172.24 -142.67 0.916 0.0045 
Th -9.83 2. 9 -13.15 1.02 0.005 
Fe 0.232 1.33 1.56 0.0075 

38 T-F I. 73 2aau 208.41 386. 8 -179.69 I. 71 0.0049 
Th -11.54 2. 9 -16.47 2.03 0.0045 
Fe 1.25 -1 -1.69 2.92 0.0073 

40 r..:.F 2.05 2aau 172.69 3I8jo -146.33 0.724 0.0145 
Th -10.61 1.~4 -13.41 0.861 0.0135 
Fe -0.055 I -1.39 1.33 0.017 

51 F 1.40 2aau 1913.56 3491.04 -1607.23 29.41 0.352 
Th -73.65 37.00 -144.25 33.27 0.337 
Fe 31.41 -14.70 45.54 0.968 

Table 6. Estimated weight (g) and volume (cm3) of samp es relative to a precision of the 
central reactivity measurements of0.1% for fissile an 1% for non-fissile materials 

2asu 
Type of Weight Volume System fac1lity (g) (cm3) 

7 F 20 1.1 
8 F 26 1.4 

27 F-F 26 1.4 
29 F-F 29 1.6 
34 T-F 6 0.32 
38 T-F 5 0.27 
40 T-F 6 0.32 
51 F 5 0.27 

PRECISION OF THE 
CENTRAL REACTIVITY MEASUREMENTS 

Referring to the first factor of measurement preci
sion introduced in the previous chapter, statistical 
evaluations have been made of reactor noise [6] in 
connexion with oscillation experiments in the two 
types of facilities. Under the same operating con
ditions, the sensitivity of the instruments is higher 
approximately by a factor of ten in the thermal-fast 
compared with the fast-fast facilities. This difference is 
due mainly to the poor flux detector efficiency in a fast 
neutron spectrum but if other experimental conditions 
are considered, it may change. For instance, it might 
be more realistic to set limitations on the specific 
power if fuel refabrication is considered. Then, the 
performance of the fast-fast facilities considered is 
improved by about a factor of 3. This performance 
might also be improved by surrounding the counters 
with a layer of moderating material (provided this does 
not perturb the flux in the test region). A comparison 
of different facilities in relation to the source of non-

Th
1 

Fe 
Weight I Volume Weight Volume 

(g) (cm3) (g) (cm3 ) 

38 3.3 220 28 
42 3.6 790 101 
42 3.6 585 74 
41 3.5 4400 560 
10 0.87 430 55 
8.7 0.75 80 10.2 
9.4 0.81 1800 230 

14 I 1.2 32 4.1 

I 
statistical oise is difficult, and involves detailed design 
considerat ons. As regards the magnitude of the signal, 
i.e., the a ount of reactivity introduced by a given 
sample, so e values are given in Table 5. The values 
relative to the fast-fast facilities are larger by a factor 
of 2 or 3 t an those in the thermal-fast case; for the 
fast facilit 51 results are larger by a factor of 10 or 
more for he light elements. Let us assign now an 
instrument sensitivity of l0-8/'ikjk to the reactivity 
measurem nts in the thermal-fast case (limit achieved 
in the ECEL experiment of Atomics International for 
a two hout oscillation experiment at 200 watts) and 
consequent~y a sensitivity of about I0-7f:1kjk for a fast
fast facility. Under those conditions and for the sake of 
comparison, the weight and dimensions of the samples 
to be usedfin the experiments were calculated (see 
Table 6) s that the measurements on the fissile 
elements h ve a 0.1 % precision and those relative to 
the other m terials have a l% precision. Measurements 
relative to pxygen can be effected by using compact 
oxide samp1es, e.g., canned sodium oxide. 
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Table 7. Eccentric reactivity worth (10-B tl.k/k) per gram of material 

System 

8 

51 

Type of 
facility 

F 

T-F 

F 

Sample 

Th 
Fe 
Na 
Th 
Fe 
Na 
Th 
Fe 
Na 
Th 
Fe 
Na 
Th 
Fe 
Na 
Th 
Fe 
Na 

Inner radius of 
perturbed zone 

(em) 

47.22 
47.22 
47.22 
52.98 
52.98 
52.98 

H1= 18.2b 
Hr= 18.2b 
Hr= 18.2b 
H1 = 21.67b 
Hr=21.67b 
Hr= 21.67b 

16.84 
16.84 
16.84 
14.65 
14.65 
14.65 

Outer radius of 
perturbed zone 

(em) 

48.37 
48.37 
48.37 
54.13 
54.13 
54.13 

H2= 19.07b 
H2= 19.07b 
Hz= 19.07b 
H2= 22.53b 
H2=22.53b 
H2=22.53b 

17.54 
17.54 
17.54 
20.35 
20.35 
20.35 

R 
<t>(O,x)b dr 

a Values have been multiplied by 2.113 = R ( 2.4048 ') 
.P(O,x)J lo' -R- dr 

0 

Reactivity worth 

Total Fissio.n Absorpt. Transf. Diff. 

-3.384 1.101 -8.300 0.248 3.568 
5.511 -0.828 0.466 5.874 

17.571 -0.908 3.016 15.463 
-1.466 0.683 -5.715 -0.0443 3.610 

5.440 -0.567 0.0477 5.960 
15.603 -0.714 0.689 15.629 

-11.969 3.545 -19.505 0.632 3.359 
5.191 -1.926 1.124 5.994 

17.405 -3.052 4.361 16.094 
-15.101 4.225 -22.549 0.833 2.39 

3.437 -2.298 1.417 4.319 
10.709 -4.574 3.974 11.309 
2.189 11.223 -52.165 5.699 37.433 

67.346 -5.305 8.916 63.734 
201.528 -3.098 38.202 166.425 

12.133 6.668 -36.205 1.346 40.322 
68.312 -3.686 3.219 68.779 

189.559 -2.834 14.307 178.086 

b Ht and H, indicate distance from boundary with outer ThO, reflector. 

PRECISION OF THE 
ECCENTRIC REACTIVITY MEASUREMENTS 

Transport cross sections are very important in fast 
reactor calculations in general. The integral experi
ments needed to evaluate these parameters require a 
sufficiently high flux gradient at the point where the 
samples are to be inserted. While these conditions are 
generally obtainable with the fast and fast-fast sys
tems considered, this is not so in the thermal-fast 
spherical case. If a thermal-fast facility has to be 
utilized, a special geometry assembly must be worked 
out in some detail. We have considered for this pur
pose system 42, which exhibits a pancake geometry, 
and the spherical system 45, with a thorium metal 
sphere at the centre surrounded by a buffer. These 
facilities are compared with the 800 litre core facility 8. 
The results are given in Table 7 for different sample 
materials inserted in two different positions in the 
test regions. 

The 45 facility has to be ruled out because an 
appreciable flux gradient is not obtainable in the 
thorium metal sphere. The solution with facility 42 

seems rather interesting if we consider the relatively 
small quantity of sample materials necessary in the 
various cases in order to obtain transport reactivity 
worths affected by a statistical error of 1 %, as it can be 
seen in Table 8. On the other hand a disadvantage of a 
facility of this kind is the calculational difficulties 
introduced in the pancake geometry. The compact fast 
facility 51 allows a precision in the eccentric measure
ments comparable with that for system 42. 

CRITICAL EXPERIMENTS 

To exploit a critical facility in order to obtain the 
maximum information on the spectral behaviour of 
nuclear parameters, critical assemblies should be 
devised which, though keeping broadly the fine struc
ture of the neutron spectrum, have different degrees of 
hardness (or softness) to emphasize different energy 
bands. To evaluate the extent to which this is per
missible, systems 7 and 51 were studied for several con
figurations relative to various weight ratios of light 
materials and 235U, from a factor of0.5 to a factor of2 
with respect to the two reference facilities. ELMOE 

Table 8. Estimated weight (g) and volume (cm3) of samples relative to an uncertainty in 
the diffusion worth contribution of 1% for all materials 

System Type of Th Na Fe 
facility Wt(g) Vol. (cm3) Wt(g) Vol.(cm3) Wt(g) Vol. (cm3) 

8-1 F 280 24.2 65 77 170 22 
8-2 F 277 24.0 64 76 168 21 

42-1 T-F 30 2.6 6.2 7.4 16.7 2.1 
42-2 T-F 42 3.6 8.8 10.5 23.2 3.0 
51-1 F 27 2.3 6.0 7.1 15.7 2.0 
51-2 F 25 2.2 5.6 6.7 14.5 1.8 
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Table 9. Critical configurations of facililfies N.7 and N.51 

Critical % Increment of Critical radius 
configuration light materials (em) 

7/01 -50 31.3 
7/02 -20 40.4 
7 45.7 
7/03 +20 50.6 
7/04 +50 57.4 
7/05 +100 67.6 

51/01 -50 14.4 
51/02 -20 18.6 
51 21.2 
51/03 +20 23.3 
51/04 +50 26.5 
51/05 +100 31.2 

code calculations for compositions within this range 
have indicated that the deviation of scattering and 
transport cross sections of light materials due to 
different dilutions account for reactivity effects of 
0.5 %Mfk. Some characteristics and spectral indexes 
of these systems are reported in Table 9. 

CONCLUSIONS 

The following conclusions may be drawn from the 
results obtained. 

(a) There exists a standard few-group (,_,20) cross
section library applicable to the whole range of sys
tems shown in Table 1 and to the test region of the 
facility to be used for the experiments, which is valid 
within the precision specifications of 2 and 4% for 
reactivity and conversion ratio calculations. If higher 
precisions are required, higher energy subdivision and/ 
or a narrower range of reference systems must be con
sidered. The first condition involves an even more 
extensive set of experiments to span in detail the 
energy range. 

(b) From a given set of integral measurements and 
starting from a "best value" cross-section library, it is 
possible to determine a unique set of parameters which 
accounts for all the experimental results so far ob
tained and satisfies the condition of reducing the 
corrections on the original "best value" set to a mini
mum, with some weighting of the absolute errors 
assumed for each nuclear parameter. 

(c) Among the facilities considered in Table 3, the 
compact fast types seem to have some advantage over 

Critical mass pT•fF25 F 28/F25 
.,.U (kg) 

252 0.0165 0.0795 
361 0.0139 0.0673 
436 0.0126 0.0615 
496 0,0115 0.0557 
589 0.0101 0.0493 
733 0.0085 0.0413 

64 0.0208 0.0993 
91 0.0179 0.0862 

109 0.0167 0.0805 
125 0.0152 0.0733 
148 0.0136 0.0658 
185 0.0116 0.0561 

the ther al-fast systems, especially if the performance 
is norma ized to the same power. The precision of the 
reactivit measurements is comparable enough, if a 
pancake geometry thermal-fast facility is considered 
for the ccentric reactivity measurements, but the 
compact fast systems show considerable advantages 
for high r reaction rate measurements and for the 
more si pie interpretation of the results related to the 
e·ccentric reactivity measurements themselves. 
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A/627 ltalie 

Analyse de donnees integrales 
pour !'evaluation de parametres a petit 
nombre de groupes des reacteurs rapides 

par G. Cecchini et a/. 

Un probleme serieux dans !'evaluation de Ia per
formance des reacteurs rapides est le peu de confiance 
qu'on peut accorder aux valeurs des sections efficaces 
dont on dispose. II s'agit, dans la plupart des cas, de 
valeuts deduites en prenant Ia moyenne des mesures 
differentielles obtenues par des procedes differents, dont 
les resultats he sont tres souvent pas coherents, ou cal
culees a partir de modeles theoriques. Cette situation 
est particulierement serieuse pour les systemes rapides 
qui emploient le cycle 233U-Th. La difficulte qu'on 
rencontre dans la mesure differentielle de ces para
metres suggere }'exploitation de donnees integrates 
obtenues dans un ensemble critique pour aboutir a une 
serie a petit nombre de groupes applicable a tous les 
systemes d'une certaine categorie. 

Dans la premiere partie du memoire on analyse la 
possibilite d'appliquer une seule serie de sections 
efficaces a petit nombre de groupes a une classe assez 
etendue de reacteurs. Cette applicabilite depend 
evidemment du nombre des groupes et, pour cette 
raison, on a choisi une serie a seize groupes, ce qui 
represente un nombre suffisant pour une bonne latitude 
d'emploi et en meme temps n'est pas trop grand pour 
Ia majorite des codes nucleaires de diffusion ou de 
transport, a une ou deux dimensions. On fait succes
sivement une analyse de plusieurs types d'ensembles 
critiques dont on fait une comparaison en ce qui con
cerne la representation du spectre neutronique du 
systeme de reference dans la region etudiee et en ce qui 
concerne la precision des mesures. On considere des 
ensembles couples thermiques-rapides et des ensembles 
rapides a plusieurs regions pour des mesures dans 
un flux a gradient nul aussi bien que pour des mesures 
de sections efficaces de transport. Ces dernieres ont 
une tres grande importance dans !'evaluation des 
reacteurs rapides. Dans les ensembles couples ther
miques-rapides le gradient de flux necessaire aux 
mesures de transport peut etre realise en principe ou 
par une experience exponentielle centrale ou par une 
disposition en plaque. Entin on decrit une meth.ode 
pour la reduction des donnees integrates a des para
metres a petit nombre de groupes a partir d'une serie 
optimisee obtenue par des mesures differentielles. 

A/627 HTanHfl 

AHanHa HHTerpanbHbiX AaHHbiX AnH 
OU,eHKH peaKTOpOB Ha 6biCTpb1X HeH
lpOHaX no MeTOAY ManorpynnoebiX na
paMeTpoe 
f. 4eKKHHH et a/. 

IlpH Oll;eHKe xapaKTepHCTHK peaKTOpOB Ha 6hl

CTpbiX HeHTpOHaX B03HHKaeT KpaiiHe cepbe;:JHaH 

npo6JieMa, CBH3aHHaH C OTCYTCTBHeM Ha~emHhiX 
~aHHLIX B u;eJIOM pH~e Ba}KHhiX H~epHLIX npon;ec

COB. J1MeiOIIl;HeCH ~aHHhle IIOJiyqaJOTCH nyTeM pa3-

p03HeHHLIX ~n<f><f>epeHil;HaJibHhiX H3MepeHHH HJIH 

C IIOMOIIl;biO HeKOTOpLIX crreu;naJibHhiX MO~eJieH 
aTOMHLIX H~ep. 06hlqHo CHCTeMLI H~epHo-<f>H3Hqe
CKHX KOHCTaHT, IIOJiyqeHHLie B pa3JIHqHLIX Jia6o

paTOpHHX, 3HaqHTeJibHO OTJIHqaJOTCH ~pyr OT ~py

ra. :ho rroJiomeHHe HBJIHeTcH oco6eHHO cepbe3-

HhiM B OTHOilleHHH 6LICTpbiX CHCTeM C Il;HKJIOM 

U233 - Th. B CBH'3H c TPY~HOCTHMH, CBOHCTBeH

HbiMH ~H<f><f>epeHil;HaJibHLIM H3MepeHHHM :lTHX na

paMeTpOB, rrpe~Jiarae-rCH HCIIOJib30BaTb HeKOTO

pLie HHTerpaJILHLie AaHHLie, KOTOpLie MOmHO IIO

JiyqHTb Ha KpHTHqecKOH c6opKe ~JIH COCTaBJieHHH 

OKQHqaTeJibHOH MaJiorpyiiiiOBOH CHCTeMbl, IIpH

ro~HOH ~JIH pacqeTa orrpe~eJieHHoro Kpyra cn

CTeM. 

B nepno:H qacTH aToii pa6oThl co.~epmHTCH aHa

JIH3 IIpHMeHHMOCTH O~HOH MaJiorpyiiiiOBOH CHCTe

MLI KOHCTaHT ~JIH illHpOKOrO Kpyra peaKTOpOB. 

!:ha npHMeHHMOCTb 3aBHCHT, KOHeqHO, OT qHCJia 

rpyrrrr. IIoaToMy 6hiJia Bhl6paHa 16-rpyrrrroBaH 

CHCTeMa, KOTOpaH HBJIHeTCH ~OBOJibHO CTaH~apT

HOH MaJiorpyiiiiOBOH CHCTeMOH, o6Jia~aiOIIl;eii MaK

CHMaJibHLIM qHCJIOM rpyrrrr, IIpHeMJieMhiM ~JIH 

rrpoBe~eHHH O~HO- HJIH ~ByMepHhiX pacqeTOB IIO 

_gn<f><f>y3HOHHOH HJIH TpaHCIIOpTHOH TeopHH. 3aTeM 

paCCMaTpHBaiOTCH HeCKOJibKO KpHTHqeCKHX c6o

pOK H IIpOH3BO~HTCH COIIOCTaBJieHHe HX HeHTpOH

HLIX CIIeKTpOB H TOqHOCTH H3MepeHHH. IJpOH3BO

~HTCH CpaBHeHHe :lKCIIepHMeHTaJibHbiX YCTpOHCTB, 

HCIIOJib3YIOIIl;HX B KaqecTBe HCTQqHHKOB CHCTeMhl 

Ha TeiiJIOBbiX HJIH Ha 6hiCTphiX HeHTpOHaX. 8TH 

YCTpOHCTBa cpaBHHBaiOTCH KaK C ToqKH 3peHHH 

H3MepeHHH rpa~HeHTa (B c6opKaX HyJieBOH MOIIl;

HOCTH), TaK H C TOqKH 3peHHH H3MepeHHH TpaHC

IIOpTHhiX rrapaMeTpOB, KOTOphle, IIO-BH~HMOMy, 

HMeiOT 6oJII.moe 3HaqeHne ~JIH pacqeTa xapaKTe

pHCTHK peaKTOpOB Ha 6hiCTpbiX HeHTpOHaX. 

B c6opKax Ha TeiiJIOBhiX HeiiTpoHax rpa~neHT rro

TOKa MOa<eT 6hiTb IIOJiyqeH HJIH IIYTeM BHyTpeH

Hero aKcrroneHu;HaJibHoro aKcrrepnMeHTa, HJIH B 

reoMeTpHH, o6paTHOH reoMeTpHH KOHeqHOH IIJia

CTHHbl. B 3aKJiroqeHne orrHChiBaeTcH MeTo~ npe

o6pa3oBaHHH HHTerpaJibHbiX ~aHHbiX B MaJiorpyii-



SESSION 3. 1 P/627 

ITOBLie napaMeTpLI, HaqHHaH C CHCTeMLI KOHCTaHT, 

cqHTaiO~eiicH Jiyqmeii. 

A/627 ltalia 

Amilisis de los datos integrales para Ia 
eva I uaci6n de parametres de reactores 
rapidos con pocos grupos 

por G. Cecchini et a/. 

Un problema fundamental que existe en el calculo 
de reactores rapidos es la falta de confianza que ofrecen 
los datos existentes sobre secciones eficaces. Estos 
datos se obtienen generalmente promediando valores 
de medidas diferenciales realizadas en condiciones 
distintas, y con frecuencia proporcionan resultados 
poco coherentes, o a partir de modelos te6ricos. 
Generalmente, la serie de secciones eficaces obtenidas 
por diversos laboratorios presentan discrepancias con
siderables. Esta situaci6n es muy importante cuando 
se estudian reactores nipidos que utilizan el ciclo 
2aau-Th. La dificultad inherente a las medidas diferen
ciales de estos parametros, sugiere Ia utilizaci6n de 
datos integrales obtenidos en sistemas criticos en una 
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teoria de 1 pocos grupos aplicable a un determinado 
conjunto ~e sistemas. 

En Ia primera parte de este trabajo se analiza la 
posibilidad de aplicar una sola serie de secciones 
eficaces correspondientes a una teoria de pocos grupos, 
a un numero bastante amplio de reactores. La aplica
bilidad d¢pende evidentemente del numero de grupos 
emplead~'s y por esta raz6n se han tornado diez y seis 
grupos, q e representa el numero maximo de grupos 
que se pu den utilizar en los programas de calculo que 
utilizan t oria de difusi6n en una o dos dimensiones o 
teoria deftransporte. Se hace un analisis de diversos 
sistemas riticos realizando una comparaci6n de los 
espectros neutr6nicos en la zona que se estudia y de Ia 
precision de las medidas. Se consideran sistemas 
termico-rlipidos y rapidos con varias regiones y se 
realizan ledidas en un flujo de gradiente nulo asi como 
medidas e secciones eficaces de transporte que tienen 
importan ia para la evaluaci6n de reactores rapidos. 
En los si emas termicos rapidos, el gradiente de flujo 
se puede ~onseguir mediante una experiencia exponen
cial centr*l o por una geometria de lamina. Finalmente 
se descri~e un metodo para Ia reducci6n de los datos 
integralesl a la forma de parametros de pocos grupos 
partiendQ de una serie que se supone representa el 
mejor valbr, obtenido de datos diferenciales. 
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Multi-group constants from integral data 

By M. Humi, J. J. Wagschal andY. Yeivin* 

The purpose of this paper is to demonstrate that, in 
principle, it is possible to derive multi-group constants 
from integral data rather than from sets of basic 
microscopic cross sections. 

A G-group approximation in neutron transport 
calculations consists of replacing the correct, energy
dependent, Boltzmann equation by a set of G coupled 
equations 

...... I G 
Q. 'Vo/u+arr/Ju= "- ~ fluu'll>g', g= 1,2, ... , G (1) 

"1'7TYg'=l 

where o/u and tPg respectively are the group angular and 
scalar fluxes a11d y is the eigenvalue, which is related to 
the criticality constant. Isotropic scattering is assumed 
for simplicity. These equations involve G(G + 1) con
stant coefficients, the so-called group constants, for 
each space region (or zone) of the system considered. 
The determination of these constants is a rather 
delicate problem, and no completely satisfactory solu
tion has so far been proposed. When anisotropic 
scattering is considered, the source terms, on the right 
hand side of Eq. (1), are modified, and involve even 
more constants. 

The common practice in determining group con
stants is to start from a set of basic cross sections, and 
to average these over the energy groups using a proper 
weight function. However, with respect to the numer
ous sets of basic cross sections and related data which 
have been published, we may cite Parker [1], who lists 
these compilations and comments that "For hardly 
any material can the data be said to be complete, up 
to date and in satisfactory form". Furthermore, one is 
not sure what a "practical" weighting function should 
be. The usual averaging within the energy groups is 
flux averaging: 

Ug= 

J ~: a(E)f/J(E)dE 

JE2f/J(E)dE 
£1 

(2) 

Here, f/J(E) is either a spatially averaged spectrum in a 
system typical of the kind of reactors in which one is 
interested, or a "universal" flux shape of the sort used 
by Yiftah et a/. [2]. In the former case, one expects to 
be able to calculate reasonably well the system for 

* The Hebrew University of Jerusalem, Israel. 

which the flux is assumed to be known, but one does 
not know how accurate the "similar" systems calcula
tion will be. In the latter case, not even for a very 
special system can one estimate how good the approxi
mation will be. Besides, this artificial flux shape 
certainly fails in few-group calculations. 

It should also be pointed out that, as shown by 
Marchuk [3], in order that any multi-group approxi
mation should yield the correct eigenvalue, y, of 
Eq. (1), the group constants must satisfy a certain con
dition. The constants derived according to Eq. (2) do 
not satisfy this condition. The averaging recommended 
by Marchuk is 

ag= J (3) 
E2f/J*(E)f/J(E)dE 
£1 

which further complicates the situation, since now also 
an adjoint flux, f/J*(E), must be determined. 

Several attempts have been made to derive sets of 
"universal" group constants for multi-group calcula
tions [4]. These have not been entirely successful, or at 
most their application is limited. Certainly one cannot 
expect to derive by these "conventional" methods 
reasonable constants for few-group calculations, 
applicable to a variety of systems. We therefore pro
pose to discuss and illustrate a different approach, that 
of deriving the group constants from integral data. 

The first requirements are to decide the purpose of 
the calculation and to define the quantities to be 
derived. Each such quantity forms a constraint on the 
manifold of possible sets of constants. If, for example, 
one is interested only in the eigenvalue (criticality), 
then clearly there are still many degrees of freedom 
available in the choice of constants. 

The sets of possible constants for a certain system 
form a manifold in the appropriate hyperspace. In 
searching for a set of constants which will correctly 
describe several systems, one naturally selects a set in 
the intersection of the relevant manifolds, if such an 
intersection actually exists. As more constraints, in the 
sense mentioned above, are imposed on the sets, the 
manifolds shrink, but as long as they still intersect, it is 
possible to find a useful set for all the systems. 

As an illustration of this integral-data approach, let 
us consider a very simple family of systems, namely 
that of critical uniform spherical shells of 235U, and 



SESSION 3. 1 P/668 M. HUMI et a/. 399 

O(E) 

1.0 r----------------------

0.5 

Ol 

o.z 

o.t o..:-;,----!;----'----'---:'-=-...J...._J........L--'--,L.o ___ ..J.20-_jL...J 

E(M<V) 

Figure 1. Intrinsic spectra of the four uniform shells of metallic 
2asu 

Num~rs specifying curves are inner radii of shells (em). The 
softemng of the spectrum with increase in radius is clearly 

demonstrated. All spectra are normalized-I 4>(E)d£ = 1 

treat them in the one-group approximation. The 
equation describing these systems is then: 

with 

..... 1 
Q. Vt/l+w/J=-WP 

41ry 
(4) 

a=na, ,B=m=n(iiar+as+at) (5) 

wh~re a, ar, as and at are the one-group total transport, 
fissiOn, transport and inelastic scattering-microscopic 
cross sections, respectively, and n is the number
density of the medium. The constants we wish to 
derive are the pair a and T which should give the correct 
critical thicknesses for all shells. 

Suppose now that the critical , thickness of such a 
uniform shell is known. We can then find a curve in 
the plane (a, T), the locus of all pairs of values which 
when inserted in Eq. (4) with the appropriate bound~ 
ary conditions, result in a solution with y = 1. Differ
ent values of a correspond to different thicknesses of 
this shell, measured in mean-free-paths; but these will 
be compensated by the corresponding different values 
of T, equivalent to different "infinite multiplication 
CO.nSt~nts:• Of ~he medium (T/a iS the average multi
plicatiOn m a smgle collision). 

When another system of the family, for which the 
critical thickness is also known, is considered, another 
curve T=T(a) can be obtained. If the two curves inter
sect, the co-ordinates ao and TO of the point of inter
section give the true critical thicknesses of the two 
shells. On the other hand, the conventionally calcu
lated o?e-grou~ constants will differ for the two sys
tems, smce their spectra are different owing to their 
different geometries. 

As integral data we have used the critical dimensions 
of a full sphere and of three shells of inner radii 5 10 

d ' ' an 20 . em. T~ese were obtained from 24-group-S8 

calculatiOns, With group constants derived from the 
Aldermaston 235U basic data [5], and with n = 
0.048 x 10-24 em, corresponding to the natural density 

L-------~~~~-----------~ 
0 5 10 0 

Figure 2.1 The curves .. = 'T(u), characteristic of the four 2asu 
shells 

Numbers! specifying curves are inner radii of shells (em). The 
~ashed c*rve pe~tains to t~e critical sphere-and-shell, described 
m the texr I~ spite of the different geometry, resulting in a softer 
spectrum1 thiS extra curve also passes through the intersection 

' of the shell-curves 

of metallic uranium. A first set of constants was 
calcu~ated usin~ the fission spectrum as weighting 
funct10~ and usmg these constants the critical radius 
and thq spatially averaged spectrum of the sphere 
were ca~culated. This spectrum was used to generate a 
ne": set ',of constants, and the procedure was repeated 
until convergence of spectrum and radius was estab
lished. 'fhe intrinsic spectrum of the sphere was used 
as the ilnitial weighting function for the group con
stants fqr the first shell, and so on. 

The critical outer radii of the four systems were 
calculated to within I0-3 em, and are presented in 
Table 1. The systems' spectra shown in Fig. 1 demon
strate the softening of the spectra with increase in 
radius. ' 

The ~urves T = T(a) for these systems were also 
calculald by an Ss code and were found to be almost 
linear o era wide range of a. In the range 5.5 -£,a-;:;, 5.7 
the cur es are almost coincidental and to an accuracy 
of one nlillibarn, they intersect at a= 5.6 b, T = 7.387 b. 
Th~ curves are presented in Fig. 2. Oblique co
ordmates were used to separate them graphically. The 
d_as~ed curve corresponds to the critical system con
Sisting fa sphere of radius 6.826 em (which has half 
the mas of a full critical sphere) and a shell of inner 
and out r radii 11.826 and 14.986 em. This curve also 
passes t rough the intersection point of the others, 
even th ugh the spectrum of this system is much softer 
than the other spectra. 

Tabl~. 1 Critical radii (em) used as integral data 

Inner ra~us (em) 0 5 10 20 

Outer ra<¥us (em) 8.627 10.402 14.502 23.946 
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Table 2. One-group constants calculated according to 
the conventional method 

Inner radius of 
system (em) 

a (barns) 
-r (barns) 

0 

6.080 
7.870 

6.088 
7.882 

10 

6.099 
7.896 

20 

6.111 
7.909 

We may thus conclude that, with a= 5.6 b and 
T = 7.387 b, one can correctly predict by ope-group 
calculations critical dimensions of spherical shells, and 
probably of other 235U systems, at any rate of systems 
with spherical symmetry. Since for the shells con
sidered oRjoT ~ 1.5 em/barn (at a~ 5.6 b) taking also 
into account the accuracy of our calculations, the 
expected accuracy of the predicted radii should be 
within ±1-2 x lQ-3 em. 

We have also derived the one-group constants for 
each of the four systems, averaging the basic cross 
sections with their respective spectra. These are given 
in Table 2, and also shown in Fig. 3, which corres
ponds to Fig. 2 over a wider a range. 

In the case of the full sphere we have also derived 
the one-group constants according to Marchuk's 
method Eq. (3), obtaining a=6.142 and T=7.539 b 
(see Fig. 3). 

The results demonstrate how unreliable are the 
"conventional" formulae for deriving group constants 
for few-group calculations. Applying each of the pairs 
of constants in Table 2 gives quite wrong dimensions 
for spherical shells in general. Moreover, the correct 
dimensions of the systems with the intrinsic spectrum 
of which each pair was derived will not even be 
reproduced. 

Having demonstrated the applicability of the 
integral-data approach to at any rate the very simple 
systems discussed above, further simple cases, such as 
two-zone spherical systems, and other one-zone sys
tems of various geometries, are now being studied. 

Also, following unpublished work of Friedman and 

80 

7 75 

75 

60 65 crfbarn) 

figure 3. One-group constants derived from 2a:;u basic data of 
Buckingham et a/.[5] 

Numbers indicate the inner radii of shells (em) 
e indicates flux averaging 
x indicates flux-adjoint, flux averaging 

Rakavy, an attempt is being made to develop a prac
tical procedure for deriving group constants based on 
both basic microscopic cross-section data and integral 
data. An outline of this proposed procedure follows. 

We start from a set of group constants calculated 
conventionally from basic cross-section data and their 
corresponding uncertainties (estimated from the ex
perimental errors in cross-section measurements, etc.), 

an (in) ±8n (6) 

and from a set of experimental integral data, such as 
critical masses or dimensions, spectral indices, flux 
traverses, etc., pertaining to systems composed of tqe 
same materials as the systems to be considered, and the 
uncertainties corresponding to these quantities, 

Yi (exp) ± €i (7) 

The quantities we are looking for are the "true" 
group constants 

an= an (in)+ dn (8) 

The corresponding "correct" integral quantities, 
calculated from these constants are, 

rt=rt(an)=yt(exp)+et (9) 

Changing variables, and denoting 

dn et 
Xn =-, Yi =- (10) 

8n Ei 

we now stipulate that the sum of squares 

Q=~Xn2 +~Yt2 (11) 
n i 

is minimal for the correct dn and et. 
The Yt may be eliminated from Eq. (11) using 

Yt(an) -yi (exp) Yt(an (in)) -yi (exp) 
Yt = = -------

Et €j 

+ ~ 8n oyi Xn (1 2) 
n Ei Oan 

With Q now a function of the Xn only, the equations 

oQ =0 (13) 
OXn 

which will be of the form 
(14) 

n 

are solved for the Xn; the desired group constants are 
obtained as 

an= an (in)+ dnXn ± Sn 
with 

Sn = v[(F-1)nn Q/(number of y;)] l 
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Constantes multigroupes 
deduites des donnees integrales 

par M. Humi et al. 

A/668 Israel 

L'approximation par G groupes dans les calculs du 
transport de neutrons consiste a remplacer !'equation 
de Boltzmann correcte, dependante de l'energie, par 
une serie de G equations associees 

g= I, 2, ... G 

ou .flu et 4Jg sont respectivement le flux angulaire et le 
flux scalaire des groupes. Pour simplifier Ies choses, on 
suppose que Ia diffusion est isotrope. Ces equations 
com portent G( G + I) coefficients constants, dont Ia 
determination est en general un probleme tres delicat. 
Dans le cas d'une diffusion anisotrope, les termes de 
source sont modifies et supposent un nombre plus 
grand de constantes. 

Pour determiner ces constantes, dites constantes de 
groupe, on commence d'habitude par rassembler une 
collection de sections efficaces fondamentales, dont on 
etablit Ia moyenne pour chacun des groupes d'energie 
au moyen de fonctions de ponderation appropriees. 
Toutefois, il n'existe a ce jour aucune collection com
plete et satisfaisante de sections efficaces fondamen
tales et, par ailleurs, on n'est pas sur de Ia fonction de 
ponderation qu'il faut utiliser. 

Plusieurs tentatives infructueuses ont ete faites pour 
etablir des collections de constantes de groupe 
<< universelles >> pour les calculs a un grand nombre de 
groupes. Evidemment, on ne peut pas esperer obtenir 
par ces methodes << conventionnelles >> des constantes 
valables pour des calculs a un nombre limite de 
groupes qui soient applicables a des systemes divers. 

En principe, on doit pouvoir tirer les constantes 
multigroupes des donnees integrales plutot que des 
sections efficaces fondamentales elles-memes. Le but 
du memoire est d'illustrer et de discuter cette methode. 

Pour commencer, il faut fixer le but du calcul et bien 
definir les grandeurs a determiner. Chacune de ces 
grandeurs impose une contrainte a !'ensemble de 
toutes Ies collections possibles de constantes. Si, par 
exemple, on s'interesse seulement a Ia valeur propre 
(criticite), on a evidemment encore beaucoup de degres 
de liberte dans le choix des constantes. 

Les collections de constantes pour un systeme donne 
forment un ensemble dans l'hyperespace propre. 
Lorsqu'on cherche une collection de constantes 
valables pour plusieurs systemes, il faut naturellement 
adopter une collection correspondant a !'intersection 
des ensembles pertinents, si une telle intersection 
existe. Au fur et a mesure que plus de contraintes, au 
sens indique ci-dessus, sont imposees aux collections 
de constantes, les ensembles se contractent. Tant qu'ils 

' 

present~nt encore une intersection, il sera possible de 
trouver1 une collection valable pour to us les systemes. 

Les ~uteurs ont applique cette methode a plusieurs 
system~s simples. Les constantes obtenues sont dis
cutees et comparees avec les constantes correspon
dantes fournies par les methodes classiques. 

A/668 HspaHnb 

MHorqrpynnoBble HOHCTaHTbl, nony'"leH
H~e H~ HHTerpanbH~X AaHH~X 
M. XytH et al. 

I 
G-rp~nnoaaH annpoKCHMa~HH B pac'IeTax 

nepeao~a HeHTpOHOB COCTOHT B 3aMeHe CTpororo, 
Bhlpam ro~ero aaBHCHMOCTb OT ;mepruu ypaBHe
HHH Eo b~Maaa pH,IJ;OM G-cBHaaHHhiX ypaBneauii: 

G 

rp;e 'ljlg JI (jlg - rpyDDOBLie yrJIOBOH H CKaJIHpHhiH 
DOTOKH~OOTBeTCTBeHHO. ,lJ;JIH DpOCTOThl pacceH
HHe Dp HHMaeTCH H30TpODHl.IM. 8TH ypaBHeHHH 
BKJIIO'Ia T DOCTOHHHhle KOalfllflu~HeHThl G (G + 1), 
onpep;e enue KOTOphiX o6hi'IHO npep;cTaBJIHeT co6on 
BeCLMa CJIOiKHYIO npo6JieMy (eCJIH paCCMaTpH
BaeTCH !aHH30TpODHOe pacceHHHe, 'IJieHhl, onpe
p;eJIHIOn\He HCTO'IHHK, H3MeHHIOT CBOH BH,D; H BKJIIO
'IaiOT 60JibiDe DOCTOHHHhiX). 

Ilpu ~npep;eJieauu aTux TaK Ha3hiBaeMhlx rpyn
DOBhiX : KOHCTaHT 06hi'IHO npHHHTO Ha'IHHaTb 
C pHp;a 9cHOBHhiX alfllfleKTHBHhiX ce'IeHHH, KOTOphle 
3aTeM y~pe,D;HHIOTCH C C06CTBeHHOH BeCOBOH lflyHK
~HeH I anepreTH'IeCKHM rpynnaM. Op;naKo p;o 
nacToH ero BpeMeHH neT yp;oBJieTBopuTeJILHoro 
DOJIHOr Ha6opa OCHOBHhiX alfllfleKTHBHhiX ceqe
HHH H, 6oJiee Toro, neJIL3H 6h1Tb yBepeHHhiMH 
B 3Ha'I HHX BeCOBhiX ifiYHK~HH. 

BhiJIO I npep;npuaHTO necKOJILKO 6eaycnemahlx 
DODhiTO ODpep;eJIHTb pH,D; <<yHHBepCaJibHhiX>> rpyn
DOBhiX OHCTaHT ,IJ;JI}I MHOrorpynnOBhiX paC'IeTOB. 
Koaeqa , aeJIL3H omup;aTL, 'ITO aTHMH o6hi'IHhiMH 
MeTO,IJ;aM yp;aCTC}I DOJIY'IHTb Ha,D;eiKHhle KOH
CTaHThl Jl}l pac'IeTOB C He60JibiDHM 'IHCJIOM rpynn, 
npuMeH MhiX K paaJIH'IHhiM cucTeMaM. B npun~u
ne MOiKrO 6yp;eT onpep;eJIHTb MHOrorpyDDOBhle 
KOHCTaH hi CKOpee Ba OCHOBaHHH HHTerpaJibHhiX 
,D;aHHhiX, 'I eM Ha OCHOBe p;eHCTBHTeJibHhiX alfllfleK
Tl:JBHhiX eqeaun. 3ap;aqen aToro p;oKJiap;a nBJIHIOT
cn HJIJIWCTpa~un u o6cymp;enHEl aToro nop;xop;a. 

Baaq~Jie neo6xop;HMO pemuTL, KaKoBa aap;aqa 
pac'IeTaJ u onpep;eJIHTL, KaKue aeo6xop;uMo BhiBe
CTH ae~H'IHHhl. Kamp;aH TaKan BeJIH'IHHa npep;
cTaBJIHe't co6on orpaauqeaue na coBoKynnocTu 
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B03MOiKHOH rpynnLI KOHCTaHT. EcJIH, HanpnMep, 

HHTepec npe,D;CTaBJIJieT TOJibKO co6CTBeHHOe 3Ha

qeHHe (KpHTHqHOCTb), TOr,n;a HMeeTCH MHOrO CTe

rreHeH CB060,D;hl B Bhl60pe KOHCTaHT. 

fpyrrrra KOHCTaHT ,D;JIH onpe,n;eJieHHOH CHCTeMhl 

o6pa3yeT COBOKYIIHOCTb B C06CTBeHHOM rnrrep

IIpOCTpaHCTBe. llo,n;6npaH rpyrrny KOHCTaHT, KOTO

paJI rrpaBHJibHO OIIHChlBaJia 6LI HeCKOJibKO CHC

TeM, ecTeCTBeHHO He06XO,D;HMO COpTHpOBaTb pH,D; 

B rrepeceqemm COOTBeTCTByiOIIJ,HX COBOI\YIIHOCTeH, 

ecJIH TaRne nepeceqeHHH ,n;eilcTBHTeJibHO cyiiJ,e

CTBYIOT. llocKOJibKY 6oJibme orpaHHqeHHH B yno

MHHYTOM CMhlCJie HaRJia,D;LIBaeTCH Ha Ham pH,D;, 

COBOKYIIHOCTH 6y,n;yT COKpaiiJ,aTbCH. A IIOKa OHH 

nepeceRaiOTCH, MOffiHO HaRTH XOpOlliHH pH,D; ,D;JIH 

BCeX CHCTeM. 

oTOT MeTo,n; npnMeHHM K HecKOJibRHM rrpocTLIM 

CHCTeMaM; IIOJiyqeHHhle KOHCTaHThl o6cyiK)l;aiOTCH 

H cpaBHHBaiOTCH C KOHCTaHTaMH, Orrpep;eJieHHhl

MH o6LiqHLIMH cnoco6aMH. 

Constantes de multigrupos 
obtenidas de datos globales 

por M. Humi eta/. 

A/668 Israel 

La aproximacion de G-grupos en los calculos de 
transporte de neutrones consiste en sustituir Ia ecua
cion de Boltzmann correcta, dependiente de la energia, 
por una serie de G ecuaciones acopladas 

- 1 G 
D. V'!fiu+auifiu=- ~ {Jgg'~g', g= 1, 2, ... G 

41Ty g'~l 

donde ifiu y ~g son, respectivamente, los flujos angu
lares y escalares de los grupos. Para simplificar se 
supone que la dispersion es isotropica. Estas ecua
ciones llevan consigo G( G + 1) coeficientes constantes 
cuya determinacion es en general un problema muy · 

M. HUMI eta/. 

delicado. Cuando se considera dispersion anisotropica 
se modifican los terminos fuente y aparecen mas 
constantes. 

El procedimiento corriente para determinar estas 
constantes, llamadas constantes de grupo, es parti.r de 
una serie de secciones eficaces basicas de la cuales se 
obtiene una media ponderada, con un peso adecuado, 
sobre los grupos de energia. Sin embargo, no existe 
hasta Ia fecha una serle completa de secciones eficaces 
basicas y, ademas, nose esta seguro de cual sea el peso 
adecuado. 

Se hicieron varios intentos sin exito para obtener 
constantes de grupo << universales )) para los calculos de 
multigrupos. Evidentemente, no se puede esperar 
obtener mediante estos metodos << convencionales >> 

constantes aceptables para calculos de menor numero 
de grupos que sean aplicables a sistemas diversos. En 
principio seria posible obtener las constantes de multi
grupo de los datos globales, mas bien que de las 
secciones eficaces basicas reales. El fin de este trabajo 
es ilustrar y comentar este metodo. 

En primer Iugar debe determinarse cual es el fin del 
calculo y deben definirse las magnitudes a determinar. 
Cada una de tales magnitudes constituye una restric
cion en el con junto de las series posibles de constantes. 
Si, por ejemplo, solo se tiene interes en el valor propio 
(criticidad), todavia se tiene, evidentemente, muchos 
grados de libertad en la eleccion de las constantes. 

Las series de constantes para un sistema dado 
forman un conjunto en el hiperespacio adecuado. AI 
buscar una serie de constantes que describan correc
tamente varios sistemas, se escogeria naturalmente 
una serie en la interseccion de los conjuntos apropia
dos, si realmente existe tal interseccion. AI imponer 
unas restricciones, en el sentido dicho anteriormente, 
a las series, los conjuntos se reducen y mientras con
tinuen cortandose seria posible encontrar una serie 
adecuada para todos los sistemas. 

Este metodo se a plica a varios sistemas sencillos y se 
comentan y comparan las constantes asi obtenidas con 
las constantes obtenidas mediante procedimientos 
convencionales. 
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The temperature dependence of neutron inelastic 
scattering in heavy water 1 

By N. Mateescu, H. Teutsch, V. Nahorniak, A. Di,conescu and P. Timis* 

Slow neutron scattering experiments with liquids 
and solids have proved to be one of the best methods 
in the study of their structure and microdynamic 
properties, the experimental results for liquids leading 
toward the formulation of more and more improved 
theoretical models [1-3]. Besides this information, the 
determination of the double differential scattering 
cross section and the scattering laws for moderators, 
by this technique, is important for reactor design. 

In this work, the scattering spectra of cold neutrons 
in heavy water in liquid and solid phases for different 
scattering angles have been determined. As experi
mental results, obtained in other laboratories on the 
scattering of thermal and sub-thermal neutrons by 
heavy water, are not conclusive and are inconsistent, 
the value of the diffusion coefficient was not calculated 
directly from experimental data but a value was taken 
similar to that for water. The possibility of calculating 
the diffusion coefficient from quasi-elastic scattering 
has been studied and both the scattering law and the 
molecular frequency distribution of the heavy water 
has been deduced. 

EXPERIMENTAL METHOD 

The filter method for the production of cold neutron 
beams has been used. In order to reduce the thermal 
and epithermal neutron background, a monocrystal
line lead filter (70 mm thick) was added to the poly
crystalline sintered beryllium filter (150 mm thick). 

The filtered beam spectrum is shown in Fig. 1. It can 
be seen that the cut-off from 3.952 A due to the (100) 
plane is incomplete and the intensity of the thermal 
neutrons is almost reduced to zero only by the cut-off 
of the (002) beryllium plane. The peaks which appear 
at longer wavelengths are due to aluminium and lead 
which are interposed in the beam. 

The filtered beam was incident on the sample, 
around which an arm, provided with a neutron 
chopper and a battery of counters in a boron-glass 
shield, could turn from 0 o to 90 o with respect to the 
incident beam direction (Fig. 2). 

The analysis of the scattered neutrons was achieved 
by the time-of-flight method. The chopper which had 
curved slits is described in [4]. The experiments were 
carried out using a 2.1 m path of flight and a rotation 

• Institute of Atomic Physics, Bucharest. 
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Figure 4. The spectra of neutrons scattered by heavy water at 
24 •c for various scattering angles 

Figure S. The spectra of neutrons scattered by heavy water at 
73•c for various scattering angles 
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speed of 4 700 rpm maintained electronically constant 
with a precision of ±0.5% [5], which gives a maximum 
transmission at 4 A [6]. The recording was done with a 
400 channel analyser using a channel width of 23.4p.s. 
The time-of-flight resolution tltft of the whole device 
was 3.5%. 

In order to mount the solid and liquid samples in the 
neutron beam at the desired temperature and position, 
a special sample support was built through which 
circulated a thermostatically controlled cooling or 
heating agent, the temperature of the sample being 
measured with a thermocouple. The experiment was 
tested with a sample of heavy water of 2.4 mm thick
ness, for which the multiple scattering was negligible. 

EXPERIMENTAL RESULTS 

At -100 oc the spectra of the scattered neutrons 
have been measured for 88°, 83°, 77°, 71°, 65°, 60°, 
55° and 45° scattering angles (Fig. 3). For 24 oc and 
73 oc the measurements have been carried out at the 
88°, 75°, 60°, 45° and 28° scattering angles (Figs. 4 
and 5). The spectra in Figs. 4 and 5 have been cor
rected for background and the scattering of cold 
neutrons by the support. They were then corrected for 
the following factors. 

(a) The neutron scattering and selective absorption 
in air along the path from sample to counter, the cross 
section being taken from [7]. 

(b) The variation of the chopper transmission 
depending on the neutron energy, given in [8]. 

(c) The variation of counter efficiency, experi
mentally determined by measuring their transmission. 

Figure 6 shows the spectrum for 24 oc and a 
scattering angle of 88 o corrected in this way. 

Cold neutron scattering in heavy ice at -100°C 

As can be seen in Fig. 3, the scattering spectrum by 
heavy ice at -100°C consists essentially of a promi
nent peak due to Bragg scattering whose position and 
intensity varies within the energy range of the incident 
spectrum, with the scattering angle. The method used 
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Figure 6. The spectrum of neutrons scattered at an angle of 88° 
at 24 oc, after application of corrections 

N. MATEESCU et a/. 

to obtain such diffraction patterns using a poly
chromatic incident beam is described by Buras and 
Leciejewicz [9]. 

Plotting the peak position versus the scattering 
angle (Fig. 7) shows that the experimental points 
approximately lie on a straight line corresponding to a 
distance between the reflecting planes of d = 3.63 A. 

By identifying the planes able to give Bragg scatter
ing [10] for the range of incident energies and scatter
ing angles used in this work and by considering their 
integrated intensities [11] it can be seen that the 
scattered neutron spectrum is a result of the super 
position of effects of the (100), (002) and (101) planes 
(Fig. 7). Only in the case of the scattering spectrum at 
88 o can one resolve the difference between the effects 
of the three planes. 

It can also be noticed that in the inelastic scattering 
region there is an increased intensity in the 10-12.5 
meV range that could correspond to an energy transfer 
of 5.2-7.6 meV. 

Quasi-elastic neutron scattering by heavy water 
at 24 oc and 73 oc 

In the quasi-elastic scattering region the full-line 
width change due to molecular diffusion effects can be 
determined. According to the Vineyard theory [1], if we 
take into account the molecular motion in a continu
ous diffusion model; 

tlE = 2/iK2 D (l) 
where 

D is the self-diffusion constant and 

K = ko- k is the wave-vector transfer. 
Considering the "jump-diffusion" model suggested 

by Singwi and Sjolander [2], according to which a 
molecule performs an oscillatory motion for a certain 
mean time To, then diffuses by continuous motion for a 
mean time Tl, then repeats the process, for the case 
TO~'Tl; 

tlE= !: ( 1-1 ;~:;2D) (2) 

where e-2W is the Debye-Waller factor . 

QJ 0.2 Q3 Q4 0,5 0,6 0,7 0.8 

SIN.J 

Figure 7. Peak position as a function of the scattering angle for 
scattering by heavy ice at -100°C 
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Figure 8. Variation of the peak height for quasi-elastic scattering 
(averaged on channels 91-1 00) 

The way of interpreting the quasi-elastic scattering 
requires clarification: 

(a) The contribution of inelastic scattering must be 
subtracted from the corrected spectra. For this pur
pose the method indicated by Larsson et al. [12] was 
used. 

(b) A discontinuity in the incident spectrum of a 
crystalline plane can be assimilated as a spectral line 
and its width !1t can be determined from the tangent 
projection on the abscissa axis at the point of inflexion 
of the cut-off [13, 14]. In the present incident spectrum 
there are two cut-offs, that are partially superposed on 
the scattered spectra. This implies separate treatment 
of the two cut-offs, i.e., after normalization of the 
curves with respect to the incident spectrum, the spectral 
line widths were deduced from the slope change of the 
two cut-offs and the change !1£ of these line widths due 
to diffusion relative to that of the incident beam was 
calculated. 

(c) The quasi-elastic scattering range for different 
angles is influenced by the angular variation of neutron 
coherent scattering in heavy water. From the spectra 
shown in Fig. 4 and 5 it can be seen that this effect 
occurs in two ways: 

(i) Evidently from the change of quasi-elastic peak 
intensity shown in Fig. 8 it can be deduced firstly 
that the angular change of coherent scattering is 
less pronounced than the change reported by 
Larsson (Ref. [12]; Fig. 11), and secondly that 
the influence of coherency is highest for a 
scattering angle of about 7 5o. 

(ii) One can also see a variation of the ranges of the 
peaks of coherent scattering against the back
ground of the quasi-elastic scattering spectrum. 

For these reasons it was considered that an evalua-· 
tion of the quasi-elastic peak slope couid be made only 
for scattering angles of 88 °, 45 o and 28 oat 24 oc where 
better statistics (about 2000 counts per channel) were 
obtained. 

In Fig. 9 !1E is plotted against K2 for heavy water at 
24 °C. By calculating the value of D according to the 
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Vineya~d theory, from the points corresponding to 
small ~2 values; 

D = (2.0 ±0.4) x I0-5 cm2js 

As can be seen from Fig. 9, fitting all the experi
mental points to a linear law was not possible. Con
sidering on the other hand the Singwi-SjOlander model, 
taking D=2 x I0-5 cm2js and 2W=0.14l K 2 [12], 
one obtains from the points corresponding to large 
K2 values; 

'TO ~ 1.05 X 10-12 S, 

(if 'Tl = 0) 
Fro all the curves of Figs. 4 and 5 it can be seen 

that th broadening of the quasi-elastic peak with 
temper ture increase is smaller than that predicted by 
theory. A decrease in the magnitude of quasi-elastic 
peak w"th temperature increase is also observed, but 
this is ot as noticeable as that reported by Larsson 
(Ref. [14], Fig. 12). 

lnelas ic scattering of cold neutrons by heavy water 
at 24 oc and 73 oc 

In o der to obtain the frequency distribution from 
the ex erimental data, Van Hove's [15] and £gel
staff's [ 6] method was used according to which the 
scatteri g cross section of isotropic materials can be 
written as follows: 

where 



408 

.--, 
rn 
t: 
z 
=> 
>-a: 
< 
a: 
I-

iXi 
cr 
< 

10 

8 

6 

4 

4 

2 

IO' 
10 

SESSION 3.1 

0 f3 = 0,0223 
h f3 = 0,102 
+ f3 = 0,318 

20 
O<XlO' 

30 

P/673 

40 

Figure 10. Variation of log (S/a) with respect to a for various 
values of f3 at a sample temperature of 24 oc 

E1 is the initial neutron energy (in our case we con-
sidered an energy E1 = 4.87 me V), 

E2 is the final scattered neutron energy, 
¢; is the scattering angle, 
k is the Boltzmann's constant, 
m is the mass of a neutron, 
M is the mass of the principal scattering atom, 
T is the absolute temperature of the sample, 
Ub is the bound cross section of the principal 

scattering atom. 
The scattering law S(a,f3) depends on the motion and 

distribution of the atoms in the scattering material and 
can be divided into two components corresponding to 
coherent and incoherent scattering; 

S(a,f3) = S8(a,f3) + <a)2Sd(a,f3) (4) 

where a is the scattering length of the bound atom 
(47T< I a 1 2) = ub). 
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Figure 12. Function (S/a)a+O for heavy water at 73°C. Full circles 
correspond to negative values of f3 

Infortnation about the motions of the atoms in the 
scattering sample is contained in the generalized fre
quency spectrum function p(/3), introduced by Egel
staff [16-17]; 

p(f3) = [32 lim (Ss( a,$)) ( 5) 
a a~ 

In the case of liquids p(f3) describes the spectrum of 
frequencies associated with translation, rotation and 
vibration motions. Egelstaff [16, 18, 19] has also shown 
that the separation of the interference component 
Sd(a,/3) can be made as Sd is negligible for large values 
of a. Linear extrapolation of log Sja values in the 
range of large values of a to the region a~, therefore 
eliminates the interference effect. 
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figure 13. Function p(f3) for heavy water at 24°C and 73°C. Full 
circles correspond to negative values of f3 
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In Fig. 10 some graphs of log (S/a) vs. a for different 
values of fJ are shown, from which (Sfa)a--..o values have 
been deduced; the errors arising from extrapolation 
are also given. The {J-values also are affected by errors 
arising from the method of choosing the incident 
neutron energy value; these are discussed by Larsson 
and Dahlborg [14]. In Fig. II and 12 log (S/a)a--..o is 
plotted against {J. The slight displacement between 
negative {J-values (full circles) and the positive {J
values is also probably due to the choice of the incident 
energy value. The (Sfa)a-..o vs. fJ curves and the scatter
ing curves (Figs. 4 and 5) provide evidence for the 
following levels: 

(a) The peak for fJ = 1.9, corresponding to an energy 
transition of 48 meV, can be ascribed to the hindered 
rotation of a single molecule and was noticed at both 
temperatures. As expected, this energy level is lower 
than the corresponding one for water [20] by a factor 
;;;-;v2. 

(b) The 25 meV transition corresponds to the 
35 meV level for light water reported by us in a pre
vious paper [21]. We found an energy level of 15 meV, 
which shifts slightly to higher energies at 73 °C, corres-

N. MATEESCU et a/. 
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pondin~ to the energy level for water at about 20 meV 
which !was found by Hughes et al. [22], Larsson 
et a/. [ 1'14] and by us [21] and ascribed to a hindered 
transla~ion of the water molecule. We also noticed 
levels of 4.8 meV, 2.5 meV and ;;;-;0.6 meV that can be 
ascribetl to a fine structure for heavy water. The values 
of thes~ energy levels can be influenced by the value 
chosen 1 for incident neutron energy. 

In Fig. 13 the function p({J) is represented for the 
two satnple temperatures. Although the measurement 
was extended to very low values of {J, one cannot 
observe any increase of p({J) due to diffusion at either 
temper{lture for the points continue monotonically 
towards zero. 
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ABSTRACT-RESUME-AHHOTALU11JI-RESUMEN 

A/673 Roumanie 

Role de Ia temperature dans Ia diffusion 
inelastique des neutrons dans l'eau lourde 

par N. Mateescu et al. 

Les auteurs ont etudie la diffusion de neutrons Ients 
dans l'eau lourde en utilisant la methode de filtrage 
pour produire le faisceau de neutrons Ients et la me
thode du temps de vol pour analyser les spectres des 
neutrons diffuses. 

En vue d'obtenir un rapport optimal entre neutrons 
Ients et neutrons thermiques et epithermiques, les 
auteurs ont adopte un dispositif de filtrage constitue 
par un filtre polycristal au beryllium et par un mono
crista! au plomb. 

On est parvenu a un pouvoir de resolution global de 
3,5% pour le temps de vol en utilisant un selecteur 
mecanique a fente courbe en regime de transmission 
optimal pour les neutrons de 4 A. 

Les mesures ont porte sur un angle de diffusion 
allant de 30 a 90°C, la temperature de l'echantillon 
variant entre - 100 ac et + 80 °C. 

Les courbes obtenues' ont ete corrigees pour tenir 
compte du bruit de fond, de la transmission du selec
teur, de la diffusion et de !'absorption dans l'air ainsi 
que de l'efficacite du compteur. 

On a determine les proprietes de diffusion d~ l'eau 
lourde en fonction de la temperature par !'analyse 
detaillee des maximums de diffusion quasi elastique. 

Les resultats ont ete compares a des modeles 
theoriques - modele de Vineyard (diffusion conti
nue) et modele de Singwi-Sjolander (diffusion discon
tinue) respectivement- ainsi qu'aux resultats experi
mentaux obtenus dans d'autres laboratoires. 

On a egalement detecte un niveau quantique qui se 
superpose aux maximums de dispersion quasi elas
tique; il est probablement dfi a une structure fine du 
meme ordre de grandeur que celle obtenue par 
Hughes et al. dans le cas de l'eau Iegere. 

On a observ~ dans la region de diffusion inelastique 
une suite de .maximums, qui ont ete attribues aux 
niveaux de vibration dus a la rotation des molecules 
d'eau lourde. 

Quand la temperature de la cible descend a -100 °C, 
il se produit une modification importante des spectres 
de diffusion inelastique. 

A/673 PyMbiHKft 

TeMneparypHafl saBHCHMOCTb He
ynpyroro pacceflHHfl He~rpoHos s 
Tfl>Keno~ BOAe 
H. MaTeecKy et al. 

PacceHHHe xono,n;HbiX aeiiTpoaoB B THmenoii 
BO,ll;e HCCJie,ll;OBaJIOCb C nOMO~biO MeTO,ll;a cpHJibTpa 
):\JIH IIOJIY'JeHHH IIY'JKa XOJIOl!;HbiX HeHTpOHOB H 
MeTop;a apeMeHH rrpoJieTa p;na aaanuaa crreKTpa 
paCCeHHHbJX HeiiTpOHOB. 

,lJ;JIH l!;OCTH>KeHHH OIITHMaJILHOrO COOTHOilleHHH 
Memp;y HHTeHCHBHOCTbiO XOJIOlJ;HhlX HeHTpOHOB H 
.HHTeHCHBHOCThiO TeiiJIOBbiX H Hap;IIJieTOBLIX HeH
TpOHOB 6biJIO BLI6paHO CO'IeTaHHe IIOJIHKpHCTaJI
JIH'IeCKOrO 6epHJIJIHeBoro cpHJibTpa C MOHOKpH
CTaJIJIOM CBHHI.J;a. 

J1CIIOJih30BaHHe IIpepbiBaTeJIH C KpHBbJMH ~e
JIHMH B pem:o:Me OIIT:O:MaJILHOrO IIpOIIYCKaHHH HeH
TpOHOB c p;JIHHoii BOJIHbl 4 A o6ecrreq:o:no paa
pemeaue no apeMeau rrponeTa p;JIH aeiiTpoaoB 
ucex aaepruii, paaaoe 3,5%. 

MaMepeHH.H oxBaTLIBaJIH HHTepuaJI yrnou pac· 
ce.HHH.H oT 30 p;o 90°, rrpH'IeM TeMrrepaTypa rrpo-
6hl MeH.HJiaCL OT -100° 11;0 +80° C. 

B rroJiyqeHHhle peaynLTaTbl aaop;HJIHCL rrorrpaa
KH Ha cpoa, aa rrporrycKaaue rrpepbiBaTeJI.H, aa 
pacce.aaue H rrorJio~eaue a uoap;yxe H Ha acp<JleK
THBHOCTL C'leT'IHKOB. 

Ma p;eTaJILHoro aaan:o:aa MaKCHMYMOB KBaaH
ynpyroro pacce.HHH.H 6MJIH rronyqeabl pacceuuaiO
~He CBOHCTBa T.H>KeJIOH BOl!;bl B aaBHCHMOCTH OT 
TeMrrepaTypM. PeayJILTaTbl cpaBHHBaiOTC.H KaK c 
TeopeTH'IeCKHMH Mop;eJI.HMH BaiiH.app;a (aerrpe
pLIBHaH ;o;:u:<P<Jlyaua) H CuarBH- Illenaa;o;epa 
( cKa'IKoo6paaaa.a p;u<Jl<Jlyau.a) , TaK H c aKcrrepH· 

MeHTaJILHLIMH peayJILTaTaMH, IIOJIY'IeHHLIMH E 
p;pyrHX Jia6opaTOpH.HX. 

06aapy»eeH TaK>Ke KBaHTOBbiH ypoBeHL, HaJIO· 
meHHbiH Ha KBaaHynpyrHH IIHK H o6yCJIOBJteH
HhiH, rro-aup;:o:MoMy, TOHKoii CTPYKTypoii, HMeiO
m;eii TOT »ee IIOp.Hl!;OK BeJIH'IHHbl, 'ITO :0: aaMe'leH
Ha.H p;JI.H o6LI'IHoii Bo,n;LI IOaoM H ;o;p. 

B o6nacTH aeynpyroro pacce.HHH.H aa6JtiOp;aJI
e.a pHp; IIHKOB, KOTOpble IIpHIIHCbiBaJIHCh Bpam;a
TeJibHbiM H ROJte6aTeJibHbiM ypoBHHM MOJieKyJI 
TH>KeJIOH BO,ll;bl. flpH yMeHbilleHHH TeMnepaTypLI 
MHilleHH ,ll;O -100° C HMeeT MeCTO aaMeTHOe H3-
MeHeHHe cneKTpa Heynpyroro pacce.HHH.H. 
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A/673 Rumama 
Efecto de Ia temperatura 
sobre Ia dispersion inelastica de neutrones 
en agua pesada 

por N. Mateescu et at. 

Los autores estudiaron la dispersion de neutrones 
muy lentos, o frios, en agua pesada aplicando la 
tecnica de filtrado para producir el haz de neutrones y 
el metodo del tiempo de vuelo para el amllisis del 
espectro de los neutrones dispersados. 

A fin de obtener un valor optimo de Ia relacion entre 
neutrones frios y neutrones termicos y epitermicos, se 
escogio un dispositivo filtrante constituido por un filtro 
policristalino de berilio y un monocristal de plomo. 

El poder de resolucion global del dispositivo de 
tiempo de vuelo, que alcanza a 3,5 por ciento, se logro 
recurriendo a un selector de rendija curva cuyo 
regimen de transmision optimo corresponde a neu
trones de 4 A. 

Se efectuaron las mediciones dentro de un intervalo 
angular de 30 o a 90 oc y se vario la temperatura de Ia 
muestra desde - 100 oc hasta + 80 °C. 

I 
I 
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En his curvas obtenidas se introdujeron las correc
ciones i correspondientes a fondo, transmision del 
selecto~, dispersion y absorcion en aire y rendimiento 
del contador. 

Las .propiedades de difusion del agua pesada en 
funcioq de Ia temperatura se dedujerorr del analisis 
detallado de los maximos de dispersion cuasielastica. 

Se ~mpararon los resultados obtenidos con los 
modelo teoricos, por ejemplo con el de Vineyard 
(difusi 'n continua) y con el de Singwi-Sjolander 
(difusi 'n intermitente), y tambien con los resultados 
experi~entales comunicados por otros laboratorios. 

Se d~scubrio tambien un nivel cuantico superpuesto 
al maximo cuasielastico que probablemente se debe a 
una esttuctura fina del mismo orden de magnitud que 
la obtenida por Hughes eta/. en el caso del agua ligera. 

En Ia region de dispersion inelastica se observo una 
serie de maximos cuya presencia se atribuyo a los 
niveles vibratorios de rotacion de las moleculas de 
agua pesada. 

AI descender Ia temperatura de Ia muestra hasta 
- 100 oc los espectros de dispersion inelastica se modi
fican a~reciablemente. 
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Survey of nuclear data for reactor calculations 

By C. H. Westcott,* K. Ekberg,* G. C. Hanna,** N.J. Pattenden*** and 
S. Sanatani* 

The field of "Nuclear Data", comprising neutron 
cross sections and related quantities of importance in 
reactor design, which at the 1955 Geneva Conference 
was discussed openly for the first time, has made con
siderable progress since the last Geneva Conference in 
1958. At both the earlier conferences many papers in 
this field were contributed, but on this occasion a 
single review paper has been requested for this area of 
activity. The increasingly specialized interests of those 
who measure such data, and the increasingly sophisti
cated techniques now used, can therefore be described 
only in barest outline, and this review will therefore be 
addressed more to the users of nuclear data than to 
those whose activities are the source of most of the 
data. 

Nevertheless, something must be said of the scien
tific effort involved in these measurements and the 
development of techniques. This effort is very large and 
if the various requests for better nuclear data are to be 
met, it will have to continue for quite some time. In 
measurements at low neutron energies (e.g., thermal) 
increasing care is being taken, but our standards of 
what is acceptable have risen, and significant discrep
ancies in the data persist. In the resonance region of 
neutron energies, the very high intensity short pulses of 
neutrons obtainable from electron linear accelerators 
have had a very considerable effect on techniques, 
although the older techniques of choppers and crystal 
spectrometers continue to be useful, and pulsed cyclo
trons remain a very competitive contributor. The sub
critical uranium-235 booster at Harwell (fed by an 
electron Iinac) [1] is an interesting installation, while 
the Dubna pulsed reactor [2] provides a very interest
ing alternative system, although its rather long pulse
length is a disadvantage for this work, requiring cor
respondingly large flight-paths if a reasonable resolu
tion is to be obtained. 

At higher neutron energies Van de Graaff and other 
accelerators also contribute a steady succession of 
measurements, and for pulsed machines the "bunching 
magnet" and high-resolution time-of-flight techniques 
have developed so that the former gap between the 
low- and high-energy regions, where resolution was 

* International Atomic Energy Agency, Vienna, Austria. 
* * Atomic Energy of Canada Limited, Chalk River, Ontario, 

Canada. 
*** Atomic Energy Research Establishment, Harwell, 

England. 

inadequate or measurements were Jacking, is now 
rapidly disappearing. However, although attainable 
resolution has been greatly improved, much remains 
to be measured in the rather difficult region of energy 
around, say, 5 keV. For all energy ranges, detectors 
and electronic techniques have developed also in a 
parallel fashion. The newer solid-state detectors repre
sent an interesting advance, but otherwise it is mainly 
in increased speed, and in reduced cost for the more 
complex systems; that advances have been made, 
4096-channel analysers are now almost commonplace 
and the on-line use of small computers is increasing. 

While some of the measurements serve mainly to 
provide data, some also serve to improve the funda
mental understanding of nuclear physics. Thus as 
resonance data accumulate more is learned about 
nuclear behaviour, and measurements of inelastic 
scattering are now also detailed enough to contribute 
in the same way, as discussed in the next section. Many 
measurements whose authors are motivated primarily 
by the desire to discover more about the fundamental 
physics of nuclei also contribute to our pool of useful 
nuclear data. 

The change since 1958 in the degree of detail avail
able is most marked for total cross sections. For 
examples we chose 232Th and 235U. In 1958 the curve 
for 232Th was quite featureless above 600 eV, and was 
evidently only approximate above 200 eV. Figure 1 
(a, b) illustrates the results of some recent measure
ments [4] [5] near 250 eV and 2.3 keV respectively (in 
Fig. la the old curve [3] is shown dotted, in Fig. 1 b it 
would have been simply a horizontal straight line). An 
interesting feature of the French measurements [4] of 
Fig. I b is the use of a sample cooled to liquid-nitrogen 
temperature to reduce the Doppler-broadening effect. 
In Fig. 2 are shown similar curves [5] for 235U. These 
examples are given simply to illustrate the effects of the 
techniques now available. The considerable effort 
involved in this research has certainly been influenced 
by the needs of reactor designers, but before a next 
generation of bigger and better devices is put into use 
the question must arise whether reactor physicists 
really need data as sophisticated as those now becom
ing available. 

THE NEEDS OF REACTOR DESIGN 
It appears worth while to consider in some detail 

what are the needs for nuclear data arising from 
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reactor design. In an ideal world the available data and 
calculational methods would enable a reactor (e.g., for 
a large power station) to be built without previously 
constructing a zero-power model or undertaking 
experimental subcriticallattice studies. At present this 
is far from being possible, except where the new plans 
closely resemble reactors already built; even for reac
tors now being completed predictions of the tempera
ture coefficient or the reactivity life-time of the fuel 
may be quite appreciably in error. This situation is at 
least as much due to approximations and imperfections 
contained in the computing methods as in the nuclear 
data fed in. The scientific effort devoted to obtaining 
and understanding nuclear data is, as already stated, 
by no means small, even though that devoted to 
reactor codes and design is still considerably larger. 
Nevertheless, at present, the uncertainties associated 
with the approximations of calculational methods for 
reactor design are often the larger source of error. 

However, the physicist who measures nuclear data 
is still rather frequently asked why near-perfect data 
cannot be made available, cross sections to, say, 
0.25% accuracy, and the neutron yield per fission ( v) 
or the neutron yield per absorption (1]) to 0.1 %, per
haps. If this were easily achieved it would certainly be 
desirable, but the scientific resources to make this 
feasible within a few years in any but a few special 
cases just do not exist. In some studies of this point 
performed a few years ago for the European American 
Nuclear Data Committee, it was seen that requests 
for 0.5% or 0.25% accuracy for the more important 
constants were very difficult to meet, even for the 
simpler data, e.g., thermal cross sections ( cf. the section 
below); in the resonance region even a 10% accuracy 
for aT( E) on the steep side of a resonance would be a 
quite impossible request; resonance parameters to 
perhaps ± 5% is at present the more realistic aim, 
while a determination of the average a over a fairly 
wide energy range, or of a resonance integral, to 2 or 
3 % remains quite difficult. 

Therefore, although period-reactivity and/or pile 
oscillator measurements near the critical condition 
may serve to determine the neutron reproduction con
stant, k, to 1 part in 101 or 105, calculations based on 
fundamental nuclear data may not be accurate even to 
1 part in 103. Zero power experiments and similar 
studies are therefore normally needed when the critical 
configuration must be known accurately in advance. 

If this were all, it might perhaps be concluded that 
efforts should now be concentrated on lattice studies 
and nuclear data work stopped, but in fact good basic 
data are als.o necessary for the better understanding of 
lattice experiments, as well as for studying temperature 
coefficients, fuel burn-up effects, etc. It is perhaps in 
the latter types of work that new data may be most 
useful. It is, for example, now much easier to improve 
the 241Pu low-energy data than those for 235U or 2asu, 
and this will of course improve burn-up predictions for 
natural uranium fuel. For temperature coefficient pre
dictions, the resonance-region data needed are also not 
yet exhaustively studied and, with the higher experi-
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mental resolution now available, further improve
ments in data may still not be too difficult to achieve. 
However, in the reso:oance region other limitations 
arise; for the clos~ly-spaced levels of the odd-mass
number isotopes of uranium and plutonium, Doppler 
broadening, added to only quite modest instrumental 
broadening, causes the levels to overlap at relatively 
low neutron energies, thus preventing further progress 
in data measurement. But already, in one case at least 
[6], reactor computations have been made in which 
parameters of imaginary levels are postulated on a ran
dom basis from the average level densities and strength 
functions measured in the resolved region, as a method 
of calculating the behaviour of reactor fuel isotopes in 
the overlap regions where the data cannot be 
measured. 

At higher neutron energies, and primarily for fast 
reactors, there are other problems. The techniques for 
measuring neutron inelastic scattering or the spectrum 
of y-rays resulting from this process (or from neutron 
capture) have now been developed in a number of 
laboratories, but the amount of detail which could be 
measured is large and quite a number of years will be 
needed before all the data desired will be available. In 
some cases, too, increased accuracy is desirable, and at 
least the more important data may need to be re
measured to achieve this. 

Recent design studies of large fast power reactor 
systems have shown that the neutron energy spectrum 
is so degraded that a significant fraction of the number 
of fissions occurs at neutron energies as low as 100 eV. 
Therefore it is important to calculate the Doppler 
temperature coefficient of reactivity [7]. The nuclear 
data requirements for such calculations include the 
resonance parameters and their distributions to an 
accuracy of about 10% in the range 0.1 to 10 keV for 
the fissile and fertile materials. These requirements are 
almost impossible to meet completely, but some can be 
satisfied by techniques which are now starting to be 
used. In the case of 239Pu, for example, measurements 
of individual parameters of about 200 resonances 
should give their statistical distributions to the 
required accuracy, and average measurements in the 
poor resolution region can provide independent data 
on s- and p-wave strength functions. 

In some cases the complexity of the data can be 
reduced to more manageable proportions on the basis 
of a theoretical understanding of the processes occur
ring. Figure 4 of the paper (P/167) by Rae et a/. for 
this conference [8] shows an interesting example of 
this, in which the inelastic scattering of neutrons by 
238U is interpreted in terms of a level scheme. A some
what different use of theory in the case of the moderator 
scattering law work (fourth section of the same paper) 
is the reduction of the number of independent vari
ables from three to two represented by the S(a,/3) 
function of Egelstaff. In both cases the result is to 
reduce the extent of the numerical information to be 
presented, much as the use of resonance parameters 
does for data in the resonance region. There is also the 
role of theory, using as a basis the optical model of the 
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nucleus and other fundamental ideas, in filling the gaps 
of measured data in a more general way. 

In summary, then, it can be said that the needs of 
reactor designers for nuclear data and the possibility 
of their being satisfied require a detailed study for par
ticular cases and types of measurement, such as has 
been made by the European American Nuclear Data 
Committee. It is also true that as more sophisticated 
data become available (as for the moderator scattering 
law, for example), reactor computation methods may 
be revised and developed accordingly, so that the inter
action is mutual. However, it would appear at the 
present time that elastic and inelastic scattering and 
neutron capture data for fast neutrons are important 
general fields where more measurements are desirable, 
as are detailed data for the resonance region. Struc
tural and shielding materials, burnable poisons and 
fission products are among the nuclear species for 
which the data are important in addition, of course, to 
the fuel isotopes. 

A PARTICULAR PROBLEM 

Since limitations of space preclude more detailed 
studies of most types of nuclear data, this section of 
this paper is devoted to considering a few important 
values, where the quantity of data available is more 
manageable. The data thus selected for detailed study 
are the 2200 mfs neutron constants for the important 
fissile nuclides 233U, 235U, 239Pu and 241Pu, viz. aa, 
ar, v, and related quantities like 1]( = varfaa), a,.( =aa 
-ar) and a( =a,./ar). These quantities are frequently 
used for normalizing other results, as well as being of 
major importance in thermal reactors. They have been 
reviewed by several authors [9] in the last few years, 
some of whom obtained recommended values by a 
least-squares fitting process. 

Since several more recent measurements now exist, 
and since some of the earlier fits contained unsatis
factory features, the Nuclear Data unit of the IAEA 
has undertaken a new critical review of these values, of 
which a fuller account will be published elsewhere.* 
A least-squares fit for three independent variables for 
each of the first three nuclides listed above has been 
performed, with the input data described below; for 
241Pu a subsequent fit using the output from the simul
taneous fit for the other nuclides has been performed. 
The input data for this last nuclide are so meagre that 
they do not react significantly on the values for the 
other three nuclides. 

The measurements considered in the present assess
ment are those yielding values of the quantities men
tioned above, or combinations thereof (such as 
(1] -l)aa) for any of the four nuclides or the ratios 
between their values for two different nuclides from the 
four which we consider. The criterion for the accept-

*This will be published in 1965 in the Atomic Energy Review. 
It is now clear that the results will be slightly changed and the 
results in the Atomic Energy Review paper are to be considered 
as superseding the present results. 
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ance of any value is that the measurement be ade
quate!)[ documented with, for example, statements of 
precautions or procedures about problems such as the 
assay dr uniformity of the sample used. Similarly, for 
lneasmiements using a Maxwellian or reactor neutron 
spectrum, an adequate characterization of the spec
trum is' expected. Generally publication in a journal is 
require~, except for recent measurements where time 
would $ot have allowed this. Results contained only in 
laboratpry reports are often given a lowei:_ weight, 
since it is felt that, by now, most worth-while experi
ments, 

1 

except the most recent, should have been 
writtel' up in detail adequate for publication. When 
this ha not been done it may indicate that the authors 
lacked omplete confidence in their work. The early 
work, erformed before the general removal of secrecy 
classifiqttion (about 1955), suffers from the dis
advant&ge that at that time, the work may not have 
been known to other workers so that possible criticisms 
could npt be brought to the authors' notice; regrettably 
we must report that 80 per cent of the measurements 
made before 1955 have had to be totally rejected, for 
lack of information if for no other reason. Naturally, 
also, teahniques have advanced greatly since this time, 
so the l~ss involved may not be serious. 

In thb ·least-squares fitting procedure, every mea
sured ~lue is taken as an input datum, with a stated 
error, hich becomes the basis of the weighting of that 
value i all subsequent analysis. The statements of 
error t*refore are fundamental, and the errors of all 
measur4ments must be properly assessed on a con
sistent basis; if a direct measurement of any quantity 
is more 1difficult than a determination based on separ
ate me~surements of other quantities, the errors 
assigned should bear out this fact. The bases on which 
authors have claimed their accuracy have therefore 
been resitudied; in cases of incomplete documentation, 
the stat~d (or reassessed) errors have been increased 
(i.e., th~ values down-weighted) by a factor estimated 
to allo'* for the deficiency. A full discussion of the 
weights I given and the references to the work con
sidered iwill appear in the detailed report now in 
preparation. The weighted mean value for each 
quantity, with the error of the mean, is given in 
Table I! (in brackets after each error is stated the 
number of measurements used). In some cases relative 
values for different isotopes are more accurately 
known than the absolute values; in such cases the 
ratios h~ve been used as input as well as the absolute 
values, but care has been taken to choose weights 
accordingly, so as not to use any value twice in the 
least-sqtiares work. Similarly, correlated errors which 
affect tHe values from several similar measurements 
have been allowed for in computing the error of the 
mean value of the quantity concerned, and therefore 
also in the weight used in the least-squares procedure. 
Care was also taken, for example, in converting aT 

values to aa, to allow for coherent scattering effects; 
rolled metal foils of different origin were treated as 
only partly correlated in that their atomic structure 
may have been similar but not identical. 
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Table 1a. Input data for 233U, 235U and 239Pu 

2aau 23SU 2a9pu 
Quantity Value Error N Value Error N Value Error N 

ua 575.1 2.8 (8) 680.4 2.6 (8) 1006.8 6.1 (5) 
Uf 517.0 3.8 (4) 583.6 1.1 (6) 719.9 16.6 (2) 
Uy 52.7 3.0(1) No value 271.0 7.9 (2) 
a 0.0936 30 (4) 0.1733 20 (6) 0.3590 68 (2) 
v 2.4950 210 (2) 2.4320 143 (5) 2.8979 276 (2) 
'I 2.2935 85 (2) 2.0761 84 (2) 2.1400 150 (1) 

233Uf'"U , .. Pu/'"U •••Puf233U 
Quantity Ratio Error N Ratio Error N Ratio Error N 

Uf 0.9110 25 (1) 1.3073 70 (1) 1.4540 300 (1) 
v 1.0191 51 (4) 1.1817 77 (3) 1.1602 215 (2) 
'I 1.1069 58 (3) 1.0320 120 (1) No value 
T/Ua 0.9434 172 (I) 1.4857 270 (I) 1.5714 286 (1) 
('l-1)ua 1.0127 179 (4) 1.4948 323 (4) 1.4737 391 (2) 

Table 1 b. Input data for 241Pu 

Ut av a and T/ 
Quantity Value Error N Value Error N Value Error N 

Absolute value 1377.2 25.7 (3) 350 90 (I) No values 

Quantity Ut T/Ua 

Ratio to 235U 1.6180 870 (1) 1.2120 109 (2) No value 
Ratio to 239Pu . 1.3604 80 (3) 1.0519 113 (2) 1. 3810 320 (1) 
Mean of absolute 
values obtained 
from these 
ratios" 1014.1 7.0 (4) 2.9826 214 (4) 2963.8 70.8 (I) 

Note: In all tables, values and errors for cross sections are in barns while all ratios are dimensionless 
and their errors are in units of I 0 -•. N =number of measurements used to obtain the mean. 

"To obtain these input values for ••tpu the output of the fit for the other isotopes with g-factor-errors 
excluded was used; this avoids the double inclusion of the errors of the g-factors for a, and T/aa for the 
comparison nuclides. 

One important problem in this work is the relative 
weight to be assigned to 2 200 mjs measurements using 
monokinetic neutrons to those made with Maxwellian 
neutron spectra. For a number of quantities (a for 
three of the isotopes, or the ratio of ar for 233U to that 
for 235U, for example), the most accurate values are 
those made with thermal or reactor neutron spectra. 
And although the aim of the present work is to obtain 
the values of the constants for 2 200 mfs neutrons, it is 
to be remembered that the most important uses of 
these numbers are for thermal reactor design, where 
the values in a Maxwellian spectrum are what is in 
fact needed. Even so-called "monokinetic" measure
ments in fact often involve averaging over a number of 
points on a curve to obtain an accurate spot-value, so 
that averaging over a Maxwellian spectrum may well 
be acceptable where the spectrum itself is really well 
known. 

The effects of uncertainties in the spectrum are (or 
have been) included in the experimental errors, but 
earlier measurements of this type, especially in .reactor 
spectra including a slowing-down flux, often have to 
be rejected because the knowledge of the spectrum 
used is inadequate. In the present work, the only 

down-weighting of Maxwellian spectrum values as 
against 2 200 mjs measurements was that correspond
ing to the error attributable to the g-factor [1 OJ used in 
converting to 2 200 mjs values. The errors of g-factors 
were chosen by examining the spread of the values in a 
number of recent compilations, and for fission were 
taken to be as follows: for 233U ± 0.2 %, for 235U or 
239Pu±0.12%, and for 241Pu ±0.3%. For aa, in view 
of the higher accuracy of the a(E) data, we assume the 
error of the g-factors for 233U, 235U and 239Pu to be 
smaller by a factor 0.7 than for ar, while for 1 +a the 
two g-errors are added in quadrature, although we 
admit that some correlation of aa and ar values may 
exist. 

Since the "best values" of thermal neutron nuclear 
data which we have obtained will often be needed to 
calculate values for Maxwellian spectra, we felt it 
worth while to carry out a least-squares fit without 
including the errors in the g-factors for the values 
measured with thermal spectra; we should perhaps for 
this purpose have also down-weighted values measured 
with monokinetic neutrons, but this was not in fact 
done. The results presented in Table 2 are from the fit 
with g-factor errors included; when these errors were 
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Table 2. Output of least-squares fit of 2200 mfs paraiTjeters for the four fissile nuclides 

•••u ... u l30Pu •••Pu 
Quantity Value Error Value Error V lue Error Value Error 

I 

ua 574.8 1.8 678.4 1.9 1010)6 4.3 1376.1 24.7 
or 525.5 1.6 577.5 1.6 745i9 3.3 1012.7 6.7 
ay 49.3 1.2 100.9 1.0 26417 3.2 363.5 25.4 
a 0.0938 23 0.1748 18 0 3548 47 0.3589 252 
v 2.5073 76 2.4424 66 2 8759 120 2.9779 205 
TJ 2.2923 63 2.0790 55 2 1227 89 2.1913 439 

Note: In all tables, values and errors for cross sections are in barns while all ratios are dimensionless 
and their errors are in units of 10 -•. 

excluded and the weighting of the input data was thus 
changed, no significant change of the output values 
occurred. This shows that no serious systematic errors 
are likely to have been introduced by including Max
wellian spectra values as well as monokinetic ones in 
deducing a fit for 2200 m/s neutrons. 

One point of interest is that our ground rules, when 
applied to pile-oscillator measurements of reactivity 
[giving the (71 -1)aa ratios of Table 1], tended t? lead 
to the rejection of most of these measurements for 
reasons of non-publication, insufficient documentation 
or of uncertainty of the reactor neutron spectrum used. 
However, recognizing that one of the main uses of the 
basic nuclear data is to predict criticality conditions and 
reactivity changes, some minor relaxations were made 
in applying the rules to this class of measurements. 
Examination of the result of the least-squares fit shows 
however that the (71 -1)aa input in fact carried only a 
rather small weight in determining the output. 

The results of the present work, presented in 
Table 2, do not differ greatly from those of the previ
ous surveys, but one or two of the changes are prob
ably significant, such as the increase of 7J for 239Pu and 
the decrease of a and ua for the same nuclide. A slight 
downward trend for ua and ur for 235U may also be 
noted, while the value of v for this isotope shows a 
small but perhaps not significant increase. 

OTHER RECENT ADVANCES 

Space limitations do not permit a detailed survey of 
more than a few examples of recent advances of tech
nique or knowledge. A great deal of work has been 
done on neutron scattering, both elastic and inelastic 
for fast neutrons as well as in thermal-inelastic scatter
ing, but the brief mention already made must suffice to 
cover these subjects, important though they are for 
reactor technology. However, one area of interest is 
the development in the physics of fission since 1958 
and the relation between this and such nuclear data as 
the variation of v for 235U with neutron energy, which 
is of course also quite important to the designer of fast 
reactors. Some. years ago the measurements were not 
very exact and it merely seemed that v increased 
roughly by 0.14 per MeV increase in neutron energy. 
Figure 3 shows the present situation [11], in which 
either a pair of straight lines, with a change of slope at 
2 or 3 MeV, or a quadratic expression have been 
advanced as representing the phenomena. For 233U or 

239Pu similar relationships have been proposed, one 
suggestiqn being that one relationship applies to all 
three nuflei with a simple displacement of the energy 
scale. 

Studie of fission yields, and in particular the greater 
probabil ty of symmetrical fission when the incident 
neutron are fast rather than slow have now been 
supplem nted by much more detailed information 
about t e variation of v or of the fragment kinetic 
energies with fission mode. The well-known work of 
Milton nd Fraser [12], and other workers [13], 
mainly i the US, is complemented by detailed infor
mation rom teams in the USSR, including recent 
work by Apalin et al. [14]; the tendency of v to be 
anticorr ated with the fragment kinetic energy, 
observed in Apalin's earlier work [15], is complicated 
by chan I effects [16]. Although it cannot be said that 
the phys'cs of the process is yet fully understood, 
it is like y that the form of the variation of v with 
neutron nergy (Fig. 3) is correlated with such detailed 
effects a d their further study should contribute both 
to an u derstanding of fundamental physics and a 
more co plete source of nuclear data. 

C MPILATION .OF NUCLEAR DATA 
FOR REACTOR PURPOSES 

We nqw turn to the compilation of nuclear data, 
mainly fi · m the point of view of uses for reactor cal
culation. There are many types of compilations, 
ranging om the US Nuclear Data Sheets produced 
by Dr. y's group to handbooks like ANL-5800 [17] 
or the ussian handbook [18], both of which are 
addresse specifically to reactor designers and both 
recently ~ppeared in second editions. In between these 
extremesiies the' well-known BNL-325 neutron cross
section c mpilation, and BNL-400, the angular distri
bution c mpilation. These contain a collection of 
numerica information, mostly deriving from pub
lished pa ers, relating to cross-section measurements 
of various kinds. 

There are several difficulties which may not be 
generally realized in connexion with compilations like 
BNL-325J Firstly, the mass of data now available and 
its degreelof detail make it increasingly difficult to put 
it all in ~ compilation; the use of the log-log scales 
which sufficed five years ago may now obscure the 
details of the measurements. In future, one may well 
have to fi~e the original results, perhaps on magnetic 
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Figure 3. Neutron yield per fission of 235U 

The broken line is illustrative and is only fitted to the points 
by eye 

tapes suitable for a digital computer, and only publish 
specimens of the data, perhaps as an index or cata
logue of what is held in store. Other difficulties are 
connected with the need for critical judgement in 
choosing "best values" (as in our 2 200 m/s case dis
cussed above) or "best curves" (the latter are import
ant for fissile and some other nuclei as leading to 
g-factors). The treatment of the original data may in
volve renormalization and other more complicated 
reinterpretation in some cases. At the higher energies 
(but still below a few keY for all but the lightest 
nuclides) Doppler and instrumental broadening are the 
cause of further complications so that plotting the 
original experimental results may be a quite in
adequate presentation of our knowledge. 

A rather different type of compilation exists, in 
which the experimental points are less in evidence, but 
which aims at producing more complete sets of data, 
evaluated for use in reactor calculations. This type 
includes many productions [19]. In such cases the 
evaluation leads to the choice of a unique "best" 
value of the quantity concerned for every neutron 
energy; where there are gaps in the measurements, 
values are deduced from theoretical considerations, or, 
if necessary, from informed guesses. Some files of this 
type are already in existence stored on computer 
magnetic tape, and an international exchange of such 
data is already in a rudimentary stage of operation. 
A more detailed discussion of this aspect of the work 
is contained in the paper by Story et a!. for this 
conference [20]. 

Such data files are of general applicability, in that 
the a (or YJ or other quantity) is given explicitly as a 
function of neutron energy. As such they can be inter
nationally exchanged or compared. For most reactor 
calculations, however, a further preparation stage is 
needed, e.g., to produce a 16-group or a 26-group set 
of constants such as those of Yiftah, Okrent and 
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Moldauer [21] or of Abagyan et al. [22]. Such sets are 
usually best produced locally to suit the requirements 
of a particular reactor calculation, or to the national 
standards of the country concerned; regrettably, there 
is as yet no internationally accepted set (or even a few 
acceptable alternatives) of multi-group specifications 
for this purpose. Equally, an evaluated set of data, if it 
could be internationally accepted, would be a good 
basis for producing compilations like A NL-5800, which 
includes quantities such as the effective resonance 
integral of fuel isotopes in various geometrical con
figurations (including self-shielding effects); if com
pilations of this type could be based on an agreed 
basic data file this would certainly be advantageous. 
This does not, of course, remove the requirement that 
results of experimental measurements should agree 
with the results so calculated, but this requirement is 
basic and represents no new factor. 

There is therefore room for international collabora
tion in at least two aspects of this problem, viz., the 
selection of a uniform format (on cards or computer 
magnetic tape) for complete files of nuclear data, and 
the specification, if possible, of one or a few multi
group systems for use in reactor calculations. The 
latter is probably the more difficult to attain, but the 
activities of the ENEA compilation group at Saclay 
and the IAEA Nuclear Data Unit in Vienna may be 
able to help in such matters. 

There are other possibilities for international 
collaboration at an earlier stage of the compiling pro
cess - for example where experimental results are 
analysed for the production of resonance parameters. 
Computer programmes for this type of work have been 
developed in several laboratories, but the problem of 
making a detailed interpretation of the results remote 
from the measuring location has not so far been 
seriously studied. Other such possibilities may also 
exist in other specialist fields, and with the increasing 
mechanization of data handling, .these may become 
important. However, in all such operations, and in the 
choice of best values and evaluations generally, there 
is in the last resort no substitute for the critical judge
ment of the physicist working in the field. 

To close this section, an example illustrating some 
of the problems which can arise in interpreting mea
surements seems worth discussion. The example we 
select concerns the fission cross section of 235U in the 
5-100 eV region, chosen not because it involves any 
particularly bad measurements, but because of the 
importance of 235U and in order to illustrate what pit
falls can exist. 

It is common practice for some types of measure
ment in one energy range to be normalized to a known 
(e.g., thermal) cross section by fitting to other results in 
an overlapping energy range. In 1963 a paper by 
Bowman et at. [23] appeared in which a remeasure
ment of ar for 235U from 0.03 to 60 eV was interpreted 
as requiring 18% (downwards) renormalization of the 
generally accepted 235 U fission cross sections above 
5 eV, including those from Saclay [24]. In a survey [25] 
of resonance integrals it was then claimed that the 
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J dE arE over the range 60-100 eV would be larger than 

J a a~ if the fission results were used without the re

normalization proposed by Bowman, and this is 

clearly impossible, since Jay~ would then have to be 

negative. While the situation does not yet satisfy 
everyone, it seems that both these conclusions may be 
in error. It now seems likely [26] that neutron scatter
ing due to some rather appreciable quantities of 
aluminium in the beam in the Bowman experiment 
may have caused the valley levels of ar to be raised at 
the expense of the peaks of the resonance; in this case 
the Saclay normalization may remain correct. Then, to 

avoid the negative Jay d:, the total cross sections 

must be in error; it appears that another trouble arose 
here, in correcting for resolutions effects. It is well 
known that Doppler or instrumental broadening of a 
resonance should not change the area under a cross
section curve, but for the transmission of samples of 
finite thickness obtained under conditions of appreci
able instrumental broadening of the resonances, a 
point-for-point transformation from the transmission 
to an apparent cross-section curve does not give the 
correct area under this curve. This is a rough analogy 
with the effect of Doppler broadening in reducing the 
self-shielding of fuel in thick fuel elements and thus 
raising the resonance integral, but the case is rather 
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different) and the present effect is due to averaging over 
the instriumental resolution. 

Thus the compilation in BNL-325 of the results of 
the MTR work as a(E) curves can lead to errors in 
interprdation, and in this case this may well result in 

the de~ced J a ad: value being too low. Thus a too 

naive in erpretation of the total cross-section measure
ments ay have led to erroneous conclusions affecting 
ar also, .nd this is just the sort of thing which can too 
easily o cur in compilation and should serve as a 
warning for the future. Especially if only deduced 
a values (without the transmission data) are sent to a 
compila ion centre, a later review of the problem is 
rendere difficult. As mechanized methods of handling 
large nu bers of data-points from time-of-flight and 
similar xperiments grow, it is this kin"d of danger 
which w ll most need to be guarded against. 
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ABSTRACT -RESUME-AHHOTAUII1J1-RESUMEN 

Etude des constantes nucleaires 
pour les calculs des reacteurs 

par C. H. Westcott eta/. 

A/717 AIEA 

Depuis la Conference de Geneve de 1958, !'amelio
ration des methodes de mesure a permis d'obtenir 
beaucoup plus de details pour les valeurs des sections 
efficaces de noyaux importants en fonction de l'energie 
des neutrons incidents. C'est notamment en ce qui 
concerne les techniques pour l'etude des neutrons 
rapides et la resolution dans la region de (( resonance )) 
que les progres ont ete les plus remarquables. Malgre 
ces ameliorations, et la plus grande precision des 
donnees qui en resulte, il subsiste un certain nombre 
d'incertitudes et d'incompatibilites qui sont examinees 
dans le memoire. Les auteurs examinent aussi brieve
ment dans quelle mesure on a besoin de donnees 
encore plus detaillees ou plus precises. A titre 
d'exemple, plusieurs grandeurs determinees sont 
choisies, notamment les constantes relatives aux 
neutrons thermiques pour les noyaux fissiles d 'uranium 
et de plutonium. 

Le rassemblement et !'evaluation des constantes 
nucleaires et leur adaptation a des programmes 
speciaux pour les calculs automatiques de reacteurs 
sont devenus des operations extremement compliquees, 
et le memoire traite succinctement du role que peut 
jouer 1' AIEA dans ce domain e. Le memoire passe en 
revue les sources d'information dont on dispose en Ia 
matiere et les recueils de donnees deja publies, sous 
l'angle des efforts deployes pour les obtenir et de 
l'utilite qu'ils presentent pour certaines applications. 
L'evaluation critique des facteurs, a laquelle il faut 
proceder pour concilier les resultats divergents des 
mesures et interpreter certains effets inherents aux 
techniques experimentales utilisees, donne lieu a des 
difficultes particulieres. Il arrive egalement, dans 
certains cas, que l'on ne dispose d'aucune donnee 
mesuree et qu'il faille recourir a la theorie pour 
obtenir certaines valeurs. On aboutit ainsi a une serie 
de valeurs de la section efficace ou d'une autre gran
deur pertinente en fonction de l'energie neutronique; 
on peut alors tirer de ces donnees les valeurs moyennes 
ou autres valeurs dont on a besoin. 

A/717 MAr ATS 

06sop RAepHbiX KOHCTaHT AnR pacl.fe
TOB no RAepH~M peaKTOpaM 
C. X. Y 3CTKOTT et al. 

Co BpeMeHH llieueBcKoii Kou«fJepeun;uu 1958 ro
Aa paaBHTHe MeTOAOB H3MepeHHH npHBe~o K 3Ha-
1JHTe~bHOMY yBe~H'IeHHIO AaHHbiX, HMeiOIIJ;HXC.R 
A~.R KOHCTaHT no HeiiTpOHHbiM a«fJ«fJeKTHBHbiM ce
qeHH.RM BalliHbiX H30TOnOB, B aaBHCHMOCTH OT 
:meprHH naAaiOIIJ;Hx ueiiTpoHOB. CTa~o 6o~ee aa
MeTHhiM ycoBeprneHCTBOBaHHe MeTOAHKH H3Mepe
HHH, B oco6euuo A~.R 6b!cTpbiX ueiiTponoB, H yBe
~uqeuue paaperneHH.R B o6~acTH peaouaucoB. 
HecMoTp.R ua aTo H ua OAHOBpeMenuoe uaKon~e
uue AaHHbiX H yBe~HlJeHHe HX TOlJHOCTH, OCTaeTC.R 
P.RA BaH\HbiX HeTOlJHOCTeii: H HeCOBnaAeHHH, KOTO
pb!e 6YAYT paccMoTpeHLI B AOK~aAe. RpaTKo pac
cMoTpeua TaKme cTeneun ueo6xoAHMoii Aa~nueii
rneii AeTa~uaan;uu H YTOlJHeHH.R AaHHbiX. ,l(~.a 
H~~IOCTpaiJ;HH 3aAalJH Bbi6paHbl HeKOTOphle Be~H
lJHHhl, B llaCTHOCTH KOHCTaHTbl A~.R Ten~OBbiX 

ueiiTpoHOB no Ae~.RIIJ;HMC.R .RApaM ypaua H n~y
TOHH.R. 

fioA60p H on;eHKa .RAepHhlX KOHCTaHT, HX nOA
rOTOBKa A~.R HCnO~b30BaHH.R B KOHKpeTHbiX npo
rpaMMaX ITO paclleTy peaKTOpOB CTa~H OlleHb 
c~omHhlM npon;eccoM; B AOK~aAe KpaTKO onucaua 
po~n, KOTopyiO MomeT nrpaTb MAfAT3 n' Bb!no~
ueuuu aToii:: paooThl. PaccMoTpeuhl HCTOliHHKH HH
«fJopMaiJ;HH B 8TOH o6~aCTH H onyo.liHKOBaHhl TOMa 
noAo6paHHb!X AaHHhlX c onucauueM ycu~uii, aa
TpalleHHhiX Ha HX noArOTOBKY H HCn0.1Ib30BaHHe B 
qacTHLIX c.11yqa.ax. Oco6Lie TPYAHOCTH KacaiOTC.R 
HeOOXOAHMOCTH KpHTHlJeCKOrO cymAeHH.R npH CO
r~acoBaHHH paCXOA.RID;HXC.R H3MepeHHH H HHTep
npeTaiJ;HH HeKOTOphlX a«fJ«fJeKTOB, CB.R8aHHLIX C HC
n0.1Ib30BaBHeM onpeAe~eHHOH aKcnepHMeHTa~hHOH 
HeTOAHKH. HMeiOTC.R TaKme c~aH, KorAa BeT ua
Mepeuuii H KOrAa A~.R no~yqeHH.R AaBHLIX AO~H\Ha 
6LITb npHMeueua Teopu.a. HaKonen;, B peay~bTaTe 
no.11y11aiOT p.RA auaqeuuii a«fJ<fleKTHBBLIX ceqeuuii:: 
H.1IH APYrHx Be~HliHH B aaBHCHMOCTH OT aaeprHH 
HeiiTpOHOB; Ha OCHOBaHHH aTHX aHalleHHH MOH\HO 
onpeAe~HTb cpeAHee H~H Apyroe ueo6xoAHMoe 
auaqeuue. 
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A/717 OlEA 

Estudio panoramico de datos nucleares 
para el calculo de reactores 

por C. H. Westcott et a/. 

Desde Ia Conferencia de Ginebra de 1958, el per
feccionamiento de los metodos de medicion permitio 
obtener datos mucho mas detallados acerca de las 
secciones eficaces para nuclidos importantes, en 
funcion de Ia energia de los neutrones incidentes. Los 
progresos mas notables se han registrado en lo con
cerniente a las tecnicas para el estudio de los neutrones 
rapidos, asi como en Ia resolucion en Ia region de 
<< resonancia >>. A pesar de estos adelantos y de Ia mayor 
precision de los datos resultantes, subsiste cierto 
numero de dudas y contradicciones que se examinan 
en Ia presente memoria. Tambien se discute en Ia 
misma en que medida se requieren datos aim mas 
detallados o mas precisos. A titulo de ejemplo, se han 
elegido ciertas magnitudes dignas de atencion, espe
cialmente las constantes relativas a los neutrones 
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tcrmiqos para los nuclidos fisibles de uranio y plutonio. 
La q;ompilacion y evaluaci6n de los datos nucleares, 

y su a~aptacion a las claves de computo para un reac
tor d~tcrminado, sc han convertido en operaciones 
sumarhentc complicadas, y los autores tratanin breve
mente')del papcl que el Organismo pucdc desempcf\ar 
en esta csfera. Pasan revi~ta a Ia~ fucntc~ de informa
cion disponibles sobre Ia materia y a las colecciones de 
datos ya publicada~. considerando los esfuerzos 
despletados para reunirlos y Ia utilidad que presentan 
para d terminadas aplicaciones. Destacan Ia necesidad 
de pro eder con sentido critico para conciliar resul
tados discrepantes e interpretar ciertos efectos in
herentds a las tecnicas experimentales utilizadas. En 
algunos casos no se cuenta con resultados de deter
minaciones experimentales y es preciso recurrir a Ia 
teoria ,para obtener ciertos valores numericos. El 
resultacllo final consiste en una serie de valores de las 
seccionbs eficaces, u otras magnitudes pertinentes, 
presentados en funcion de Ia energia neutronica; de 
estos gtupos de datos es posible deducir los valores 
medios\o de otra indole que sean necesarios. 
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New developments in reactor physics 

Chairman: j. A. Goedkoop (Netherlands) 

Paper Pj261 (presented by G. I. Bell) 

DISCUSSION 

Sh. YIFTAH (Israel): Are there any measurable 
effects of polarization on neutron transport? 

G. I. BELL (United States of America): Polarization 
effects are readily detectable in multiple scattering 
experiments. In a double scattering experiment, a· 
neutron beam will acquire polarization perpendicular 
to the plane of first scattering. In the second scattering, 
a right-left asymmetry will be observed owing to the 
polarization, and this allows measurement of the 
polarization induced by the scattering. 

With polarization, the transport theory actually 
involves four quantities (two complex amplitudes for 
scattering), which could be obtained by a triple 
scattering experiment, or alternatively by calculation. 

Neutron transport in the > 100 keY energy range 
depends on polarization, but since polarization cannot 
be turned on and off there is no easy way to separate 
the effects due to it. 

Sh. YIFTAH (Israel): In neutron systems we are 
dealing statistically with very large neutron popula
tions, so do you think polarization effects will have any 
importance for the calculations of these systems? 

G. I. Bell (United States of America): In principle, 
the dependence of neutron transport on polarization 
is not related to the size of the neutron population. 
However, owing to the uncertainties in total cross 
sections, these refinements may not be of great prac
tical significance. 

E. V. ORLOV (USSR): The study of polarization 
effects in neutron transport processes, as dealt with in 
your paper, has assumed importance in recent years 
because experiments sometimes indicate an unexpec
tedly high degree of neutron polarization associated 
with scattering. A qualitative account of polarization 
effects on neutron reflection from various media has 
been given by P. S. Otstavnov. * Y. N. Kazachenkov 
and I subsequently formulated kinetic equations for 
flux density and spin, taking account of neutron 
polarization caused by spin-orbit interaction during 
scattering, and also diffusion approximations. 

In connexion with Mr. Yiftah's first question, I 
should like to state that we have estimated changes in 
the neutron diffusion coefficient D due to polarization 
effects, using experimental data. For heavy nuclei and 

* Atomnaya Energia, 14, 487, Moscow (1963). 

neutron energies about ER::!l MeV, oDj DR::! -(I to 
2) %; for Mg and Si nuclei and neutron energies about 
E R::! 20 keY, oD/ DR::! - (10 to 20) %. An abstract of 
this work has been published in Atomnaya Nauka i 
Tekhnika. The difference in these values may be due to 
the change in sign of polarization for scattering at 
angles that correspond to the extremes in differential 
cross section. This may explain the decrease in the 
polarization correction for the neutrons with high 
orbital momentum. 

G. I. BELL (United States of America): Your com
ments are very interesting, and the pronounced effect 
you mentioned surprises me. Perhaps I could at this 
juncture make a statement adding to the information 
contained in my paper. 

Anisotropic scattering is now usually handled by 
expanding the scattering kernel (transference function) 
in a series of Legendre Polynomials in the scattering 
angle. For example, the new DTF code is a FOR
TRAN code using the discrete Sn (DSN) method 
which allows up to a ten-term Legendre expansion of 
the scattering kernel for slabs and spheres. Actually, 
for criticality calculations, a two-term expansion 
usually suffices, but for computing the penetration of 
y-rays through thick regions, five or more terms have 
been used, and have given excellent agreement with 
Monte Carlo results. 

As an example of such a comparison between Sn and 
Monte Carlo let us consider the results shown in 
Figure I. A gamma source of 2 MeV was distributed 
in a spherical region of radius 7.74 em containing 
uranium, iron and sodium. Outside this was mostly 
iron to a radius of 29.5 em followed by 50 em of 
graphite. The figure shows the gamma flux between 
1 and 1.25 MeV as computed by the Monte Carlo 
SAGE code and the Sn DTF code with a P5 expansion 
of the scattering kernel and double P1 quadrature for 
the angular flux. In double P7, 16 discrete gamma 
directions are used. We observe agreement between 
Sn and Monte Carlo results to within more or less the 
statistical uncertainty of the latter. A P3 scattering 
expansion also gives fluxes which are indistinguishable 
from P5 on this scale. 

A series of calculations of slab critical thicknesses 
with anisotropic scattering has just been completed 
and provides a nice comparison of the results obtain
able with two completely different methods. The calcu
lations were done by Leonard, using the singular 
integral equation method, and by Lathrop, using the 
DTF code with the double P1 quadrature scheme, 
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having :the same angular dependence as elastic scatter
ing from hydrogen. The transport equation for the 
problem can be written: 

/1- rnp(X,fk) + ljl(X,f.t) = 
ox 

1 i 2 1 

c' J ljl(x.f.t')df.t' +en~ 2n; 1 
bnPn(f.t) J Pn(fk')ljl(x,f.t')dfk' 

-1 I -1 

where bo = 1, b1 = 2/3, bz = 1/4 

Thus, c' and c respectively are coefficients of the iso
tropic and the anisotropic parts of the scattering. We 
have retained only two terms in the scattering function. 
Jt will be observed that b2 has only a rather small effect 
on the result, while for hydrogen b3 =0 and b4 
( = - 1/24) may be ignored for present purposes. 

In the singular integral theory a first approximation 
to the critical thickness is; 

To=1TI vol -2Zo 

where vo is the discrete eigenvalue of the Boltzmann 
equation and Zo is the extrapolation distance appro
priate to anisotropic scattering. This result is thus 
formally identical to end-point theory and is so label
led in Table I. The iterative scheme may be written: 

which for slabs is equivalent to a discrete ordinates 
method with 16 directions. One-velocity calculations 
were made with an anisotropic scattering function 

Tn=7TI vol -2Zo- R(Tn-1) 

n=O,l, ... and R(L1)=0 

Table 1. Slab critical half-thickness (mfp) 

c PlnTF Plexact Plend-polnt P2nTF P2exact P2E"ml-Potnt 

c+ c'= 1.05 
0.1 3.39225 3.39216 3.39216 3.39042 3.39032 3.39032 
0.3 3.60356 3.60346 3.60346 3.59724 3.59714 3.59714 
0.5 3.86368 3.86358 3.86358 3.85135 3.85126 3.85126 
0.7 4.19568 4.19558 4.19558 4.17506 4.17495 4.17495 
0.9 4.64212 4.64203 4.64203 4.60935 4.60927 4.60927 

c+c'= 1.10 
0.1 2.16524 2.16519 2.16525 2.163ll 2.16306 2.16313 
0.3 2.28290 2.28285 2.28291 2.~7558 2.27553 2.27559 
0.5 2.42452 2.42447 2.42452 2.41031 2.41026 2.41033 
0.7 2.59999 2.59994 2.59998 2.$7637 2.57632 2.57639 
0.9 2.82629 2.82625 2.82628 2.18923 2.78917 2.78924 

c+c'= 1.20 
0.1 1.31521 1.31519 1.31567 1.31299 1.31296 1.31347 
0.3 1.37256 1.37254 1.37308 1.36498 1.36496 1.36558 
0.5 1.43939 1.43935 1.43997 1.42486 1.42484 1.42561 
0.7 1.51884 1.51882 1.51948 1.49506 1.49505 1.49604 
0.9 1.61576 1.61575 1.61646 1.57930 1.57929 1.58061 

c+ c'= 1.30 
o.95142 0.1 0.95354 0.95352 0.95473 0.95140 0.95266 

0.3 0.98811 0.98810 0.98955 0.98098 0.98096 0.98262 
0.5 1.02747 1.02746 1.02922 l.Q1398 1.01399 1.01621 
0.7 1.07292 1.07291 1.07507 1.~5123 1.05127 1.05439 
0.9 1.12636 l.l2635 l.l2903 1. 9382 

' 

c -1- c' = 1.40 
0.1 0.74726 0.74727 0.74930 0.'~4532 0.74529 0.74743 
0.3 0.77031 0.77032 0.77288 0. 6381 0.76378 0.76669 
0.5 0.79607 0.79606 0.79936 0. 8393 0.78396 0.78800 
0.7 0.82519 0.82519 0.82948 0. 595 0.80610 0.81199 
0.9 0.85853 0.85853 0.86424 0. 3022 
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where R is a rather complicated functional of func
tions which satisfy Fredholm equations. 

In Table 1, the critical half-thicknesses are given for 
various values of c and c'. The columns labelled PI 
mean that only terms through P1(/J-) were included in 
the scattering function, while those -labelled P2 
included the Pz(/-L) term also. The exact values are 
those found by Leonard by iteration starting from tne 
end-point values. 

From the table we see that DTF(Sn) and exact 
values differ only in the fourth or fifth decimal. Such 
slight differences may not be meaningful. The end
point values are excellent until c + c' becomes large, in 
agreement with experience for isotropic scattering. The 
effect of the Pz(/J-) term is seen to be I to 3% for 
c = 0.9 and the effect is, of course, larger for small 
slabs where flux anisotropy is greater. 

Computing times for the DTF programme and the 
iterative method were similar-about one minute per 
problem on the IBM 7094. The DTF programme 
is immediately applicable to more complicated 
multigroup-multiregion problems while the iterative 
method is not. 

Finally, I would like to describe results from a study 
of the effects of polarization on neutron transport, 
which has just been made at Los Alamos by Dr. Walter 
Goad and myself. In conventional transport theory, a 
neutron is treated as a point particle which is com
pletely described by its position and velocity. But in 
fact the neutron has a spin, and experiments, particu
larly in the last few years, have shown that the spin has 
a marked effect on neutron scattering from most nuclei 
at neutron energies greater than a hundred kilovolts or 
so. An unpolarized neutron beam (i.e., a beam with no 
preferred spin direction) will upon scattering (from an 
unpolarized target) become polarized (i.e., acquire a 
preferred spin direction) and this polarization will 
affect the next scattering. A new correlation is thus 
introduced between scatterings, and this will affect 
neutron transport. The polarization induced by the 
first scattering is typically tens of per cent for MeV 
neutrons, and the effect is explained by a spin-orbit 
term in the neutron-nucleus interaction energy. 

We have formulated a transport theory for neutrons 
with spin where scattering is no longer described by a 
differential cross section, but by two complex scatter
ing amplitudes and where the state of a neutron beam 
is specified not just by the neutron density but by the 
polarization vector (or spin density matrix) as well. 
For plane or spherically symmetrical geometry, where 
there is an axis of symmetry for neutron directions, it 
was found that the polarization vector will always be 
perpendicular to the plane containing the axis and the 
neutron direction. The neutron population can then be 
determined from two coupled scalar transport equa
tions for the neutron density n and the density of 
polarization np. If we assume that n(x,B) = no(x) + 
3 cos 8 j(x), as in diffusion theory, then np~-j(x) sin B. 
Here 8 is the usual angle between the axis of symmetry 
and neutron direction. Furthermore, in this approxi
mation, the effect of polarization on neutron transport 

is simply equivalent to an increase in the transport 
cross section. For the materials which we have exam
ined the increase is not large, being typically of the 
order of I % and thus less than experimental cross 
section uncertainties. We feel, however, that it is grati
fying that we now have a sound reason for neglecting 
polarization effects, at least for most practical cases. 

Paper P/263 (presented by R. G. Luce) 

DISCUSSION 

J. M. DODERLEIN (Norway): Can you advise us as to 
an efficient and convenient few-group two-dimensional 
diffusion theory computer code, written to 90 or I 00 % 
in FORTRAN? 

R. G. LucE (United States of America): There are 
several. The one used in our laboratory is not entirely 
in FORTRAN: it is the KARE code. Others are 
completely in FORTRAN. 

Paper P/717 (presented by C. H. Westcott) 

DISCUSSION 

J. CHERNICK (United States of America): Would you 
comment on the extent to which data from integral 
experiments, in particular the Mn bath experiments, 
have been used in arriving at your estimates of 
2200 mjs nuclear data? 

C. H. WESTCOTT (IAEA): Results from integral 
experiments were only included if published or drawn 
to the attention of our group and sufficiently docu
mented: for instance, a description of the· neutron 
spectrum adequate for direct and unambiguous inter
pretation in terms of 2200 mjs constants was neces
sary. The Oak Ridge Mn bath me!lsurements were 
included in our study, 

J. CHERNICK (United States of America): The results 
of recent critical experiments in the United Kingdom 
and the United States indicate that the 2200 mjs value 
of TJ for 239Pu is somewhat less than your estimate of 
2.123. Should not data of this type be factored into 
cross-section evaluation and included in your analysis? 

C. H. WESTCOTT (IAEA): The Gwin and Magnusson 
criticality measurements were also included in our 
study, and I do not recall seeing more recent published 
work. However, I should add that the estimated errors 
of all measurements made with a Maxwellian spec
trum were increased to allow for the estimated error 
of the g-factor used in converting the constants con
cerned to 2200 mjs values. 

J. E. SANDERS (United Kingdom): In connexion 
with Dr. Chernick's comment on the TJ of 239Pu I 
should like to say that United Kingdom experiments 
on 235U and 239Pu fuels in H20 and graphite modera
tors support the higher value of TJ for 239Pu suggested 
by Dr. Westcott's new survey. This conclusion is 
reached in paper P/165 by Askew and Sanders.* 

* Vol. 3, these Proceedings. 
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J. CHERNICK (United States of America): Yes, but 
the British data reported in paper P/165 by Askew and 
Sanders suggest a 1 % increase in the value of 1J for 
239Pu which they had previously been using (2.088) and 
this leads to a value slightly under 2.11. 

Paper Pf73 (presented by M. Cadilhac) 

DISCUSSION 

J. R. BEYSTER (United States of America): My 
question concerns the range of applicability of your 
secondary model. After you have obtained a fit for the 
G and H functions, how do you know the range of 
temperature, degree of poisoning, types of resonance 
absorber and degree of leakage to which the fit will 
apply? 

M. CADILHAC (France): A general study of the 
validity of the model has yet to be carried out. We have 
noted good agreement in certain carefully selected· 
cases, which were sufficiently representative of normal 
situations to convince us that the model cannot be 
totally inadequate except in very exceptional cases. 
This is true, at any rate, during continuous operation, 
though we do not know whether the model can be used 
to deal with pulsed neutron problems. 

Paper P/367 (presented by A. A. Chernishov) 

DISCUSSION 

J. R. BEYSTER (United States of America): How do 
you explain the disagreement between your experi
mental neutron spectra in uranium water lattices and 
the calculations of Honeck and Takahashi?* The 
latter calculations were based on a bound atom model 
for water with which much other neutron data agreed. 

A. A. CHERNISHOV (USSR): I am afraid I cannot 
explain this divergence at the moment. However, I 
should point out that the results of the calculations 
you refer to are not in agreement with the experi
mental results obtained at Harwell either. 

K. H. BECKURTS (Federal Republic of Germany): 
How do you extract the general frequency distribution 
P(f3) from the measured scattering law? Do you just 
extrapolate the two momentum transfers or do you use 
an iterative procedure? 

A. A. CHERNISHOV (USSR): We get the P({3) func
tion very simply, if not very exactly, without using an 
iterative procedure or a computer. The form of P(f3) 
can be made more exact by calculating double differen
tial cross sections from P(f3) (taking apparatus effects 
into account) and comparing the calculated results 
with measured cross sections. A programme of such 
calculations is described in paper Pj360 by L. V. 
Maiorov et a!. 

K. H. BECKURTS (Federal Republic of Germany): 
Your time-dependent spectrum measurement is 
essentially the same as that done by M. J. Poole's 
group at Harwell. Have you compared the results? 

* Ref. [21] of the paper. 
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A. A.' CHERNISHOV (USSR): Yes. The comparison 
showed lthe Harwell values to be consistently lower, 
which indicates that there are certain systematic errors 
in the measurements. 

D. BALLY (Romania): What must be the range of 
variation of the water diffusion coefficient to explain 
the widlning of the quasi-elastic maximum with tem
peratur as mentioned in your paper? 

A. A. CHERNISHOV (USSR): As stated in the paper, 
the me surements were carried out with a relatively 
low res~lution; the aim was to obtain information 
necessa y for thermalization calculations, so no special 
analysis of quasi-elastic scattering was made. It can be 
seen frolm the curves that the widening never exceeds 
10%. ' 

Paper Pf858 (presented by V. Ajdacic) 

DISCUSSION 

E. P. BLIZARD (United States of America): I notice 
that you are concerned about (n,p) and (n,a) reactions 
in silicon in "your spectrometer. Have you studied the 
advantages to be gained by using silicon isotopes such 
as silicon-30, for which these reactions would be much 
less important? 

V. AJDAcrc (Yugoslavia): Our semi-conductor 
detectors are silicon monocrystals, and it would be very 
costly to make these out of single isotopes. 

E. P. BLIZARD (United States of America): Do you 
not have trouble with the high flux leaving the long 
tube? H,ave you considered deflecting charged par
ticles by ;magnets? 

V. Ani>Acrc (Yugoslavia): We used an electric field 
for defl~ting electrons, but found that protons and 
alphas flfom neutron reactions on aluminium formed 
the major part of the background. Of course, it is not 
easy to deflect them and yet have a very simple method 
for high neutron flux measurements. 

G. BEN-DAVID (Israel): What is the energy resolu
tion of the 6Li fast-neutron counter? 

V. A~' Acre (Yugoslavia): The resolution of the 
spectro eter was about 300 ke V at a power of 2 watts. 
The reso ution depends on the reactor power and the 
depende ce is given in Fig. 2 of the paper. 

Papers Pr498 and P/705 

There ~as no discussion of these papers. 

GENERAL DISCUSSION 

P. Lo ~zzo (Italy): The methods and cross sections 
used by teactor designers (in the water reactor field, at 
least) da~e back five to ten years. New methods are 
consider bly better and new data are piling up, but 
reactor esigners always need critical experiments to 
design really new reactor. Simple methods are 
actually ble to give us say l %error in kerr-probably 
because ertain large errors cancel each other-and if 
we substi ute more precise values for cross sections or 

I 
I 
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a more sophisticated method for the calculation of a 
reactor parameter, we often get bigger errors. Could 
anybody comment on whether this is a general effect 
and whether there is any way to overcome it? 

J. S. STORY (United Kingdom): With regard to 
Mr. Lo Izzo's comments, I think it is unfortunately 
true that, at first, more sophisticated methods of cal
culation all too often give results which agree less well 
with what is expected from integral measurements. 
Nevertheless, I believe one has to pursue the more 
sophisticated methods, as this can help to bring to 
light shortcomings in our understanding of reactor 
behaviour. 

This view leads me to make a few remarks on the 
problems of evaluating nuclear cross-section data and 
processing these data to obtain multigroup data and 
other derived quantities for use in the sophisticated 
reactor neutron transport programmes. Dr. Westcott 
has briefly mentioned these questions in his paper 
(P/717) and they are also discussed in rather 
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more detail in the United Kingdom paper (P/168). 
During the last few years the quality and output of 

basic neutron cross section data have improved very 
greatly and the rate of output is still increasing. We are 
beginning to be faced with a veritable "population 
explosion" of new data. In conjunction with the 
advances in transport theory this is very gratifying, but 
it takes a great deal of hard work to get the data into 
the forms needed in transport theory programmes. 
We have considerable practical experience of this 
problem in the United Kingdom, and we find that it 
takes from two to six man-months to prepare a com
plete set of evaluated cross sections for a single nuclide 
or element; so to do this work for all the materials of 
interest for reactor physics, keeping the evaluations up 
to date as new data come along, will call for a very 
substantial effort. 

We believe that a determined and persistent effort is 
called for in this field, and that international collabora
tion is urgently needed to ensure an adequate scale 
of effort. 

Progres en physique des reacteurs 

President: J. A. Goedkoop (Pays-Bas) 

Memoire P/261 (presente par G. I. Bell) 

DISCUSSION 

Sh. YIFTAH (Israel): Existe-t-il des effets mesurables 
de la polarisation sur le transport des neutrons? 

G. I. BELL (Etats-Unis d'Amerique): Des effets de 
polarisation sont facilement decelables dans des 
experiences de diffusion multiple. Dans une experience 
de double diffusion, un faisceau de neutrons presen
tera une polarisation perpendiculaire au plan de la 
premiere diffusion. Dans la seconde diffusion, on 
observera une asymetrie droite- gauche due a Ia polari
sation, et cela permet une mesure de la polarisation 
creee par la diffusion. 

Avec la polarisation, en fait, la theorie du transport 
met en jeu quatre quantites (deux amplitudes com
plexes par diffusion), que l'on pourrait obtenir par 
une experience de diffusion triple, ou encore par Ie 
calcul. 

Le transport des neutrons dans un domaine 
d'energies superieures a 100 keV depend de la polarisa
tion, mais, comme cette polarisation ne peut pas etre 
interrompue et retablie, il n'y a pas de methode simple 
pour en isoler Ies effets. 

Sh. YIFTAH (Israel): Dans les systemes de neutrons, 
on considere statistiquement de tres grandes popula
tions de neutrons; pensez-vous que les effets de 

polarisation auront de I 'influence sur les calculs 
relatifs a ces systemes? 

G. I. BELL (Etats-Unis d'Amerique): En principe, 
l'effet de Ia polarisation sur le transport des neutrons 
est independant de la taille de la population de neu
trons. Cependant, vu !'incertitude des sections efficaces 
totales, ces precisions n'ont peut-etre guere de portee 
pratique. 

E. V. ORLOV (URSS): L'etude des effets de polarisa
tion dans les phenomenes de transport de neutrons, 
traites dans votre memoire, a pris de !'importance ces 
dernieres annees, car parfois les experiences n!velent 
un degre inattendu et considerable de polarisation des 
neutrons liee a la diffusion. Une explication qualitative 
des effets de polarisation sur la reflexion de neutrons 
par divers milieux a ete donnee par P. S. Otstavnov*. 
Y. N. Kazachenkov et moi-meme avons ecrit, depuis, 
les equations cinetiques pour Ia densite de flux et pour 
le spin, en tenant compte de Ia polarisation des 
neutrons due a !'interaction spin-orbite pendant Ia 
diffusion, et egalement des approximations de la 
diffusion. 

A propos de la premiere question de M. Yiftah, je 
voudrais dire que nous avons evalue les modifications 

* Atomnaya Energia, 14, 487, Moscou (1963). 
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Figure 1 

du coefficient de diffusion des neutrons D dues aux 
effets de polarisation, a partir de donnees experi
mentales. Pour des noyaux lourds et des neutrons 
d'energies E voisines de 1 MeV, SDJ D ~ -(1 a 2) %; 
pour des noyaux de Mg et Si et des neutrons d'ener
gies E voisines de 20 keY, SDJ D ~- (10 a 20) %. Un 
resume de ces travaux a paru dans Atomnaya Nauka i 
Tekhnika. L'ecart entre ces valeurs peut provenir du 
changement de signe de la polarisation pour des angles 
de diffusion correspondant aux valeurs extremes de 
section efficace differentielle. Cela peut expliquer la 
diminution de la correction due a la polarisation pour 
des neutrons de moment orbital eleve. 

G. I. BELL (Etats-Unis d'Amerique): Vos com
mentaires sont tres interessants, et !'importance de 
l'effet que vous signalez me surprend. A cette occasion 
je pourrais peut-etre developper !'expose fait dans 
mon memoire. 

La diffusion anisotrope se traite d'habitude au
jourd'hui en developpant le noyau de diffusion (fonc
tion de transfert) en serie de polynomes de Legendre 
selon l'angle de diffusion. Par exemple, le nouveau 
code DTF est un code FORTRAN utilisant la 
methode Sn discrete (DSN) qui permet jusqu'a dix 
termes dans le developpement de Legendre du noyau 
de diffusion pour des plaques et des spheres. En fait, 
les calculs de criticite se contentent en general de deux 
termes dans le developpement, mais, pour les calculs 
de penetration des rayons y dans des milieux epais, on 
s'est servi de cinq termes au moins et on a trouve un 
accord excellent avec les resultats obtenus par la 
methode de Monte-Carlo. 

Pour illustrer une telle comparaison entre Sn et la 
methode de Monte-Carlo, considerons les resultats 
presentes a la figure l. Une source y de 2 MeV etait 
distribuee dans une region spherique de rayon 7,74 em 
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contenaht de !'uranium, du fer et du sodium. L'exte
rieur etait constitue principalement de fer jusque 
dans uni

1 

rayon de 29,5 em, suivi de 50 em de graphite. 
La figu~e montre le flux gamma entre 1 et 1,25 MeV 
calcule en utilisant le code SAGE de Monte-Carlo et 
en utili*nt le code Sn DTF avec un developpement P5 
du noyalu de diffusion et une integration en double P7 
pour le :flux angulaire. Dans le double P7, on utilise 
16 direc1tions discretes des gammas. On constate un 
accord 4es resultats de Sn et de Ia methode de Monte-
Carlo, 1 peu pres dans les limites de !'incertitude 
statistiq e de cette derniere methode. Un developpe
ment P3 de la diffusion donne de meme des flux qui ne 
se disti guent pas de ceux donnes par un P5 a cette 
echelle. ! 

Une serie de calculs d'epaisseurs critiques pour des 
plaques ·avec diffusion anisotrope vient d'etre ter
minee, et donne une bonne comparaison des resultats 
que l'on~ipeut obtenir par deux methodes entierement 
distincte . Les calculs ont ete faits par Leonard suivant 
la meth de de }'equation integrale singuliere et par 
Lathrop I au moyen du code DTF avec le modele 
d'integr 'tion en double p7 qui equivaut pour des 
plaques a une methode d'ordonnees discretes a 
16 direct ons. 

Les c lculs monocinetiques ont ete faits avec une 
fonction de diffusion anisotrope ayant la meme rela
tion ang laire que la diffusion elastique de !'hydro
gene. L equation de transport du probleme peut 
s'ecrire: 

I 2 I 

c' J if;(x,l-'
1 

)dl-'' +c I 2
n i 1 

bnPn(p,) J Pn(!-'')if;(x,/-'')d!-'' 
-1 ·, n~o -1 

I 

ou bo=11; bl=2J3; b2=l/4 

Ainsi, c' et c sont les coefficients respectifs des 
parties ittrope et anisotrope de la diffusion. Nous 
n'avons arde que deux termes dans la fonction de 
diffusion. On notera que b2 n'a qu'un effet plut6t faible 
sur le re~ultat, et que, pour I' hydro gene, b3 = 0 et 
b4 = -1/!24 peuvent etre negliges dans le present 
calcul. I 

La th1orie de l'integrale singuliere donne pour 
premiere jpproximation de l'epaisseur critique: 

To=rrl voi-2Zo 

oil v0 es~ la valeur propre discrete de !'equation de 
Boltzmann, et Zo la longueur d'extrapolation corres
pondant±la diffusion anisotrope. Ce resultat est done 
d'une fo e identique a Ia theorie du « point terminal)) 
et c'est a·nsi qu'on l'indique dans le tableau 1. Le 
modele d'li.teration peut s'ecrire: 

-I 
I 

Tn = 7T I vo I - 2Zo -(RTn-1) 

n=O,l, ... et R(LI) =0 

ou R estl une fonctionnelle assez 
faisant le~ equations de Fredholm. 

compliquee satis-
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Tableau 1. Demi-epaisseurs critiques pour une plaque (lpm) 

c PloTF PI valeonr ex&!'te PI point terminal. P2oTF P2va1Pnr t'xarte, P2point tt•rmlnal 

c 1- c'= 1,05 
0,1 3,39225 3,39216 3,39216 3,39042 3,39032 3,39032 
0,3 3,60356 3,60346 3,60346 3,59724 3,59714 3,59714 
0,5 3,86368 3,86358 3,86358 3,85135 3,85126 3,85126 
0,7 4,19568 4,19558 4,19558 4,17506 4,17495 4,17495 
0,9 4,64212 4,64203 4,64203 4,60935 4,60927 4,60927 

c+ c'= 1,10 
0,1 2,16524 2,16519 2,16525 2,16311 2,16306 2,16313 
0,3 2,28290 2,28285 2,28291 2,27558 2,27553 2,27559 
0,5 2,42452 2,42447 2,42452 2,41031 2,41026 2,41033 
0,7 2,59999 2,59994 2,59998 2,57637 2,57632 2,57639 
0,9 2,82629 2,82625 2,82628 2,78923 2.78917 2,78924 

c+ c' = 1,20 
0,1 1,31521 1,31519 1,31567 1,31299 1,31296 1,31347 
0,3 1,37256 1,37254 1,37308 1,36498 1,36496 1,36558 
0,5 1,43939 1,43935 1,43997 1,42486 1,42484 1,42561 
0,7 I ,51884 1,51882 1,51948 1,49506 1,49505 1,49604 
0,9 1,61576 1,~1575 1,61646 1,57930 1,57929 1,58061 

c+ c'= 1,30 
0,1 0,95354 0,95352 0,95473 0,95142 0,95140 0,95266 
0,3 0,98811 0,98810 0,98955 0,98098 0,98096 0,98262 
0,5 1,02747 1,02746 1,02922 1,01398 1,01399 1,01621 
0,7 1,07292 1,07291 1,07507 1,05123 1,05127 1,05439 
0,9 1,12636 1,12635 1,12903 1,09382 

c+ c'= 1,40 
0,1 0,74726 0,74727 0,74930 
0,3 0,77031 0,77032 0,77288 
0,5 0,79607 0,79606 0,79936 
0,7 0,82519 0,82519 0,82948 
0,9 0,85853 0,85853 0,86424 

Les resultats figurent au tableau 1, qui donne les 
demi-epaisseurs critiques pour diverses valeurs de c 
et c'. Les colonnes marquees PI signifient que seulle 
developpement jusqu'a P1(1L) est conserve dans Ia 
fonction de diffusion, alors que celles marquees P2 
comprennent aussi les termes P2(/.t). Les valeurs 
exactes sont celles trouvees par Leonard par iteration 
a partir des valeurs au point terminaL 

Le tableau montre que les valeurs obtenues par 
DTF (Sn) ne different des valeurs exactes qu'a partir de 
la quatrieme ou de la cinquieme decimate. De si faibles 
differences ne peuvent etre significatives. Les valeurs 
au point terminal sont excellentes tant que c + c' 
n'est pas trop grand, et en accord avec les experiences 
pour la diffusion isotrope. L'influence du terme P2(1L) 
est, comme on le voit, de un a trois pour cent pour 
c = 0,9 et cette influence est, assurement, plus grande 
pour des plaques minces ou I'anisotropie du flux est 
plus marquee. 

La dun!e des calculs pour le programme DTF et 
pour la methode d'iteration etait la meme-de l'ordre 
d'une minute par probleme sur IBM 7094. Le pro
gramme DTF s'applique des maintenant a des pro
blemes plus complexes, a plusieurs groupes et a 
plusieurs regions, ce qui n'est pas le cas pour la 
methode d'iteration. 

Pour terminer, je voudrais presenter des resultats 
d'une etude sur les effets de polarisation sur le trans
port des neutrons, qui vient d'etre faite a Los Alamos 

0,74532 0,74529 0,7474j 
0,76381 0,76378 0,76669 
0,78393 0,78396 0,78800 
0,80595 0,80610 0,81199 
0,83022 

par le or. Walter Goad et moi-meme. Dans Ia theorie 
classique du transport, un neutron est considere 
comme une particule ponctuelle, definie complete
ment par sa position et sa vitesse. Mais en fait le 
neutron possede un spin, et des experiences, surtout 
ces toutes dernieres annees, ont montre que le spin a 
une grande influence sur la diffusion des neutrons par 
la plupart des noyaux quand l'energie des neutrons 
depasse une centaine de kiloelectron-volts. Un faisceau 
de neutrons non polarise (c'est-a-dire un faisceau sans 
orientation preferentielle de spin) apres diffusion (par 
une cible non polarisee) va se polariser (c'est-a-dire 
acquiert une orientation preferentielle de spin), et 
cette polarisation modifiera la diffusion suivante. Une 
relation nouvelle s'etablit done entre les diffusions, ce 
qui modifie le transport des neutrons. La polarisation 
induite par la premiere diffusion vaut couramment 
plusieurs dizaines pour cent pour des neutrons de 
quelques MeV et l'effet s'explique par un terme spin
orbite dans l'energie d'interaction neutron-noyau. 

Nous avons formule une theorie du transport pour 
neutrons avec spin, oil la diffusion n'est plus carac
terisee par une section efficace differentielle mais par 
deux amplitudes de diffusion complexes, et oil un 
faisceau de neutrons n'est plus defini seulement par hi 
densite des neutrons mais egalement par le vecteur de 
polarisation ( ou matrice de densite de spin). En 
geometrie de symetrie plane ou spherique, oil il existe 
un axe de symetrie pour les directions des neutrons, on 
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a trouve que le vecteur de polarisation est toujours 
perpendiculaire au plan contenant l'axe et Ia direction 
des neutrons. La population de neutrons peut alors se 
definir a partir d'u·n systeme de deux equations de 
transport scalaires pour la densite neutronique n et Ia 
densite de polarisation np. Si I' on suppose ii(x,O)= no 
(x) + 3 cos Oj (x), comme dans Ia theorie de Ia diffusion, 
on a np,..._, j(x) sin 0. lei B est, comme d'habitude, 
l'angle entre l'axe de symetrie et Ia direction des 
neutrons. En outre, avec cette approximation, l'effet 
de Ia polarisation sur le transport des neutrons est 
equivalent a une simple augmentation de Ia section 
efficace de transport. Pour les materiaux que nous 
avons etudies, cette augmentation est faible, couram
ment voisine de 1 %, soit inferieure a Ia precision des 
mesures de sections efficaces. Cependant il est interes..: 
sant d'avoir maintenant une solide raison de negliger 
les effets de polarisation, au moins dans Ia plupart des 
applications. 

Memoire P/263 (presente par R. G. Luce) 

DISCUSSION 

J. M. DODERLEIN (Norvege): Pourriez-vous nous 
indiquer un code efficace et pratique pour calculateurs, 
ecrit de 90 a 100% en FORTRAN, pour une theorie 
de la diffusion a quelques groupes et a deux dimen
sions? 

R. G. LucE (Etats-Unis d'Amerique): ll y en a 
plusieurs. Celui qu'utilise notre laboratoire n'est pas 
entierement en FORTRAN: c'est le code KARE. Les 
autres sont entierement en FORTRAN. 

Memoire P/717 (presente par C. H. Westcott) 

DISCUSSION 

J. CHERNICK (Etats-Unis d'Amerique): Voudriez
vous expliciter dans queUe mesure des donnees four
nics par des experiences integrales, en particulier par 
les experiences de bain de manganese ont servi 
a etablir vos evaluations des donnees nudeaires 
a 2200 mjs? 

C. H. WESTCOTT (AIEA): Les resultats d'experiences 
integrales n'ont ete indus que s'ils avaient ete publies, 
ou signales a !'attention de notre equipe avec une 
documentation suffisante: par exemple, il no us fallait 
une definition du spectre de neutrons permettant une 
interpretation directe et sans ambiguite en fonction de 
constantes a 2200 mjs. Les mesures de bain de man
ganese d'Oak Ridge ont ete induses dans notre etude. 

J. CHERNICK (Etats-Unis d'Amerique): Les resultats 
d'experiences critiques recentes au ·Royaume-Uni et 
aux Etats-Unis montrent que Ia valeur a 2200 mjs de YJ 
pour le plutonium 239 est un peu au-dessous de votre 
estimation de 2, 123. Ne devrait-on pas tenir compte des 
donnees de ce genre dans !'evaluation des sections 
efficaces et les introduire dans votre anaLyse? 

C. H. WESTCOTT (AIEA): Nous avons aussi indus 

I 
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dans ndtre etude les mesures de criticite de Gwin et 
Magnusson, et je ne me rappelle pas avoir vu de 
travaux publies plus recemment. Cependant je dois 
ajouter que les erreurs estimees sur toutes les mesures 
faites ~ec un spectre de Maxwell ont ete majorees 
pour te ir compte de l'erreur estimee sur le facteur g 
utilise ur ramener les constantes en question a leurs 
valeurs 2 200 mjs. 

J. E.J SANDERS (Royaume-Uni): A propos de Ia 
remarq e du nr Chernick sur Ia valeur de YJ du plu
tonium ~39, je tiens a dire que des experiences faites au 
Royaurne-Uni sur des combustibles d'uranium 235 et 
de plut~nium 239 dans des moderateurs d'eau et de 
graphit~ viennent a l'apimi de Ia valeur la plus elevee 
de YJ du plutonium 239, telle que la donne Ia nouvelle 
etude d Dr Westcott. C'est a cette conclusion qu'on 
aboutit ans le memoire P/165 de Askew et Sanders*. 

J. C RNICK (Etats-Unis d' Amerique): Oui, mais les 
chiffres u Royaume-Uni rapportes dans le memoire 
P/165 d Askew et Sanders proposent une majoration 
de 1 % de Ia valeur de YJ du plutonium 239 utilisee 
auparavrtnt(2,088), et cela conduit a une valeur legere
ment irl.ferieure a 2, 11. 

! 

Memoir' P/73 (presente par M. Cadilhac) 

I DISCUSSION ' 

J. R.IBEYSTER (Etats-Unis d'Amerique): Ma ques
tion pohe sur le domaine d'applicabilite de votre 
modele 'econdaire. Une fois obtenu l'ajustement pour 
les foncjtions G et H, comment connaissez-vous le 
domain de temperature, le degre d'empoisonnement, 
les type d'absorbants de resonance et le degre de 
fuites p ur lesquels l'ajustement est valable? 

M. c DILHAC (France): Une etude generale de Ia 
validite u modele reste encore a faire. Nous avons 
observe un bon accord dans certains cas soigneuse
ment ciiliisis, qui etaient assez representatifs du cas 
general pour no us donner Ia certitude que le modele ne 
peut etre mauvais sauf dans certains cas tout a fait 
exceptiohnels. Cela est vrai, en tout cas, en continu, 
bien que nous ne sachions pas si le modele peut servir 
a traiter ,des problemes de neutrons pulses. 

I 

Memoir~ P/367 (presente par A. A. Chernishov) 

I DISCUSSION 
I • 

J. R. ±EYSTER (Etats-Unis d'Amerique): Comment 
explique -vous le desaccord entre vos determinations 
experim ntales de spectres de neutrons dans des 
reseaux uranium- eau et les calculs de Honeck et 
Takahashi**? Ces calculs partaient d'un modele 
d'atome lie pour l'eau, modele avec lequel bien 
d'autres ~onnees neutroniques sont en accord. 

A. A. tHERNISHOV (URSS): Je crains de ne pouvoir 
expliquet ces divergences pour !'instant. Mais je dois 

* Voir Ids presents Actes, vol. 3. 

** RefereQce [21] dans le memoire. 
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souligner que les resultats des calculs que vous 
invoquez ne sont pas non plus en accord avec les 
resultats d'experiences faites a Harwell. 

K. H. BECKURTS (Republique federale d'Alle
magne): Comment tirez-vous Ia distribution generate 
de freqvence P(fl) de la loi de diffusion etablie par VOS 

mesures? Extrapolez-vous simplement les deux trans
ferts de moment, ou procedez-vous par iteration? 

A. A. CHERNISHOV (URSS): Nous obtenons Ia 
fonction P(f3) d'une maniere tres simple, sinon tres 
exacte, sans iteration ni calculateur. La forme de P(fJ) 
peut etre precisee en calculant des sections efficaces 
ditferentielles doubles a partir de P(fl) (en tenant 
compte des etfets de l'appareillage) et en comparant 
les resultats des calculs aux sections efficaces mesurees. 
Un tel programme de calculs est decrit dans le memoire 
P/360 par L. V. Maiorov et a!. 

K. H. BECKURTS (Republique federale d'Alle
magne): Votre mesure de spectre en fonction du temps 
est Ia meme dans son principe que celle faite par 
I'equipe de M. J. Poole a Harwell. Avez-vous con
fronte les resultats? 

A. A. CHERNISHOV (URSS): Oui. La comparaison a 
montre que les chiffres ·de Harwell etaient to us plus 
faibles, et d'une maniere coherente, ce qui indique des 
erreurs systematiques dans les mesures. 

D. BALLY (Roumanie): Quel doit etre le domaine de 
variation du coefficient de diffusion de l'eau pour 
expliquer l'elargissement du maximum quasi elastique 
avec Ia temperature que vous indiquez dans votre 
travail? 

A. A. CHERNISHOV (URSS): Comme on le dit dans 
le memoire, les mesures etaiem faites avec une resolu
tion relativement faible. Le but etait d'obtenir des 
renseignements necessaires aux calculs de thermalisa
tion; on n'a pas done specialement analyse la diffusion 
quasi elastique. On peut voir d'apres les courbes que 
I'elargissement ne depasse jamais 10 %. 

Memoire P/858 (presente par V. Ajdacic) 

DISCUSSION 

E. P. BLIZARD (Etats-Unis. d'Amerique): Je note 
votre preoccupation a propos de reactions n-p et n-a 
dans le silicium dans votre spectrometre. Avez-vous 
etudie les a vantages qui peuvent etre retires de l'emploi 
d'isotopes du silicium, par exemple de silicium 30, pour 
lesquels ces reactions seraient beaucoup moins 
importantes? 

V. AmAcic (Yougoslavie): Nos detecteurs semi
conducteurs sont des monocristaux de silicium, et il 
serait tres coilteux de les faire en isotopes uniques. 

E. P. BLIZARD (Etats-Unis d'Amerique): N'avez
vous pas d'ennuis dus ace que le flux eleve ne reste pas 
dans le tube sur toute sa longueur? Avez-vous envisage 
Ia deflexion des particules chargees par des aimants? 

V. AJDAcic (Yougoslavie): Nous avons utilise un 
champ electrique pour Ia deflexion des electrons, mais 

nous avons trouve que les protons et les alphas issus 
de reactions des neutrons sur ]'aluminium formaient 
l'essentiel du bruit de fond. II n'est certainement pas 
facile de les devier et d'avoir quand meme une methode 
tres simple pour des mesures de flux eleves de neutrons. 

G. BEN-DAviD (Israel): Quelle est Ia resolution en 
energie du compteur a neutrons rapides au lithium 6? 

V. AJDAcic (Yougoslavie): La resolution du spec
trometre etait d'environ 300 keY a une puissance de 
2 watts. La resolution depend de Ia puissance du 
reacteur, et Ia relation est indiquee a Ia figure 2 du 
memoire. 

Memoires P/498 et Pj705 

Ces memoires n'ont pas ete discutes. 

DISCUSSION GENERALE 

P. Lo Jzzo (ltalie): Les methodes et les sections 
efficaces utilisees dans les projets de reacteurs (au 
moins dans la categoric des reacteurs a eau) remontent 
a cinq ou dix ans. Les nouvelles methodes sont nette
ment meilleures et les donnees nouvelles s'accumulent, 
mais ceux qui calculent les reacteurs ont toujours 
besoin d'experiences critiques pour etablir un projet de 
reacteur vraiment nouveau. Des methodes simples sont 
en fait capables de nous donner une erreur de 1 %. par 
exemple, sur kerr- sans doute parce que certaines 
erreurs importantes s'annulent mutuellement- et si, 
pour remplacer ces methodes, nous prenons des 
valeurs plus precises des sections efficaces ou une 
methode plus elaboree pour le calcul d'un parametre 
du reacteur, nous obtenons souvent des erreurs plus 
grandes. Quelqu'un pourrait-il dire avec plus de 
details s'il s'agit d'un effet general et s'il existe quelque 
moyen d'en venir a bout? 

J. S. STORY (Royaume-Uni): En ce qui concerne les 
remarques de M. Lo Izzo, je crois malheureusement 
vrai que de prime abord les methodes de calculs plus 
elaborees donnent toutes trop souvent des resultats en 
moins bon accord avec ce que I' on attend des mesures 
integrales. Neanmoins, je crois qu'il faut perseverer 
dans les methodes plus elaborees, car cela peut aider 
a mettre en lumiere des lacunes dans notre comprehen
sion du comportement des reacteurs. 

Cette idee me conduit a quelques remarques sur Ies 
problemes d'evaluation de sections efficaces de 
noyaux et de traitement de ces donnees pour en tirer 
des donnees pour les calculs a plusieurs groupes et 
d'autres grandeurs derivees destinees aux programmes 
compliques de transport des neutrons des reacteurs. 
Le Dr Westcott a mentionne brievement ces questions 
dans son memoire (P/717), et elles sont aussi discutees 
avec unpeu plus de detail dans le memoire (P/168), du 
Royaume-Uni. 

Ces dernieres annees, Ia qualite et Ia production des 
donnees sur les sections efficaces neutroniques de base 
se sont beaucoup ameliorees et le taux de production 
s'accroit encore. Nous commenc;ons a nous trouver en 
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face d'une veritable (l explosion demographique >) de 
donnees nouvelles. En liaison avec les progres de Ia 
theorie du transport, cela est tres satisfaisant; mais il 
faut un long et difficile travail pour mettre Jes donnees 
sous Ia forme exigee par les programmes de Ia theorie 
du transport. Nous avons une grande experience 
pratique de ce probleme au Royaume-Uni, et nous 
trouvons qu'il faut entre deux et six hommes-mois 
pour preparer un jeu complet de sections efficaces cal-
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culees pour un seul noyau ou element; ainsi, faire ce 
travail ~our tous les materiaux interessant la physique 
des readteurs, en tenant a jour les resultats a mesure 
qu'arrivent de nouvelles donnees, exigera un tres gros 
effort. 

Nous crayons a Ia necessite d'un effort resolu et 
persevetant dans ce domaine, et au besoin pressant 
d'une cpllaboration internationale pour assurer a cet 
effort une ampleur convenable. 

! 

HoBble MccneAOBOHMSI a cilMI3MKe peaKTopoa 
I 

I 

Ilpeaceaame;n: ,lJ,.H<. A. roeAHO~n (HHAepnaHAbl) 

,lJ,oHnaA P ;261 (npeAcraeHn ,lJ,m. H. 6enn) 

,lJ,HCKYCCitiR 

ill. ll<DTA (llapaHJib): 0Ka3biBaeT Jill IIOJI.IIpH-

3au;H.II OIIJ;YTHMOe BJIH.IJHHe Ha nepeHOC HeiiTpo

HOB? 

)l;ac II. BEJIJI (ClliA): IloJI.IIpHaau;yro MOiKHO 

JierKo o6aapymuTh B ~mcnepuMeHTax c MHoro

«paTHbiM pacce.IJHHeM. IlpH ;I:J;BOHHOM pacce.IJHJIH 
nyqoK HeHTpOHOB IIOJI.IIpD3yeTC.H IIOJI, IIp.HMbiM 

yrJIOM K IIJIOCKOCTH nepBoro paCCe.HHH.H. IlpH 

BTOpOM pacCe.HJillll 6yp;eT Ha6JIIGJI,aTbC.H aCHM

MeTpli.H npaBoro-JieBoro aanpaBJieHHii, o6ycJioB

JieHaa.H IIOJI.HpH3aiJ;UeH, qTo p;aeT B03MOiK.HOCTb 

li3Mepl1Tb IIOJI.IIpll3au;uro, Bbl3BaHHYIO pacce.HHHeM. 
IlpH HaJiuquR noJI.Hpuaau;HH TeopH.H nepeaoca 

cpaKTHqecKH BKJIIOqaeT qeTblpe B8JIHqliHbl (p;Be 

CJIOiKHble aMIIJIHTYJI,bi JI,JIH pacce.IJHHH), KOTOpble 

MoryT 6biTb IIOJiyqeHbl npH IIOMOIIJ;H aKCIIepu

M8HTOB C TpOHHbiM paCC8.11HlleM HJIH B IIpOTHBJIOM 

cJiyqae pacqeTHbiM nyTeM. 
IlepeHoc HeiiTpoHoB B p;HanaaoHe aHepruii 

> 100 KiJB aaBHCHT OT IIOJI.IIpll3aiJ;HH, a IIOCKOJib
Ky IIOJI.Hpll3aiJ;DIO HeJib3.H <<BKJIIOqliTb>) HJIH <<OT

KJIIOqHTb>>, HeT Jier«oro cnoco6a BbiJI,eJIDTh npoua

BOJI,HMoe IIOJI.HpD3aiJ;UeH JI,8HCTBHe. 

ill. ll<DTA (llapaliJib): llocKOJibKY B HeHTpOH

HbiX CHCTeMaX Mbl HMeeM J1,8JIO C oqeHb 6oJibiDOH 

cTaTDCTDqecKoii DJIOTJIOCThiO, He p;yMaeTe JIH Bhl, 

qTo p;eiicTBDe noJiapuaau;uu 6yp;eT DMeTI> KaKoe-To 

3HaqeHHe Dpll pacqeTaX ;)TUX CHCTeM? 

)l;m. II. BEJIJI (ClliA): B npHmwne aaBH

CHMOCTb nepeHoCa H8HTpOHOB OT IIOJI.HpH3aiJ;llll 
He CBH3aHa C BeJIDqHJIOH IIJIOTHOCTH HeHTpOJIOB. 

Op;HaKo B cB.H3H c Heonpep;eJieHHOCThro B noJIJihlX 

acpcpeKTHBHbiX ceqeHHHX ;}Tlf yToqHeHH.IJ He MoryT 

nMeTh 6oJihmoro npaKTHqecKoro aHaqeHna. 

E. B. OPJIOB (CCCP): llayqeHne BJIHHHH.II no

JI.Hpnaau;Hn Ha npou;eccbl nepeHoca HeHTpoaoB, 

I 

paccMo~peHHoe B BameM JI,OKJiap;e, a a nocJiep;Hee 

BpeM.H UpHo6peJIO 60JibiDOe aaaqeHne, IIOCKOJibKY 

HHorp;a aKcnepHMeHTbl p;aroT HeomHJI,aHHO 6oJih

myro C'l'eiieHb IIOJI.HpH3aiJ;Hll HeHTpOHOB, CB.H3aH

HYIO ; pacce.HHHeM. . RoJinqecTBeHHaH ou;emm 
BJIIIHHH IIOJI.HpnaaiJ;Hll Ha OTpameHHe HeHTpOHOB 

OT paa HqHbiX cpep; 6biJia CJI,eJiaHa fl. C. 0TCTaB

HOBbiM , • BnocJiep;cTBHH IO. H. RaaaqeHKoB 

H H topMyJIHpOBaJIH KDHeTHqeCKHe ypaBHe
Hli.H JI,JI IIJIOTHOCTH IIOTOKa H CIIHHa, yqHTbiBa.H IIO

JI.IIpH3a HID HeHTpOHOB, Bbl3BaHHYIO CIIHHOp6H
TaJibHbl B3aHMOJI,eHCTBHeM BO BpeMH paCCe.HHH.H, 

a TaKiK.I:l JI,Hcpcpy3HOHHbl8 IIpH6JIHiK.eHH.H. 

B cB~an c nepBbiM BonpocoM r-Ha licpTa .11 6bl 
I 

XOTeJI 3t.HBHTb, qTO Ha OCHOBe aKCIIepHMeHTaJibHbiX 
p;aHHbiX Mbl BblqHCJIHJIH H3MeHeHH.H KoacpcpHIJ;HeH

Ta JI,Hcp Y3HH H8HTpOHOB IIOJI, JI,8HCTBHeM IIOJI.HpH

aau;HH. JIH T.HiK8JibiX .HJJ,ep H aHeprHH HeHTpOHOB 
I 6D 

E ~ 1 .fltae n=-(1--;- 2)%, JI,JI.H .Hp;ep Marau.H 

H KpeMrH.H npH aHeprnn HeiiTpOHOB E ~ 20 1'>iJ8 
6}; ~ - 1 (10 --;- 20)%. PecpepaT aroii pa6oThl 

ony6JiukoBaH B mypHaJie ~ATOMHa.IJ HayKa H TeX
HIIKa>>. 1Pa3HHIJ;a B ;)THX 3HaqeHH.HX M0i1{8T 6biTb 

o6ycJio~' JieHa naMeHeHHeM aHaRa noJIHpuaau;nn 
JI,JI.H pa Ce.IIHH.H IIpH yrJiaX, KOTOpble COOTB8T

CTBYIOT aKCTpeMyMaM B JJ,HcpcpepeHIJ;HaJibHbiX ceqe

HH.HX. THM MOiK.HO o6'b.HCHHTb yMeHhmenne B IIO

npaBKe na IIOJI.IIpll3aiJ;HIO JI,JI.IJ H8HTpOHOB C 60Jib

IDHM op6HTaJibllbiM MOM8HTOM. 

)l;m. ~· BEJIJI (CIIIA): Baron aaMeqaHn.ll BeCbMa 

HHTepeOHbl, HO TOT acpcpeKT, 0 KOTOpOM flhl 

roBopHJIH, YAHBJI.HeT MeH.H. BoaMomHo, npH TaKoM 

IIOJIOiK.8HHH p;eJI H CMor 6bl CJI,eJiaTb HeKOTOpOe 

p;o6aBJI8HHe K TeM CBep;eHH.HM, KOTOpble COJ1,8piK.aT

C.IJ B MOeM JI,OKJiap;e. 

AHH30TponHoe pacce.HHDe B HacToHru;ee BpeM.H 

nop;p;aeTC.H o6pa6oTKe paaJiomeuneM .Hp;pa paccea-

• AToMaan aaeprHH, U. 487 (1963), 
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Pap,Hyc,cM 

HH.II (nepep;aTOliHa.II lPYHKIJ;HH) B pH,D; llOJIHHOMOB 
Jieman,u;pa npH pacceHHHH no,u; yrJioM. HanpH
Mep, no BaH nporpaMMa DT F HBJIHeTCH nporpaM
Moii:, ocnoBaHHoii: na H3hlKe FORTRAN, HCITOJih
ayrom;eii: ,D;HCKpeTHhlH MeTO,D; S n (DSN), KOTOphlH 
p;aeT B03MOiJ\HOCTh pa3JIOiJ\HTh .II,D;pO paCCe.IIHH.II 
,D;JI.II ITJiaCTHH H c!Jlep Ha llOJIHHOMhl Jlemanp;pa ,D;O 
p;eC.IITOrO llOp.II,D;Ka. <!>aKTHlieCKH ,D;JI.II paClieTOB 
KpHTHliHOCTH o6blliHO ,D;OCTaTOliHO pa3JIOiJ\eHHe ,D;O 
BToporo nopH,D;Ka, no npH pacqemx npoxom,u;eHHH 
y-Jiyqeii: liepe3 TOJICThle CJIOH HCITOJib30BaJIOCI: 
paaJiomenne p;o nHToro nopHp;Ka HJIH Bhlme; 
noJiyqeHHhle peayJILTaThl xopomo corJiacyroTC.II 
c peayJILTaTaMH, noJiyqeHHhlMH MeTop;oM MonTe
HapJio. 

B KalieCTBe npMMepa TaKoro cpaBHeHHH peayJIL
TaToB, noJiyqeHHhlX MeTop;aMH Sn H MoHTe
HapJio, p;aBaii:Te paccMoTpHM peayJILTaThl, npep;
CTaBJieHHhle Ha pHC. 1. lfCTOliHHK y-KBaHTOB 
c 3Heprneii: 2 Maa npe,u;cTaBJIHeT co6oii: c!JlepM
qecKyro o6JiaCTh pap;MycoM 7, 7 4 CM, cop;epmam;yio 
ypan, meJieao H HaTpMii:. On oKpymen meJieanoii: 
c!Jlepoii: pap;MyCOM 29,5 CM, a 3aTeM rpa!JlHTOBOH 
pap;HycoM 50 CM. Ha PHC1YHKe noKa3aH noToK 
y-KBaHTOB B p;Manaaone 3HeprMii: OT 1 ,u;o 1.25 M38, 
BhlqHcJieHHhlH c HCITOJih30BaHHeM MeTop;a MonTe
Ha pJio H MeTop;oM S n c nporpaMMoii: DT F, 
C pa3JIOiHeHHeM B p 5-npH6JIHiHeHHH Hp;pa pac
Ce.IIHH.II H KBa,D;pa TypHOH CXeMhl B ,D;BOHHOM 
P 7-npM6JIHmeHHH ,D;JIH yrJIOBoro noToKa. Mhl BH
,D;HM, qTo peayJILTaThl, noJiylieHHhle MeTop;oM Sn 
H MeTop;oM MoHTe-1\apJio, corJiacyroTCH B npe,u;e-
Jiax CTaTHCTHqecKOH TOqHOCTH llOCJie,D;Hero MeTO
p;a. PaaJiomeHHe na noJIHHOMhl B P 3-npM6JIHme
HHH tPYHKD;HH paCCe.IIHH.II TaKme p;aeT 3HalieHH.II 
ITOTOKOB 1 KOTOphle B 3TOM MaCmTa6e He OTJIHlia
IOTC.II oT peayJILTaToB, noJiyqeHHhlX B P 5-npH-
6JinmeHHH. 

COMPTE RENDU DE LA SEANCE 3. 1 

ToJihKO qTo aaKOHlieHa cepHH pacqeTOB KpH
THqecKoii: TOJIID;HHhl ITJiaCTHHhl npH aHH30TpOITHOM 
pacce.IIHHH, KOTOphle MmKHO cpaBHHTh C pe3yJih
TaTaMH, llOJiyqeHHhlMH npH ITOMOITJ;H ,D;ByX COBep
meHHO pa3JIHliHhlX MeTop;oB. PacqeThl 6biJIH BhlllOJI
HeHhl Jleonapp;oM MeTO,D;OM, HCllOJih3YIOITJ;HM CHH
ryJIHpHoe HHTerpaJILHoe ypaBnenMe nepenoca, 
H JlaTponoM npH noMom;H nporpaMMhl DTF 
c KBap;paTypnoii: cxeMoii B p;Boii:HoM P 7-npH-
6JIMmeHHH, KOTOpaH ,D;JI.II ITJiaCTHH 31\BHBaJieHTHa 
MeTop;y ,D;HCKpeTHhlX Op,D;HHaT C 16 HanpaBJieHH.II
MH. PaclieThl B o,u;nocKopocTHOM npH6JIMmeHHH 
6blJIH BhlllOJIHeHhl C tPYHKIJ;HeH aHH30TpOITHOrO 
pacceHHHH, HMerom;ero TY me yrJioByro aaBH
CHMOCTh, KaK H ynpyroe pacCe.IIHHe Ha aTOMaX 
Bop;opo,u;a. ,ll;JIH 3TOH aap;aliH MomeT 6hlTh aannca
HO ypaBnenne nepenoca 

J.t 8'l' ~: fl) +'I' (x, J.t) = 

1 

= c' ~ 'I' (x, JL') aJL' + 
-1 

2 1 

+c ~ Zntf bnPn(JL) ~ Pn(JL') 'l'(x, JL')dJL', 
n=O -1 

rp;e b0 =1; b1=2/3; b2 =1!4. 

TaKHM o6paaoM, c' H c HBJIHIOTCH K03tPtPHD;MeH
TaMH COOTBeTCTBeHHO H30TpOITHOH H HeH30Tpon
HOH liacTeii: pacceHHHH. Mhl coxpaHHM TOJihKo 
,D;Ba liJieHa B lPYHKD;HH pacCe.IIHH.II. 3aMeTHM, qTo 
b 2 OKa3biBaeT He3HaqHTeJihHOe BJIH.IIHHe Ha pe3yJih
TaT, B TO BpeM.II KaK ,D;JI.II BO,D;Opop;a b3 = 0, 
a bdpaBHhllll-1/24) MOiHHO ,D;JI.II HaCTO.IIID;HX D;eJieH 
npene6peqL. 

B CHHryJIHpHoii: HHTerpaJibHoii: TeopHH nepenoca 
nepBoe npM6JIMiHeHMe npH onpep;eJieHHH KpHTH
qecKoii: TOJIITJ;HHhl COCTaBJIHeT 

To= 3t (vo]- 2Zo, 

rp;e Vo - C06CTBeHHOe ,D;HCKpeTHOe 3HalieHHe ypaB
HeHH.II BoJihD;MaHa, a Z0 - paccTo.IIHHe 3KCTpa
ITOJI.IID;HH, COOTBeTCTByrom;ee aHH30TpOITHOMY pac
Ce.IIHHIO. 8TOT peayJibTaT, TaKHM o6pa30M, H)J;eHTH
lieH peayJihTaTaM llO TeOpHH rpaHHliHhlX ToqeK, 
TaR OH H o603Ha'leH B TaOJIHD;e. lfTepaTHBHa.II 
cxeMa MomeT 6h!Th aanHcaHa CJiep;yrom;HM o6pa-
30M: 

Tn= nlvoi-2Z0 -R(Tn-1), 

n=O, 1, ... ; R(-r_1)=0, 

rp;e R - p;oBOJihHO CJIOiHHhlH tPYHKD;HOHaJI tPYHK
n;Mii:, KOTOphle Y,D;OBJieTBOp.IIIOT ypaBHeHHIO <l>pep;
XOJILMa. 

B Ta6JI. 1, npMBe)J;eHhl analieHHH KpHTH'lecKoii: 
noJiyTOJIITJ;HHhl ,D;JI.II paaJIH'IHhlX aHalieHHii c H c '. 
3HaliOK p 1 03HaliaeT, liTO npH pa3JIOiHeHH~ lPYHK
IJ;HH paCCe.IIHH.II HCITOJib30BaJIHCh liJieHhl BllJIOTh 
p;o P 1 (J.t), B TO BpeMH KaK 3HalloK P 2 oaHaliaeT, 
liTO liJieH P 2 (f.l) TaKme BKJIIO'leH. ToliHhle aHalie
HH.II - aTo analleHHH, onpe)J;eJieHHble Jleonapp;oM 
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Ta<Sn. 1. KpHTHYecKafl nonyTOnll.IHHa nnacTHHbl 

c P1 P1TO'lH plrpaH. T'lK p2DTF p2TO'lH p2rpaH. T'lK 

c+c'=1,05 
0,1 3,39225 3,39216 3,39216 3,39042 3,39032 3,39032 
0,3 3,60356 3,60346 3,60346 3,59724 3,59714 3,59714 
0,5 3,86368 3,86358 3,86358 :1,85135 3,85126 3,85126 
0,7 4,19568 4,19558 4,19558 4,17506 3,17495 4,17495 
0,9 4,64212 4,64203 4,64203 4,60935 4,60927 4,60927 

c+c'= 1,10 
0,1 2,16524 2,16519 2,16525 2,16311 2,16306 2,16313 
0,3 2,28290 2,28285 2,28291 2,27558 2,27553 2,27559 
0,5 2,42452 2,42447 2,45452 2,41031 2,41026 2,41033 
0, 7 2,59999 2,59994 2,59998 2,57637 2,57632 2,57639 
p,9 2,82629 2,82625 2,82628 2,78923 2,78917 2,78954 

c+c'=1,20 
0,1 1,:H521 1,31519 1,31567 1,31299 1,31296 1,31347 
0,3 1,37256 1,37254 1,37308 1,36498 1,36496 1,36558 
0,5 1,43939 1,43935' 1,43997 1,42486 1,42484 1,42561 
0,7 1,51884 1,51882 1,51948 1,49506 1,49505 1,49604 
0,9 1,61576 1,61575 1,61646 1,5.7930 1,57929 1,58061 

c+c' =1,30 
0,1 0,95354 0,95352 0,95473 0,95142 0,95140 0,95266 
0,3 0,98811 0,98810 0,98955 0,98098 0, 98096 0,98262 
0,5 1,02747 1,02746 1,02922 1,01398 1,01339 1,01621 
0, 7 1,07292 !.,07291 1,07507 1,05123 1,05127 1,05439 
0,9 1,12636 1,12635 1,12903 1,09382 

c+c' =1,40 
0,1 0,74726 0,74727 0,74930 0,74532 0,74529 0,74743 
0,3 0, 77031 0, 77032 0,77288 0,76381 0,76378 0,76669 
0,5 0,79607 0,79606 0,79936 0, 78393 0, 78396 0,78800 
0,7 0,82519 0,82519 0,82948 0,80595 0,80610 0,81199 
0,9 0,85853 0,85853 0,86424 0,83022 

HTepa~Heii:, HCXO~H H3 3Ha'leHHH, IIOJiyqeHHhlX 

IIO TeOpHH rpaHH'lHhlX TO'leK. 

lfa Ta6JIHJVii BH~HO, 'lTO 3HatJeHHH, IIOJiy

qeHLie MeTo~oM DTF(Sn), H TO'lHLie aHa'leHHH 

OTJIH'l3IOTCH TOJibKO B 'leTBepTOM HJIH IIHTOM 

~eCH'l'H'lHOM aHaKe. TaKHe HeaHatJHTeJibHLie pacxo

m~eHHH He MOI'YT HMeTb 3HatJeHHH. 3Ha'leHHH I'pa

HH'lHhlX TO'leK y~OBJieTBOpHTeJibHhl ~0 TeX IIOp, 110-

Kac+c' He CTaHOBHTCH 6oJibiiiHM, 'lTO COI'JiacyeT

CH C peayJibTaTaMH ~JIH H30TpOIIHOI'O paCCeHHHH. 

BH~Ho, tJTO ~eii:cTBHe tJJieHa P 2 (f..l.) cocTaB

JIHeT OT O~HOI'O ~0 TpeX npoU,eHTOB ~JIH C = 0,9; 

3TO ~eHCTBHe, KOHe'lHO, 60Jibiiie ~JIH He60JibiiiHX 

IIJI3CTHH, I'~e 3HH30TpOIIHH IIOTOKa 60Jibiiie. 

BpeMH pactJeTa rro rrporpaMMe DT F H HTepa

THBHLIM MeTO~OM 6LIJIO O~HHaKOBO - OKOJIO 1 .MUH 

Ha pemeHHe aa~atJH Ha MamHHe IBM-7094. 

IIporpaMMy DTF Mm1mo HeMe~JieHHO npHJIOa<HTb 

K pemeHHIO MHOI'OI'pyiiiiOBhlX - MHOI'006JiaCT

HhlX npo6JieM, a HTepaTHBHhlH MeTO~ HeJib3H. 

HaKoHen,, MHe 6LI xoTeJioch paccKaaaTb o pe

ayJihTaTax HCCJie~oBaHHH BJIHHHHH IIOJIHpH

aaU,HH Ha nepeHoc Heii:TpOHOB, npoBe~eHHLIX 
~-pOM B. ro~oM H MHOJO B Jioc-AJiaMoce. B o6hltJHOH 

TeopHH nepeuoca Heii:TpoH paccMaTpHBaeTCH KaK 

TO'letJHaH 'laCTHIJ,a, KOTOpa11 IIOJIHOCTbiO OIIHChl

BaeTCH CBOHM IIOJIOa<eHHeM H CKOpOCTbiO. Ho 

4JaKTH'leCKH HeHTpOH HMeeT CIIHH, H 3KCIIepHMeHTbl, 

rrpoBe~eHHLie oco6eHHO aa nocne~HHe HeCKOJihKO 

JieT, IIOKaaaJIH, 'lTO CIIHH 3aMeTHO BJIHHeT Ha pac

CeHHHe Heii:TpOHOB Ha pa3JIH'lHHX H~pax IIpH 

CKOpOCTH Heii:TpOHOB 6oJibiiieii: HJIH OKOJIO 100 .,.36. 
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Ilyqo[ HeiiOJIHpH30BaHHhlX Heii:TpOHOB (TO eCTb 

IIY'lO HeHTpOHOB, CIIHH IWTOphlX He HMeeT 

IIpe~ll 'lTHTeJibHOI'O HarrpaBJieHHH) IIpH paCCeHHHH 

(Ha HeiiOJIHpH30BaHHOH MHIIIeHH) IIOJIHpHayeTCH 

(TO eCTb 1IpH06peTaeT rrpe~IIO'lTHTeJibHOe HarrpaB

JieHHe CIIHHa), H aTa IIOJIHpH3aU,HH 6y~eT BJIHHTb 

. Ha CJ.i;e~yroiiJ,ee pacceHHHe. TaKHM o6paaoM, Mem-

~y pa\CCeHHHHMH IIpOBO~HTCH HOBaH KOppeJIHU,HH, 

H 3T(il 6y~eT BJIHHTb Ha rrepeHOC Heii:TpOHOB. 

IloJIHpHaan,HH, o6ycJioBJieHHaH nepBLIM pacceH

HHeM, COCTaBJIHeT 06hltJHO ~eCHTKH IIpOU,eHTOB 

~JIH ;HTpOHOB C :meprHeH IIOpH~Ka Mera:meK
TpOHBOJibT HJIH BLIIIIe, H 3TO BJIHHHHe o6'bHCHHeT

CH CII H-op6HTaJibHhiM 'lJieHOM B aHepi'HH HTepa

U,HH Heii:TpOH-H~pO. 
M.hl c4JopMyJIHpoBaJIH TeopHIO rrepeHoca ~JIH 

Heii:TpOHOB CO CIIHHOM ~JIH CJiytJaH, KOI'~a pac

CeHHHe 60Jibiiie He OIIHCLIBaeTCH ~H4J4JepeHU,HaJib
HhlM ce'leHHeM, a ~BYMH CJIOil<HhiMH aMIIJIHTy~aMH 

pacceJJHHH H KOI'~a COCTOHHHe IIyqKa HeiiTpOHOB 

OIIpe~~JIHeTC.II He IIJIOTHOCTbiO Heii:TpOHOB, a BeKTO

pOM flOJIHpH3aiJ,HH (HJIH MaTpHn,eii: IIJIOTHOCTH 

CIIHHa,. ,Il;JIH IIJIOCKOH HJIH c4JepH'leCKH CHM

MeTpHttHOH reoMeTpHH, r~e eCTb OCb CHMMeTpHH 

~JIH aanpaBJieHHii: pacrrpocTpaHeHHH Heii:TponoB, 

Haii:~e~o, 'lTO BeKTOp IIOJIHpH3aU,HH 6y~eT HarrpaB

JieH BCer~a 110~ npHMhlM yrJIOM K IIJIOCKOCTH, 

CO~ep*aiiJ,eii: OCb CHMMeTpHH H BeKTOp HaiipaB

JieHHH: pacrrpocTpaueHHH Heii:TpoHoB. Tor~a Mom

Ho O~pe~eJI:O:Tb IIJIOTHOCTb Heii:TpOHOB H3 ~ByX 
coe~Hl):eHH.biX cKaJI.RpHhiX JPaBHeHHii rrepeHoca 

~JIH IIJIOTHOCTH Heii:TpOHOB n H IIJIOTHOCTH IIOJIH

pH3a~1jlH np. ECJIH ~OIIYCTHTb, 'lTO fi· (x, 8) = 
Tto (x) -;f- 3 COS 8 j(x), KaK B TeOpHH ~H4J4Jy3HH, TO 

np ,__, '(x)sin 8. 3~eCb 8 HBJIHeTCH 06hl'lHhlM 

YI'JIOM Mea<~y OCbiO CHMMeTpHH H HarrpaBJieHHeM 

pacrrp cTpaHeHHH Heii:TpoHoB. RpoMe Toro, B aToM 

1IpH6JI a<eHHH ~eHCTBHe IIOJIHpHaan,HH Ha rreptlHOC 

Heii:Tp HOB paBHO yBeJIH'leHHIO CetJeHHH IIepeHOCa. 

,Il;JIH aTepH3JIOB, KOTOpLltl Mhl HCIIhlT3JIH, 3TO 

yBeJIH eHHe He60JibiiiOe, 06hl'lHO IIOpH~Ka 1 %·, 

H, Ta~HM o6paaoM, MeHbiDe, 'leM HeTO'lHOCTH 

3KCIIep~MeHT3JibH.biX a4J$eKTHBHHX Ce'leHHH. 0~
HaKO ' qyBCTByeM y~oBJieTBopeHHe oT Toro, 

'lTO y Hac Terrepb eCTb o6ocHoBaHHaH rrpH'lHHa 

IIpeHe6 e'lb ~eHCTBHeM IIOJIHpH3aU,HH, DO Rpaii:

HeH M pe B rrpaRTH'leCKHX CJiyqaHX. 

P/263 (npeAcTaBHn P. ):t>K. R10c) 

,lJ.HCHYCCHfl 
,[(m. 1 M. ,[(O,[(EPJIAAH (HopBerHH): He Mo

meTe ~H BLI HaM rrocoBeToBaTb a$$eRTHBHYIO 
H y~o6 Y!;O rrporpaMMy ~JIH pactJeTOB Ha BLI'lHC

JIHTeJib OR MaiiiHHe C IIpHMeHeHHeM MaJiol'pyii

IIOBOH ,'reopHH ~ByxMepHoii ~H4J$yaHH, HaiiHCaH

HYIO Hjl 90-100% ua Ha.hiKe FORTRAN? 

P. ~m. JIIOC (CiliA): TaRHX rrporpaMM He

CKOJibKo. O~Ha Ha HHX, RoTopaH rrpHMeHHeTcH 

B Ham~ii Jia6opaTOpHH, He noJIHOCTbiO HaiiHCaHa 

ua Ha!fRe FORTRAN: aTo rrporpaMMa KARE. 
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,IJ;pyrue nporpaMMhl IIOJIHOCTbiO HanucaHhl Ha 
H3LI«e FORTRAN. 

,lJ.oHnaA P;717 (npeACTaBHn C. X. YscTHOTT) 

,D.HCKYCCHH 

)l;ac qEPHIIK (CiliA): He o6'LHCHHTe JIH Bhl, 
B «a«on Mepe p;aHHhle, nony'leHHLie B npo:u;ecce 
HHTerpaJibHhlX <l:KCnepHMeHTOB, H B 'laCTHOCTH 
B npou;ecce aRcnepuMeHToB c MapraH:u;eBhlMH BaH
HaMu, HCIIOJib30BaJIHCb npH H3MepeHHH p;aHHhlX 
)l;JIH HeHTpOHOB CO C:KOpOCTbiO 2200 M/ceK? 

C. X. Y8CTKOTT (MAfAT8): PeayJibTaThl HH
TerpanhHhlX <ll\CIIepuMeHTOB HCIIOJib30BaJIHCb TOJib
:KO B TOM CJiyqae, eCJIH OHH OIIy6JIHROBhlBaJIHCb 
HJIH IlpHBJieRaJIH BHHMaHHe Hamen rpyiiiihl H 6hlJIH 
p;ocTaTO'lHO p;o«yMeHTHponaHLI. HanpuMep, 6LIJIO 
He06XO)l;HMO OIIHCaTb CIIeRTp HeHTpOHOB )l;JIH IIpH
Moro H HCHOro 06'LHCHeHHH BeJIH'lHH, COOTBeT
CTBYIOID;HX HeHTpOHaM CO CROpOCTbiO 2200 MiceK. 
B Hamy pa6oTy B:KJIIO'leHhl peaynhTaTLI uaMepe
HHH B Bannax, nponep;eHHhlX B 0Rpup;me. 

,Il;m. qEPHMK (CIIIA): PeaynhTaThl nocnep;nux 
:KpHTH'leCRHX a«cnepuMeHTOB B Anrnuu u CiliA 
rOBOpHT 0 TOM, 'ITO ll,JIH HeHTpOHOB CO C:KOpO
CTbiO 2200 MiceK 3Ha'leHHe lJ )l;JIH Pu 239 HeC:KOJib:KO 
MeHbme no)l;C'lHTaHHoro BaMu 3Ha'leHHH 2,123. 
He ll,OJIJI\Hhl JIH p;aHHhle Ta:Koro Tuna yqHThlBaTbCH 
IlpH OIWHRe Ce'leHHH aaXBaTa HeHTpOHOB H BI<JIIO
'laTbCH B Bam aHanua? 

C. X. Y8CTKOTT (MAfAT8): B Hamy pa6oTy 
B:KJIIO'leHhl Ta:Kme peayJibTaThl H3MepeHHH :KpH
TH'lHOCTH, npone,lWHHhlX fnuHoM u MarHyccoHoM, 
H H He IlpHIIOMHHaiO, 'ITO eCTb 6onee HOBaH 
ony6nuRoBaHHaH pa6oTa. Op;Ha«o H p;onmen p;o6a
BHTh, 'ITO IIOrpeiiiHOCTH IIpH BCeX H3MepeHHHX 
Ma:Kcnennonc«oro cne«Tpa ynenH'leHhl aa c'leT 
Toro, "liTO c10p;a BRJIIO'lena norpemHOCTb npu 
Bhl'lHCJieHHH g-cpa«Topa, npuMeHHeMoro npu npe
o6paaonaHHH IIOCTOHHHhlX BeJIH'lHH )l;JIH. HeHTpo
HOB CO C:KOpOCTbiO 2200 MiceK. 

,Il;m. II. CAH,Il,EPC (BenuRo6puTaHHR): B CBH
au C 3aMe'laHHeM p;-pa qepHH:Ka OTHOCHTeJibHO 
BeJIH'lHHhl lJ )l;JIH Pu 239 MHe 6LI xoTenoch OTMe
THTh, 'ITO aRcnepuMeHThl, nponep;eHHhle n AHrnuu, 
)l;JIH U 235 u Pu 239 H BO)l;HHoro u rpacpuTonoro 
aaMe)l;JIHTenen IIO)l;TBepmp;aiOT 6onee BhlCo«oe aHa
'leHue lJ )l;JIH Pu 239 , npep;naraeMoe p;-poM YacT
:KOTTOM B ero IIOCJie)l;HeM o6aope. 8TOT Bhl
BO)l; cp;enaH Ac:KhiO :u Canp;epcoM B p;o«nap;e 
P/165*. 

,Il;m. qEPHMH (CIIIA): ,I( a, Ho p;aHHhle, nony
'leHHhle B AHrnuu, o :KoTophlX Ac«biO H Canp;epc 
coo6ru;aiOT B )J;ORJia)J;e P 1165, npe)J;nonaraiOT yne
JIH'leHue aHa'leHHH lJ )l;JIH Pu 239 Ha 1% , :KoTopoe 
OHH paHbiiie H IIpHMeHHJIH (2,088), 'ITO B pe-
3YJibTaTe p;aeT BeJiuquHy HeMHoro MeHhme, 
qeM 2,11. 

* HacToxm;ee na,IJ;aane, T. 3 

,lJ.oHnaA P/73 (npeACTaBHn M. KaAHnaH) 

,D.HCKYCCHfl 

,l1.m. P. BEllCTEP (CIIIA): Mon no11poc «acaeT
CH npuMeHHMOCTH Barnell: BTopon Mo)J;enu. llocJie 
Toro :KaR Bhl IIop;6upaeTe aHa'leHHH )l;JIH cpyHR
:u;un G R H, «aR BLI onpep;enHeTe p;uanaaoH 
TeMnepaTyp, CTeiieHb OTpaBJieHHH, THilhl pe30HaH
CHOrO IIOrJIOTIITeJIH H CTeneHb yTe'lRH, :K :KOTOphlM 
6y)J;yT IlpHMeHHTbCH <ITH 3Ha'leHHH? 

M. HA,l1.IIJIAH (<DpaHIJ;HR): QeHHOCTb Mop;eJIR 
nee eru;e nop;nemuT o6o6ru;enHoMy nayqemiiO. MLI 
OTMeTHJIH HaJIH'lHe XOpomero COOTBeTC'rBHH B H3-
BeCTHhlX TIIJ;aTeJibHO IIOll,o6paHHhlX CJiy'laHX, :KOTO
phle HBJIHIOTCH )];OBOJibHO IIO:Kaaa TeJibHhlMH )l;JIH 
HOpMaJibHhlX ycJIOBHH, 'IT06hl Mhl MOrJIH y6e)J;HTb
CH B TOM, 'ITO <ITa MO)];eJib He MOil\eT O:Ka3aTbCH 
Imoxo:H aa o'leHb pep;«RM HCRJIIO'leHueM. Bo 
BCH:KOM CJiyqae 3TO CIIpaBe)J;JIHBO )l;JIH )l;JIHTeJib
HOrO nepuop;a pa6oThl, xoTH Mhl u He aHaeM, MomeT 
JIH <ITa MO.lWJib IIpHMeHHTbCH )l;JIH pemeHHH 
IIpo6JieM, CBH3aHHhlX C HeHTpOHHhlMH RMIIYJib
CaMH. 

,lJ.oHnaA P/367 (npeACTaBHn A. A. 4epHblwes) 

,D.HCKYCCHH 

,l1.m. P. BEllCTEP (CIIIA): H'a:K BLI o6'LHCHHTe 
HeCOOTBeTCTBHe Memp;y CIIe:KTpaMH HeHTpOHOB 
B ypaH-BO)l;HhlX pemeT:Kax, uaMepenHLIMH BaMH 
<ll{CIIepHMeHTaJibHO H C IIOMOIIJ;biO paC'leTOB, cp;e
JiaHHhlX XoneRoM H Ta:Kaxamu [211? 8TH pacqeThl 
OCHOBaHhl Ha MO)l;eJIH CBH3aHHOro aTOMa )l;JIH 
BO)l;hi, R c HHMH cornacyiOTCH MHorue p;pyrue 
p;aHHhle. 

A. A. qEPHbiiiiEB (CCCP): BoiOch, 'ITO B 
p;aHHhlH MOMeHT H He CMory o6'LHCHHTb 3TO pac
XOJI\)l;eHHe. Op;HaRo H p;oJimeH yRaaaTb Ha To, 
'ITO peaynhTaThl pac'leToB, Ha :KOTophle BLI 
CChlJiaeTeCb, He COOTBeTCTBYIOT <lKCIIepHMeH
TaJibHhlM peayJihTaTaM, IIOJiy'leHHhlM TaRme H 
B XapyaJIJie. 

:K. X. BEKYPTC (<DPf): H'aR BLI BhlBO)l;HTe 
pacnpe)J;eJieHue o6o6ru;eHHoro qacTOTHoro cneR
Tpa P(~) Ha ocHonaHHH aaKoHa pacceHHHH? Bhl 
aRcTpanonupyeTe nepeHoChl p;nyx HMIIYJibCOB unn 
IIOJib3yeTeCb MeTO)l;OM HTepa:u;un? 

A. A. qEPHbiiiiEB (CCCP): MLI nechMa npo
CTo, HO He O'leHb TO'IHO, 110Jib3yeMCH cpyHKIJ;H
eif P (~) H He npu6eraeM R MeTop;y HTepau;uu HJIH 
:K pac'leTaM Ha Bhl'lHCJIHTeJibHOH MaiiiHHe. tDyHK
IJ;HH P( ~) MomHo npup;aTh 6onee TO'IHYIO !fJopMy 
nyTeM pac'leTa p;namp;hl )J;ucp!J!epeH:u;uaJibHhlX ceqe
HHH ua P (~) (c y'leToM npu6opHhlX acp!fJeKTOB) 
H nyTeM cpaBHeHHH ::lTHX paC'leTOB C H3MepeH
HhlMH Ce'leHHHMH. IlporpaMMa Ta:KHX pacqeTOB 
onRchlnaeTCH JI. B. Maii:opoBLIM u AP· B p;oKnap;e 
Pl360. 
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1\. X. lJEI\YPTC (<I)Pf): Bame naMepemte 
cnel\Tpa B aaBHCHMOCTH OT BpeMeHH B OCHOBHOM 
TO me, 'ITO n nponep;eHHoe rpynnoii IIyJia n Xapy
aJIJie. Bb1 cpanHnnaJIH peayJihTaTbl? 

A. A. 4EPHblillEB (CCCP): ,IJ;a. CpaBHeHne no
RaaaJio, 'ITO aHa'leHHH, noJiy'leHHble n XapyaJI
Jie, ropaap;o HHme. 8To ronopHT o HaJIH'IHH onpe
p;eJieHHbiX CHCTeMaTH'IeCRHX norpeiiiHOCTeii: B H3-
MepeHH.RX. 

,U. BAJIJHI (PyMbiHHH): 1\aJ{on AOJimeH 6b1Th 
p;nanaaoH naMeHeHn.R 1\oa<}><}>n~neHTa p;n<}><}>yann 
)J;JI.R BO)J;bl, 'IT06bl o6'b.RCHHTb YIIIHpeHHe nHRa 
Rnaanynpyroro pacceHHH.R c naMeHeHneM TeM
nepaTypbl, RaR aTo ynoMnHaeTC.R n BameM p;o
RJiap;e? 

A. A. qEPHblillEI3 (CCCP): 1\aR OTMe'laeTCH 
B f];ORJiap;e, H3MepeHH.R npoBO)J;HJIHCb npH OTHOCH
TeJibHO HH3ROM paapemeHHH; ~eJib 3aRJIIO'IaJiaCb 
n noJiy'leHHH p;aHHbiX, Heo6xop;HMbiX )J;JI.R pacqeTa 
TepMaJinaa~HH. lloaToMy Rnaanynpyroe pacce.RHHe 
cne~HaJibHO He aHaJIH3HpOBaJIOCb. J1a RpliBbiX 
BHf];HO, 'ITO YIIIHpeHHe HHROrp;a He npeBbllllaJIO f 0%. 

AHCKYCCHfl 

8. n. BJIH3AP,D; (CiliA); H o6paTHJI BHHMamte, 
'ITO Bb1 HHTepecyeTech peaR~HHMH (n,p) II (n,a) 
n HpeMHBH npB nccJief];onaHH.RX Ha BameM cneR
TpoMeTpe. l13y'IHJIH JIH Bb1 npeBMym;ecTna, RoTo
pble noJiy'laiOTC.R npH liCIIOJib30BaHHli H30TOnOB 
KpeMHB.R, TaRn X RaR Si 30 , )J;JIH RoTopblx aTn 
peaRIWH 6b1JIH 6bl MeHee na/I\HbiMH? 

B. Afl,UA q11q (IOrocJiannH): B Hamnx noJiy
nponop;HHROBbiX )J;eTeRTOpax HCnOJib3YIOTC.R MOHO
KpHCTaJIJihl HpeMHH.R, H 6biJIO 6bl O'leHb p;oporo 
noJiy'laTb liX H3 OT)J;eJibHbiX H30TOnOB. 

8. II. BJil13AP,IJ; (CiliA): He HMem£ JIH Bb1 
3aTpyp;HeHHH C CliJibHbiM noTOROM, BbiXO)J;.RID;HM 
Ba )J;JIBHHoii: Tpy6RB? PaccMaTpnnaJin JIH noaMom
HOCTb OTRJIOHeHH.R aap.RmeHHbiX 'laCTH~ C noMO
ID;biO MarBHTOB? 

B. Afl,IJ;A qJ1q (IOrocJiaBB.R): Mb1 ncnoJILaonaJin 
)J;JI.R OTRJIOHeHH.R 3JieKTpOHOB 3JieRTpli'IeCROe 
noJie, HO ycTaHOBHJIH, 'ITO npOTOHbl H U-'laCTH~bl 

OT Heii:TpOHHbiX peaR~HH Ha aJIIOMHIIHH o6paaona
JIH 6oJILmyro qaCTb <}>oHa. HoBe'IBO, BX BeJierRo 
OTRJIOHHTb H, RpoMe TOfO, HeT O'leHb npOCTO
ro MeTop;a H3Mepeunii: CHJibHbiX ue:iiTpoHHhlX HOTO
ROB. 

,I.J,. BEH-,IJ;ABH,I.I, (HapaBJib): HaRoii: paapemaro
m;eii: cnoco6uoCTbiO no aueprnn o6Jiap;aeT C'leT'IHR 
6blcTphlX ueii:TpoBon Ba Li 6? 

B. All,UA quq (IOrocJianuH): Paapemarom;a.R 
cnoco6HOCTb cneRTpOMeTpa COCTaBJI.ReT OROJIO 
30 nae npu Mom;HoCTH 2 em. Paapemarom;aH 
cnoco6HOCTb 3aBHCHT OT MOID;HOCTH peaRTopa. 
8Ta 3aBHCHMOCTb npHBO)J;HTC.R Ha pHC. 2 )J;OR
Jiap;a. 
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,L\OKilaA p /498 H AOKilaA P /705 

,l.J;HCI\,)'CCHM no aTHM )J;OKJiap;aM He 6biJIO. 

05li.\AA AHCKYCCHR 

II. JIOHQQO (lhaJIH.R): MeTO)J;bl H p;aHBble no 
Ce'leHH11M, HCnOJibayeMble npoeRTHpOBID;liRaMH 
peaRTOJlOB (no Hpaii:ueii Mepe B o6JiaCTH BO)J;.RHbiX 
peaHTopon), HMeroT 5-1 0-JieTHIOIO f];aBBOCTb. Ho
Bble MeTo)J;bl aHa'IHTeJibHO nyqrne, II npop;oJimaiOT 
uaRanJIHBa TbC.R HOBble p;aHHble, op;HaRo npoeR · 
Tnponm;HRH peaRTopon ncerp;a HYiH)J;aiOTCH n Rpn
TH'IeCKHX aKCnepHMeHTaX )J;JI.R KOHCTpyHpOBaHH.R 
p;eii:CTBHTeJibHO HOBOfO peaKTopa. IIpoCTble MeTO
Ahl <}>aRTH'IeCRH MoryT f];aTb norpemHOCTb B katlltll 
nop.R)J;R* f %, BepO.RTHO, nOTOMY, 'ITO HeROTOphle 
6oJibiDHI:J norpemHOCTH aHHyJIHpyiOT p;pyr p;pyra, 
H eCJIH Mbl nO)J;CTaBHM 6oJiee TO'IHhle 3Ha'IeHHH 
Ce'leHH v HJIH liCnOJib3yeM 6oJiee yCJIOtKHeHHhlll 
MeTO)J; ac'IeTa napaMeTpOB peaKTOpa, TO 'laCTO 
nOJIYlJ:a M 6oJibiDHe norpemHoCTH. MomeT JIB RTO
HH6yf];b o6'b.RCHHTb, .RBJI.ReTC.R JIH 3TO o6m;nM 

M II cym;ecTnyeT JIH nyTb npeop;oJieHHH ero? 

,I.I,m. . CTOPH (Coep;uueHHoe HopoJiencTno): 
0THOCH eJibHO aaMe'laHHH r-Ha Jlon~~O MHe Xo'IeT
Cll CRa3 Tb, 'ITO 1 R comaJieHHIO, 3TO f];eHCTBHTeJibHO 
cnpane · nno, 'ITO cHa'laJia nee 6oJiee ycJiomHeH
Hble MeT )J;bl pac'IeTa CJIHlliROM 'IaCTO p;aiOT peayJib
TaTbl, JIOXO COrJiaCyiOIII,HeC.R C peayJibTa TaMH, 
omup;ae biMH oT BHTerpaJibHbiX naMepeHnii:. TeM 
He MeH e .R noJiararo, 'ITO cJiep;yeT npop;oJimaTb 
aaHHMa bC.R 6oJiee yCJIOtKHeHHhlMH MeTO)J;aMH, TaR 

MOtKeT IIOMO'Ib BOCnOJIHHTb Hef];OCTaTOR 
n Harne noHHMaHBH nonep;eHB.II peaKTopa. 

8Ta 'ljo'IKa apeuB.II aacTannJia MeHH cp;eJiaTb 
HeCKOJib~O 3aMe'laHHH no npo6JieMaM o~eHKH 
p;aHHbiX lno .II)J;epHbiM Ce'IeHliHM H o6pa60TRH 3THX 
p;aHHhiX :c ~eJibiO noJiyqeuu.II Muororpynnonblx 
)J;aHHbiX i ll p;pyrHX npOH3BO)J;HbiX BeJIH'IHH f];JI.R 
HCnOJib3~BaiiH.R HX B nporpaMMaX HCCJie)J;OBaHH.R 
nepeuoc4 ueii:TpouoB n 6oJiee cJiotKBhiX peaKTopax. 
,IJ;-p Yac~I\oTT RpaTKO ynoM.RHYJI o6 aTHX nonpo
cax n cnpeM p;oRJiap;e P /717; 6oJiee nop;po6uo oun 
TaKme p~ccMaTpHnaiOTC.II n p;oKJiaf];e P/168, npep;
cTaBJieu~oM BeJIBKo6pnTaBHeil. 

3a n~cJiep;une uecKoJibKO JieT aua'IHTeJibHO 
yJiy'lmHJIHCb Ka'lecTBO n KoJIB'IeCTno p;auublx no 
OCHOBHbl!' ueii.TpOHHbiM Ce'IeHB.RM 1 II nOTOR 3THX 
p;aHHbiX enpepblnuo pacTeT. Mbl ua'lnuaeM cTaJI
RnnaTbC C MaCCOBbiM noCTynJieBHeM HOBbiX p;aH
HbiX. Ta me KaR II ycneXB n TeopBB nepeuoca, 
3TO .RBJieHBe BeCbMa OTpap;HO, HO nOJIYlJ:eHHe 
p;aHHbiX f, <}>opMaX, Heo6XO)J;HM.b1X )J;JIH nporpaMM 
no Teop n nepeuoca, Tpe6yeT nponep;eHHH 6oJib
moro Ro nqecTna Tpyp;oeMRoii pa6oTbl. B BeJIB
Ko6pnTa HH HaKOnJieH 3Ha'IHTeJibHbiH npaKTH
qeCKHH OnbiT no pemeBHIO 3TOH npo6JieMbl, II Mbl 
ycTaHOB~JIH, 'ITO )J;JI.R nO)J;fOTOBRH noJIHOfO ROM
TIJieKTa rriop;C'IliTaHHbiX Ce'IeHHH )J;JI.R 0):\HOfO H30TO
na HJIH 3J]eMeBTa Tpe6yeTCH OT )J;BYX ):\0 mecTH 'IeJIO
BeKOMeCH~eB. TaHBM o6paaoM, 'IT06bl npof];eJiaTb 
::ny pa6o~y no seeM MaTepnaJiaM, npep;cTaBJIHIOIII,HM 

I 
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HHTepec C TOqKH 3peHliH <JIH3HKH peaKTOpa, II pH 
ooecneqeHJm O~eHKH Ha ypoBHe COBpeMeHHbiX 
TpeooBaHHH IIO )'depe IIOCTYIIJieHHH HOBbiX p;aHHbiX 
llOTpe6yiOTCH 3HaqHTeJibHble yCHJIHH. 

Acta de Ia sesi6n 3. I 

Mbi mHTaeM, qTo B :noii o6naCTH Heo6xop;HMbi 
peiiiHTeJihHble H nacToiiqHBble ycHJIHH, p;JIH o6ec
neqeHHH KoTopbiX neo6xop;HMo Memp;yHapop;Hoe 
coTpyp;HHqecTno. 

Adelantos en fisica de reactores 

Presidente: J. A. Goedkoop (Pa[ses Bajos) 

Documento P/261 (presentado por G. I. Bell) 

DISCUSI6N 

Sh. YIFTAH (Israel): ~ Da Iugar Ia polarizacion a 
algun efecto medible sobre el trans porte de neutrones? 

G. I. BELL (Estados Unidos de America): Es facil 
detectar efectos de polarizacion en experimentos de 
dispersion multiple. En un experimento de dispersion 
doble, un haz de neutrones adquirira una polarizacion 
perpendicular al plano de Ia primera dispersion. En Ia 
segunda dispersion so observara una asimetria entre 
derecha e izquierda que es consecuencia de Ia polariza
cion y permite su medida. Cuando se tiene en cuenta 
la polarizaci6n, la teoria del transporte entrafia cuatro 
magnitudes (dos amplitudes complejas de dispersion), 
que pueden obtenerse mediante un experimento de 
dispersion triple 0 por calculo. 

El transporte de neutrones en el intervalo de ener
gias > 100 keV depende de la polarizacion pero, como 
esta no puede ser manejada a voluntad, no resulta 
facil separar su contribucion. 

Sh. YIFTAH (Israel): En sistemas de neutrones 
manejamos estadisticamente poblaciones muy nu
merosas, l. cree usted, por lo tanto, que los efectos de 
polarizaci6n pueden tener importancia para los 
calculos de estos sistemas ? 

G. I. BELL (Estados Unidos de America): En prin
cipio, la dependencia del transporte de neutrones 
respecto de la polarizaci6n no tiene que ver con el 
tamafio de la poblacion de neutrones. Sin embargo, 
puede que estos refinamientos no sean de mucha im
portancia practica debido a las incertidumbres en las 
secciones eficaces totales. 

E. V. 0RLOV (URSS): El estudio de los efectos de 
polarizaci6n sobre los procesos de transporte de neu
trones, tal como aparece en su articulo, ha adquirido 
recientemente gran importancia ya que algunos experi
mentos indican, como resultado de la dispersion, un 
grado de polarizacion de los neutrones superior a lo 
esperado. P. S. Otstavnov * ha expuesto cualitativa-

* Atomnaya Energia, 14, 487, Moscu (1963). 

mente los efectos de polarizacion sobre la reflexi6n 
de neutrones en diferentes medios. Posteriormente 
Y. N. Kazachenkov y yo hemos formulado ecuaciones 
cineticas en Ia aproximacion de difusion para la densi
dad de flujo y de spin, teniendo en cuenta la polariza
cion causada por Ia interaccion spin-orbita durante Ia 
dispersion. 

Con referencia a Ia primera pregunta del Sr. Yiftah, 
me gustaria indicar que, utilizando datos experimen
tales, hemos estimado los cambios en el coeficiente D 
de difusi6n de neutrones, debidos a efectos de polariza
cion. Para nucleos pesados y energias neutronicas E 
del orden de 1 MeV, 8DjDR3 -(1 a 2) %; para 
nucleos de Mg y Si y energias neutronicas de unos 
20 keV, 8DjDR3-(10 a 20)%. Un resumen de este 
trabajo ha sido publicado en Atomnaya Nauka i 
Tekhnika. Las diferencias en estos valores pueden 
deberse al cambio de signo de Ia polarizacion para 
angulos correspondientes a lo!> valores extremos de la 
seccion eficaz diferencial. Esto puede explicar la dis
minuci6n en la correccion de polarizaci6n para neu
trones de momento orbital elevado. 

G. I. BELL (Estados Unidos de Am¢rica): Sus 
comentarios son muy interesantes y me sorprende el 
fuerte efecto que usted ha mencionado. Quizas deberia 
aprovechar la ocasi6n para afiadir unos comentarios a 
la informacion contenida en mi·articulo. 

Usualmente Ia dispersion anisotropa se trata 
desarrollando el nucleo de dispersion (funcion de 
transferencia) en serie de polinomios de Legendre del 
angulo de dispersion. Por ejemplo, el nuevo codigo 
DTF es un codigo FORTRAN que utiliza el metodo 
discreto Sn (DSN) y que para laminas y esferas per
mite un desarrollo de Legendre de basta diez terminos 
del nucleo de dispersion. Realmente son suficientes dos 
terminos del desarrollo para calculos de criticidad pero 
en cambio para calcular la penetracion de rayos y a 
traves de grandes espesores se'han usado cinco o mas 
terminos, obteniendose excelente acuerdo con los 
resultados dados por el metodo de Monte Carlo. Como 
ejemplo de tal comparacion entre los metodos ·sn y de 
Monte Carlo, consideremos los resultados de Ia 
figura 1. Una fuente gamma de 2 MeV se distribuyo en 
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-MONTE CARLO 
••• OTF CS,.l 

RADIO EN CM 

Figura 1 

una regiOn esferica de radio 7,74 em que contenia 
uranio, hierro y sodio. Fuera de ella habia principal
mente hierro basta un radio de 29,5 em, seguido de 
50 em de grafito. La figura muestra el flujo gamma 
entre I y I ,25 MeV calculado mediante el codigo de 
Monte Carlo SAGE ymediante el codigo Sn DTF con un 
desarrollo Ps del nucleo de dispersion y cuadratura P1 
doble para el flujo angular. Se utilizaron 16 direc
ciones discretas para las gammas en el P7 doble. Se 
observa que la concordancia entre los resultados Sn y 
Monte Carlo cae dentro, mas o menos, de la incerti
dumbre estadistica de este ultimo metodo. Un desarro
llo Pa da tambien flujos que son indistinguibles de los 
correspondientes a Ps. 

Se acaba de terminar una serie de calculos de 
espesores criticos de laminas con dispersion anisotropa 
que proporciona una comparacion interesante de los 
resultados obtenibles con dos metodos completamente 
diferentes. Los calculos fueron hechos por Leonard, 
quien uso el metodo de la ecuacion integral singular, y 
por Lathrop utilizando el codigo DFT con el esquema 
de Ia cuadratura P7 doble, que para laminas es equiva
lente a un metodo de ordenadas discretas con 16 direc
ciones. Los calculos en Ia aproximacion de velocidad 
constante, se efectuaron con una funcion de dispersion 
anisotropa que tenia Ia misma dependencia angular 
que Ia dispersion elastica en hidrogeno. La ecuacion de 
transporte para el problema puede escribirse: 

fL o!/J(x,f.L) + o/(x,f.L) = 
ox 

I 2 I 

c'j o/(x,fL')dt-t' + c6 2n i I bnPn(p,) 1 Pn(JL')o/(X,f.L')dt-t' 

donde ho = I, h1 = 2/3, b2 = 1/4. 
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Asi pues, c' y c son, respectivamente, los coeficientes 
de Ia partes isotropa y anisotropa de Ia dispersion. 
Hemo~ conservado solamente dos terminos en Ia 
funcion de dispersion. Se notara que b2 tiene un efecto 
relativamente pequeiio sobre el resultado, mientras 
que paira hidrogeno ba y b4 (que valen: cero y - 1/24, 
respecHvamente) pueden ignorarse para nuestro pro
posito. 

En Ia teoria de la integral singular, una primera 
aproxiracion para el espesor critico es 

\ -ro=rr/ vo I - 2Zo 

donde I vo es el autovalor discreto de Ia ecuacion de 
Boltzm:ann y Zo es Ia distancia extrapolada corres
pondiente a dispersion anisotropa. Este resultado es, 
por ta111to, formalmente identico al de Ia teoria del 
pun to !~mite y se designa de este modo en Ia tabla I. El 
esque4a iterativo puede escribirse 

Tn = rr I vo I - 2Zo- R(rn-1) 

n=O,l, ... y R(r_I)=O 

donde ~ es una funcional relativamente complicada de 
funciones que satisfacen ecuaciones de Fredholm. 

En Ia tabla 1 se dan los semiespesores criticos para 
diferentes valores de c y c'. En las columnas encabe
zadas con Pl solo se incluyeron en la funcion de dis
persion los terminos basta el P1(p,) mientras que en las 
encabezadas con P2 se incluyo tambien el termi
noP2(p,). Los valoresexactossonlosqueobtuvo Leonard 
mediante iteracion a partir de los valores del metodo 
del punto limite. 

En 111. tabla se ve que los valores DFT (Sn) y los 
exactos difieren solo en Ia cuarta o quinta cifra deci
mal. Puede que diferencias tan pequeiias no sean 
significativas. Los valores del metodo del punto limite 
son exqelentes basta que c + c' se hace grande, de 
acuerdq con las experiencias de dispersion is6tropa. 
Se ve que el efecto del termino P2(p,) es de uno a tres 
por ciento para c = 0,9 y naturalmente mayor para 
laminas delgadas en las que Ia anisotropia del flujo es 
mayor. 

Los tiempos de calculo para el programa DTF y 
para el~etodo iterativo fueron similares (alrededor de 
un min to para cada problema en Ia IBM 7094). EI 
progra a DTF es inmediatamente aplicable a pro
blemas mas complicados con multiples regiones y 
grupos, ~ientras que el metodo iterativo no Io es. 

Para terminar, me gustaria describir los resultados 
de un estudio de los efectos de polarizaci6n sobre el 
transponte de neutrones que acabamos de realizar en 
Los Ala):nos el Dr. Walter Goad y yo. En la teoria de 
transpo~te convencional, un neutron se trata como una 
particul~ puntual que queda completamente descrita 
por su posicion y velocidad. En realidad ei neutron 
tiene spin y la experiencia ( especialmente en los 
ultimos ~iios) ha demostrado que tiene una influencia 
notable obre Ia dispersion de neutrones por la mayoria 
de los I ucleos a energias may ores que cien ke v 
aproximadamente. Un haz de neutrones no polarizado 
(es deci~: sin direcci6n preferente del spin) emergera 
polarizaro (es decir: su spin adquirira una direccion 

I 

I 
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Tabla 1. Semiespesores criticos para laminas (mfp) 

PlDTF P1exa.cto P J punto lfmite P2nTF P2exa.cto P2punto llmite 

c+ c'= 1,05 
0,1 3,39225 3,39216 3,39216 3,39042 3,39032 3,39032 
0,3 3,60356 3,60346 3,60346 3,59724 3,59714 3,59714 
0,5 3,86368 3,86358 3,86358 3,85135 3,85126 3,85126 
0,7 4,19568 4,19558 4,19558 4,17506 4,17495 4,17495 
0,9 4,64212 4,64203 4,64203 4,60935 4,60927 4,60927 

c+ c'= 1,10 
0,1 2,16524 2,16519 2,16525 2,16311 2,16306 2,16313 
0,3 2,28290 2,28285 2,28291 2,27558 2,27553 2,27559 
0,5 2,42452 2,42447 2,42452 2,41031 2,41026 2,41033 
0,7 2,59999 2,59994 2,59998 2,57637 2,57632 2,57639 
0,9 2,82629 2,82625 2,82628 2,78923 2,78917 2,78924 

c+c'= 1,20 
0,1 1,31521 1,31519 1,31567 1.31299 1,31296 1,31347 
0,3 1,37256 1,37254 1,37308 1,36498 1,36496 1,36558 
0,5 1,43939 1,43935 1,43997 1,42486 1,42484 1,42561 
0,7 1,51884 1,51882 1,51948 1,49506 1,49505 1,49604 
0,9 1,61576 1,61575 1,61646 1,57930 1,57929 1,58061 

c+c'= 1,30 
0,1 0,95354 0,95352 0,95473 0,95142 0,95140 0,95266 
0,3 0,98811 0,98810 0,98955 0,98098 0,98096 0,98262 
0,5 1,02747 1,02746 1,02922 1,01398 1,01399 1,01621 
0,7 1,07292 1,07291 1,07507 1,05123 1,05127 1,05439 
0,9 1,12636 1,12635 1,12903 1,09382 

c+c'=1,40 
0,1 0,74726 0,74727 0,74930 
0,3 0,77031 0,77032 0,77288 
0,5 0,79607 0,79606 0,79936 
0,7 0,82519 0,82519 0,82948 
0,9 0,85853 0,85853 0,86424 

preferente) de una dispersion por un blanco no 
polarizado y esa polarizacion afectani Ia dispersion 
siguiente. Se introduce asi una nueva correlacion entre 
dispersiones que debe afectar ei transporte de neu
trones. La polarizacion inducida por la primera dis
persion es, en casos tipicos, de decenas de tantos por 
ciento para neutrones con energias del orden del MeV 
y el efecto se explica mediante un termino spin-orbita 
en la energia de interaccion del neutron con el nucleo. 

0,74532 0,74529 0,74743 
0,76381 0,76378 0,76669 
0,78393 0,78396 0,78800 
0,80595 0,80610 0,81199 
0,83022 

entre el eje de simetria y la direccion del neutron. Por 
otra parte en esta aproximaci6n, el efecto de Ia polari
zaci6n sobre el transporte de neutrones equivale 
simplemente a un incremento en la secci6n eficaz de 
transporte. Para los materiales que hemos examinado 
el incremento no es grande, siendo en casos tipicos del 
orden de 1 %, y por tanto inferior a la incertidumbre 
eil los valores experimentales de las secciones eficaces. 
Sin embargo creemos que es satisfactorio el disponer 
ahora de una raz6n s6lida para despreciar efectos de 
polarizaci6n, al menos en la mayoria de los casos 
practicos. 

Documento P/263 (presentado por R. G. Luce) 

DISCUSI6N 

J. M. DODERLEIN (Noruega): ~Puede usted acon
sejarnos sobre un c6digo de calculo c6modo y efi
ciente en teoria de difusi6n bidimensional empleando 
unos pocos grupos y que este escrito un 90 o un 100% 
en lenguaje FORTRAN? 

Hemos formulado una teoria de transporte para 
neutrones con spin donde la dispersion ya no se 
describe por una seccion eficaz diferencial sino por dos 
amplitudes de dispersion complejas y donde el estado 
del haz de neutrones se especifica no solo por la densi
dad de neutrones sino tambien por el vector de 
polarizacion (o matriz densidad de spin). Para geo
metria plana o con simetrfa esferica, donde hay un eje 
de simetria para las direcciones de los neutrones, se 
encorttr6 que el vector polarizaci6n es siempre per
pendicular al plano que contiene el eje y la direcci6n 
del neutron. La poblaci6n de neutrones puede deter
minarse a partir de dos ecuaciones escalares de trans
porte acopladas para la densidad ii de neutrones y la 
densidad de polarizaci6n np. Si admitimos que 
n(x, 8)= no(x) + 3 cos 8 j(x) como en teoria de difusi6n, 
entonces np,.._.j(x) sin 8. Como siempre, 8 es el angulo 

R. G. LucE (Estados Unidos de America): Hay 
varios. El usado en nuestro laboratorio no esta ente

. ramente en lenguaje FORTRAN; es el codigo KARE. 
Otros estan completamente en FORTRAN. 
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Documento P/717 (presentado por C. H. Westcott) 

DISCUS16N 

J. CHERNICK (Estados Unidos de America): 
l. Querria usted indicar basta que pun to se han utili
zado datos de experimentos integrales y en particular 
los del bafto de Mn para llegar a sus estimaciones de 
datos nucleares a 2200 m/s? 

C. H. WESTCOTT (OlEA): Se incluyeron solamente 
los resultados de experimentos integrales que habian 
sido publicados o presentados a Ia atencion de nuestro 
grupo y suficientemente documentados; por ejemplo, 
era necesaria una descripcion del espectro que per· 
mitiese una interpretacion directa y sin ambigliedad en 
terminos de constantes a 2200 mjs. Las medidas en 
banos de Mn de Oak Ridge fueron incluidas en nuestro 
estudio. 

J. CHERNICK (Estados Unidos de America): Los 
resultados de experimentos criticos recientes en el 
Reino Unido yen los Estados Unidos indican que el 
valor de 7J para 239Pu es algo menor que su estimacion 
de 2,123. l No deberian utilizarse datos de este tipo en 
Ia evaluacion de las secciones eficaces y ser incluidos 
en su amilisis? 

C. H. WESTCOTT (OlEA): Las medidas de criticidad 
de Gwin y Magnusson tambien se incluyeron en 
nuestro estudio y yo no recuerdo ningun trabajo 
publicado mas recientemente. Sin embargo debo 
aftadir que los errores estimados de todas las medidas 
efectuadas con un espectro maxwelliano se incre
mentaron para incluir el error estimado del factor g 
utilizado para convertir las constantes correspon
dientes en los valores a 2200 mfs. 

J. E. SANDERS (Reino Unido): Con referencia al 
comentario del Dr. Chernick sobre Ia TJ del 239Pu me 
gustaria indicar que los experimentos en el Reino 
Unido sobre combustibles de 2asu y 239Pu en modera
dores de H20 y grafito apoyan el valor mas alto de TJ 
para 239Pu sugerido por Ia nueva revision del 
Dr. Westcott. A esta conclusion se llega en el docu
mento P/165 de Askew y Sanders*. 

J. 'CHERNICK (Estados Unidos de America): Si, pero 
los datos britanicos publicados en el documento 
P/165 de Askew y Sanders sugieren un incremento de 
I % en el valor de TJ para 239Pu que ellos habian estado 
utilizando previamente (2,088) y esto conduce a un 
valor ligeramente inferior a 2, II. 

Documento Pf73 (presentado por M. Cadilhac) 

DISCUS!6N 

J. R. BEYSTER (Estados Unidos de America): Mi 
pregunta se refiere al margen de aplicabilidad de su 
modelo secundario. Una vez que usted ha obtenido un 
ajuste para las funciones G y H, l como conoce el 
intervalo de temperatura, el grado de envenenamiento, 

• Estas Aetas, vol. 3. 
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los tipos de absorbente de resonancia y el grado de 
escape~ a los que se aplicara dicho ajuste? 

M. CADILHAC (Francia): Todavia esta sin hacer el 
estudio general de la validez del modelo. Hemos 
observado una buena concordancia en ciertos casos 
cuidadosamente seleccionados, que eran suficiente
mente · .. representativos en situaciones normales para 
convencernos de que el modelo no puede ir del todo 
mal e~cepto en casos muy excepcionales. De todos 
modos 

1 

esto es cierto para regimen estacionario pero 
no sab~mos si el modelo se puede usar en problemas 
con fu~ntes pulsadas de neutrones. 

Documento P/367 (presentado por A. A. Chernishov) 

DISCUS16N 

J. R. BEYSTER (Estados Unidos de America): l. Como 
explicaiusted Ia discrepancia entre sus espectros experi
mental¢s de neutrones en redes de agua y uranio y los 
calculos de Honeck y Takahashi* ? Los calculos de 
estos ultimos autores se basan en un modelo de atomos 
ligados . para el agua, con el que estan de acuerdo 
muchos otros datos de neutrones. 

A. A[. CHERNISHOV (URSS): Creo que no puedo 
explicat esta discrepancia por ahora. Sin embargo, 
debo hacer notar que los resultados de los calculos a 
que usted se refiere tampoco estan de acuerdo con los 
resultados experimentales obtenidos en Harwell. 

K. H. BECKURTS (Republica Federal de Alemania): 
l Como obtiene us ted Ia distribuci6n general de fre
cuencias P(fJ) a partir de Ia ley de dispersion medida? 
l Extrapola simplemente las dos transferencias de 
momento o utiliza un procedimiento iterativo? 

A. A, CHERNISHOV (URSS): Obtenemos Ia fun
cion P(fi) muy simple, aunque no muy exactamente, sin 
usar un metodo iterativo ni una calculadora. La forma 
de P(fJ) $e puede hacer mas exacta calculando a partir 
de ella s~iones eficaces diferenciales dobles (teniendo 
en cuenta efectos instrumentales) y comparando los 
resultad~s del calculo con las secciones eficaces medi
das. En 4ldocumentoPj360 deL. V. Maiorovetal. se 
describe lun programa de tales calculos. 

K. H.·BECKURTS (Republica Federal de Alemania): 
Su medi,(la del espectro dependiente del tiempo es 
esenciali1J.ente Ia misma que Ia efectuada por el grupo 
de M. J. Poole en Harwell. lHa comparado usted los 
resultadc>s ? 

A. A. CHERNISHOV (URSS): Sf. La comparacion ha 
demostrado que los valores de Harwell son siste
maticamente inferiores, lo que indica que hay ciertos 
errores sistematicos en las medidas. 

D. BALLY (Rumania): l.Cual debe ser el intervalo de 
variacion del coeficiente de difusion del agua para 
explicar el ensanchamiento del maximo cuasi-elastico 
con Ia temperatura que usted menciona en su articulo? 

• Refere~cia [21] del documento. 
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A. A. CHERNISHOV (URSS): Como se indica en el 
documento, las medidas se efectuaron con una resolu
cion relativamente baja; el propos ito fue obtener 
informacion necesaria para calculos de termalizacion, 
de modo que no se hizo ningun analisis especial de Ia 
dispersion cuasi-ehistica. De las curvas se deduce que 
el ensanchamiento nunca excedfa de 10 %. 

Documento P/858 (presentado por V. Ajdacic) 

DISCUSI6N 

E. P. BLIZARD (Estados Unidos de America): 
Observo que usted tiene el problema de las reacciones 
(n,p) y (n,a) en silicio con su espectrometro. lHa 
estudiado las ventajas que se derivarian de utilizar 
isotopos del silicio tales como el silicio-30 para los 
cuales esas reacciones serian mucho menos impor
tantes? 

V. AmACic (Yugoslavia): Nuestros detectores semi
conductores son monocristales de silicio y resultaria 
muy caro obtenerlos de un solo isotopo. 

E. P. BLIZARD (Estados Unidos de America): l Tiene 
usted problemas con ei alto flujo que sale del tubo 
largo? i. Ha considerado la posibilidad de desviar las 
particulas cargadas mediante imanes? 

V. A.JoAcic (Yugoslavia): Utilizabamos un campo 
electrico para desviar los electrones pero encontramos 
que los protones y particulas a de las reacciones de 
neutrones con aluminio constituian la mayor parte del 
fondo. Naturalmente, no es facil desviarlas y al mismo 
tiempo disponer de un metodo muy sencillo para 
medidas de flujos elevados de neutrones. 

G. BEN-DAVID (Israel): l Cual es Ia resolucion de su 
detector de 6Li para neutrones nipidos? 

V. AJDACIC (Yugoslavia): La resolucion del espec
trometro era de unos 300 ke V a una potencia de 
2 vatios. La resolucion depende de la potencia del 
reactor tal como se indica en Ia figura 2 del docu
mento. 

Documentos P/498 y P/705 

No hubo discusi6n sobre estos documentos. 

DISCUSI6N GENERAL 

P. Lo Izzo (Italia): Los metodos y secciones eficaces 
utilizadas por los disefiadores de reactores (al menos 
en el campo de los reactores de agua) datan de hace 
cinco a diez afios. Los metodos nuevos son conside-

rablemente mejores y nuevos datos se estan ya acumu
lando, pero los disei'iadores de reactores necesitan 
siempre experiencias criticas para disefiar un reactor 
realmente nuevo. Los metodos sencillos son realmente 
capaces de darnos por ejemplo un error de I % en 
ker (probablemente debido a que ciertos errores 
grandes se cancelan entre si) y si utilizamos valores 
mas precisos para el calculo de un panimetw de un 
reactor, obtenemos a menudo errores mayores. 
l, Podria alguien hacer un comentario sobre si este es 
un efecto general o si hay algun modo de evitarlo? 

J. S. STORY (Reino Unido): En relaci6n con los 
comentarios del Sr. Lo Izzo, creo que desgraciada
mente es verdad que en un principio, metodos mas 
elaborados de calculo dan muy a menudo resultados 
que concuerdan menos bien de lo que cabria esperar 
de medidas integrales. Sin embargo, creo que se deben 
seguir los metodos mas elaborados puesto que nos 
pueden ayudar a poner en claro deficiencias en nuestro 
conocimiento del comportamiento de un reactor. 

Esta situacion me lleva a hacer unas pocas sugeren
cias sobre el problema de evaluar datos de secciones 
eficaces nucleares y de tratar estos datos para obtener 
parametros de multigrupos y otras magnitudes deriva
das para su uso en programas elaborados de transporte 
de neutrones en un reactor. El Dr. Westcott ha men
cionado brevemente estas cuestiones en su docu
mento ( P /717 ) y son tam bien analizadas con mas 
detalle en el documento del Reino Unido P/168. 

Durante los ultimos afios Ia calidad y e1 numero de 
datos basicos de secciones eficaces ha mejorado consi
derablemente y su ritmo de aparicion es aun creciente. 
Estamos empezando a hacer frente a una verdadera 
<<explosion de poblaci6n )) en cuanto a nuevos datos. 
Esto, junto con los avances en teoria de transporte, 
es muy satisfactorio pero exige mucho trabajo para 
expresar los datos en Ia forma necesaria para los 
programas de calculo en esa teoria. En el Reino Unido 
tenemos una experiencia practica considerable en este 
problema y hemos encontrado que preparar Ia evalua
cion de una serie completa de secciones eficaces para 
un solo nucleo o elemento, supone de 2 a 6 meses -
hombre; en estas condiciones, el llevar a cabo este 
trabajo para todos los materiales de interes en fisica de 
reactores y mantenerlo al dia segun van Ilegando los 
nuevos datos representara un esfuerzo enorme. 

Creemos que se requiere un esfuerzo decidido y con
tinuado en este campo y que se necesita urgentemente 
una colaboraci6n internacional para asegurar un 
ritmo de esfuerzo adecuado. 
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