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PREFACE

The Proceedings of the International Conference on the Peaceful Uses
of Atomic Energy are published in a series of 16 volumes, as follows:

Yolume

Numbar Title

T The World's Requirements for Energy; The Role af Nuclear Power..........
2 Physics; Research REALIONS ..o et st

Sessions
Included

2, 32,41, 42, 5, 24.2,
6A, 7A, BA, 7A, 10A.1,

3  Power Reactors .......oveevecnninns 1042, 3.1, T1A, 124,
13A, 14A.

4 Cross Sections Important to Reactor Design ... 154, 164, 17A, 18A.

5 Physics of Reaelar Design .....ccceomrevcoerinicrecsenercenmrrmresemseneeenenenes. 198 204, 21A, 224, 23A.

&  Geology of Uranium and Therivm _........... .. 6B, 7B,

7  Nuclear Chemistry and the Effects of lrradluhun terreereeramsmneeeneneneeanee. @8, 9B, 108, 11B, 12B,
13B.

o

Production Technology of the Materials Used for Nucleor Energy........
D Reactor Technology ond Chemicol Processing ...ooocoveciviiecicnvcirvveccce

148, 158, 168, 17B,

7.3, 18B, 198, 20B, 218,
228, 238,

7.2 (Med.), BC, 9C, 10C.
.60, 11C, 126, 13C..

. 7.2 (Agrie), 13C.2, 14C,
15C, 16C.

e 4.3, 8.2, 17C, 18C.
- 7.0, 19C, 20,

21¢, 22C, 23C.

10  Radicacdtive Isotopes and Nuclear Radiations in Medicine ...,
11 Biclogicol Effects of Rodiation ., Lreraressr e rersrnraran sesresneaan sreeas
12 Radioactive Isotopes and Iomzmg Rudmtuons in Agnculture.
Physiology and Biochemistry ..
13 Legal, Administrative, Healih and Sofefy Aspecls of Large-Scale
Use of Nucleor Energy .. ORI
14  General Aspects of the Use of Radlouchve lso!opes Dns:metry
15  Applications of Radicactive Isotopes and Fission Products
in Research and Indusiry .o
16 Record of the Conference ... e

These volumes include all the papers submitted
to the Geneva Conference, as edited by the Scien-
tific Secretaries. The eflorts of the Scientific Secre-
taries have heen directed primarily towards
scientific accuracy. Editing for style has been
minimal in the interests of early publication. This
may be noted especially in the English transla-
tions of certain papers submitted in Irench, Rus-
sian and Spanish, In a few instances, the titles of
papers have been edited-to reflect more accu-
rately the content of those papers.

The editors principally responsible for the
preparation of these volumes were: Robert A.
Charpie, Donald J. Dewar, André Finkelstein,
John Gaunt, Jacab A. Goedkoop, Elwyn O.
Hughes, T.eonard I¥. Lamerton, Aleksandar
Milojevi¢, Clifford Mosbacher, César A. Sastre,
and Brian L. Urgnhart.

. 1,241, 24.3.

The verbatim records of the Conference atre
included in the pertinent volumes. These verba-
tim records coniain the author’s corrections and,
where necessary for scientific accuracy, the edit-
ing chamges of the Scientific Secretaries, who
have also been responsible for inserting slides,
diagrams and sketches at appropriate points. In
the record of each session, slides are numbered
in numerical order through all prescntatlons-
Where the slide duplicates an illustration in the
submitted paper, appropriate reference is inade
and the illustration does not appear in the record
of the session.

Volume 16, “The Record of the Conference,”
includes the complete programme of the Con-
ference, a numerical index of papers and an
author’s index, the list of delegates, the records
of the opening and closing sesstons and the com-
plete texts of the eveming lectures.
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IMPORTANCE OF ISOTOPES 7

A summary of radiation sources from reactors
would not be complete without noting the reactors
themselves as sources as well as their coolants and
fuel’assemblies, Arrangements can be made to use the
tremendous gamma-ray flux near a rcactor core with-
out serious meutron effects. Reactors with liquid-
metal conlants will have large amounts of radiation
available in the circulating coolant. Fuel assemblies
of high-power reactors become intensely active and
while being “cooled’ before processing can be used
as gamma-tay sources, Fuel elements removed froin
the Materials Testing Reactor in Idaho have been
arranged to provide an irradiation test facility with
gamma-ray intensities of about 10,000,000 roentgens
per hour.

RAPID GROWTH IN UTILIZATION

The importance of isotopes is perhaps best indi-
cated by the rapid and continued growth in utiliza-
tion. Radioisotopes were first distributed from re-
actors in the USA in August 1946. Growth and
extent of use during the now 9 years’ distribution
can be expressed in terms of users, shipments, curies,
and published papers.

In the first year of radicisotope distribution only
about 100 USA institutions received shipments. In
9 years this number has grown to over 2700. About
1100 are medical institutions and 1200 are industrial
firms. Most of these institutions have several groups
of users, hence the total number of radioisotope-using
groups is arcund 3000,

Most striking is the recent growth in industrial
users. In 1950 only about 100 firms were using
radioisotopes. The number has increased 12-fold in
just 5 years. This in itself demnonstrates the impor-
tance of isotopes in technology and industry. Indus-
trial firms would not invest in nccessary equipment
as well as buy the isotopes {sold at full recovery of
costs) unless the values received were worthwhile,
Extension of routine industrial uses of isotopes, such
as radiography and radioisotope gaging, are taking
place rapidly throughout indwvstry. Also with new
applications continuaily being developed, a continued
rapid increase in industrial use is expected.

Radioisotope shipinents {rom Oak Ridge Nattonal
Laboratory alone have grown fremn only a few hun.
dred the first year of distrihution to over 12,000 per
vear. The number of shipments for 9 years totals
almost 72,000. Although Oalk Ridge National Labo-
ratory still remains the primary routinc supplier,
each major USAEC reactor laboratory now produces
and distributes some radioisotopes. Reactor labora-
tories supplv only irradiated materials or simple
compotinds. Production of the very large number of
special radioisotope compounds, radioactive pharma-
ceuticals, special radiation sources, and other prepara-
tions of radioisotopes, has Dbeen encouraged as a
business for private enterprise. Shipinents from these
private secondary distributors now total more than
twice that from the national laboratories. The total

number of radioisotope shipments reaching ultimate
users can he estimated at around 35,000 per ycar.

The total activity of radioisotopes distributed per
year from all USA reactor sources has increased from
around 63 curies in 1947 to over 40,000 curies in
1954, The average activity of individual shipments
was originally around 30 me. Today, excluding ship-
ments of Co®, the average is arotind 350 me. This
increase in activity per shipment is largely due to
industrial uses. Also reacter laboraturies now serve
as bulk suppliers for sccondary distributors. If one
includes Co%, the average shipment now exceeds
2.5 curies.

TABLE Ill. Approximate Number of Shipments and Curies
of Principal lsolopes in Nine-Year Period [from Qok
Ridge National Laboratery anly)

Tsotape Shipmeniv Curies
Cobalt-60 1.000 64,300
Cesium-137 600 3,100
Todine-131 27,600 3,000
Iridiym-192 200 2,700
Gold-198 2,600 1,800
Poloninm-210 120 1,200
Thosphorus-32 16,100 900
Hydrogen-3 300 700
Strontium-(89)-90 0 350
Carbon-14 2,100 40
Sodium-24 2,600 33
Others 18,800 800

Total 71,900 78,200

Table I1I shows the approximate number of ship-
ments and curies shipped for principal isotopes
distributed in 9 years from Oak Ridge National
Lalioratory alone. In total curies shipped Co® far ex-
ceeds ali other isotopes. This is mainly due to require-
ments for tcletherapy units (now over 30 in number).
Although Co® has many uses in science and medi-
cine, most of the 1000 shipments of this isotope have
been for technological and industrial use. Isotnpes
such as Cs137) Irl?2 Po2? and Sr%, which are used
mainly in industry, also show extensive use. I3 and
P32 lead in number of shipments because of short life
and extensive medical applicittion.

In the future, most isotopes shown will increase
steadily in use. Even greater increases can be ex-
pected in the total activity used of such isotopes as
Co®, Cs3T H? and 5t*. Industrial use of ission
products from reactor fuel processing would far over-
shadow in activity the total curies distributed to date.

The distributed activity of C'*, 40 curies, does not
seem large but in terms of normal cyclotron produc-
tion, this would require about 200,000 years of
cyclotron bombardment.

Another measure of usage is the number of papers
published in scientific and technical journals. Publi-
cations resulting in 9 years through the use of USA-
produced isotopes number around 11,000. The results
of a survey of published work during 1951-1954 are
shown in Table IV, The number of publications are
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TABLE 1V. Numbar of Published Works with USA-
Produced Reactor Isotopes in Various Categories
during 1951-1954

Diagnostic medicine 169
Therapeutic medicine 280
Clinical research 407
Human physiology 169
Genera! medical rescarch 196
Immunology 9%
Metabolite physiclogy in animals 530
Non-metabolite physiology in animala a5
Injurious agent physiclogy in animals 53
Gengeral animal physiclogy 408
Animal husbandry 100
Bacteriology 225
Fertilizer uptake Ly plants 78
Plant physiclogy 126
Photosynthesis 38
Radiation efects on living organisms 269
Biochemistry £03
Biosynthesis of labcled compounds 345
Chemical synthesis of labeled compounds 146
General chemistry 159
Reaction mechanisms and kinetics 376
Radiochemistry 108
Radiation detection 154
Radiation physics 3645
Nuclear properties of isatopes 466
General physics 52
General topics 191
Tsotope tecbniques 38
Applied industrial use 231
Entomology "_iS

Tatal 7183

listed in 30 categories of major interest. Over 60%
of these publications are in [fields directly related to
biology and inedicine, including agriculture. The
remainder fall mostly into the fields of science and
technology. Only about 230 of the over 7000 publica-
tions are on applicd industrial use. The reason pub-
lications in the Jatter category are small, in spite of
the increasing number of users, is because many of
the uses are routine, or modifications of uses already
reported. Also many new industrial uses are not
reported until covered by patents. The large amount
of published work on basic studies and development
of techniques is of course of much benclit to industry.

Tn addition to domestic distribation, the USA has
made isotopes available to other countries since Sep-
tember 1947, In nearly 8 years of such distribution,
almost 4000 shipments have been made to over 660
institutions in 46 countrics. Witly the advent of re-
actors in other countries, closer to many users, most
of the international needs for radioisotopes are met
more conveniently outside the USA. Nevertheless
distribution irom the USA to other countries con-
tinues to meet special needs. Shipment by air permits
users all over the world to obtain most useful isotopes
from any reactor laboratory.

It should be emphasized that Great Britain and
Canada also have extenmsive programs of isotope
production and distribution. If the above statistics
on uses, shipments and publications wére accumu-
fated for reactor laboratories of all countries, the

figures would be most impressive. They will becorme
even more impressive in the future as world-wide
use of these reactor byproducts grows.

VERSATILITY OF PRINCEPLES OF UTILIZATION

The tremendous variety of uses of radioisotopes
stems from three very versatile basic principles appli-
cable to radiation: (1) radiation affects materials,
(2) materials affect radiation, and (3) radiation
traces materials,

The first of these three principles, the use of radia-
tion to affect materials, is the least exploited at pres-
ent but is expected to play a large role in the future,
Although radiation can have many different ellects
on materials, these effects all result from icomization
or excitation of atoms or molecules.

Thus we find the radiation from radioisotopes
applied to produce ionization of air in static elimina-
tors, excitation of phosphorescent light sources,
destruction of bacteria in foods and drugs, activa-
tiun of chemical reactions, polymerization of organics,
alteration of material strength and conductivity, genc
changes, and therapeutic results in patients.

In the second principle of use, radiation is directed
at or through a material to gain information about
the material. Here the requirements are a radioactive
source, the material, and a detector to record the .
radiation transmitted through or rcflected from the
matetial,

All interactions of radiation with materials lower
its conergy or remove part of it from a beam, Thick-
ness of a material, its density, atomic number and
atomic structure, have dilferent effects on different
radiations. Therefore much can be learned regarding
thesc properties by observing their ellects in absorb-
ing or reflecting radiations.

The major applications of this principle are indus-
trial and clinical radiography, thickness and density
gaging, and analysis by radiation penctration. Other
important uses include liquid-level gaging and appli-
cations where an object is revealed by its effect on a
beam of radiation, The principle is also applied to
industrial sorting and packaging problems.

In applications Lased on the third principle, radia-
tion traces material, the radioisotope is incorporated
in or carried by the substance of interest. This sub-
stance can then be located or traced, or parts of it
measured quantitatively.

Radiomateril can be traced in bulk, as in locating
markers, determining fluid flow, fallowing motion of
material, detecting leaks and measuring wear and
abrasion. Also, radioisotopes as tracer atoms are used
to study all kinds of chemical, physical-chemical and
biochemical problems. In techmology, tracer uscs
include studies of corrosion, diffusion, detergency,
catalysis, and kinetics and mechanisms of reactions,

It is obvious that each of these principles has much
versatility in application. They provide a awide
spectrum of uses, covering many fields of technology
as well as varieties of indusirial materials, processes
and products. -
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SPECIFIC ILLUSTRATIONS OF USEFULNESS

A few examples of applications in the three cate-
gorfes mentioned will illustrate their uscfulness.

Luminescence, an effect of radiation on special
phosphor materials, provides sclf-luminous material
for safety marking in aircraft, mines, and public
Luildings, for low-level illumination, and for standard
light sources, Isotopes used for the purpose include
polonium, trittum, strontium-90, and cesium-137.
Brightness levels up to 1000 niierolamberts are ob-
tained, and a wide choice of colors can be produced.
Beta-emitters are preferred for this because there is
much less radiation damage to the phosphor than by
alpha-emitters.

Voltage production is another application of radia-
tion cffects. This extremely small but direct conver-
sion of radioactivity to electricity is attracting much
attention. Several types of radioisotope batteries have
been developed, operating on different principles. The
dircct-charging type builds up a potential as negative
beta particles from a radioisotope leave one electrode
and collect on another. The second and third types
depend on induction of a current by the contact
potential difference lLetween dissimilar materials, in
one case when ions are produced in a gas by the
radiation and in the other when a semi-conductor
junction in silicon is energized hy the radiation. In
still another, the heat from radinactive decay is con-
verted to electricity by thermocouples; in anpother,
the light from a radioisotope-activated phosphor is
converted by a photovoltaic cell, Such batteries pro-
duce minute amounts of current but are very useful,
for example, in electronic circuits where long-lived,
stable sources of potential are required.

Polymerization of monomers to form plastics is a
racdiation effect resulting from the breaking of mole-
cular bonds. Many open Londs are formed in the
path of each jonizing particle and result in aetive
recombination into new forms and structures. A
polymer produced by radiation can be quite different
from a product polymerized chemically from the
satne material. Since no chemical is introduced as a
catalvst, the product is relatively free from impurities
which can alter its properties. Not only industrial
products, such as plastics and synthetic rubbers, but
hlood-plasma extenders also, can be polymerized to
advantage by radiation.

A further effect of radiation on polymers is the
initiation of cross-linking between neighboring mole-
cules. Side-chain bonds are rather easily broken by
radiation aod immediately join with similarly opened
honds in adjacent molecules, A quite rigid, three-
dimensional structure is formied, having different
strength, heat resistance, and other properties from
the original.

While radiation from radioisotopes may not com-
pete with present commercial tnethods of producing
many polymers, its ability to polymerize and cross-
link gives some special materinls not possible or
practical by other means.

Sterilization of foods and drugs is another appli-
cation of radiation effects. Although at present largely
in the research stage, it will undoubtedly call for
great quantities of radioisotopes in the future.

Radiation in large enough doses can destroy harm-
ful hacteria and enzymes in a material without sig-
nificantly raising its temperature. Although the
necessary radiation doses cause unwanted changes
in taste ane color in certain foods, others are quite
unchanged and offer great commercial possibilities.
Among the potential applications may be mentioncd
preservalion of meat, poultry and hsh, killing of
trichina in pork and of insects in grain, inhibiting of
sprouting and spoilage in stored onions and potatocs,
extcnding shelf life of canned meats and vepgetables,
and pasteurization of dairy products,

While a good estimate of sterilization cost canrnot
yet be made, it seemis that it will be in the neighbor-
hood of one to seven cents per pound. Future costs
depend in large measure on feasilility and economics
of obtaining large usable quantities of fission-product
isolopes from spent reactor fuels.

Sterilization of drugs and other medical supplies
scems to present fewer problems than that of food.
Side effects are not as important and radiation proc-
essing can assure “guaranteed' sterifization while
avoiding disadvantages of high-pressure steam ster-

ilization. Jndging from effectivencss of experimental

facilities, operating costs would compare favorably
with present ones.

The ability of radiation to supply information Ly
reflection from or transmission through material has
proved a boon to industry. Most of the routine indus-
trial applications are based on this principle of matc-
rial affecting radiation.

Radiography, for example, took a great stride for-

ward when strong sources of gamma-ray emitting

isotopes such as cobalt-60 and iridium-192 became
available. Radiographic testing of numerous materials
and products became more convenient and cconomi-
cal. Many small foundries now maintain a routine
radiographic inspection of their castinps. Inspection
teams can move along a new pipeline in the field,
radiographing weld after weld in rapid succession.

Radicisotopes are supplying another long-felt need
in industry with their ahility to give rapid informa-
tion as to thickness and density of material. *The
beta-gage, cmploying beta particles, is the most com-
monly known radioactive device for this purpose,
Beta-gages are now completely established as a
routine thickness monitoring instrument, especially
in sheet processing industries with products such as
steel, aluminum, and other metals, plastics, paper,
cloth, and floor covering. The rate of installation of
these gages is increasing rapidly.

Thickness gages are not limited to the use of beta-
emitters, appropriate gamma and X-ray emitters
being employed in gaging larger thicknesses of sheet
materials. For example, a gamima-ray density gage
has been developed to record continuously the den-
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Benefits are derived, however, by almost any indus-
try adapting radiotracers to the solution of its prob-
lems."As an example in the pharmaceutical industry,
rapid anmalysis for the vitamin B-12 content of large
heterogeneous mixtures is performed by adding a
small radioactive-labeled sample of the vitamin and
using the isotope dilution method. As an example
from a widely different technology, the organic
chemicals wsed in water Aotation of mineral ores to
cause a desired mineral to separate out are evaluated
by tracer techniques. With labcled chemicals it is
possible to determine the conditions for and extent
of adsorption on any particular mineral.

As tracers of molecules, rather than of material in
bulk, radioisotopes are widely used in the study and
control of chemical processes. Citing the petroieum
industry again as an example, a great amount of
rescarch is being done on hydrocarbon chemistry.
Carbon-14, deuterium, and tritium come naturally
as tracers into this work. They have been of inesti-
mable value in elucidating the mechanisms involved
in alkylation, polyinerization, catalytic cracking, and
many other important reactions,

Further development of the versatile industrial
uses of isotopes will be limited only by human in-
genuity.

PRESENT AND POTENTIAL YALUE OF USES

The total economic value of isotope utilization is
very great but difficult to assess exactly. Tt can, how-
ever, be measured by success in (1} saving time of
personnel in basic and technological research, (2)
increased speed in acquisition of knowledge, (3) sav-
ing materials and labor in manufacturing, (4) im-
proving performance and durability of manufactured
products, (5} increasing agricultural productivity,
{6) decreasing losses from food spoilage, and (7)
improving the health of the public.

Although it is not possible to assign quantitative
or monetary values to all these benefts, certain ex-
amples and generalizations will help give an over-all
appraisal.

Because the supply and time of scientific and tech-
nical personnel are limited, saving of their time is
more important than the salarics involved. But even
more imporiant is earlier application of results. The
sooncer problemns are solved, the sooner benchts can
be realized.

A good example is the great saving in time of per-
sonnel in studies of all kinds of wear and corrosion.
QOlder methods of observation were limited to pro-
nounced changes and were slow. With wracer tech-
niques, very small amounts of wear or corrosion are
measured quickly and accurately. The rate of obtain-
ing results is speeded up by a factor of 10 or more.
One group studying improvement of lubrication,
which involves counteracting both wear and corro-
sion, obtaiued results with tracer techniques in 4
years at a cost of $30,000 which would have required
60 years by previous methods and cost $1,000,000,

The major point of this illustration is not the sav-
ing in cost of the research, although this is consider-
able, but the fact that the results were obtained so
many years sooner. This rescarch developed a lubri-
cant that reduced wear and corrosion to one-third
of previous values. Ultimate savings in wear irom
introducing the improved lubricant many years
earlier will far exceed the savings in cost of research.

Radioisotope techniques have already been applied
to a host of wear studies such as wear of antomotive
and dicsel cngine parts, electrical contacts, cutting
tools, furnace linings, and rubber tires. Corrosion
studies using isotopes include testing the resistance
of materials to corrosive agents and the effectiveness
of various protective coatings such as metal plating,
plastics and paints. Since wear and corrosion of all
kinds cost the world many billions of doltars per
year, the increased rate of finding ways to reduce
this loss can result in enormous savings,

Increased speed in gaining new knowledge depends
not only on saving time of research personmel but
also in using new powerful research tools like radio-
isotope tracers which can obtain results more directly
than older methods. Much of the vast amount of work
accomplished with radioisotopes in all fields has built
up a body of knowledge much of which would not
have been found with other means. This new knowl-
edge immediately helps gain further knowledge and
also is soon reflected in practical uses.

Hundreds of radioisotope applications in industry
are directed at economy in manufacturing and im-
proving product quality. Radiography alone is used
by around 400 USA firms. Radiographic inspection
not only prevents damage or waste from product
failure but permits economy in materials of construc-
tion. Inspection of welds on a large tank or a long
pipe Hne may save many thousands of dollars. Sav-
ings from ali radiographic uses may amount to
millions of dollars per year.

Radioisotope thickness gages are used in hundreds
of plants to control production of all kinds of sheet
material. Failure to keep thicknesses within tolerance
can be very costly in requiring reworking or reject-
ing a batch of material. Economy in imaterial is also
effected by avoiding unnecessary thicknesses. Manu-
facturers often report savings of many thousands of
dollars per month through the use of these gages,
Here, again, the total yearly savings for all uses
amounts to millions of dollars.

The previously mentioned radicisotope technigues
in the oil field can help keep wells, costing a million
dollars or more, producing longer and more abun-
dantly. The single idea of timing catalyst flow with
radioactive particles saved one oil refinery $100,000
by preventing the shutdewn of a huge cracking plant.
These and other such economies effected in the
petroleum industry total still more millions of dollars
per year.

Space does not permit illustrations of the economic
value of isotopes in other applications and industries,


















TABLE 2, Amounts of Raodicisotopes Imported, in Millicurie Contents QOrdered. {Contents in Parentheses Are Not Yet Imported.) {Cenfinved)

Fsofopas Cheenical form o¢ 1950 951 1952 1953 1054
specific ativity Former term Latier term i hole year Former lerm Lalier term Formir rm Laiter igrm Former fermn Laiter term
Strontium-89 7 mc* 0 mc* 42 mc* 42 mc* 34 me* 7t me* (133 me)*
Strontium-20 . 18 mc* 130 mc* 03 mc* 236 mc* 253 me* (822 me)*
Yitrium-91 ’ {91 mo)t
Zirconium-935 20t mc* 10 mct
(N
Rutbenium-106 1 mc* {3 mc)*
Silver-110 13 me* 17 mc* {16 mc)*
Tin-113 {1 mc)*
Indium-114 4 me*
Cadmium-11% 1 mc* 5 mc* 3 mec* B mnc*
Antimony-124 6 me* 6 mct
(1)
Todine-131 236 me* 585 met* 671 mc* 1249 me* 1452 me* 3029 me* 1744 me§
{1477 me)
Ceaium-134 1 mc* 23 mc* 4 mc* {58 mc)*
Cesium-137 16 mc* {05 mec* 52 me* 131 mc* 280 mct 29 mct
{10 mc)
Barium-140 6 mc* O mc® 2 me*
Cerium-141 2 mc* 20 mc* 13.5 me*
{14.5 mc}
Cerium-144 16 mc* 10 mct 19 mct
Promethium-147 0.5 me? .
Thulium-170 {220 mc)*
Tantalinm-182 {5 mc)*
Tungsten-185 2 me* 6 mc* 3 mc* {4 mec)*
Iridium-192 {20 mc)*
Mercury-203 2 mc* 6 mc* 1 mc* 6 me* I me* (8.1 mc)*

Thallium-204 5 me* Zmc* 7 mc* 3 me* {7 mc}*

NYd¥l NI $3d010SI01Iavy
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TABLE 2, Amounts of Radioisctopes Imported, in Millicurie Contents Crdered. (Contents
in Porentheses Are Not Yet imported.) {(Continued)

f85t 193z 1953 1954
Whalz year Former lerm Lattar tarm Former term Laltar term Former lyrm Latier tarm

Tsolepes

Thosphorus-32 : P 1 unit*

Sulfii.3s 2, Irradiated vnits 1 unit®

Chlorine-36 1 unit* 1 unit*

Caleium-45 1 unit*

Chromium-51 1 unitf

Cobali-60 1 unit*

Nickel-63 1 unjt*

Zing-65 1 unitt

Arsenic-T7 1 unijt*

Zirconium-95 I ynitf

Technetium-99 1 unitt

Silver-110 1 unje*

Indium-t14 1 unitf

Antimony-125 1 unit*

Cesiom-134 1 unit*

Europiem-[33

Tantalum-182 1 unitt
3, Isotope-lobeted compounds

CH labeled barium carbonate

C* labejed benanic acid 2 mc*
C* labeled benzene 0.5 mc*
C¥ labeled dl-alanine ¢.1 me* 0.5 met
C% labeled dl-phenylalanine 0.5 me*
CH labeled di-tymsine 0.2 mct
C Jabeled ethenol 0.15 met
CY labeled D-glucose 1 mc® 2 met 0.1 met
CH labeled glycernl-1 0.1 mef 0.1 met 0.3 met 0.1 met |
C labeled glycine-1 0.1 mct 0.1 met
CM labeled glycine-2 1 met 0.1 mc* 0.3 met 1 met
C! labeled methyl iodide 0.1 mct
CH labeled pheny! iodide 0.1 mcf
C4 labelexd pyruvamide 0.15 met
C* labeled sodium acetate-1 0.1 met 0.1 mct
CU labeled sodium acetate-2 0.5 mct
C" labeled sodium cyanide 0.5 met
CH labeled sucrose 4 mc*
C* labeled stearic acid-1 0.2 me}
C! Jabeled stearic acid-2 0.1 mct 0.1 mct
Ci* labeled yrea 0.5 mc* 1 mct
S¥ Jabeled ferraus suifide 10 met
5% labeled methionine 1 mct
5% Iaheled thiourea 10 met 1.5 met
I labeled diiodo-Auorescein 10 mct
4. Others
800 mc* 2033 mc* 3857 mc* 2000 mc* 500 me*
1700 mct 1700 mct 300 mct 560 mcl 1890 mct B00 met
Cobalt-60 small source§ 13142* mct 3926 met 690 met 500 mc} 450 mct 500 me? {2046 mc)
Cobalt-60 multicurie source 170 ¢* 200 c* 43¢t
Strontium-90 (plague) 20 mct
Cestum-137 {metallic source) 250 mct 1Ct
Iridium-192 (metallic source} 6Ct 8 Ct 5Ct
I'¥ sterile solution 2 mc*
I sterile solulion 1 mc*
Tission products 50 me*
Trithem-zirconium target 5 pieces™ 4 piecest
5. Reference sources
i sheet*
CY polystyrene sheet 1 sheet* 1 shect* i shect* 4 sheets® 1 sheet” 5 sheetst
Carbon-14 : 2 pets®
2 setst
Phosphorus-32 - 1 set*
Cobalt-60 2 amp.* 1 ser* 2 sets®
Iodine-131 ' 1 set*
Beta-ray simulated source ) 3 setst
* Imported from USA. fImported from Canada, 9 In 1951, 90 me was imnported from USA.

1 Imported {rom England. § Imported from the Netherlands.
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TABLE 3. List of Numbers of Institutions Using Radioisotopes
Minisei 1950 1951 1982 1953 1934 Total 9 actual
contentd T’ Tom T T aw aw em isdow
Ministry of National 3 10 17 22 21 22 26 25 27 32
Education Public 2 1 G 5 8 10 12 14 11 14
Private 1 2 7 9 8 9 11 i 13 20
Ministry of National 2 4 4 6 8 J 5 5 10 12
Welinre Public - 1 t
Private 1 2 8 4 15
Ministry of National i b4 2 P 3 3 3 7 9
Agriculture  Public 1 1 2 1 2
& Forestry Private 1 1 1
Ministry of In- National 1 t 2z t 2 1 4 4 5
ternztional Public 2 2 3
Trade & Irivate 1 2 4 6 12 2 12 L 13 33
Industry
Ministry of National 1 1 1 3 3 6
Transporin-  Public
tion Private
Miniatry of Nattonal 2 2 4 4 5 L) 5
Postal Public
Service Irivate
Ministry of National 1 1 1 } 1 2
Construction  Public
Private
Defence National 2 2
Agency Public
Private
Total 15 21 47 37 66 60 70 90 100 161

stratum, the disinfection and stenlization of foods
and drugs, and the acceleration of polymerization re-
action in highly polymerized compounds are experi-
mentally utilized in industries, The atomic Iattery
has heen also taken up in research prejects in two
companies.

In Japan there are several cases in which radio-
isotopes were applied to civil engineering or public
works. One case was the investigation of the move-
ment of rolling stones carried out in the Tone River
in order to obtain necessary data for sand control
works. In this investigation, stones of different sizes
were tapged with radiocobalt and radioactive stones
were placed on the river bed. Next, how long these
stones would be moved in varicus stages of a rising
or food of the river was detected and the relative
function of the sizes of stones to the velacity of run-
ning water was investigated with considerably good
results, Another was the investigation of floating sand
carried out on the Tomakomai Coast in Hokkaide.
On this coast, the harbor constructions are extremely

obstructed because the sand there is violently moved
owing to wind and waves. In order to investigate the
state of miovement of this sand, radicactive glass
grains having the same size and specific gravity as
sand prains were made by using radiozinc. The glass
grains wcre scattered on the sea bottom and the
movement and distribution of floating sand were
investigated.

There is an example of the application of radio-
cobalt to antique works of art, which goes beyond the
proper area of industry, but is very interesting. In
Japan, there are many Buddhist statues supposed to
have Leen made during the time from the Asukna
period to the Nara period. These statues were radio-
graphed hy radiocolalt te make clear the inner siruc-
ture and the method of the making. By this test were
determined the time and place of the making and the
maker of the statue, which were hitherto only roughly
judged from the costume and facial expression of the
statie. Moreover, this test plays an important part
in securing the preservation of these antique works,

TABLE 4. List of Numbers of Users [Representative of Groups) ond Coses of Use of Radioisotopes

Year

Fi-ali] 1e5¢% 152 vy 1254

Classification Former lerm Latter term Vhole yegr Former igrm Latier term FParmer term Lalter term Enrmer lerm Latier term

by Avfd User Cate Urer Case [feer Tare rser Carr Irepr Cas I zer Cass fser Care Fxer  Case IFrer Case
Physics 4 4] 7 7 13 16 19 st 9 15 16 28 22 26 15 16 20 47
Chemistry 2 3 7 7 33 33 20 30 16 2 16 22 3t i3 15 30 35 62
Industrial research 1% 31 20 33 13 23 8 17 31 39 3 52

or industry

Biclogy 18 26 13 14 1 12 15 17 14 16 13 13
Plant physiclogy 7 B 13 16 34 4 13 21 i1 14 30 37 26 30 i) M 43 63
Animal husbandry 7 8 6 6 9 11 7 7 11 14 21 a2
Medicine 26 42 40 S0 S0 135 150 215 i31 180 190 30t 201 316 231 357 236 HP
Others 2 2 3 3 3 3 6 6 5 3 9 11 i) 7
Total 39 59 67 80 172 232 25% 363 211 300 293 440 315 471 355 517 431 757
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have important industrial centers: Le Havre, Saint
Nazaire, and Saint-Etienne.

Finally, radicisotopes were supplied to countries
of the FKrench Union, particularly to Sénégal and
La Réunion.

PRODUCTION AND MPORTS

Radioisotope production depends on the neutron
fluxes and space available for irradiation. The
Chatillon and Saclay reactors are of the heavy water
type. In other words, they offer the advantage of
supplying a relatively intense flux, but the drawback
of accommodating only a relatively small number of
samples, which can be placed in the reflector.

The fluxes available in the vicinity of the core, in
the C.E.A. reactors, were the following : May 1949
to July 1953—Z0o¢ reactor—S5> 10" n/cin?/sec; from
July 1953 on—ModiRed Chitillon reactor—2 3 101
n/em?*/sec; from September 1954 on—Saclay re-
actor—2>10'* n/feny*/sec.

The flux available at the Saclay reactor is satis-
factory for most needs and its potentialities, as te-
gards the preparations it can receive, are limited,
mostly by the space available for irradiation.

Even before the Saclay reactor was placed in oper-
ation, the IFrench users were able to obtain the
radioisotopes which they needed, and which the
C.E.A. could not deliver to them, from foreign coun-
trics. As a matter of fact, as each foreign country
showed itself ready to export a part of its produc-
tion, France endeavored to make it easier to import
such clements, Business relations were developed
successively with the United States, Great DBritain,
Canada and the Netherlands.

The following table shows the number of imiports
into France since 1949:

Year T poris
Grear Linited
Briafm States Netherlands Caraia
1949 21
1950 259 3
1951 674 4
1952 o4 21
1953 1248 14 2
1951 1168 19 9
1055 (3 months) 340 7 6 2z
Total 4613 70 ty 2

The important radioisotopes are, mainly : cyclotron
prepared radioisotopes (Netherlands), stable iso-
topes (United States, Great Britain), tagged mole-
cules (Great Britain), long-lived radioisotopes
(Great Britain), and cobalt sources for teletherapy
{Canada).

The number of imports has been decreasing since
1954, Conversely, the production potentialities of the
C.E.A, have been increasing from that date on. The
radioelements for which demand was greatest, and
the near total of shich, until then, was imported,
could henceforth be made in France. Their selling
price, as well as the prices obiaining for French
production as a whole, were lined up with the Eng-
lish prices. )

The number of radioisotope deliveries made by.
C.E.A. was:

Vear Deliveries
1549 126
1950 935
1951 1450
1932 1142
1953 1493
1954 2119
1933

{3 months) 800

Total 8066

The munber of deliveries has been increasing in a
nearly constant fashion. This increase is due, in
particular, to the new production program.

Thus it is that the number of P32 deliveries com-
ing from C.E.A. underwent the following changes:
1930, 21 deliveries; 1951, 93; 1052, 86, 1933, 128;
1954, 397; and 1935 (3 months), 158, Since 1954,
6.7 curies of P32 were imported, and the C.E.A. sup-
plied, from the elemnents separated in its own lab-
oratories, 7.9 curies in 1954 and 5 curies for the
first quarter of 1955,

As regards colloidal Au®®, the preparation re-
quired a specific activity of several curies per gm
of pold and could be undertaken only with the help
of the Saclay reactor. A part of the demnand was met
by the C.E.A., beginning in January 1955 (40 de-
liveries in 3 months with an activity of 7.6 curies}.
Since March, it has been meeting the entire demand.

In the field of C¥-tagped organic molecules, C.1E.A.
cuncentrated its main effort on the synthesis of the
comipounds which could not be obtained from Great
Britain. Thus, in two years, out of 77 CH-tagged
molecule deliveries, only 13 were made by the CE.A,
These, however, were fairly complex molecules:
DL-Valine, isonicotinic hydrazide, heteroauxine,
glycyl-valine, ete.

EDUCATIONAL PROGRAM AND 5TUDY OF THE
APPLICATIONS

Even as the artificial radioisotopes were being
prepared, it Lecame patent that this new means of
investigation would be used to better purpose if their
use could be promoted more actively, This has mostly
taken the form: of the organization of specialized
eflucation and the development of a department for
the study of industrial applications,

Education of the radioisotope users was organized
beginning in 1950 by the National Atomic Energy
Commission, the National Center for Scientific Re- |
search and the National Institute of Hygiene. Tts
purpose, through courses and practical work, is to
train research men of diverse backgrounds in the
usc of the artificial radioisotopes.

There are two sessions each year, in May and
Qctober, attended by some 23 to 30 students with
whom two groups are made up (Dbiology-medicine,
physics-chemistry-industrial applications).

Since 1950, 283 persons have attended the courses,
150 of them in the biology-medicine group, and 153






The Industrial Use of Radioisotopes in France

By M. J. Gueron,* France

As soon as a nuclear industry is developed, it be-
comes possible to use the radioisotopes produced in a
great many fields. In particular, a wide variety of
industrial applications soon come to the fore. It be-
longs to the authorities concerned with the develop-
ment of atomic energy to promote the use of these
secondary, but significant, applications.

The Atomic Energy Cominission, to this effect,
took three sets of measures: (1) it opened up special-
ized courses; {2} it encouraged the equipment manu-
facturers; and (3) it created a consulting scrvice for
the users.

The courses began in 1950. They are organized,
with the help of the Nationnl Center of Sciemtific
Research, under the responsibility of Mr, Grinberg,
and last for a full five weeks, Lectures are in the
morning, practical laboratory work in the afternoon.
After 2 general introductory course, common to all,
the students are made up into three groups: medi-
cine, biclogy, physics and chemistry. There are two
sessions 2 year, attended by approximately 25 per-
sons cach. One-fifth to a third of the students are
foreign researchers who wotk in France, or come 1o
France, to follow the courses.

The C.E.A. first had to make its own detecting and
counting cdevices. [t turned over a substantial number
of these for outside lahoratories. For two years, vari-
ous manufacturers have been making C.IZ.A. models
on a production Lasis. The C.1.A. confines itself to
the making of prototypes and short series.

On the other hand, several firms offer detectors
made to their own designs and specifications, or im-
port foreign instruments,

A group of engineers from the Atomic Energy
Commission has been devoting its efforts, since 1930,
to the industrial applications of the radioisotopes.
The group endeavors to create such applicatious, and
to extend its help to the new-comers to the ficld. The
preferred inethod is to have an employee of the or-
gamization which raises a problem work with the
group for a while. This serves to train specialists.
Some fifteen visiting engineers, on such temporary
stays, have spent periods varying from a week to
several months in our laboratories.t

The request for applications of the radioisotopes

Original language: Fiench.

* Director, Physical Chemistry Department, Atomic Energy
Commission,

1 These are regulated by contracts which provide for payment
to the C.E.A. of a daily indemnity, and include clauses bezring on
industrial preperty rights, should patentable processes he de-
veloped. -
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received by the C.E.A. were but a few until 1953,
namely about ten a year. There were three times as
many in 1954, and a continuous increase was noted
in 19535 (over 40 in 5 months). More than half of
these consultations led to the joint execution of a
research project by the C.E.A. and the applicant.

Most of the work (45%) bears on non-destructive
testing, followed by static electricity problems (20%).
The remainder breaks down just about equally be-
tween the use of intense radiation, agronomic prob-
lems, hydrological matters, ant chemical analyses.

Olbviously, the above does not faithfully illustrate
the procedurce followed in the use of the radioelements
by Freoch industry. Gamma-ray analysis and activa-
tion or isotopic dilution analyses are widely per-
formed without any C.E.A. participation, while the
latter, on the other hand, is not the only possible con-
sultant used, since the equipment manufacturers play
an ever growing part in that capacity. :

Two comprehensive articlest 2 gave, in 1951 and
1953, n description of the industrial applications then
being carried out or under study in France, We shall
not go back to subjects already covered, hut will-re-
mind readers of a few significant cases:

1. Detection of leaks in cables kept under pressure:
the methyi bromide method is in routine use for a
part, at least, of the French telephone network.?

2. Hydrological studies on the site of the Serre
Pongon power dam : in a soil made up of fine alluvial
clay, radioaetive tracers revealed a relatively short
range transfer which a massive iujection of dye had
not been ahle to ohjectivize. This served to define the
type of preliminary study needed for such experi-
ments in the field.*

3. Detection, in sifr, of neutron moderators: the
dosage of hydrogen, mostly in the form of water, in
the soil, was described, The method used indium
resonance in order {0 make the resuits independent
from the chemical nature of the ground (see page
74A of reference 2). The main drawback of the
method is that it is necessary to activate the indium
detector for a fairly long time, and then to measure
its activity after it has been removed from the site
of its activation. This does not allow for much morc
than one measurement.

By giving up the advantage inherent in the use of
epithermaul meutrons, a gain in sensitivity can be
achieved, and some engineers of the Public Works
Departinent developed a device, for the dosage of
humidity, which usecs a small BFF; counter so mounted
as to make in sife counting possible.”
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facture, but also to distribution, which is generally
controlled by legislation,

Finally, isotopic labelling introduces criteria of
purity which are novel as compared with ordinary
chemical standards. The sensitive methods of detec-
tion make extreme precautions necessary to main-
tain not only isotopic purity but also radiochemical
purity (freedom from unwanted labelled molecules)
which is not necessarily related to the chemical purity.
The numerons possibilities of position isomerism
create another requirement of radiochemical purity,
and also restrict the choice of synthetic methods and
greatly increase the number of distinct cumpounds.
Thus if we introduce one isotopic carbon atom we
have three species of pyruvic acid and six of glucose.

The extent to which these generalities affect the
manufacture of a particular class of labelled com-
pounds varies tremendously according to the char-
acter of the isotope concerned, and so we may now
consider them individually.

2. CARBOMN-14 COMPOUNDS

The unique interest of carbon-14 need hardly be
emphasized ; it is the most widely used tracer isotope.
The larget material used in its production is now
commonly a metallic nitride,»* and to obtain a high
specific activity the carbon-12 content must be very
low, a difficult requirement to meet in produciog
the relatively large quantities of target material
needed. Long irradintion periods and high neutron
fluxes are necessary for an adequate output, and con-
sequently carbon-14 is one of the more expensive
isotopes. The current standard prices are £12/mc
in England and $36/mc in the United Siates.

Isotopic abundances of up to 25%% are now fairly
freely available. At this level 1 mc corresponds to
about 0.8 mg of elementary carbon or 0.06 mg mol-
ecule (mM) of any compound labelled in one carbon
atom. Labelled compounds are not often prepared at
this tevel, but 5-10 mc/mM is now not at ali unusual.
Experience in many laboratories shows that 2-20
mM (depending on the character of the reactions) is
the smallest quantity which it is usually convenient
to employ in preparative organic chemistry, even
with specialized techniques,'®** and this implies
batches of 10200 mc if specific activity is not to
be further reduced by carrier dilution. In terms of
weight this means (roughly speaking) batches of
0.1-1.0 gram.

Such high specific activities are not necessary for
all types of tracer work. If they can be reduced
10-100 fold or more, preparations come within the
scope of conventional praetical organie chemistry
and large radiochemical batches are no longer oblig-
atory. Many syntheses of this kind are carried out
by individual warkers, although there is still a wide-
spread reluctaince to undertake such work, which
may he attributed to excessive caution aver the haz-
ard of using C* and the risk of loss of valuable
material.

It is obviously a duty of any organized supply to
provide the high specific activities which are beyond
the reach of the individual worker. For compounds
in regular production they may even be cheaper, as
the small-scale preparations often give distinctly
better yields than those obtained by siandard meth-
ods, For occasional special syntheses in small quan-
tity the reverse is usually true, as the development
and establishment of small-scale methods is time-
consuming, and the resulting Increase in cost is
not usually offset by the improved yield in a single
preparation.

Carbon-14 is conveniently extracted at present
only in the form of carbon dioxide, and the atom to
be labelled nrast therefore be derived from this chem-
ical form. The chemical aspects of this kind of syn-
theses cannot be dealt with here; they have been
reviewed by several authors. 127% Both chemical
and biological methods are used. The long hali-life
permits of preparation of large batches for stock,
and the soft beta radiation requires no screening
or remote handiing, The ingestion hazard of C!
is now rcgarded more liberally than formnerly,?¢ 17
and control of contamination ts upon the whole less
difficult than with most other radioactive materials.

Chemical synthesis, when possible, is generally pre-
ferred to biclogical synthesis. Its advantages are
control over the products and specificity of labelling,
and relative ease of purification of the compounds
produced. Disadvantages are the tedious multistige
syntheses often rcquired and the losses and com-
plications introduced by stercoisomerism and optical
isomerism. The slow progress made in preparing
ring-labelled benzene compounds reflects the frst
disadvantage, for it is a long way from carbon diox-
ide to (say) ring-labelled paraphenylenediamine or
phenylalanine, The second disadvantage handicaps
amino-acid synthesis at high specific activities, as
resolution of DL-mixtures on a small scale is diffi-
cult and wastefui; even more does it handicap the
synthesis of labelled sugars. Methods which are in
fact partial syntheses such as those for cholesterol-
4-C11-18. 18 glycose-1-CH 29, arginine-omega-C4 2!
and methionine-methyl-C*- 22, gbviate or reduce this
particular difficulty but such methods inevitably in-
pose their own restrictions on position labelling,

Biological preparations with C'% present a more
complex.topic. Up to the present time simple meth-
ods of total biosynthesis have been most used, and
some of these are very satisfactory. The photosyri-
thesis of uniformly-labelled glucose, fructose and
sucrose in detached leaves is one of the most efficient
biological preparations.™ * The use of Chlerella®
or Thigbacillus thicoxidens®® Jahelled with C¥4 as
a source of protein and T.-amino-acids, although
having a fairly good total efficiency, suffers from
the fixed composition of the protein, so that some
of the amino-acids remain very scarce, AH these
methods utilize the isotope efficiently in its cheapest
form, carbon dioxide, and the microbiological cul-
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Mr. T. SaELanp (Norway) : T should like 1o ask
Mr. Seligman a question about the interesting ap-
paratus he described for measuring the corrosion by
reflected gamuma rays. Mr. Selipman mentioned an
accuracy of 4 per cent for these measurements. It
would be intcresting to know what is the minimum
area of the corroded spot which can be determined
with such an accuracy,

Mr. Seciomany (UKY: The accuracy of 4 per
cent is for steel up to three-quarters of an inch. I
do not know offhand the minimum area. However,
Mr, Putman, who did the experiments, is here and
I am sure he can answer the question.

Mr. J. L. Putmaax {(UK) : Almost all the entire

backscatiering came from an area of about four centi-
metres in diameter. We tested this by changing the
area steadily and found that it made not very much
difference after the diameter of a flat sheet of metal
of the thickness of about six millimetres was increased
beyond zbout four centimetres. We did not go in
very great detail into the specificity of the mcasure-
ments of the limits of size of pit which could be
detected on the inside of a tube. We did do one
experiment, however, in which a three millimetre
diameter hole, three millimetres deep, was bored
on the inside of a tube which was six milliinetres
thick. We found that we could detect this quite
easily.
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the added tungsten concentrated in the dendritic
- areas of the crystal structure. Much smalier quanti-
ties of tongsten can be detected by this method than
by conventional etching procedures. Such a nonde-
structive technique also offers a method of studying
the behavior of individual components in alloys or
other systems without in any way disturbing the
normal behavior of the systcm,

Another example of the high sensitivity of radio-
active materials is an exploratory study? we have
made for a silverware manufacturing company. The
purpose was to learn more about the mechanism by
which a thimble full of ammonium thiosuliate added
to 100 gallons of electroplating solution makes the
resulting silverplate much shinter. Not much is
known about the way electroplating brighteners act,
but it has been postulated that a minute amount of a
brightening agent like ammonium thiosulfate might
deposit from the plating bath with the silver and
interfere with the formation of large, coarse crystals
which produce a dull silver surface. If this were so,
sulfur from the ammonium thiosulfate should be
present in the silver. But no one has ever heen able
to find any sulfur there, so the theory could never be
substantiated, and further progress toward a more
effective brightener was slowed down.

Radioactivity, however, provides an extremely
sensitive means of detecting sulfur, so we synthe-
sized some of it into ammontum thiosulfate, added it
10 the plating bath, and analyzed the final silverplated
surface for radioactivity. Definite activity was found
throughout the plate, and a calibration of radioactiv-
ity in terms of sulfur indicated one sulfur atom to
every 100,000 silver atoms, The surprising part of
this study was not so much that sulfur was present
in the plated silver, but that it was also present as a
surface layer on the other electrode, the silver anode,
whose sturface was continually dissolving in the plat-
ing solution. This discovery led to the finding that
sulfur from ammonium thiosulfate deposits on silver
by a chemical action without the need for any electric
current at all. This result is contrary to the previous
theory of how this type of brightener aets, To throw
light on whether atoms other than sulfur in the am-
monium thiosulfate molecule are also retained in
the silverplate, one would have to tag the nitrogcn,
oxypen, and hydrogen atoms of that imolecule, As
will be mentioned later, however, no good radioactive
isotope of oxygen or nitrogen is available, and until
fairly recently, radiocactive hydrogen could not be
phtained. So much for examples of sensitivity of the
isotope technique.

An example of the specificity of radioisotopes,
which allows them to be traced and identified even
in the presence of other chemically identical atoms
from other sources, is found in an old problem of
rubber-product manufacturers. The problem was to
learn more about the mechanism by which sulfur
vulcanizes rubber in the presence of sulfur-contain-
ing vulcanization accelerators. One of the approaches

used was to study the chemical structure of accelera-
tor molecules by radioisotope techniques.’® Radio-
active sulfur in elemental chemical form was heated
at vulcanization temperatures in contact with tetra-
methylthiuram disulfide, a vuicanization accelerator,
and the accelerator was then separated and assayed
for radioactivity, Activity was a measure of freedom
of exchange of the sulfur atoms, and thus indicated
the bond strengths of sulfur in differant positions of the
accelerator molecule, Further evidence on the strue-
ture of tetramethylthiuram disulfide resulted from
radioassays of sulfur found in the products obtained
by destructively heating the tagped accelerator and
also from products isolated from vulcanized rubber
prepared with the accelerator. The fact that activities
of the sulfur in all of these experiments were iden-
tical indicated that the tagged sulfur atoms must
have distributed themselves uniformly throughout
the original tetramcthylthiuram disulfide molecule.
Thercfore, all the sulfur atoms of the molecule must
be chemically equivalent. These resuits lent support
to the theory that this aceelerator molecule is a planar
six-membered ring hybrid with all sulfur atoms hav-
ing equivalent bond strength. This concept combined
with other evidence from related studies threw fur-
ther light on the complex mechanism of rubber vul-
canization,

A cattle-feed manufacturer also has used radio-
isotope techniques to determine®* the proper chemical
form in which iodine and other vital mincrals should
be added to salt cake. The object was te prevent the
minerals from being washed away by the rain while
the cake was lying out in the pasture, and yet to
allow the animal to absorb and utilize them after it
had licked the salt. Various chemical forms of iodine
were prepared from radioactive iodine, and these
were incorporated in the salt cake. Their leachability
from the salt could be determined by the radioactivity
in the rainwater contacting the cake. Radioactivity
measurements on the animals’ vitals and excreta
could show the amount utilized by the animal. The
combined evidence showed that dithymol diiedide
had optimum soluhility for use in salt cake.

In another study,'® a large oil company examined
the mechanism by whicli carbonaceous coke deposits
on the solid catalyst beads during catalytic crack-
ing of petroleum. Formation of this coke decreases
catalytic efficiency and lowers product vield, The aim
of the study was to determine whether certain types
of hydrocarbon molecules, or eertain chemical groups
within the molecule, are preferentially involved in
the coke formation. In spite of the voluminous litera-
ture on theoretical aspects of catalytic cracking, ne
information on this point had been developed, but
with radicactive tracers definite evidence could be
oblained. Radioactive carbon-14 was synthesized into
normal heptane with the middle carbon atom of the
straight chain moleeule labeled with carbon-14, nor-
mal cctane and one-octene with the end carhons
labeled. Fach of these materials was passed over an
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fire extinguishers filled with carbon tetrachloride
plus small amounts of chloroform and ethyl alcohol.

" To throw light on the mechanism by which carbon
disulfide” inhibits essentially all corrosion, carbon
disulfide was synthesized from radioactive sulfur,
and ethvl alcohol was tagged with radioactive car-
bon, These materials were used separately and in
various combinations with carbon tetrachloride and
chloroform, and were stored inside the brass ex-
tinguishers for scveral months, Radioactivity showed
up on the brass surface in a very thin but tenacious
Riny which was judged by radioactivity measurements
to be only about fifty to eighty molecules thick. This
was well below normal limits of detection.

The fact that the flm centained both radioactive
carbon from the alcohol and radicactive sulfur from
the carbon disulfide, showed both had contributed to
the Alm. The relative amounts of radioactive carbon
and sulfur found in the filim suggested two simultane-
ous mechanisms of corrgsion {nhibition : first, a direct
reaction between carbon disulfide and brass, prob-
ably to form zine and copper sulfide ; second, a pre-
liminary reaction between carban disulfide and ethyl
alcohol to give xanthie acid {a strong organic acid)
followed by the reaction of this acid with the brass
surface tn give zinc or copper xanthate. The radio-
activity could not he removed by vacuum treatment,
washing, or ionic exchange in inactive solutions, and
was thus not due staply to surface adsorption of the
rackioactivity. Its presence indicated that there was o
chemical reaction between carbon disulfide, ethyl
alcoliol, aod brass to form a filn1 on the brass. The
film thickness is helieved sufficient to account for the
corrosion protection observed with normal fire ex-
tinguisher Huid containing carbon disulhde.

The vatied ficlds from which these examples have
heen selected illustrate the great versatility of radio-
isotopes for industrial rescarch,

Radicisotope techniques are not always simple
and straightforward, and in fact, have a number of
limttations. For instance, one may not always he able
to obtain a proper isolope with a suitable half-tife,
intensity of activity, or purity (as mentioned carlier,
no good radioisotope of oxygen or nitrogen is avail-
able ; neither is one of silicon), Sometimes the amount
of tracer that must be used is so large that safety
precautions become very difficult, as in some types of
atmospheric pollution studies. Synthesis of an iso-
tope into a true tracer compound identical in chemical
and physical form with the material being studied is
not always possible, particularly when the material
is a naturally occurring complex substance.

‘The high sensitivity of the tracer imethod some-
times imposes unusually stringent requirements on
analytical techniques. IFor example, in a chemical
separation of two products A and B for analysis, re-
moval of perhaps 99.999 per cent of A from & would
normally represent a clean separation. Yet if .1 were
highty radioactive andl B were not, the 0.001 per

cent of 4 remaining might completely invalidate
activity measurements of 5.

Special equipment is usually needed to measure
the radisisotopes and to monitor the levels of radio-
activity for health purposes. It is usually advisable to
set aside separate laboratory space for work with
radioisotopes so that radioactive contamination can
be controlled and unauthorized (but curious) people
can be excluded, At lecast one person op the staff
must be trained to use isotopes in order to qualify to
receive them from the United States Atomic Energy
Commission. Sometimes there are problems of public
relations to consider, particularly if the work is going
to involve the public in any way.

In the last few vears, however, somc former limi-
tations have becn overcome, Availability of isotopes
in many chemical forms has improved. Safety pro-
cedures such as decontaminmation, waste disposal,
shielding, and renote control have now DLeen well
worked out, and industry should feel no tualms
about using radioactivity providing qualified per-
sonnel are responsible for the work. Measuring in-
strunients are now ntuch more accurate, relialile, and
simiple to operate than those available a {ew years
ago. There are many more technical people familiar
with the use of isotopes and qualified to obtain them,

As for over-all cost of doing industrial tracer re-
search, generalizations are hazardous because the
research problems vary from easy to difficult, and
therefore, from low cost to high. The simplicity of
the tracer principle and the easc of radioisotope de-
tectton lead one to think that tracer research in gen-
eral should always be quick, easy, and cheap. As a
matter of fact, it usually is simpler, quicker, and
cheaper than other resecarch wmethods for the kinds
of problems we lave just been talking about—the
kinds for which tracers are best suited. But these
problems are frequently the tough, complicated ones
which cannot be solved easily Ly other imethods.
Thus, even with tracers the total research cost may
sometimes seemy high to those who have thought of
the technique as a delightfully simple panacea. As in
most research, the major direct cost is for the time
of the rescarch worker—to plan, carry out, interpret,
and report the work. We have found that a good re-
search man familiar with solving industrial research
problems can quite easily become proficient in wsing
radiochentical techniques, so that at least for modest
scale operations, a full-time radicactivity specialist
is usually not required,

Use of radioisotopes for industrial research in
America is increasing steadily, Future rate of growth
depends not on east but on the industrial researcher
himself. This man is in a key position to understand
the capabilities of radivisotope techniques and also
to tecognize the particular problems which they can
solve. Radioisntopes are ready to reward the in-
genious  researcher with new knowledpe for the
bencfit of industry and mankind.
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TABLE 2. Characteristics of Seporoted Fission Produects

- Cat 570 Cew Rutwe v Euw Comt
Stable nuclides also Cgla St Cete Ru?? Kone Eul& Cat?
present Cslss {Cel®) Rula
{Ru'=)
(Rut%) -
Active nuclide, 12.7 gm 51pgm 0.31 gm 0.3 gm 1.07 gm .87 gm 0.88 gm
weight /kilocurie
Active + stable, 31.7 gm 2.5gm ~2 gm ~26 gm 1.07 gm ~35 gm 20 gm
weight /kilocurie
Weight /Lilocurie 40.0 gm 11,2 gm ~2.5 gm 20 gm 1.25 gm ~4G4 gm 20 g
compound {CsCl) {SrQ) (CeDy) {Metal) {C'may) {Eua0,) (Metal)
Weight/kilocure, 39.8gm ~ 70 gm 2.6gm 30 gm ~7 gm — 20 gm
abtained {CsCY (5r0) {Ce0s) {Metal) {I'm.0,) (Metal)
experimentally
Practical 15 cm? ~23 cm? 1.3 cm? 25 cm® ~1 cm? — 2,25 cm?
vojumelulocurie {CsCl) {8:0) {Ce0y) {Metal) (Pms0;) {Metai)

* Alter one year of decay.

electroplating bath and plated with a thin coating of
silver, The plate is finally slipped into an envelope
made of thin stainless steel and sealed by welding.
The stainless stcel envelope has handling projections
for placing the source in carriers and inserting it
into radiation devices.

The technetium precipitate of phenyl arsonium
pertechnetate is further purified by several re-pre-
cipitations as the pertechnetate and then as the
technetium sulfide, followed by dissolution in am-
monia and hydrogen peroxide to produce ammonium
pertechnetate solution as a final product.

The rare earth group contains three main con-
stituents, cerium-144, promethium-147, and europi-
am-155. Of these constituents, cerium-144 is
present in by far the largest quantity. Since it pro-
vides most of the radiation in moderately old fission
product mixtures, it is important to separate it from
promethium and europium so they can be further
purified in lightly-shielded equipment. Several meth-
ods are available for removing cerium-144; namely,
selective extraction from concentrated nitric acid
into tributyl phosphate solutions, or a carefully-con-
trolled precipitation of ceric phosphate in acid solu-
tion, Cerium may also be separated from the other
rare carths as a ccric iodate; however, this process
produces a relatively large quantity of the very
voluminous ceric iodate precipitate in which large
losses of europium-155 occur. Furthermore, the con-
version of the iodate to more usable forms of cerium
oxide or hydroxide is very difficult becausc of the
large yuantity of iodine to be removed. However, by
close pH control, cerium can be removed with about
90% efficiency by precipitating as the ceric phos-
phate. If the cerium is then reduced to the Ce®?
state, it can be re-precipitated as the hydroxide and
thus separated from phosphate. The next step after
dissolving the cerium hydroxide is to re-precipitate
ceriunt as the nxalate, in which form it can be ignited
to ceric oxide. Ceric oxide can either be packed by
vibration into thin stainless steel tubes which are
sealed by welding, or combined with silica and other

t For comparison purposes, using 50 curie/g material.

ceramic ingredients and {used into thin layers on
iron plates, which are then encapsulated within thin
stainless steel jackets and sealed by welding, Ex-
periments are still in progress to determine the best
way of fabricating cerium sources. IHowever, it ap-
pears that it will be necessary in any case to fabri-
cate the cerium in fairly thin layers to prevent
self-absorption of the radiation, since only a fraction
of the (el radiation is hard gamma radiation.

The fractions of rare earths containing prome-
thium and europium are purified by teking up on a
sleam-heated cation exchange column and sclectively
eluting with ammonium citrate solution, as previously
noted. Radioactivity “peaks” are obtained indicating
which fractions are rich in europitim and prome-
thium; after separation, these fractions are again
fractionated on ion exchange columns ta produce
products of the desired purity. Europium may hbe
further purified by reducing to the Eu*? state by
electroiytic reduction or passage through a zinc metal
reductor, followed by co-precipitation with barium
sulfate, or direct precipitation 1f the quantity of LEu
is large enough. By oxidation of the europium to
Eu#*3, it can be separated from barium carrier and
sulfate, Further purification may be made by redue-
tion with sodium amalgam and re-extraction from
the amalgam as the hiydroxide, finally precipitating
as the oxalate. '

The characteristics of the fission product prepara-
tions are shown in Table 2.
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The Preparation of Kilocurie La'™ Sources

By R. P. Hammond and J. W. Schulte,* USA

The Los Alamos Scientific Laboratory has for
some years utilized for research purposes high in-
tensity point sources of gamma rays. Forty-hour
lanthanum-140 was chosen as a convenient cmitter
for these sources because of its high energy gammas,
high specific activity, and because of its conveniently
prepared parent, barium-140. This paper will outline
the remote control process used to separate essen-
tially carrier-free Janthanum from barium material,
and package it in a convenient capsule for use as a
point source. As much as 20,000 curies has been
processed at one time.

PARENT MATERIAL

The process begins with the arrival at Los Alamos
of a shipment of barium-140 material. Barjum-140,
having a half-life of 12.8 days, is a routine product
of the Oak Ridge National Laboratory, where it is
produced by dissolution of pite slugs. The product
is of high specific activity, but is not carrier-free,
because of the stable barium-138 formed in fission.
The shipment, weighing only a few grams, is received
in a platinum-lined cup of 600 ¢m?® capacity, con-
‘tained in an 8000-pound shield.

As shown in Fig. 1, the barium material, if otigi-
nally freed from lanthanum, accumulates both radio-
active lanthanum and its stable daughter-product
ceriuin-140. The curves marked “Barium,” “Lan-
thanum” and “Cerium” indicate the weight of these
substances relative to the original weight of radio-
active barium present. Since lanthanum has a spe-
cific activity ahout 7.5 times that of barium, the num-
ber of curies of lanthanum activity, shown in the
fourth curve, soon equals that of the barium. If at

* Los Alamas Scientific Laboratory.
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any time the accumulated lanthanum and cerium are
chemically separated from the barium, the accumula-
tion begins anew as shown, taking the remaining
batium as 100 per cent.

Thus, if 10,000 curies of barium-140 1s separated
after four days growth, the barium has decayed to
80 per cent of the original value or 8000 curies, and
7200 curies of lanthanum-140 are present, or about
13 milligrams, An equal weight of inert cerium-140
has also accumulated from decay of lanthanum,
Cerium and lanthanum are chemically similar in this
process and consequently both are found in the final
source. After another four days about 5750 curies
of lanthanum will have grown in, and thus a suc-
cession of sources of diminishing size can be pre-
pared from one shipment of parent material.

REMOTE CONTROL FACILITY

The separation of lanthanum and accompanying
cerium from parent barium, and the source fabrica-
tion and packaging arc accomplished in an under-
ground cell 11 ft by 22 ft and 9 {t high, lined with
stainless steel for ease of decontamination, On the
same level but shielded by 534 feet of ordinary con-
crete is the control room from which the cell machin-
ery is operated (see Fig. Z2)}. The principal mech-
anism of the cell is the transfer crane, which is of
the jib type, pivoted on one wall and covering a
semicircular area. A carriage moves in and out zlong
the boom of the crane, carrying a quill mechanism
with vertical and rotary motions. All four crane
motions are driven by external variable speed dc
motors and flexihle shafts. Selsyn generators geared
to the motor shafts drive repeaters which give at
each control station a numerical indication of the
position of the crane tool. Although viewing devices
give excellent visual control of the crane, the routine*
transfer operations are carried out by numerical
sequence from the position indicators, with the view-
ing devices as a check.

The other equipment in the cell includes a device
for pouring from ome cup to another, one for adding
any of several reagenis from external burets, a stir-
ring motor with platinum coated stirring rod, heaters
for evaporating solutions, refrigerators for chilling,
and various miscellaneous appliances, such as filter
apparatus, cup washing tool, etc. The pelleting ma-
chine for fabricating and packaging the finished
source inaterinl will be described in connection with
that operation.
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die. The container with the peliet is located on the
bottom table; it can remain in position while another
fixture containing the final plug is superimposed by
revolving the upper table. Seating the tapered plug
by the hydraulic ram completes the spherical shape
of the container and forces the pellet to assume the

shape of the central spherical cavity, The aluminum
container must be fairly large to provide sufficient
surface for the dissipation of the heat energy of the
source. The finishied source is cleaned, measured and
placed in a shield for transport to the user. Approxi-
mately ten hours is required for the entire operation.
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(1) the loading of inactive or active cobalt pellets into
irradiation capsules; {2) the loading of irradiation
capsules into irradintion rods and the rods into the
reactor; (3) the neutron irradiation of the cobait in
the reactor; {4) the removal of the cobalt from the
reactor to the sourec preparation faciiities; (5) the
source preparation; (6) the shipping of the source;
and (7} the leading of the cohalt source into the faciii-
ties where it is to be used.

In the first step we will disregard the loading of
inactive cobalt which is a straightforward operation,
and we will disregard step 3, the neutron irradiation,
which is beyond the scope of this paper. All remain-
ing steps involve transferring radioactive material.
En steps 1 and 5 this material is in the open while
being transferred from one container to another, bart
in steps 2, 4, 6 and 7, it is inside sealed containers
while heing transferred.

Steps 1 and 5

Since steps 1 and 5 are concerned with transferring
active material from one sealed container to another,
it will be helpful to describe these containers. Fig. 1,
item 1, shows the irradiation capsule—the sealed con-
tainer which holds the cobalt while it is being irradi-
ated. It is a circular cylinder approximately 19 mm
in diameter by 4.5 cm long, made of 1-S {high purity)
aluminum, with & flange on one end and closed on the
other end. To thizs flange an alumintm disc or lid is
sealed by cold welding (700 kg/cm? are required).
In order that the cobalt pellets will shield each othier
as little as passible from the neutron flux, as discussed
above, a closed aluminum tube or liner {Fig. 1, item
2), 12.5 mm in diameter hy 44 mm long, is inserted
in the capsule to form an annuiar shell {Fig. 1, item 3)
into which 30 grams of the pellets are loaded.

Fig. 2 shows 2 therapy source container the design
of which was devcloped and adopted as a standard
by interested manufactarcrs of therapy equipment

and by the source producers of the United States of
America and Canada.? A thin, 0.5 mm, stainless stee!
cup (Fig. 2, item 1) which fits in the tungsten alloy
body ([ig. 2, item 2) holds the radicactive material
but permits the gamma radiation to pass through the
end with only a 2 per cent attcnuation. A tungsten
alloy plug (Fig. 2;"item 3) holds the source and steel
cup in position—sealed by two lead wire gaskets
(Fig. 2, item 4) to prevent the escape of any dust.
The outer size and shape of this container have been
standardized to allow its use in different designs of
therapy machines, but the internal size may be al-
tered by a change of plug to accommodate cohalt pel-
lets, cylinders or discs, or to accommodate the various
specthe activity materials available, For small diame-
ter sources, tungsten sleeves can be inserted to reduce
the cavity size.

The source preparation facilities have been de-
signed, then, to handle the loading and the unloading
of these two containers although other containers of
similar size and shape can be handled. These facili-
ties—or hot cell—require first, equipment to prevent
exposure or contaniination of operating personnel and
second, equipment to load and seal! or to open and
empty irradiation capsules and therapy source con-
tainers.

The first of these two requirements is concerned
primarily with shielding. The hot cell shown in use
in Fig. 3 is a cavity 84 ecm wide by 65 cm high by
56 an deep surrounded by poured lead encased in
steel. A front window 25 ¢m wide hy 16.5 cm high
made of a high-density glass (density of 6.2 gm/em?)
is provided for viewing all operations. This window
consists of four plates of the high-density glass each
10 cm thick, and one plate, the innermost, which is
a darkening-resistant cerium glass 3 ¢m thick. The
amount of shielding used, 30 ¢m of lead on the front
wall and 25 cm of lcad elsewhere, will allow sources
of several thousands of curies of cobalt to be prepared
without raising the external field above the working
health tolerance (7.5 mr/hr). Operators of the hot
eell can thus work normal hours without undue ex-

Figure 2. Therupy source container: {1) cup, (2] body, (3] plug,
{4) gosken






HANDLING OF COBALT-60 SOURCES

113

two inserts in place are best scen in Fig. 5, items 1,
2 and 3. This tray with the appropriate inserts can
carry fitadiation capsules or source containers, Two
vertical tongs (Fig. 4, item 2} are mounted 180 de-
grees apart on a plug in the ceiling. By rotation of
plug either one of these tongs can be located directly
above the drawerway and slide and can lift the con-
tainer from drawer to tray insert or vice versa, The
tray carries the container of active material to one of
lwo positions. At one position, used primarily with
irradiation capsules, is the hydraulically-operated
press (Fig. 4, item 3). The press, which can be re-
moved through a port to the outside of the cell, can be
used either for cold-weld sealing of the loaded irrmadia-
tion capsules, or for shearing off the capsule lids for
unioading, merely by changing inserts. The tongs at
the press position (Fig. 5, item 4) have longitudinal
and vertical movements. In Fig. 4, item: 4, an irradia-
tion capsule has been placed in the tongs to indicate
the capsule position just as it is put into the press.
At the other of these operating positions is a reservoir
for the cobalt pellets from which, by a vibrating spiral
conveyor, the pellets can be fed, with a fine control,
into the final container—either therapy source con-
tainer or irradiation capsule (Fig. 5, items 5 and 6).
At this loading station the tongs (Fig. 5, item 7)
have longitudinal and rotary movements.

A square end wrench through the ceiling can be
inserted into a socket in the plug of the therapy source
container to unscrew, lift, and hold the plig during
loading and subsequently to replace it inte the con-
tainer.

A simple spring balance made to hold an irradiation
capsule and ased for weighing out the amount of
cobalt, can also be placed in the cell through a port.
This balance, for convenience, is normally preset so
that the desired amount of cobalt causes it to balance
at the index.

Two other operations svhich have heen used in
loading inactive pellets are in the process of being
incorporated into the loading of active pellets. It has
been found necessary to outgas the pellets before
loading, because of the internal pressures which are
otherwise built up in the capsule during irradiation
causing excessive bulging.? This outgassing is accom-
plished by heating the pellets for approximately 4
hours in a muffle furnace at 300°C, then cooling to
toom temperature under a vacuum and finally stor-
ing m a closed vesse!l until used. Also, in order that
the cobalt, which is at a high temperature during the
irradiation, will not oxidize, the capsules are sealed
under one-half atmosphere of heliwmn.

Dlumination of the interior of the hot cell is pro-
vided by four 130 watt incandescent lamps also
mounted on stepped plugs—two in the ceiling and
two in the walls. Since most glass will darken under
intense gamma radiation, the viewing of the opera-
tions will become impossible if suitable precautions
are not ohserved. Thus, besides making the innermost
layer of the window of a darkening-resistant glass,

Figure &. {1} Source, (2] insest, {3) lecd drower, (2] Yronster coie,
{5) drower beles

it has heen found desirable to avoid storing active
material in the cell except when it is actually being
used. In addition, the lamps are left on at all times
when source material is in the hot cell, so that the
heat will keep the glass bulbs relatively free from
darkening.

Steps 2, 4, 6, ond 7

The transfer of active material, whether seaied in
irradiation capsule or in fnal source container, is
based ou the use of a sliding lead drawer ( Fig. 6, item
3) and a lead-shielded case. The source in a lead or
tungsten alloy insert (Fig. &, items 1 and 2} is placed
in a cavity in the center of the lead drawer and in
subsequent transfers, the drawer plus source move
as a unit. This drawer provides a major part of the
primary shielding of the lead-shielded transfer case
ot therapy unit in which it is placed. While there are
several lead-shielded cases whose exterior sizes and
shapes vary somewhat, depending on their uses, their
drawer holes are standardized—as of course is the
drawer cross-section (3 X 3 inches or 7.62 cm?)—{o
allow the drawers to be moved freely and safely from
one container to any other container, .

To move or to ship a source from one location to
another consists then of (a) sliding the source plus
drawer unit from its original housing into a transfer
case, (&) moving this case to the new location, and
{c) sliding source plus drawer from the transfer case
into the new facility or container. During the opera-
tion when the drawer is moved from one container
into another, the two containcers are lined up next to
each other so that exposure to personnel is negligible.

To remove the cobalt from the reactor and take it
to the source preparation hot cell, two lead-shicided
cases are used, The irradiation rod in which the cap-
sules of cobalt are placed in the reactor is withdrawn
into the first shielded casc—a tall Z5-ton steel-encased
lead cylinder shown over the reactor in Fig. 7. On
the side of this case is a shield (Fig. 8, item 2} into
which a drawer slides and through which tongs move.
The capsules are then removed with the tongs and
dropped into the holes in the drawer, two capsules
per drawer. { Operation shown in Fig. 8.) The drawer
is then slid into the second transier case (Fip. 8,
item 1), the case used to take the active material to

-






HANDLING OF COBALT-60 SOURCES 115

will bake out any moisture and the pencil will be
sealed by shrink fitting a plug into it. This pencil will
then Ge dropped into a special shipping container
under water as before. By this method, only a small
fraction of the total activity need be handled at any
one time. The total source strength in this case will
be approximately 10,000 curies.

SUMMARY

It is seen that two approaches to handling high
intensity sources have been used. First, for the so-
called point sources (therapy type), a small cell
well shieided by lead and ftted with a few inter-
changeable tools has been used. The cell is limited
primarily by the geometry of the containers of the
activity. The operations are, on the other hand,
easily viewed and relatively delicate manipnlations
can be carried out. Second, for those sources which
are geometrically large or distributed, a water-

filled trench has been used. The operations here are
not as readily visible and precision operations can-
not be carried out. The shielding, bowever, 1s inex-
pensive and the shielded volume can be large. In
addition, by handling the activity a littie at a time,
it is sometimnes possible to avoid altogether the
problems of a very high-intensity source. For trans-
ferring or shipping sealed sources, the sliding drawer
methad is seen to be adaptable and, for this type of
operation, easy to carry out.
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to the symbelic diagram of the serve, Fig. 7, the
following equations can be written in transformed
form:

Ty — K¢l = (Js + F) st (5)
Ty 4+ Ko = (Js + F) s (6)
V= Ky(6; — 82} + Kas(61 — 62} (7)
IR = IV 4+ Kys8, — Ky$6- (8)

Equations 5 and 6 are torque equations where J
ts the motor and gear-train inertia, F the mechanical
viscous iriction, s the differential operator d/dt, and
Kr the torque constant, T and Te are externally
applied torques. Ky is the back emf constant. AH
values are referred to the input and output shafts
of the servos. The equations assume a completely
synunetrical and linear system.

Using these equations and the defining Equations
1 through 4 the admittance parameters of the servo
are:

KNe

Y11=y2::h+F+TE—(Kt-+K2+ )(9)
Kr

X (Kot K+ 00 o)

K
s
Vip=VYy=—

Figure 9 is a mechanical network which can be
synthesized f[rom these parameters. Tts electrical
anzlogue is also shown. The shunt inertia and damper
at each end of the mcchanical equivalent eircuit have
the same value as the cffective inertin and damping
of the physieal components of the servo. Only the
damper and spring in parallel can be adjusted by
varying the design parameter of the servomechanism.
Sinee this is a passive 4-terminal network which was
realized from the admittance parameters of the servo,
the servo is stable for all passive loads. ’

The analysis of servos by means of admittance
parameters can be extended to synthesis procedures.

LN Te
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Figure 8. Four terminal mechonical network
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Figure 9. Mechanical and eleckrical network repraseniing the Model
2 bileteral serve
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It is possible to choosc a passive network with cer-
tain specified admittance parameters. These param-
eters can be formulated from the desired performance
specifications of a manipulator but, of course, are
limited by the physical characteristics of the servo
components. These parameters may be used to syn-
thesize a servo system which is stable under all load
conditions and meets the performance specificitions.

The research and development program ou both
mechanically connected and electrically connected
manipulators is continuing. Although mechanically
connected manipulators have certain limitations, as
pointed out earlier, they are being used extensively.
Due to their relative simplicity, dependability and
modest cost it is expected they will continue to be
specified in many new facilities. Emphasis is heing
placed on servo-imanipulators having load capacities
ranging from 25 to several hundred pounds. These
manipulators are needed for both research and plant
operations in the nuclear power reactor program.

REFERENCES

1, Rylander, E. W,, and Blomgren, R. A., Opcrating Procedures
of @ Hot Lab for Selid-State Tests, Nucleonics, L2: 98 (Nov. 1954).

2, Frederick, E. J., Figh-Radiation-Level Anaiytical Laboratory,
Nucleonics, 12: 36 (Nov. 1934},

3. Ferpuson, K. R, Design and Construction of Shielding W indrws,
Nucleonics, 10; 46 (Nav. 1052).

1. Goertz, R. C., Fundantcntals of General-Purpose Remotc Mar-
tpulators, Nucleonies, 10; 36 (Nov, 1952).

5. Goertz, R. C., Mechanicel Masler-Slave Afanipulator, Nucle-
onics, 12: 45 {Nov. 1954},

6. Gueriz, R. C., and Thompaorn, W. BL., Electronicelly Controlled
Maniprlator, Nucleonics, 12: 36 {Nav. 1954).

7. Goertz, R, C., and Bevilacqua, F., Force Reflecting Pasitional
Servomechanisms, Nucteonics, 10: 43 {(Nov. 1932},

B. Goertz, R. C., Burnett, J. R, and Bevilacqua, F., Servas for Re-
mote Manipulation, IRE Convention Records, Yart ¢ (1933},

9. Chalmers, W, J., Biluteral Force Refleciing Servomechaiisni
Research, Doctorate Thesis, Purdue University (Feb. 1955).






RADIATION ANALYTICAL FACILITIES §23

S aara=s 2., M P ==

1

? [ Lfhamd fn At NG ot #
1 WNDOW WINDOW
. 7 == 7 L
o | o o o o -] Q (N 5
L 1 a." ;J
LY " F - ! 75 - 1
” o p =
_-Z b %
Raronsas *
[- TR 4
%
Lyl T
[ 2
£ et s
LIl VAW TR E B LI NI, R LA | v VI F AT I T ./J"f‘/&/-ﬂ/u?d
ACCENE D0OR B
o
(un-n
ENTRANGCE

Figure 1. Plan view of high level analyticol laboratery

In the present design the cell bank consists of a2 that can be inserted directly into the shield during

centralized storage cell flanked by three and four in-  construction. At this writing there is no viewing
line analyvtical cells, respectively. Biological shielding  medivm with a density comparable to that of lead,
is provided by 3-ft-thick concrete walls; normal- It is imperative, where work is generally non-
density concrete is used for the analytical cell and  routine, as in the present installation, that the cell
high-density for the storage ceil. design stress flexibility and versatility. Added utility

Good viewing is essential in remote analyiical  can be gained by sizing the cell for muitiple opera-
work. The number of tediotts and exacting operations  tions and by selecting a manipulator of high versa-
make direct viewing preferable to operation with  tility for these operations, The Argonne Dodel 8
such indirect-viewing devices as mirrors, periscopes,  master-slave manipulator is the latest development
or television. In order to keep a uniforim shield thick-  ina series of light-duty general-purpose manipulators
ness, direct-viewing windows are usuaily of the snme  for radioactive cell work. It has sever independent
density as the biological shield material. The most  degrees of motion and has exceilent feel-back quali-
popular and economical is the liquid zinc bromide  ties when aciion is transmitted by tapes from the
windww, This medium has a specific gravity of 2.5,  master to the slave arm. This unit resembles a lower-
is colorless, has excellent light-transmittancy, and  case letter "h” in appcarance, is installed through
will not darken upon exposure to radiation. The  an 8-in-diameter hole in the front face of the bio-
disadvantage of accidentally losing the shielding  lfogical shield, and can be removed easily from the
through breakage of either cover glass can be greatly  cell for maintenance. Two such units, a right- and
reduced by using a combination window of liquid  left-hand mocdel, arc installed in each analytical cell,

zinc hromide and glass of the same ‘specific gravity. Only a right-hand unit is used in the storage cell,
The liquid windows are angled out to give a natural,  Under normal operating conditions the slave arm of
wide-angled view into the working area, the maripulator is comnpletely encased in a plastic

Where radiation fields of higher intensity arte en- boot in such a manner that, when the manipulator

countered, lead glass windows of specific gravity  is removed from the cell, the hoot remains inside,
327 in combination with high-density concrete and  thus minimizing spread of contamination into the

lead glass windows of specific gravity 6.2 in com-  opcrating area. This featurc peninits interchange of
bination with sicel are used. The windows are assem-  manipulators with essentially no interruption of cell
bled from 7-in.-thick glass plates to obtain the re-  operation. The initial investment for each Model 8
quired thickness, A 1 g-in. void is left between the  manipalator is approximately $4000 per armi; how-
glass plates and filled with liquid to minimize reflec-  ever, considerable savings in the cost of ccll equip-

tion. Glass with specific gravity of either 3.27 or ment can be obtained by their use since they can
6.2 are commercially available as packaged units  operate a Jarge amount of standard laboratory equip-~
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Figure 3. Section through wark cell

very effective as a means of admitting reagents and
tools into the cell. This type design is much more
economical than either lead or steel doors, which
require special fabrication with offsets in door and
cell shield to prevent leakage of radiation through
weak points in the shield. The transier drawer is fabri-
cated from an 3-in. channel, 5 it long. Tt is filled with
8 in. of high-density concrete with a cross section
8 in. by 9 in. In the center of the drawer is 2 10-in.-
long cavity in which items to be introduced into the
cell are placed. The drawer moves on standard con-
veyor rotlers through a hole in the cell front face.
Periodically, access into one of the apalytical cells
is required in order to maintain or to change the
equipment. Generally, large doors or removable roof
slabs are used. In the in-line philosophy of the present
design, where the rear area is designated as the
radioactive area, a large removable door at each cell
opening into this arca is recomnended. With this
system equipment in this area can be repaired with
a minimum amount of decontamination and loss of
operating time. This arrangement is shown in Figs. 1
and 3. This door is mounted on a dolly and is 6.5 {t
high, stepped from 5 ft to 4 ft inside width, and is
3 ft thick. The shield is of stacked concrete hlocks
and weighs 18,000 Ib. The dolly moves on rails and

is operated by a 34-in. reversible ratchet wrench to
overcome inertia.

For cell lighting, sodium vapor lamps have been
the accepted standard for vears, Tests made recently
at this site show that, in analytical wark where all
operations are viewed perpendicularly through a cell
window, monochromatic aberrations are practically
nonexistent. Thercfore, lower cost fHuorcscent-type
mercury vapor lamps are being used in the present
installation. In addition to having a higher Inminary »
output and being less expensive, the grade of light is
superior to sodium vapor lighting in that it permits
better perception and differentiation of colors than do
sodium vapor famps. Each cell is provided with two
sets of two 400-watt fluorescent lights and twe incan-
descent maintenance lamps,

In the new facility air conditioning is employed to
control hoth temperature and humidity. In order to
contrel contamination, the air flow pattern is from
the operating area inte both the rear maintenance
area and to the cells and from the maintenance area
only to the cells, A continucus flow of air is forced
from the operating arca through a 3-in. offset duct
into the cell, from which it exhausts to a Dblower
suction serving all cells via a 3-in. duct into an
exhaust manifold. When in use the cells are main-
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are slugs containing as much as 10,000 curies of
cobalt-60, pieces of contaminated equipment, and
other objects which are being temporarily stored to
allow the radiocactivity to decay before final disposal.

The long tongs that are used for manipulations
under water are especially designed, and for deep
operations often have a float along the tong handle
to support part of the weight, An improvement in a
cana! of this kind would be to have the walis painted
or covered lo prevent leaching of caleium and mag-
nesivm into the,water and allow easier cleaning of
radioactive accumulations from the walls. Iron
hydroxide {(which adsorhs radicactivities from the
water} 15 scraped from the walls and sucked up from
the floor with a device similar to that used for clean-
ing swimming pools. The best coating for canals or
other pits for underwater handling would be liners
of plazed tile, aluminmm, or stamless steel, which
have smooth surfaces that can be easily cleaned and
decontaminated,

The purity of the water in the canal should he
high, preferably demineralized water, and the system
shonld be so arranged that the water can be pumped
frony the canal through a filter and ion exchange
cquipment for continuous re-purification. Materials
stored under water, such as cobalt-60, sometimes
allow activity to leach out; or uranium shigs have
imperfections in the jackets that ailow fissiun prod-
ucts to dissolve in the water. It is therefore necessary
to have a hltration and ion exchange system to kecp
the amount of radicactivity in the water low, as well
as to maintain the chemical purity of the water. Water
of high clarity is required for good visibility in the
canal. Careful pH control of the water is required,
since it has been observed that if the water is too
acidic more material is dissolved from submerged
objects; if the pH is too high, a haze is produced in
the water, probably from the accumulation of very
finely divided hydroxides.

Certain operations using tools can be periormed
under water with relative ease; for example, fuel
pieces, siugs, and pieces of contaminated equipment
can be held in the faws of a vise under water and the
pieces sawed off with an ordinary hack-saw attached
to the end of a long special pole. Other tools such as
wrenches, screwdrivers, pliers, and the like, can also
Le used under water. Many ingenious adaptations of
tools of this type have been successfully made. Some
power tools can be used under water, as, for example,
a grinding wheel that is used to cut fuel pieces or
slugs into small slices for experimental purposes. A
fully-enclosed electric motor is used to power the
wheel, and the grinding wheel section is separately
enclosed and has a circulating water system which
passes the water ihrough a fine filter to remove
the radioactive particles gencrated by the grinding
operation and prevent it from gaining entrance to the
canal water. Other power tools, such as impact
wrenches, drills and hack-saws, can be used under
water. There is considerahle precedent and technol-

ogy bhuilt up for underwater work of this kind in
marine salvage operations.

While handling under water is one of the older
methods used for very large quantities of radioactive
materials, there iS renewed interest in performing
some selected types of radiochemical and related
operations under water, such as the operation of
pumps, submerged valve pits, canals containing mul-
tiple pipelines, submerged tanks containing radia-
active materials, etc, Here again the type of opera-
tton selected must be one in which there is little
hazard of spreading contamination throughout the
pool of water and thereby produecing large quantities
of highly-contaminated water to be disposed of.

Extremely large or heavy objects can be easily
handled under water because of the ease with which

the extensions of lines from overhead crames and

hoists may be manipulated under water. Very often
underwater handling is the only means available for
handling large, heavy ohjects or pieces of equipment.

Finally, it should be mentioned that underwater
handling need not be confined to cells or zones that
are permanently flooded with water. It is possible to
have equipmnent located in pools which can be suit-
ably drained, or spaces where equipment can Le
operated part of the time suitably shielded, but
fiooded with water when the shielding cover to the
pit or cell is taken off. It is probahle that increasing
nutnbers of designs will be seen of equipment for
handling radioactivity under water or in locations
that can be flooded with water for certain types of
mainténance operations.

REMOTE MANIPULATORS

The niost versatile of all handling arrangenients is
the heavily shielded celi having manipulators—
mechanically, hydraulically, or electrically controlled
—ivhich can be operated as in a master-slave fashion
by an operator on the outside of the cell who makes
ohservations through a thick, high-density, =zinc
bromide or glass window to guide his work. Many
smaller variations of this particular type of operation
are used, ranging from open lead barricades into
which indirect observations are made through mirrors -
using over-the-barricade tongs or tongs operating
through ball joints—to the most advanced cells con-
taining master-siave manipulators of the type devel-
oped by the Remote Control Section at Argonne
National Laboratory.! Several of theSe cells have
been used iu radicisotope operations at Oak Ridge
National Laboratory for handling of very large quan-
tities of cobalt-60 and fission products. In handling
bulk dry fission products or similar radioactive solids,
a cell of this kind is essential.

The first cell constructed at ORNL for handling
cobait-60 had walls of barytes concrete (specific
gravity, 3.0} 2 ft thick and a 2 ft X 3 ft window of
similar thickness, containing pieces of special 4 in.-
thick plates of Corning cerium-barium high density
glass with the spaces between them filled with min-
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Oné-incident occurred during the war period, dur-
ing which much obsolete railrond equipment was in
use because of shortages. This incident involved a
drum of uranium ore which plunged through the
floor of an old wooden box during transit. The drum
was a 55-gallon drum which, when filled, weighed
sonte 2000 pounds. The drum hit the road bed and
its contents were spread over a considerable area.
The contents of the dtum were shoveled up by rail-
road workers and placed into a new drum which was
then forwarded to its destinmation, This incident,
while very minor, is mentioned because of the fact
that it was one of the first transportation accidents
involving radioactive material and involved consid-
erable apprehension on the part of some of the work-
ers in cleaning it up. One worker made a claim that
whenever he wore a watch, it operated improperly
and thereby ascribed this to the fact that he had be-
come radioactive. This accident merely required the
education of the person involved since there was, in
fact, no damage done.

Amnother incident involved the accidental dropping

of a drum of uranium-bearing ore into a river in the
course of its transfer from barge to a dock. The re-
covery of this drumn necessitated the use of a deep
sea diver and his equipment, but the drum was re-
covered intact.

Another accident involved the burning of a truck-
load of uranium metal on a public highway, The
causc of the firc was never adequately explained but
the uranium itself was completely burned and the
contaminated temnants were removed without inci-
dent, This accident pointed out the iinportance of
avoiding heavily populaied areas or roads with dense
vehicular trafhe for the transportation of such pyro-
phoric radioactive material.

Another truck accident involved the overturning
of a truck loaded with low-grade radioactive wastes
on its way to a dump. Here again was an incident
where virtually all of the material was quickly re-
covered and transported to its destination, but the
accident caused apprehension on the part of the resi-
dents in the neighborhood because of an unfounded
fear of anything radicactive,
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Drscussion

The Cmamruan: We gather this morning to
continue the discussion of radioactive isotopes and
their uses. We have good reason to know that iso-
topes have many valuable uses, for we can cite them,
In the United States, isotopes have proved to be of
very material henelit to the economy. We cstimate
that onr industry during the last year has saved over
$100-miltion in processing costs, and 1 firmly believe
that within five years this figure will be $1000-mnillion
or more—and this, despite the fact that many obvious
uses of isotopes have not been made,

I cite in particular the paucity of uses for the
isotopes of carbon and hydrogen, clements so im-
portant in the chemical industry and in biology and
medicine that it is difficult to understand why their
radioactive forms have not been more widely used.
Tt is certain that the development of these obvious
uses will greatly expand the peace-time benefits de-
rived In this way from the atom. -

We have spoken in this Conference at length about
atomic power and the promise it holtls for mankind.
We all believe, T think, that atomic power will one
day be realized on a practical scale, and it will in-
deced constitute a great and substantial benefit to

mankind. But, in the case of radioactive isotopes,
there is no argument: we do know that these are a
great and substantial benefit already. YWe must there-
fore constantly bear in mind that, even if power
prove impossible of attainment, the atom has alrcady
paid in the uses of radioactive isotopes. I myseli
would not be surprised if isotopes were to lead atomic
power for many years in the benefits derived by
mankind. It is difficult, of course, to compare the
two, for they are so different. Bat, with all of our
preoccupations with the problem of atomic power,
let us not forget that isotopes are here,

More important, let us attack some of the problems
which isctopes present. We can see that in the case
of atomic power there are great and difficult prob-
lems. There are problems with isotopes, none of
which, I think, are cither great or difficult, but which
must be solved. I think particularly of the possible
applications of isotopes involving small specific radio-
activities. I think particularly of the utilization of the
soft Leta emitters.

Certainly there is no lack of ideas for these appli-
cations. One knows that there are many ways in
which the isotopes of carbon and hydrogen and of
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caleium and chlorine, the long-lived isctopes of the
ordinary elements, could be used widely in everyday
life, Why are they not so used? At the moment, the
principai reason is that the instrumentation is not
available except in the experimental laboratories.
The companies manufacturing instruments have not
praduced cheap and efficient and reliable devices.
This problent must be attacked.

At the moment it is the principal barrier, in my
opinion, to the widespread use of these important
isotopes.

T would simply emphasize once again that isotopes
are a major benefit, that they are well abiead of atomic
power and will continue to rival it. We must take
care of the problems of producing instruments for
the measurement of isotopes and we must study the
problems of regulation of isotopes so that we do not
over-regulate them but nevertheless protect the pub-
lic health. With these points in miod, there 1s ho
doubt that we will continne to see this exccedingly
rich benefit of the atom grow amd flonrish.

Mr, C. F. Eooy (Australia) presented paper
P /085,

Mr. Suinane (Czechoslovakia) presented paper
P/801 as follows: Mr. Chairman and pentlemen, in
my paper I should like briefly to refer to the devel-
opment of the use of radioisotopes in Czechoslovakia
in the last few vears. The radioisotopes which we
have been importing into Czechoslovakia for a num-
ber of years now were originally used, as everywhere
else, in work of an exploratory nature directed to-
wards fuding methods and measurement techniqucs.
An active part in work on radioisotopes was taken
by the physics laboratories of the higher educational
ingtitutions and of the Academy of Sciences, as
well as by a number of industrial research cstablish-
ments. From the very heginning, a considerable in-
terest in the use of radioisotopes appeared in approxi-
mately fifteen places, in the most diverse scientific
fields. The simplest use of radinisotopes, from the
point of view of equipment, is in the therapeutic
field, This applies chielly to the use of radiophos-
phorus, which has been used in our principal hosp-
itals with complete success in approximately 50 cases
of treatinent of polycythaemia. Treatment by radio-
phosphorus is considered to be better and longer-
lasting in its action than X-ray treatment. Radiophos-
phorus has also been used in a whole series of cases
in the treatment of leukaemia, but in this instance
radiophusphorus treatment has na particular advan-
tage over X-ray therapy.

In addition to phosphorus, radioiodine has also
heen used for therapeuatic purposes, There are several
hundred cases of hyperthyroidism, under treatment
with radiotodine, Treatment has been completed in
the cases of approximately 100 paticnts. Doth the
consecutive-dose method and the single-dose method
are in use. As a result of the development of a
complete diagnostic system for the prescription of
radioiodine, the proportion of myxoedema cases is

approximately two or three per cent, This freatment
method has also been used in approximately 15 cases
of cancer of the thyroid gland. These were all cases
of progressive and inoperable cancer and the life of
the paticnts has so far been prolonged by two years.
Cases for treatment with radioiodine arc selected on
the basis of their accumuniation graphs and by nieans
of the method known as the differential accumulation
graph method, which is supplemented by gamma-
radiography.

The use of radioisotopes in diagnostic work bhe-
gan to develop at the samec time as their use in
therapy, but in practice only the diagnosis of thyroid
disorders hy radioiodine is widespread, The number
of diagnoses of thyroid disorders at prcsent excecds
2000.

The radioisotopes of iodine, sulphur, phosphorus
and sodium have Dbeen used in studying the dy-
namics of the circulation of substances in the living
organism in a state of shock, from the point of view
of their practicai use in surgery. This research has
produced valuable data on the possibilities of intro-
ducing medicaments into the organism of a paticnt
suffering from shoek. A whole serics of radioisotopes
has been used in oncology in the treatment of can-
cerous tuniours. A method of locating brain tumours
by radiotodine is being developed. A method using
radioiron has been developed to determine the re-
sorption of iron from the digestive organs in patients
suffering from various forms of anaemia, and an-
other method uscs radioiron to determine the iron
i the hblood serum or to check the rate of flow of
the blood circulatiou, Nucleic acid metabolism is
being systematically studied by means of radiophos-
phorus.

Let us now turn to the use of radicisotopes outside
the field of medicine. Tn plant physiology, studies
are being made of the penetration of mineral salts
through the surface of the lcaves of plants. These
experiments are being carried out in conjunction
with experiments on noo-root nutrition in plants,

Some intercsting rescarch has been carried out
in connexion with the study of phosphorus metabol-
ism in deer. Radiophosphorus was given (o male
deer during their early life and particulariy during
the antler-forming period. Studies were made of the
distribution of phosphorus in various tissues of the
killed animal and radiograms were made of the
antlers. The radiograms show that the beginning of
new tip formation is associated with changes in
phosphorus metabolism in the antler. Slide 1 shows
that a wedge is forming inside the main antler; this
wedge has a high phosphorus content and extends
in the direction of the branching part of the antler,

In the held of water conservation, a device bascd
on the principle of gamma-ray absorption to meas-
ure the water equivalent of snow will in all prob-
ability prove valuable. Tt is believed that by seiting
up these devices in the known network of channels
it will be pussible to predict the strength of the
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is tagped with radioactivity, either by irradiation in
a reactor, simple addition of a physical tracer, or
synthesis of an isotope into the component. After
predetermined periods of mixing with the tagged
material, samples from different parts of the batch
caun bhe compared for radioactivity and the batch
mixed until activity is uniform or constant. Once
the optimum mixing time has been determined, the
tagged baiches can be disposed of in some safe
manner, and it should not be necessary to add iso-
topes to the process again until some variable is
changed.

There have been a number of sugpestions for the
routine addition of isotopes directly to a tmanufac-
turing process for the purpose of controliing the
process, but to date these have not been put to prac-
tice in America. The reason for this involves both
technical and public health considerations.

The next feature of radioisotopes, however, does
allow them to be used for industrial conirol pur-
poses, but in such a way that they are not added
directly to the process or product.

An examination of the changes produced in a
beamn of radiation when it penetrates an unknown
material can provide useful information about the
matcrial, for example, its thickness. There has been
developed, for example, a device employing radia-
tion from strontium-90 to measure the hydrogen
content of a pure hydrocarbon. When beta particles
from radioactive strontium are passed through a
hydrocarhon sample such as gasoline or oil, the
‘attenuation ar loss of the particles depends on the
number of electrons they encounter in the sample.
Since hydrogen has the highest number of clectrons
per unit weight of any element (in fact, it absorbs
just about twice as many betas per unit weight as
does carbon), its absorption of the beta particles is
greatest. Mcasurement of betas absorbed by the hy-
drocarbon sample thus becomes an indication of its
hydrogen content.

The tool is being used not oniy for plant and prod-
uct control hut also for research on such problems
as altering the percentage of hydrogen in petroleum
fuels to improve their performance.

Examples of the third feature of radinsotopes,
that is their great sensitivity, are numerous. Wear
measurements have been made on automobile piston
rings, gears, floor wax, paint, and cutting tools usu-
ally with increased accuracy and in a shorter time
hecause of the high sensitivity of the test.

Another example of the high sensitivity of radio-
active materials is an exploratory study my company
made for a silverware manufacturing company. The
purpuse was to learn more about the mechanism by
which a thimble full of ammonium thiosulfate added
to 100 gallons of clectroplating solution makes the
resulting silverplate much shimer. Not mnch is
known about the way electroplating brighteners act,
but it has heen postulated that a minute amount of
brightening agent like ammonium thiosulfate might

deposit from the plating bath with the silver and
interferc with the formation of larpe, course crystals
which produce a dull silver surface. If this were so,
sulfur from the ammonitm thiasulfate should be
present mn the silver, but no one has ever been able
to find any sulfur there, so the theory could never
be substantiated, and {urther propress toward a
more active brightener was slowed down.

Because radicactivity provides an extremely sen-
sitive means of detecting sulphur, we synthesized
some of it into ammonium thiosulfate, added it {o
the plating hath, and analyzed the hnal silverplated
surface for radioactivity. Definite activity was found
throughout the plate, and the calibration of radio-
activity in terms of sulfur indicated one sulfur atom
to every 100,000 silver atoms,

The surprising part of this study was not so much
that sulfur was present in the plated silver, but that
we found it also present as a surface Jayer on the
other electrode, the silver anode, whose surface was
continually dissolving in the plating solution. This
discovery led to the finding that sulfur from am-
monium thiosulfate deposits on silver by a chem-
ical action without the meed for any clectric current
at all. Such a result completely upsets the previous
theory of how this type of Lrightener acts.

So much for examples of sensitivity of the isotope
technique.

A number of examples can be mentioned illus-
trating the specificity of radioisotopes which allows
them to be traced and identified even in the presence
of other chemically identical atoms irom other
SOUTCeS.

Cattle-feed manufacturers have tagged different
chemical forms of vital ininerals in order to select
the forms having proper solubility for use in salt
cake for cattle. Radioactivity mecasurements on the
animal’s vitals and excreta could show the amount
utilized by the animal.

A large o0il company has examined the mechanism
by which carbonaceous coke deposits on the solid
catalyst beads during catalytic cracking of petroleum.
He synthesized various petroleum maolecular frae-
tions from radicactive carbon 14 in such a way that
different parts of the molecule were tagged. He therr
observed the radicactivity of the coke which built
up on the catalyst beads as the different tagged
molccular species were cracked. Within experimental
error each sample of coke had the same specific
activity as the labelled hydrocarbon from wlich it
was fortmed. This indicated that all carbon atoms
of a given hydrocarbon molecule are erually involved
in coke formation. The possibility that part of the
molecule farms coke preferentially seems essentizlly
ruled out by the study.

Radioactive tracers sometimes make 1 possible to
do research on a full scale plant. An automobile
manufacturer measured the fraction of Ane ore dust
charped to a blast furnace which 15 blown out by
the high velocity air going through the furnace, By
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irradiating part of the fine ore and mixing it uni-
formiy with the rest of the furnace charge, then not-
ing the radioactivity of the pig iron, slag, and expelled
dust, he found that 60 per cent of the fine tagged
orc dust remained in the furnace as pig iron: though
surprisingly high, this perccentage was not consid-
ered high enough to warrant the use of finely divided
iron ore powder, which was available from low-grade
ores.

The manufacturer concluded that further research
is mecessary into the way iran particles can adhere
together or agglomerate, and that such research
might allow finely divided, low-grade ore concen-
trates to be used in a blast furnace,

My company is currently making another full
scale plant study for a client to determine the flow
pattern in a continuous glass-making process. Radio-
active sodium phosphorus and barium are being
aclded intermittently to specific small portions of the
plass feed materials. Radioactivity of the exit glass
and of samples taken at certain key spots in the
tank are noted as a2 function of time after the tagged
batch is introduced, This work is yielding informa-
ticn on the holdup time of the glass in the tank as well
as on the degree of mixing and channelling of the feed
materials in flowing through the tank. Final resuilts
will be used as a basis for designing an improved
glass-melting tank.

Determining the mechanisms of chemical reactions
is also possible with radioisotopes,

In the held of metallic corrosion, we have obtained
evidence with radioisotopes that helped settle a law
suit for one of our clients. The problem, in part, was
to determine the mechanism by which carbon di-
sulfide prevents the corrosion of brass fire ex-
tinguishers filled with stabilized carbon tetrachloride.
By tagging the sulfur of the carbon disulfide mole-
cuile, it was possible to follow its rcactions and to
show that it formed a very thin but tenacious film
on the inside surface of the brass fire extinguisher
which prevented corrosion. The Alm could be meas-
ured easily by its radioactivity even though it was
only about 50 to 80 molecules thick—well below
normal fimits of detection.

The varied fields from which these examples have
been selected illustrate the great versatility of radio-
isotopes for industrial research,

Though radicisotope technigues arc applicable to
a wide varicty of problems they are not without their
limitations. For example, a suitable isotope is some-
times not available or must be used in a guantity too
large for safe operation. The cost of using racio-
isotopes for industrial research is frequently less
than for other research techniques, but even with
tracers the fotal research cost mav sometimes secm
high to thosc who have thought of the radioisotope
technique as a delightfully simple panacea. As in most
rescarch, the major direct cost is for the time of the
research worker—to plan, carry out, interpret the
work and report. We have found that a good research

man, familiar with solving industrial research prob-
lems, can quite easily become proficient in using
radiochemical techniques so that, at least for modest
scale operations, a full-time radicactivity specialist
is nsually not required.

In conclusion, I would like to report that the use
of radioisotopes for industrial research in America is
increasing steadily. Future growth depends not on
cost, but on the industrial rescarcher himself. This
man is in a key position to understand the capabilities
of radioisotope techniques and also to recognize the
particular problems that they can solve. He can
hring the two together,

Radioisntopes are ready to reward the ingenious
researcher with new knowledge for the benefit of
industry and mankind.

DISCUSSION OF PAPERS P/985, P/801, P/146

Mr. Aesersorp (USA): Mr. Eddy’s paper has
demonstrated very well that a nation a very large dis-
tance from a reactor laboratory can make very good
use of radioisotopes. Would he comment inore on the
exteat to which a reactor in his own country will meet
the needs for radicisotopes, and whether he will still
need to import isotopes; and also the extent to which
the reactor will assist the exiension of isotope uses.

Mr. Epoy (Australia) : In reply to Mr. Aebersoid,
I think there is no doubt that a reactor locally in the
country would extend the use of isotopes particularly,
I think, potassium, sodium and three or four of those
other elements with short lives of under twenty-four
hours, for which at present we have a good many re-
quests and no source of supply. Also there would be
a question of chemical anaiysis by activation and pos-
sibly also radiation units. Just whether sourees of
isotopes which are now obtainable in very large quan-
tities, such as cesium, lodine, cobalt-60 and so forth,
would be made preferentially in a small country or
tmported from another, I could not say, but the mere
presence of a reactor in the country and the opportu-
nities for irradiating materials and obtaining special
isotopes would, I am quite sure, increase the demand
for isotopes, and just where that would lead I could
not say.

Mrs. P, Caner (Turkey) : 1 would like to ask
Mr. Eddy what are the legal or other requirements in
regard to qualifications of the persons who are al-
lowed to use radioisotopes.

Mr. Eppv (Australia) : In reply to Mrs. Cambel,
in the medical field we have had in Australia a re-
striction of the use of radium and radon since 1929
to pcople who had been trained in their tuise. That was
for the treatment of malignancies in which the dose
that is required to destroy the malignant cell is so
close to the dose required to destroy healthy tissue
that very special training was required, In the medi-
cal feld now, where an isotope is used for thera-
peutic purposes of the malignant type, approval
would only be given to a trained radiotherapist. In
the case of more medical treatment, such as using P2*
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. for polycytheinia and iodine-131 for thyrotoxicosis,
approval would be given to experienced physicians,
not necessarily radiotherapists, providing they had
full ancilfary equipment in conducting the diagnostic
tests and full monitoring equipment. In industry it
would be necessary for some short training to be
given to the people using the isotopes and satisfactory
instmimentation would also have to be provided.

Mrs. Camprr (Turkey): May I address another
question to Mr. Eddy, Mr, Chairman? I would like
to know what exactly the certificate would be : would
they have to have certificates, or just a statcment
about their training ? Furthermore, who would con-
trol the (ull equipment in your country?

Mr. Eppy (Australia) : The Radioisotopes Com-
miitee of the Medicai Research Council investigates a
statement from the intending user in medical cases
and is prepared to accept qualifications of a post-
graduate type or training in an approved hospital:
and if the applicant has not got that training they
would suggest he go to a hospital to get it. The ob-
ject of this committee is not so much to restrict as to
provide an ever-increasing circle of people wlo coutd
be trazined.

Mr. S. M. Navpe (Union of South Africa) @ South
Africa makes use of radioisotopes in all the known
fields of application. 1 will not attemipt to give an ac-
count of this work, for it is very similar to that being
carried out in other countries. I would, however, like
to give a brief description of the method of transport
which was first applied by South Africa. We ob-
tained most of our radioisotopes from Harweli, and
in 1946 to 1948 they were carried Ly aeroplane in
the ordinary lead-lined boxes. In 1948, the South
African Council for Scientific and Indnstrial Re-
search supgested that 1 great saving could be made
by carrying the isotopes in the wing tips of aeroplanes
i light aluminium cans instead of making use of the
lead-lined cases in the fuselage of the plane. We make
use of the inverse square law for the reduction of the
intensity of the radiation. In one typical case the cost
of transport was reducced irom £100 to 27s. per
consignment.

Mr. A. F. Rupp {(USA) presented paper P/314.

Mr. P. E. Carrer (UK) presented paper /461,
Mr, E. Saruawn (Norway) presented paper
P/386.

DISCUSSION OF PAPERS P/314, P/441 and P/8BS

Mr. ¥iscier (France) : Could Mr. Rupp tell me
what qualifications are required from commercial
firms which handle or redistribute radioactive ma-
terials prepared at Oak Ridge, and whether these
opcrations are a commereial enterprise or are sub-
sidized Ly the United States Atomic Energy Comn-
mission?

Mr. Rurr (USA): That question can probably
better Le answered by AMr. Aecbersold,

Mr. Aesersorn (USA): The matiers put tn busi-
ness concerns relate only to health and safety. We
ask for the use to be made, but do not enquire into
the feasibility of the use or into the economics. We
are concerned with the health and safety aspects
only. The sale of . isotopes is not at a subsidy for
industrial use, and as a matter of fact all the prices
are at the full cost of production. If there is any
subsidy it is done Ly research grants rather than in
the sule of the isotopes,

The Cuairyax: | noted in Mr, Rupp's paper
the great disparity lLetween the rate of rise in domes-
tic conswnption of isotopes in our country and in
foreign countries. In this connexion, I think you
would be interested to know that it is the intention to
try and simplify the regulations for isotopes sent
abroad, and also in some cases to reduce the pricc.
Perhaps, therefore, this foreign shipment curve will
rise, at least we hope so.

Mr. Rurr {USA) to Mr. Carter: How nuh
of the carrier-iree stromtium-90 as the oxide can be
incorporated in the powdered silver matrix, per unit
volume?

Mr. Carter {(UK): This depends very much on
the exact conditions, particularly as regards the
extension of the composite bitlet which has to be
made, and alse ou the exact physical properties of
the inclusion compared with the physical properties
of the inactive metal. For what it is worth, I can suy
that in our particular conditions, making silver foil
containing strontinm carbonate, we can include up
to 13 per cent of active material by weight.

Mr. Ruer (USA) to Mr. Saeland: In proc-
essing vour micro-pulverized sulphur to extract P2,
is any difficulty experienced with colloidal sulphur
during the filtration?

Mr. SaeLanND (Norway): Yes, under some condi-
tions. The colloidal sulphur which might occur in
the filtrate can, however, easily be destructed. Under
norma) conditions, however, no such operation is
necessary, and the final solution is free {rom sulphur.

The CHaikxvaN: Returning to the paper P/146
presented by Mr, Eaton, we have a question by Mr.
Bogdanoff of the Sovict Union.

Mr. Bocpaworr (USSR): If data are available’
here at the present time I should be interested to
Jearn abount the latest achieveinents in the United
States in the use of labelied atoms for the study of
ore coneentration processes.

Mr. Eatox (USA): My paper was directed par-
ticularly towards the industrial research uses of
tracers. I think this question might be more appro-
priately put to Mr. Aeberscld.

Mr. Asgersorp (UISA) ¢ In the field of metallurgy
the tracers are used cxtensively for metallurgical
work, but as far as using isotopes in the field for dis-
covering mineral deposits is concerned, I am mot
aware of any work along thosc lines. There has been
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worl on activation analysis of minerals found in the
field—of course one can use radioactivity mieasure-
ments for determining the uranium and thorium
content of various minerals—but other than activa-
tion analysis I am not aware of the analysis of min-
erals by alternative methods. Perhaps Mr. Libby,
who has a great deal of interest in geochemistry, could
comment on this.

The CuarMmaN: I think perhaps that Mr. Eaton
would be able tc answer it.

Mr. Eaton (USA): I do know of some plans,
although the work has not been undertaken yet, for
the study of the behaviour of minerals during proc-
essing which would involve locating the source of
the disintegration of the minerals during the proc-
essing of them once they are removed from the mine.
This is more in the nature of process research, how-
ever, and I am not sure that it is exactly within the
scope of the guestion as it was put. Of course, radio-
isotopes have also becn used a great deal in enrich-
ing processes, and 1 think there have been papers
already presented bhaving to do with the study of
flotation agents. The rate of absorption of xanthates
on sulphide minerals has been studied at MIT, for
example.

Mr. Rovruier (Ttaly) to Br. Sactand: Could you
tell us if the yield of extraction of iodine-131 by dif-
fusion is higher than the yield of solvent extraction
by hexane mentioned two sessions ago?

Mr, SaeLanD {Norway) : I do uet know exactly
how great this yield you refer to is—could you teli
me that perhaps?

Mr. Rorvier (Italy): T do not remember the
yield actually.

Mr. SaeLann (Norway) : I should think the over-
all yield here for this method described is about 90
per cent.

Mr. A. B. LiLL1e (Canada) presented paper P/13.
Mr. R. C, Goertz (USA) presented paper P/0O,

DISCUSSION OF PAPERS P/13, P/49

Mr. MuLLERr {Switzerland) : T should like to ask
Mr. Lillie’s opinion about an internationally argan-
ized standardization of the size and shape of cobalt-060
peliets, in order to {acilitate the replacement of the
sources or their sccond-hand exchange. I think that

Mr, Brucer of Qak Ridge has made a suggestion and
did some work on that line.

Mr. Lruie (Canada) ; I do not think that stand-
ardization of the size of the pellets is necessary, How-
ever, from the point of view of the containers, the
greater standardization there is, the greater flexi-
bility there is in interchanging sources of machines.

Mr. Goertz (USA): I should like to ask Mr. Lillie
the following question. H he were to construct an-
other isotope-handling facility, what changes would
he include ? For instance, would he design the facility
to handle a wider range of sizes?

Mr. Liceie (Canada): I believe that a more
flexible facility is planned. TFFor the particular pur-
pose at hand, however, I do not believc that therc are
any major changes in the design. The facility can
handle a rather wide range of sizes, provided they
arc roughly of this particular shape.

Mr. Mires (Australia) to Mr, Goertz: Does the
servo-manipulator require substantially more mainte-
nance than the mechanical system, and is this more
difficult for contaminated equipment?

Mr. Goertz (USA): The servo-manipulator has
1ot been placed into use as yet ; it was just completed
a few months ago. I think that the answer to the
question is: Yes, it will require more maintenance and
will be more eostly; certainly, it cost more to con-
struct.

The Citarrntax: 1 think that we have seen this
morning how true it ts that we are already benefiting
from radioactive isotopes in a way which makes it
clear that this use of the atom is certainly very useful.
Even though we may have difficulty in realizing
atomic power, this use alone will justify our efforts
in the development of the nuclear phenomenon, 1
wish that the difficulties which we have eneountered
in developing the uses of isotopes could be more rap-
idly surmounted. Do delegates realize that nothing
that we have heard about this morning was essen-
tially impossible ten years ago? The difficulties have
becn connected with the slow development of ideas
and with fnancing. The difficultles of irradiation
have not been considerable. We can greatly accelerate
the use of isotopes. Let us do so. It is a very inex-
pensive use of the atom, compared to atomic power.
We arc all for atotnic power, but we are also for this
most important use. -
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Low-Level Counting and the Future of Isotopic Tracers

By W. H. Johnston,* USA

The ready availability of radioisotopes made pos-
sible by the nuclear reactor has recently found many
applications in research, development, and control. In
broad terms thesc applications cansist of the use of
radioisotopes as fixed sources, for activation analyses,
and as tracers. The tank-level and thickness gauges
which utilize changes in the absorption and scattering
of radiations and the pasteurization of foods by the
ionization caused by radiation are familiar examples
of the use of fixed sources. In activation analysis the
specificity of decay-rate and type and spectrum of
radiation together with the sensitivity of detection
make possible the quantitative measurement of many
trace clemenis by inducing activity with neutron
bombardment.

IPerhaps the most versatile application, however, is
the use of the radioisotope as a tracer. The “bird
band” tagging of the interphase in a pipeline, the
use of gross specific activity as a measure of the de-
gree of physical mixing, or, conversely, as a volume
- measurement, and the study of reaction mechanisms
by isotopic molecular tagging itlustrate the great
variety of techniques. In general the use of fracers
depends upoen the chemical and physical near-identity
of the radioisotope to the natura! element and upon
the great sensitivity by which radioisotopes can be
detected, It is in the latter category that recent ad-
vances in instrumentation have opened up new vistas
for the widespread use of radioisotopic tracers.

Although the variations in half-life, sample mount,
type of radiation, and detector make it difficult to
select a single example, an ordinary radio-chemical
measurement of an activity of 50 counts per minute
which is determined with a background of perhaps
another 50 counts per ininute usually corresponds to
an actual disintegration rate from- 2000 to 200,000
per minute, Such a measurement is usuwally made
with the relatively small sample of the common com-
inercial Geiger counter. It is clear that at least an
order of magnitude increase in primary detection
efficiency is possible in principle. In addition another
order of magnituce should be gained from the use of
larger samples. Furthermore by reducing the back-
ground rate Dy ten-fold another factor of two is
pained for equivalent statistical reliability, The pres-
ent paper is an aualysis of how these goals of maxima
in detection efficiency and signal to noise ratio can
Le approached with modern low-level instrumenta-

* Purdue University.
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tion, and how these instruments can be profitably
used in many tracer applications, Furthermore the
potential future for large scale use of tracers is
analyzed with attention to the question of safety. The
low-level instruments are considered in two classes,
the gas-tube counters and the scintitlation detectors.

LOW-LEYEL GAS-TUBE COUNTING

The first major application of low-level counting
was the work of W. F. Libby and co-workcers.! Their
discovery of carbon-14 in nature and their cstablish-
ment of the important method of radiocarbon dating
required a low-level wnethod for measuring Jess than
100 disintegrations per minute of this weak beta
emitter.

The necessary detection sensitivity was obtained
by the use of the screen-wall counter of Libby. %@
The problem of the signal to noise ratio resulting from
the high background activity of this relatively large
counter was solved by the use of massive shielding
for gamma radiation plus elcctronic shiclding for
the mesons of the cosmic rays. The mesons were de-
tected in an “umbrella” or perhaps, a “raincoat,” of
Geiger counters surrounding the sample counter.
These counts were electronically subtracted by plac-
ing them in anti-coincidence with the counts of the
sample counter, In this arrangement the Geiger coun-
ters of the envelope can be operated in parallel from
a single high voltage supply. A number of satisfac-
tory circuits are available for accomplishing the anti-
coincidence operation.®: 3 Our apparatus is shown in
Fips. 1 and 2.

The screen-wall counter with massive shielding and
anti-~coincidence electronic shielding has preven to
e a reliable method. Subsequent developments in
gas-tube low-level counters have adopted these tech-
niques of background reduction. The massive shield-
ing usually consists of eight inches of iron or steel.
Almost as good results can be obtained with four
inches of iron plus four inches of lead. A shield en-
tirely of lead, however, is unsatisfactory because of
the contamination by natural radioactivities. Nulp
and others have shown that an additional inch of
mercury between the iron and counter wilt further
improve the background by removing some gamma
radiation prebably from contaminants in the shicld.®
This radiation would cscape the electronic cancella-
tion. The effects of these massive shields and the
anti-coincidence shielding are shown in Tahle 1.
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same spectrum of fast electrons traverses the cavity.®

As the fast elecirons, mostly from the walls, sweep
across the cavity they generate jons and secondary
electrons within the cavity. The inelastic collisions
which oceur within the cavity fall rather naturally
into two groups: {a) those which generate very slow
electrons with too [ittle kinetic energy to span the
cavity, and (b} thosc which generate fast electrons
with plenty of energy to leave the cavity and pene-
trate the cavity walls. In coilisions of type (a} the
cnergy given to the secondary electron remnains en-
tirely within the cavity. On the other hand, in colli-
sions of type {b) both primary and secondary elec-
trons contribute little of their euergy to the cavity,
and this through further collisions of type (a) on the
part of both fast electrons. Thus the fast secondary
electron resulting from coliisions of type (b) might
as well be considered part of the incident spectrum,
since it is indistinguishable from it.

\We therefore schematize the problem as follows:
all collisions which resnlt in a net energy transfer
less than a threshold value A are considered as dis-
sipating their energy on the spot. Conversely, all eol-
lisions which result in a net energy transfer greater
than A are not considered as dissipating any energy
at all. The resulting secondary electron is considered
as part of the incident spectrum. The encrgy a4,
which separates dissipative from non-dissipative col-
lisions is taken to be that kinetic energy which an
clectron requires in order to span the cavity.

It is clear that such a two-group theary is an over-
simplification. For example, we still assume that the
electron spectrum is characteristic of the wall ma-
terial even though the cavity must make some modih-
cation particularly for energies T not much greater
than A. Likewise there is the question of the ex-
change of encrgy hetween cavity and walls in the
form of very slow eleetrons. In this latter question
our schematization is equivalent to assuming a bal-
ance with no net cnergy transfer, which is fairly rea-
sonahle on the basis of semi-quantitative arguments,
Tn general we hope that these types of inaccuracies
in the schematization can be aliowed for by adjust-
ing the value of A rather than changing the two-
group schematization, The choice of A is not a very
critical matter since the calculations are rather in-
sensitive to its value, -

CALCULATIONS
We want to determine the cnergy dissipated per
gram of cavity gas relative to the energy dissipated
per gram of wall material. In accordance with our
schematization this quantity is given by the following
ratio:

Ty
£ To &) = T{’[ dTI:(To TS T, &) (1)
A
where Jz(T,T) is the clectron spectrum, including

both primaries and secondaries, and S, (T, A) is
the stopping power limited to energy losses smaller

than A. The integral represents the energy dissi-
pated in the cavity and T,~! represents the corre-
sponding energy dissipated in the wall material. At
energies T = To/2, from which region secondaties
are excluded by definition, [z should be very nearly
the reciprocal stopping power of the wail material

Note how this formula differs {rom the correspond-
ing Bragg-Gray formwula: In Bragg-Gray theory a
would be set equal to T/2 in the quantity Sur(7, &),
so that @/ energy given to secondary electrons is con-
sidered stopping power. Correspondingly [ would
be taken as the reciprocal stopping power, which is
the continuous-siowing-down approximation to the
spectrum of primary electrons onfy. Our quantity
I2{Te. T becomes much larger than the reciprocal
stopping power at low energies becanse of the incla-
sion of “fast” secondary electrons. Correspondingly
Sar(T, a) is smaller than the slopping power for
air because the energy given to “iast” seconduries is
not included as stoppiug power in our schematization.
It would be a mistake simply to insert the spectrum
1z(Te,T), including secondary electron energy, into
the Bragz-Gray integral ; for the same energy should
simultaneously be subtracted from the stopping
power.

The two quantities f2( T, 7)Y and S5.(T, A) are
readily calculated. The latter is determined in the
same manner as the Bethe stopping power formula ®
Methods for calculating the former, together with
sample results, are in the literature.” The product of
the two quantities is reasonably well behaved, so that
the integral in Equation 1 is easy to carry out nu-
mericaily. We have therefore performed a number
of such :ntegrations. The results are contanined in
Tahle 1. We have not carried out calculations for ex-
tremely small & because of our poor knowlecdge of the
cross sections for the production of secondary elec-
trons in this region,

DISCUSSION

There are several comments worth making about
Table I. First, since carbon is ncarly air-equivalent,
having a 7 only slightly less than that of air, it is
gratifying to note that fg for carbon is only slightly
less than unity, independent of Ty and A. Variations
in fz of 1% or less are not significant because the
spectra used in the calculations are not that accurate.

Secondly, for fixed & and Z, the variations in fz
with Ty arc siow and very similar to those in the
analogous stopping power ratios. This feature is very
useful because it allows the correction to Bragg-
Gray to :ake the fotm of a multiplicative constant
which depends an A, ie, the cavity size.

Finally, it can be seen that for comstant T, and
decreasing A, fz increases more and more rapidly.
This is because contributions to the integral in Equa-
tion 1 from energies T near & are important and in-
volve the stopping power behavior at very low ener-
gies. This {cature is more prominent for high-Z wall
matcrials, as is expected.
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the meaning of extrapolation mweasurements. It is
clear that the extrapolated value is not independent
of the smallest cavity size for which measurements
are made. Thus the concept of “extrapolated value™
is not as well defined as is generally assumed. At

least {or measurements in non-air-equivalent ma-
terials, it would seem preferable to relate calcula-
tions to definite cavity sizes.
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Absolute Dosimetry of Cobalt-60 Gamma.Rays

By J. S. Laughlin, S. Genna, M. Danzker, and 5. J. Vacirca,* USA

The output of any radiation source can be pre-
cisely specified by its intensity, or quantity of radia-
tion. As defined by the International Commission on
Radiological Units,! quantity of radiation is the time
integral of intensity and cun be expressed in ergs
per square centimeter. Intensity can be determined
directly and precisely with the calorimetric method
described here which mweasures temperature changes
of the arder of 10— degrees Centigrade.”

Kuowledge of the absorbed dose is even more es-
sential in many radiation experiments. Absorbed
dose! refers to the amount of energy imparted per
upit mass at a particular point in an absorbing
material, and is expressed in rads. (One rad equals
1) ergs/gram.) The calorimetrically determined
quantity of radiation can be couverted into absorbed
dose at given depths in an absorbing medium whose
physical properties are known., This has been done
jur the cobalt-G0 gamma rays in various materials
and the absorhed cose so determined has been com-
pared wilh that obtained from cavity ionizalion
measurements in the same absorbing meditm.

COBALT SOURCE

Experiments were performed with the Memorial
Center tetecobalt unit. The unit is commercially
known as the “Theratron” and is manufaetured by
the Atomic Energy Commission of Canada. The co-
Lalt-00 spurce is in the form of a number of small
pellets contained in a cylindrical steel shell, The
shell has an inside diameter of 2.5 ciis and a length of
1.2 cm. A 2.5 em diameter lead collimator defines
the beam:. The collimator is 18 em long and s exit
diaphragm is 47 em from the 1000 curie cobalt-60
source.

CALORIMETER APPARATUS

A single lead-tungsten absorbing cylinder, iilus-
trated in Fig. 1, is suspended in a veanun chamber
{(Fig. 2) for use as the energy absorber for the tele-
cobalt gatima ray beam. The absorber is suspended
with nvlon threads through eyelets attached to the
roof of the vacuum chamber. Worm screw adjust-
ments permit accurate alipnment of the absorhing
cylinder.

The absarber is constructed in three sections. The
center section, or socket, consists of a silver plated

* Division of Thysics and Biaphwsics, Sloan-Ketterng Institute
and Memorial Hospital, Memeorial Center, New York,
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cylindrical brass shell filled with lead. The two end
sections, or plugs, are machined from “Hevimet”
tungsten alloy. After mounting the thermistor in one
plug and the heater elewent in the other plug, the
separate elements are screwed together and soldered
at the joints to insurc good thermal conductivity,
The diameter of the absorber is 8.9 em and its thick-
ness is 7.8 em,

A Western EFlectric No. [2A rod-type thermistor
is used as the temperature-sensitive elcment. The
No. 12A thenmistors are about 3 em1 oy and 3 mum
in diasneter. They have a high negative temperature
cocfhcient of about 3.8%/°C and a total resistance
of about 10,000 ohitus at 26°C.

A reetangular groove 4 em long, 4 nmum wide, and
4 mm deep, is ent in the rear tungsten plug for the
thermistor rod, The heavy electrodes of the thermis-
tor were rentoved awnd replaced with insulated 36
B&S gauge copper wire. In order to obtain good
thermal eontact hetween the thermistor and the tung-
stenn plug, one end of the thermistor is securely
soldered to the tuugsten. Tle remainder 15 insulated
with a thin shieet of teflon. The entire thermistor is
then imbedded in the rectangular groave with Wood’s
metal,

An insutated nichrome wire heating clement, im-
bedded w1 Wood’s metal within the [ront pluy, serves
to introduce a known amount of energy [or calibra-
tion. Lnameied insulated nichrome wire is soldered
at one end to the tungsten plug and at the other end
to 36 B&S gauge enameled copper wire. A cylin-
drical well machined in the “Hevimet" receives the
michrome heating clement as well as a few turns of
the copper wire. Wood's etal serves to secure the
wire to the tungsten plug with good thermal cantact.

The surface of the cylinders and the inside wall
of the vacuunt chamber are silver plaled and fnistied
to a higlt polish 1 order to minimize radiation heat
transfer, A thin aluminum baffle surrounds the sides
and erds of the eylinder in order to dampen racdia-
tion heat trausfer effects of temperature Auctuations
in the chamber walls.

The calorimeter vacuwn chamber is imntersed in
a thermestaticaily controlled bath of rapidly cireulat-
ing water. A centrifuzal pump and heat exchanger
unit continucusly circulates and cools the water hath.
Cooling is effected by means of a water cooled cop-
per coil. A mercury thennoregulator controls two
knife heaters immersed in the water bath.
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Figure 1, Dese distribution spectrum: Pu-Ba soyrce

mental shartecomings. In fact, checks on the linearity
of the counter and of the electronic system em-
ployed have been satisfactary and, in addition, the
total dose registered by the device is in agreement
with an integral dose measurement performed with
a tissue equivalent chamber after small corrections
for contamimating clectromagnetic radiation were
applied.

The reason for the diserepancy is probably due to
differences in the theoretical and practical aspects of
the concept of LET. Tt must be realized that LET
as normally considered is a statistical average over
a number of discreet processes. Since the energy loss
of ionizing particles is not continuous, its value when
taken over a small interval will fluctuate about the
assumed average value both because the number of
interactions along a given length of track may vary
and because the energy expended in successive in-
teractions is alsu variable (Landau®). Consequently,
identical particles of the same cnergy yield a dis-
tribution of LET. The width of this distribution be-
comes larger as the test interval chosen breumes
smaller, since the degree of divergence will be larger
for a smualler statistical sample. On the other hand,
if the sample chosen becomes too large, the cnergy
of the parlicle will vary within the interval resulting
again in an increase of LET values, There must,
thus, exist an optimal sample size for which the
spread is least. The nwmerical evaluation of the
optimal interval requires a detailed statistical
analysis, but it is evident that its size will vary, de-
pending on the nature and the energy of the particles
involved.

It is to be noted that these considerations apply
equally to the process of physical measurement as
well as to radiobiological theory since the same
effects will De operative in both the counter gas
and Dbiological structure traversed.

When pulsc-height measuremients are extended
into the region of large values, it is evident that the
miain portion of the spectriun which is caused by
protons is followed by a long band of pulses repre-
senting a very high degree of specific ionization.
This is obviously due to carbon snuclei recoiling

Llneor erergy transfer {kev/micron)

Figure 2, Dose disiribution spectrum; Po-8 source

from the walls of the chamber. Since the yield of
such particles is comparatively low and the pulse
speetrun produced extends over a large range of
pulse-heights, the counting rate per channel is quite
low and with equipment and sources used thus far,
the precision is not too great. Tn addition, the relation
between energy loss and specific ionization for such
particles is not too well known, henice the inclusion in
an actual LET spectrum must be regarded as an
approximation until further datc can be obtained.
Nevertheless, these particles which are of interest in
racliobiology are clearly registered and an approxi-
mate value of the dose delivered can he obtained.
However, this deterinination must be miade in the
lower range of pressures of counter operation since
the range of these particles becomes comnparable to
counter dimensions at pressures of the order of
50 mm Hg., Thus it may be concludedt from Fip. 4,
which was obtained with 2 Po-Be source, that a dose
contributed by these recoils is approximately 6% of
the proton dosc for LET up to 425 kev/pu. Since the
counting tate beyond the corresponding pulse height
is still finite an additional contribution must be de-
livered beyond ihis point. Tt is believed to be small,

The immediate practical use to which this stru-
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7 mg/c® window and is desirable from the stand-
point of measuring the beta dose to skin.

The sensitivity of the modified chamber to photons
with energy .01 to 1.25 Mcv was measured and the
restilts of the measurement are shown in Fig. 4, The
sensitivity was normalized to a free-air jonjzation
chamber for energies from 0.01 to 0.10 Mev and to
thimble chambers for energies 0.146 to 0.197 Mev;
the points at 0.80 and 1.25 Mev were obtained from
standardized radium and cobalt sources. In Fig. 4
two sets of results are represented; one for a
7 mg/em® window and the other for a 6 mm tissue-
equivalent Bragg-Gray screen. The screen was of
sufficient thickness to give equilibrium for electron
production in the chamber walls and to remove those
electrons produced i the source and in air by the
primary radiatien. The shape of the curve at low
energies while undesirable is characteristic of most
fonization instruments and scems unavoidalle, Lut
the response at high energies is quite satisfactory.

The instrument can he simply calibrated for field
use hy exposing it to a high-energy gamma source
with the Bragp-Gray screen in place. Skin dose rate
measurements in the field are taken with the screen
removed. When uscd in this way, the instrument
measures the total dose rate to surface tissues due
to the non-penetrating beta radiation and it also
measures the contribution due to penetrating gamma
radiation which it reads about ten per cent ton high.
TFor measurement of the dose rate due to penetrat-
ing radiation, the chamber is used with the screen
over the front window in the conventional wanner.

THE THIN SCINTILLATOR SURVEY INSTRUMENT

The difficulties in making a large fat ion chamhber
with a thin but strong front window could be avoiderd
if the detecting medium were a solid which could
support the window, This suggested the use of a
scintillation detector. Studies have been made of the
use of anthracene crystals for gamma:ray dosimetry
but little is known about their use for beta-ray meas-
urements.® * % The present work was undertalen
to determine the properties of scintillation detectors

for the dosimetry of both beta and gammma radiation.

The scintillation materinl chosen for study was
anthracene because it is approximately tissue-cquiv-
alent in composition and because it is the most ef-
ficient light emitter of the known organic scintillators.
Because the beta particles are rapidly absorbed in
matter, the scintillator must be thin, e.g., for 1.0 Mev
beta rays it should be much less than 60 g /cm? thick.
Thin crystals could have been cut from large ones
but they would have been quite fragite. It was found
that machinable and reasonalbly strong scintiilators
could e made by grinding anthracenc flakes to a
fine powder, shirryving them with three times their
volume of benzene, and molding the slurry at 12,000
Ib/in? at 135°C for thirty minutes. The resulling
tahlcts were faced on a lathe, mounted an glass disks
with silicone stopcock grease, and machined to the
desired thickness.

Scintillators as thin as 0.08 mm were made and
this method was found to produce detectors with re-
preducible characteristics. Any method of mounting
sufficiently thin laycrs of anthracene powder or Aakes
should produce adequate dosimeters. The consider-
able variation among the individual detectors, how-
ever, would make neccessary a separate calibration
pracedure for each one.

A DuMont 6292 photomultiplier tube was uscd
with a negative high voltage supply for these meas-
urements. A high valtage gradient across the tube
envelope and scintillation crystal will raise the back-
ground current and will eventually destroy the phato-
cathode. To avoid these difficulties an ahuninum light
shield over the scintillator was kept at the negative
potential of the cathede. To protect personnel from
the high voltage a grounded shield covered the inner
shield and was spaced about 3 mnn from it by means
of a thin lucite ring. The total thickness of aluminum
amounted te 7 mg/can®. The anode currents were
meastred with a vihrating reed electrometer,

The response of scintillators of different thicknesses
to a Sr%-Y™ source was measured. The angular de-
pendence of the thinnest scintillator (25 mg/cm?)
is shown in Fig, 2 to approach that of the extrapola-
tion chamber rather closely, while thicker scintillators
have response curves approaching that of the CP,
The area under these curves (multiptied by the sine
of the angle) will dctermine the response to a large
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wall covered with a uniform thin layer of beta emit-
ting material. In this case, the 25 mg/cm*® scintillator
would give a result differing by only 11 per cent
from that of the extrapolation chamber.

A 24 mg/em? scintillator was chosen for further
study and its response to a Sr*"-Y? souree, to a P#?
source, to a Ru'?-Ra' source, and to clectrons
from the Van de Graaff accelerator was compared
to the responsc of the extrapolation chamber. The
results are shown in Fig. 3. The current per unit
dose rate is independent of cleciron enerpy except
at low energies where it decreases with decreasing
electron cnergy.

The response of the same santillator to ganuuna
ravs with energies between 0.0086 and 1.23 Mev is
shown in Fig. 6. The gamma-ray dose rates were de-
termined with a free-air ion chamber Dbelow 146
kev and with thimble chambers above 146 kev. The
" current per unit dose rate is independent of photon
energy except that below 200 kev it undergocs a sharp
decrease. This decrease is due to a saturation effect in
the emission of Lght {rom anthracenc by electrons
of high specific ionization.” Two points are given
for hoth radium and Co® sources. The lower value
in each case was obtained with a 6 mm lucite sheet
in front of the thin window of the detector ; this sheet
was used at all energies down to 25 kev. With the
Incite in front of the window, the gamma radiation
and its secondary electrons are in equilibrium at the
position of the scintillator, conseguently, it functions
as a Brugg-Gray detector. Without the lucite, sec-
ondary clectrons formied in the souree, in air, in sur-
rounding objects, and in the detector can penetrate
the thin window and produce light in the scintillator.

At a dose rate of 5 mrad/hr the 24 mg/cin® scin-
tillation detector produces a current of 10~ amiperes
which cquals the photomultiplier dark current at the
voltage (1173 volts) used. At higher tube voltage
the signal to noise ratio increases so that detection
levels of about ome mrad/hr are easily obtainable.

SURVEY PRACTICE

Survey instruwments of the type described here can
be calibrated with radium or other gamma-ray sources
of known eniission in the same way as the usual gam-
ma-ray instruents, provided that the thin front
window is covered with a thick piece of the wall ma-
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terial so that the instrument responds as a DBragg-
(zray detector.

These instruments record the combined beta- and
gamina-ray dose rates at the surface of the body.
When different expostre limits are to be applied to
the non-penetrating and penetrating components of
the radiation these can Le differentiated by means
of absorhing screens, A 6 mm screen, for instance,
will ordinarily eliminate all radiation of haif-value
layer about 1 mm or less; at the same time it will
turn the chamber into a Bragg-Gray chamber for
measurernent of the more penctrating radiation. Radi-
ation measured without the sereen will be subject to
the 1500 mrad/week lunit; that measured with it,
to 300 mrad/weck.

CONCLUSIONS

Two instruments, a modified CI* survey chamber
and a scintillation survey dctector, have been de-
veloped for use in the routine measurement of skin
dose resulting from any combination of beta or gamma
radiation. The results of the improvement in accu-
racy of dosimetry are most noticeable in cases of
ficlds of radiation varving rapidly with distance and
in cases involving extended sources. Work with
radioactive materials may lLe done more efficiently
because the accuratc measurement of dose mates
eliminates the neced for large safety factors in ex-
posure calculations.
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10% to 3 X 107 roentgens may be measured colori-
metrically by increasing the length of the vessel from
two to hity inches,

At doses above 10?° roentgens, the decomposition
of nitrous oxide approaches an equilibrium, as shown
in IFig. 3, thus the dosimeter no longer is accurate,
however, under controlled conditions, may be useful
in this region.

DISCUSSION

The kinctics of the nitrous oxide decomposition
by tonizing radiation is fairly simple in the initial
stages, but becomes more complex, the latter not
fully detailed here. However, the complete study of
the oxides of nitrogen has been accounplished and
will be published at a later date, From this study, we
learned that nitrous oxide does not become attacked
by nitrogen or oxygen atoms or any iof reactions and
thus seerns to be an ideal dosimeter. In the initial
stages, the dosimeter is independent of intensity
and temperature to a region of 3 X 107 roentgens.

The major reactions in the decomposition of
nitrous oxide by lonizing radiation are as follows:

A | N2+ O

NoQ — NQO*Q Ia
N + NO
Va N:+O

N:O N20++e—<‘ 1b
|N+NO

2 NO + 0. = 2 NO: 11

y 2 NO IV a

NO, + N [Z, N:O O IVh

N-_w 02 iVe

NO+ L - =N + O v

In the region of 3 > 107 to 3 X 10?, the dosimeter
1s slightly temperature and intensity dependent, where
the curve has a slight bend (see Fig. 2}, At intensi-
tics greater than 3 X 108 rcentgens per second, and
a total dose of over 108, the curve will be straight-
ened since the nitrie oxide becomes more decomposed
by ion reactions, at higher intensities, and thus lcss
nitrous oxide can be reformed. (Details will be pre-
sented in a later paper.} However, the primary de-
composition of nitrous oxide will be exactly pro-
portional to the dose.

\Viih the decomposition of nitrous oxide by ioniz-
ing radiation being almost temperature independent,
the lower temperature of usefulness is limited by the
vapor pressure of the nitrous oxide, which at -—81°C

100

LOG PRESSURE (MM)

Y 1o° 0t - to? o' )
LOG ROENTGEN
Figure 2. Calibration of N20O dosimeter

is one atmosphere and the higher temperature lim-
ited by the thermal decomposition of nitrous oxide.
Thus, at 200°C, nitrous oxide is stable to thermal
decomposition. For short tiine irradiations, tempera-
tures above 200°C could be used, The therinal de-
composition of nitrous oxide is a first order reaction
and the constant of decay is given by the formula:

K = 4.2 % 10% p—33.000/RT gop VI
]
IOO_’/ _
=
=
(1)
[+ =
5
[ ]
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At very low temperatures, from —40°C to —80°C,
the dosimeter may read somewhat higher since the
nitrogen dioxide may freeze out and the back reac-
tion (IV b} will decrease.

The measureinent of thermal neutrons was accom-
plished by adding 5 mg of uranium-235 oxide to the
reaction vesscl. Under these conditions, the decom-
position due to the neatron induced fAssion was about
one hundred times greater than that due to the heta
and gamma radiation in the pile. The uranium-235
can be readily substituted with other materials such
as boron, lithiim or vatural uranium.

Using pure uraninm-238 and a cadmium shielding,
fust neutrons, above 1 Mev, could also be measured.
Experiments of this type are presently heing studied.
Since the beta particles do not penetrate the walls of
the quartz vessels, the major measurement is gamma
raciiation. Minor corrections can he made of the beta
radiation of the radicactive quartz and of the knock-
on of fast nentrons on the nitrous oxide.

CONCLUSIONS
The dosimeter is designed for high intensity ir-

radiations, such as: (a) determination of the dosage
for enzyme deactivation in the region of 10° to 1{7
roentgens ; (b) determination of the dosage for food
sterilization in the region of about 3 X 10° to 1.6
> 10% roentgens; {¢) on the lower limit, the deter-
mination of the dosage for pasteurization in the
region of i0' to 10° roentgens; () determination
of thermal and fast neutron flux within a pile; (e}
dosage contotirs within a pile; and others requiring
high dosage measurcinents,

It should be emphasized that this is an ahsolute
dostmeter requiring no further calibration and only
a sumple vacuum system or a cheap colorimeter. The
entire apparatus is inexpensive, rugged and simple
1o use,

ACKNOWLEDGEMENTS

This work has been a joint effort by the author
and Prof. I>. Harteck, Rensselacr Polytechnic In-
stitute. We would like to thank Dr. Dl Fox and
Messrs. R. Towell, J. Floyd, F. Reeve and H.
Donahue of the Brookhavent National Laboratory for
their advice and cooperation in the pile experiments,






180 YOL. XIY P/155

USA J. WEISS ef al.

not important as long as the internal diameter is
greater than 8 mm. Weiss® originally reported that
the ferrous oxidation rate increased markcdly in
cylindrical cells as the internal diameter fell below
B mm. Ghormley® has confirmed this diameter effect,
but found that the oxidation rate in 4 mm ID cells
was only 3% greater than in the larger oncs, a con-
siderably smaller effect than was reported by Weiss.
The solutions used in Weiss’s work did not contain
Cl~ and might have been aflected by impurities. Re-
peating this work we have found a 6% greater
yield in 4 mm ID cells, This effect is not noticed in
polystyrene cells. Presumahly it arises from the fact
that more secondary electrons per unit volume are
generated in glass than in water or in polystyrene.

The dosimeter is quite insensitive to changes in
solute composition. Dainton and Sutton” have noted
a decrease in the yield of the reaction below 10—4
M TFe50y, and Ghormley and Hochanadel® have
noted a deercase in the yield around 0.1 M FeSQy.
Ferrous sulfate and ferrous ammonium sulfate have
been used interchangeably in this laboratory with no
noticeable difference.

V. Hogan, in this laboratory, has determined the
dependence of the yield on 11,50, concentration. In
0.1N Hp50, the oxidation rate was 3% lower than
at the standard concentration (0.BN) and in 4N
H.50; the yield was 7% greater, This approxi-
mately parallels the increase in electron density of
the solution.

The NaCl is used to suppress the effect of organic
impurities in the solution. In general, arganic im-
purities tend to increase the Fet+ oxidation rate.
The effect of varying the NaCl concentration is
difficult to determine, since the cffect ts different
with different impurities. Ilowever, chloride ion
tends to catalyze the thermal air oxidation of FeSQ,
and thus becomes troublesome if present in concen-
trations greater than 10—2 3. Donaldson and Miller®
have found that Ci— does not inhibit the cffect of
unsaturated organic material, but fortunately inost
contaminants found in nature are saturated.

TABLE . Effect of Different Water Sources on the Yield
of the FeSO4 Dosimeter

Oridafion rate (uM frmin)

Source of wates With chlaride Without chloride
Chlorinated well water 11.41 11.43
Distilled water* 11.47 11.74
Distilled watert 11.51 11.94
Distilled water} 11.50 11.64

* Ordinary distilled water passed through aluminum pipes.
t Laboratory distilled water prepared in all glass system.

1 Watet distilled from basic permanganate and acid dichromate.

In Table I, the oxidation rates are given for solu-
tions prepared with and without NaCl using various
sources of water, Tt is seen that without added Cl-
most waters give a high oxidation rate. The excep-
tion is chlorinated well water, While this undonbt-

edly has the greatest impurity concentratron, it also
contains sufficient Cl— to suppress the impurity ef-
fects. When 10-® A Cl— is added to these solutions,
the yield drops to its normal value within experi-
mental error. In practice, organic impurity effects
can be found by following the oxidation rate as 2
function of time. In the presence of impurities, a
plot of Fet+ oxidized vs dose will not be linear
through the origin but will exhibit a posilive inter-
cept.

TABLE l. Reproducibility of Ferrouvs Sulfate Dasimeter
Measurements by Individuals

Arerags number

Dosimet i, A deriati
measurements Y delermingtions  ATELLCLUN  Operator
8 5 0.6%; H. Schwarz
2 12 0.6% Jerome Welss
14 4 0.7% V. Allen
12 3 0.5%, J. Steimers

The ferrous sulfate dosimeter has proven itself to
be highly reproducible when used by either experi-
enced or inexpeticnced personnel. Table 1] lists the
results of determinations made by four different in-
dividuals using various irradiation conditions, Neith-
er of the two latter operators had ever used a
spectrophotometer or the dosimeter before these
series of determinations were made. Each was given
approximately four hours of instruction and was
closely supervised during the first day’s operations.
After that time, they were aliowed to work by them-
selves except for occasional conferences to find out
if they were having any difficulty,

Column 1 of Table 1I gives the number of different
conditions used (dose rates, geometry, etc.). Column
2 lists the average number of determinations made
for any given set of conditions, and column 3 lists
the average deviation for all the determinations by
each experimenter.

At Brookhaven, Co® sources are prepared and
shipped to various other laboratories in the country,
Comparisons are therefore available between dose
rates measured hy FeSQy for the same source, first
at Brookhaven by Brookhaven personnel and then at
the purchaser’s laboratory by their personmel. Some
comparisons are shown in Table T111. The results are
normalized to the same. date using 5.2 years for the
half life of Co%. Most of these experimenters had
never used a ferrous sulfate dosimeter before these
sources were obtained by their laboratorics.

We have stated that the Fricke dosimeter is useful
in the range of 4000 to 40,000 r. The lower fimit is
set by the analytical method. In a 1 cm absorption
cell, the absorbency will increase by 0.137 which can
be read to 1%. If a longer cell is used, the method
can be extended to correspondingly lower doses. The
upper limit is set Dy oxygen consumption in the
saniple. In Fig, 1, the Fett oxidation in 102 M
FeSO, is shown. Above 40,000 r, the yield gradu-
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ally de¢reases to the value observed in deaerated
solutions. Presumably the upper limit can be ex-
tended to dases of about 200,000 r by saturating the
solution with pure oxygen before irmadiation (and
increasing the FeSO, eoncentration fAvefold).

The absolute value of the yield of the Fricke
dosimeter has been measured by several methods in-
dependent of ionization chambers. One of the more
recent values and probably the most precise was
determined by Schuler and Allen!® by measuring the
energy mnput from a Van de Graafl generator. They
determined G (jons of Fett oxidized per 100 ev
energy absorbed) to be 15.45 == 0.11. Calorimetric
values obtained by Hochanadel and Ghornley'* and
by Burton, Lazo and Dewhurst,!? and an internal
beta radiation value determined by Donaldson and
Miller® agree with this number within their respec-
tive stated accuracies. It can be calculated from the
ion chamber work of Weiss and Bernsteinl? that the
yield in terms of roentgens is 16.0 == 0.3 u2/1000 r,
Comparison of these two numbers involves the value
of IV (encrgy per ion pair) in air. Disenssion of ¥
values lies bevand the scope of the present paper.

The yield values referred to herc were determined
with 1 and 2 Mev clectrons and with X-rays from a
2 Mev electrostatic generator. Nothing is known about
the wave Jength dependence of this dosimeter to the
precision which we have been discussing. However,
according to theory, the yield should remain constant
as the wave iength is decreased from those employed
here and should tend to decrease with increasing
wave lengilh at lower energies. Farmer, Rigg and
Weiss,1? using 250 kvp X-rays, compared the dosi-
meter to an ion chamber and found & for ferrous sul-
fate to be 16.4 == 0.8. It would appear that the yield is

TABLE . interlaboratory Comparison of FeSQ,

Dosimetry
Souree location and Their dose rate Owr dose tok L
experimenders {r for) (7o) F trderation

Dow Chemical Co., Mid- (a) 44,000 407,000 0.8
land, Mich,
W. K. Kramer
T. C. Engclder
Stonford Research Inst.,
Stanford, Califomia
H. J. Eding
5. 1. Taimuty
University of Chicago, Chi-
cago, Ilinois
A. Zimmer
hfassachusetts Institute of
Technology, Cambridge,
Massachusetts
5, Davison
Columbia University
New York, New York
N. Barr

(%) 123,500
797,000

124,000
797,000

bl
(="

416,000 438000 1.8

126,000 125000 0.8

195,000 199,000 0.5
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Figure 1. The oxidatlon of 0.01 M Fe504 in 0.8 N H25804

constant up to this wave length. Presumably the yield
may be taken as wave length independent for y-ray
applications.
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The Role of Liquid Scintillaters in Nuclear Medicine

By F. N. Hayes, Ernest C. Anderson, and Wright H. Langham,* USA

Liquid scintillation solutions® * share with other
scintillating materials the property of converting
energy which is depasited in them by icnizing radia-
tions into visible light.' The unique advantages of
the liquid scintillators are derived directly from their
liquid state; all the other scintillating materials
(some organic and inorganic crystals and certain
special plastics) are solids, These advantages are
two in number : first, the solvent power of the liquid
scintiliators for a preat variety of materials, and
second, the comparatively low cost of liguid scintil-
lators of very large volumes and arbitrary shapes.
This paper will discuss a few of the applications of
these properties which have been made to biochernical
problems. Since the field is a wide and very active
one, attention will be limited to selected examples
from the work of the Biomedical Research Group at
Los Alamos and no attempt will be made to review
the current literature, Many of the techniques dis-
ctisscd here are as yet unpublished, but will appear
in due time in the appropriate journals.

PROPERTIES OF LIQUID SCINTILLATION SOLUTIONS

No pure liquid is known ot expected to have the
characteristics of a good scintillating material.??
However, when certnin organic compounds which
arc themselves scintillators in the pure crystalline
state are dissolved in appropriate solvents, the result-
ing solution is a scintillator. These solutes, which are
responsible for the actual light emission process, are
lincar chains of aromatic rings: terphenyl is the
simplest example. The rings may be benzenoid or
heterocyelic, (e.g., thc oxazoles® %7 %) and con-
jugated alkene chains sometimes occur (eg., diphenyl
hexatrienc}. The sohite need only be present in low
concentration; 5 grams per liter is the optimum for
diphenyloxazole (PPQO) in tolucne. Therefore, most
of the ionization energy is abserbed by the solvent,
and very cfficient energy transfer mechaaisms owst
exist in order that the energy reach the solute for
efficient light emission. This fact practically limits
the acceplable solvents to alkyl benzenes.® 13 How-
ever, it is possible to modify the solvent properties
of the solvent hy the additiou of certain other liquids
which decrease the light emission only moderately.?

* Los Alamos Scientific Taboratary. Intluding work by Mem-
bers of the Biomedical Research Group, Les Alamos Scientific
Laboratory; R. D Hiebert, Electronics (sroup, [.os Alamos Scien-

tific Laboratory; M. A. Van Dilla, Radiobiology Laboratory,
University of Utah.
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These liquids, known as “diluents,” include aliphatic
hydrocarbons, cthers, and aicohols. Finally, a sec-
ondary solute, itsell a scintillator, may be added (in
about 1% of the concentration of the primary) in
order 1o shift the wavclength of the light emitted by
the primary solute to longer wavelengths. This may
be desirable for a number of reasons: better match
to the response of the photocathode of the photo-
muitiplier tube, or greater uptical transparency of the
solution at lomger wavelengths.

The scintillation- solution which we have found
to De the best for mnost applications s 4 grams
per liter diphenyloxazole {PPO) and 0.05 grams
per  liter  1,4-di|2-(5-phenyloxaznlyl)]-benzene
(POPOP} in toluene. This solution gives the
largest pulse height and the longest wavelength of
emission (4300 A}. The use of terphenyl in place of
the PPO gives nearly the same pulse height but the
solubility of the terpheny] is considerably less and it
is more difficult to keep in solution. :

The general composition of a liquid scintillation
counter may, therefore, he: (1) the mnain salvent,
whose primary function is the transfer of enerpy to
the solute; (2) the primary solute, which alsorbs
energy from the solvent and emits a fraction of it
as visible light; (3} the secondary solute which shifts
the cmission spectrum to longer wavelengths; (4)
the diluent which modifes the solvent properties of
the system withont too great interference with the
light emission process; and (3) photomultiplier
tube(s) and associated electronic equipament to con-
vert the light puises into electrical pulses, to analyze
their energy, and to record the results,

In only one respect are the ligquid scintillators
seriously. inferior to the solid, inorganic crystals;
narnely, in their energy resolution. The light emission
of a liquid scintillator is, within limits, proportional
to the energy of the primary ionizing cvent, but the
low atomic number of the organic compounds com-
pared with Nal, for example, renders their response
to gamma rays considerably inferior. The Nal erystal
has a very high stopping power for gamma rays, and
a large part of the eross section is due to the photo-
electric cficet in which the full encrgy of the gamma
ray is deposited in the ¢rystal. This gives rise to a
sharp line, the “photopeak” in the encrgy spectrum.
In the organic inaterials, on the other .hand, the
interaction with gamma rays is almost cntirely
Compton scattering, which results in a broad con-
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also bevome very prominent in any attempts to ex-
tend the precision. In brief, adequate counting sta-
tistics are a necessary but not a sufficient condition
to guarantec a corresponding precision in dating.

The counting time for the ineasurcment of a con-
temporary sample to an error in age of 100 years
(1.25% error in activity at lo) is given in the sixth
column and is another possibie basis of comparison.
Whether this counting titne can he approached as a
limiting time for a determination depends on the
complexity of sample preparation. If it is possible
to duplicate the facilities for sample preparation,
which are usually much less expensive than the
counting apparatus, some advantage can be taken of
the potential reduction in counting time.

The Iast cohenn gives the theoretical maximum
ape limit of the method. The same limitations which
were mentioned in connection with column 5 apply
to these muunbers,

One might predict that the simpler chemistry and
¢lectronics and the smaller sample requirement of
the gas counting method will recommend its use for
the average dating application, and that the scintilla-
tion method may find principal application in the
precision study of the contemporary assay and in
the dating of extremely old samples, The problems
to be investignted by radiocarbon dating are so di-
verse that several methods will undoubtediy be re-
quired for their solution.

INSTRUMENTATION FOR SCINTILLATION COUNTING

The liquid seintillation inethod is based on the
ability of certain solutions to convert a part of the
energy deposited in them by ionizing radiations into
visible light.?* The conversion is relatively inefficient
so that only 2 small number of photens are produced
(less than 1€ per kev)}. The photon production is,
however, proportional to the energy deposited so
that the magnitude of the light pulse is (within
limits) proportionzal to the energy of the initial event.

For highly cfficient counting of soft beta rays, the
sammple is made an integral part of the scintillating

solution,’® 1% so that the entire energy of every beta
ray is available for light excitation. The nain solvent
iz vsually an alkyl benzene and the solute (which is
responsible for the light emission) is a compound
consisting of armmatic rings linked in a lincar array
(the simplest example is p-terphenyl}. A photomulti-
plier tube i5 used to detect the photons and to amplify
the pulse by a large factor {of the order of 10°).
The pulses are further amplified by a conventional
linear amplifier (gain of 107 to 10*) and those of the
desired energy range are sclected by a pulse analyzer.
Since the average encrgy of the C!? Deta is about
50 kev, the energy range must extend down to
5-10 kev to obfain good efficiency. These pulses may
correspond to the emission of only a single electron
from the cathode of the photoinultiplier tube. Under
these conditions, one encounters an undesirable char-
acteristic of the photomultipliers, their “dark cur-
rent.” Lven in the absence of any trite sigmal, ther-
mionic emission from the photosensitive cathode
produces a large number of “noise” pulses (of the
order of 10 per second}. These are eliminated by the
following method :

Two photomultiplier tubes (e.g., Dumont 6292}
with their associated circuits receive the light from
the scintillation cell, and after energy selection only
those pulses which oceur simultaneously {within
1 usec or less) atre passed by a fast coincidence cir-
cuit. Since the thermal noise pulses are random and
uncorrelated in the two tubes, they are rejected in
this process. Refrigeration is sometimes used to re-
duce thermionic emission somewhat and to make the
task of the coincidence circuit easier, { An alternative
approach to the problem has been adopted by Pringle
et al® Through careful selection of the photomulti-
plier tuhe and close attention to the optics of the
system, they are able to reduce tube noise so that
single channel operation is possible.)

The resulting electronic apparatus is somewhat
more complex than the rather similar circuits used
in gas proportional counting. The principal difference
is the need for two amplifiers and analyzers instead

TABLE |. Comparison of Counting Methods

Couni

Size ?‘ Cantemporary fAach. Contemp- fime Mozimum
sgmpie rale pround orary Iio-yr. [T
Muihod (arams) {epm) {epm) precivion® errort [yra )t
Libby screen-wall® 8 6.7 4.0 1.289; 50 hr 235,000
Suess acetylene 1 liter, 1 atm® i 10.7 2.3 Q.78 19 hr 31,000
Crathorn, acetylene J jiters, 1 atm? 3 39 16 0.47 7hr 34,000
de Vries, CO; 0.3 liter, 3 atm® 0.3 5.6 2.6 1.29 3t hr 25,000
Brannon, CO; 0.7 liter, 10 atm? 6 45 13 0.40 5 hr 36,003
Fergusson, CO, 8 liters, 3 alm? 13 103 14 0.23 1.6 hr 42,000
Pringle, -C*H, 20 mI 2.3 15.5 3.3 0.67 13 hr 33,000
Fringle, methanol in toluene, 20 mi® 1.9 14,2 6.2 0.80 20 hr 29,000
Audric, acetylene in toluene, 80 milt 7 45 40 0.57 10 hr 31,000
Amold, hexane, oclane in toluent, :
100 mI? 47 182 26 0.18 1 hr 44,000
IHayes, cymene from terpenes, 900mi'? 67 470 60 0.1t 22 min 45,000

* Theoretical minimum possible error (1), statistics only, for contemporary sample.
t 1o for contemporary sample = 100 years, 48 hours counting time; sample and background both

wnknhon.

1 Assurning 4z is [imiz; 24 hours each gn sample and on background.
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of one and the addition of the coincidence unit. If
the ultimate precision indicated in Table T for the
scintillation methods is to he attained, great stability
in counter characteristics is essential. This is best
achieved by making the counting rate as nearly in-
dependent as possible of all variations in the elec-
tromic and optical parameters of the system. This is
accomplished to a great degree by employing “'bal-
ance point’ operation.?

CHEMISTRY OF SAMPLE PREPARATIONM

The main difficulty retarding the application of
the scintillation mcthods to actual dating is the com-
plexity of the chemical syntheses required to convert
the saniple to a suitable form for counting. The car-
bon of the sample must be converted in good yield
to an organic liguid which is either itself an efficient
solvent for the scintlillation system, almost necessarily
an alkyl benzene,'™ or compatible with an efficient
solvent with a minimum of interference with hlght
emission, such as an aliphatic hydrocarbon, an alco-
hol, or an ether. This second class of lquids can he
referred to as “diluents,” A third class of organic
liguids comprises those compounds which interfere by
“quenching” the light emission process (e.g., CS,,
amines, ketones, eic.) or by absorbing the light (col-
ored substances}. Members of this third class are
clearly unsuitable,

Methods of synthesis which have Ixen proposed
and studied experimentally are shown in Table IT.

TABLE Il, Synthetic Methads for Scintillation Dating

1. Partinl synthesis of toluens
C*Qg -+ ¢ Mgt = gC*OMgBr
¢ C*0: MgBr 4+ HCI = ¢C*O,H
SC* 0 + LiAlH, = 4C*H,0H
¢C*11.0H + Ur, = ¢C*H,Br
¢C*HoBe + TAAILL = ¢C*Hy
Yield: 53027,
Sample carbon in scintillator: 13%
Counting eflicteney: S0€7%,
2. Synthesis of methanol™2%.21
C*Q; + LiAlH, = LiAI{OC*H,),
LiAl{QC*H,}, + ROH = C*H, 0H
Yield: 50-90%,
Sample carbon in scintillator: 119,
Counting efliciency: 307,
3. Synthesis of acetylene’?®
C*0:r + Li = Li,C*,
LigC': + H',P() = C*zHg
Yield: 6595
Sample varbon in scintillator: 109,
Counting elTiciency: 455
4. Synthcsis of hexane and octane® %y
C*0y + 5:Cl, = 5rC*0y
SC*0; 4 Mg = S5ceCy
Sl’C"a + H20 = C*:Hg
C*:fl2 4+ CuyCly = CuyCly- x(C*.Hy)
CuaCler x{C*11) = Cu,Cly- (C*.Ha),
Cugczz'(C‘sz); = CueCiz -+ C*an -+ C*sffs
C*Ele 4+ C¥Hy + Hy + Pt = CHH,y - CHHys
Yield: 30%,
Sample carhon in scintillator: 508,
Ceunting cfficiency: 25%

Note: In this table, (C* designates carbon from thesample.

(The cquations are not balanced, since in many cases
the stoichiometry is unknown.) These include ex-
amples of syntheses of both solvents and diluents.

Obviously, the total synthesis of a good solvent is
the more desirable in that the major portion of the
solution is then made up of the sample and no Josses
in pulse height need be incurred. However, the diffi-
culty of the total synthesis of benzenoid hydrocarbons
from CQ; is such that one is led to consider alterna-
tives in the hope of simplifying the chemistry. One
of these is the partial synthesis of a suitable solvent,
e.g., preparation of toluene from sample CQs and in-
active phenylmagnesium hromide.

In this case, an ¢xcellent solvent is obtained but
only the methyl group is derived fromn the carbon of
the sample and hence the counting solution is 13%
by weight sample. This technique has been used by
Pringle and his colleagues.2'i A somewhat shorter
synthesis, proceeding through ethyl benzoate direetly
to tolucne was used by Blau (unpublished). The
difficulty with this type of method is that the overall
counting efficiency is not much better than that ob-
tainable with methods involving much simpler
syntheses, .

Several examples of diluent synthesis have been
worked out. In addition to the totucne synthesis,
Pringie et al.** have also used \WW. G. Brown's simple
and elegant reduction of CO: to methanol with
LiAlH.™2® This synthesis gives a diluent contain-
ing 4095 by weight sample carbon. Unfortunately,
only about 25% methanol can be incorporated into
the system without undue loss of pulse height, so that
only 10% of the system is sample carbon.

Audric and Long* have used a synthesis of acety-
lene already developed for gas counting.® The acety-
lene can be dissolved at low temperature in a solvent
system (toluene-ethancl) to an extent of about 12%
by weight sample carbon. This is comparabie to the
amount in the preceding two examples.

Arnold has combined a slightly different acetylene
synthesis as used by Suess®® with a synthesis dis-
covered by Nieuwland!? lending to a mixture of
hexane and octane via copper acetylide. The mixture
of aliphatic hydrocarbons chtained can be added to
the scintillation system in coucentrations as high as
60%, which is equivalent to about 30% by weight
sample carbon, The synthesis is complex and the
yields are ahout 30%, but it has heen proved by
careful C** mmeasurements that isotopic fractionation
in the synthesis is very slight. This synthesis is be-
ing used on a routine basis and preliminary results
are given below,

Hayes has investigated the possibility of by-passing
the difficulty of synthesis by suitable selection of the
sample. p-Cymene (p-isopropyltolucne), an excellent
scintillation solvent, can be easily prepared from a
large number of natural terpenes. “Tead” cymene for
hackground measurement is prepared from petro-

1 We are grateful to Professor Pringie for allowing us to quote
his results in advance of publication.
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not volumetrically) were added to the counting solu-
tions to determmine the counter efficiency. The dis-
integration rate was calculated using 5370 years as
the C!'* half-life, It is believed that the overall ac-
curacy of the calibration is good to 194 or letter. An
aliquot of the henzoic acid standard in toluene solu-
tion was used by Arnold to determine the efficiency
of his counter, so that the results in Tables I1] and IV
do not constitute completely independent determina-
tions of the absolute assay, However, the samples
were quite different and the chemical processing was
very dissimilar so that the obscrved agreement of the
Peruvian and Florida samples is very gratifying. It
indicates that there are mo large chemical errars
(fractionation, contaminatiot, ete.) in cither pro-
cedure, We, therefore, Dbelieve the error in these
numbers to be less than 3% on an absolute scale.
The small Suess effect observed in the Florida
cymencs is evidence for the local nature of large
depressions of the activity such as that found near
Chicaga,
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which decays away with the time constant determined
iy the total shunt capacity and the 47k (K-48) grid
resistor. This transfers the current from the first
hulf of I7-8 which is normally "on™ to the second
half giving a negative output from the second plate
of I7-8. If, however, the mput signal from the ampli-
fier 35 larpe enough to trigger both discriminators, a
positive signal is obtained from the second plate of
the upper dircriminator (F-6) in addition to the
signal from the lower discriminator. The signal from
the upper discriminator is lengthened by a 1NG7
(CR-5) divde and placed on the first grid of I7-8.
This keeps the first half of -8 “on” even when the
signal from the lower discriminator appears at the
second grid. By this means no output signal is
ohtained.

It should be noted that the signal {rom the lower
discriminator does net appear on the grid of -8
until after the input pulse is no longer large enough
to trigger the lower discriminator. This is necessary
because of the finite rise and fall time of the pulses.
On-ofl operation far counting is obtained by means of
two switches in series connecting the cathodes of 17-8
together. The switch operated by the timer is nor-
mally closed. Counting is started by closing the count
switch. At the end of one hundred seconds the switch
operated by the thmer opens causing the counting
operation to cease hecause the cathode of -8B is
now disconnected and no signal can be obtained from
the plate of J7-85.

Figure 3 shows the schematic diagram nf the data
storage section. The output pulse from I7-8 is fed
into a scale of two scaler. Fach plate of /-10 has
tweo stable states and is triggered from one state to
the other by succcssive, identical pulses which are
fed in through the diode V-9. When the scaler
(J7-10) plate changes from one stable state voltage
tn the other, the coupling condenser (C-26 to (-29)
in use is charged or discharged through ¥7-11. So for
each two pulses into the scaling circuit a charge
q = I+ C is placed on the grid of F-124 where ¥/
is the difference in vultage of the two stable states of
I7-10f4 and € is the coupling capacity,

V-12 and V-13 is a two-stage dc amplifier with a
feedback condenser of one pF from the plate of ¥-13D3
to the grid of F-124. When a charge is placed on
the grid of ¥-12.4 by the coupling condenser and the
diode J7-11, the plate of -138 moves up which pulis
the grid of I"-12.4 wup until equilibrium is reached
again. The plate of 71303 has to po up 45 volts and
the plate of F-134 down 45 volts to obtain one
milliampere current in the cross resistor (R-09)
and meter between the two plates. By using a one
hundred second predetermined time, the current in
the mecter is calilirated in counts per second. The
value for the coupling condenser C, is obtained from
the rclation

El'C‘g,:Eg'CF

i 2

where E» is the change in voltage across (p, Ey is
the voltage change of the scaler plate, and N is the
number of counts.

The meter can also bhe used to read count rate by
connecting in the resistar R-75 which allows the
charge to leak off continuously.

Figure 4 shows the schematic diagram of the power
supplies. The positive high voltage supply for the
photatube is an ordinary shunt regulated wvoltage
supply except that the positive voltage supply at
two hundred and seventy volts is used for the refer-
ettce voltage,

PERFORMANCE

The spectrometer was used to measure the spectra
of 1M Cr®! and Cs'% to check the operation of the
spectrometer and also to show the effects of seaitered
radiation on measurenments such as encountered in
thyroid uptake work.

Chromium and cesinm were chosen for these mcas-
urements, because they each have a single gamma
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Figure 7 shows the spectra of T'% under two
different conditions. The circles show the spectrum
for the bare source and the solid dots were ohtained
when the source was immersed in water. The detail
of the spectrumn for the bare source is good enough
to permit detection of radicactive contaminants if
any were present.

For the simultaneous determination of iodine and
chromium in the same blood sample the following
curves were obtained,
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Figure 8. Spectrum of fodine and chromivm under identical condi-
fians

Figure 8 shows the spectrum of chromium and
iodine alone taken under the same conditions.

Figure 9 shows the spectrum obtained when both
sources are measured simultaneously, Although the
320 kev peak from chromium and the 304 kev peak
from iodine are not resclved, by matching the 638
kev peak of Fig. 9 with the 638 kev peak of Fig. &
it is possible to obtain the spectrum of chrowmium as
shown in Fig. 8 by making a point to point subtrae-
tion,
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R CONCLUSIONS

We lelieve that the preceding curves and data
show (1} that the spectrometer works satisfactorily
as a radiation detector, (2) the integral method ts
not a precise method for measuring iodine uptake,
(3) iodine and chromium i1z the same sample can
be measured easily, (4) background counting rates
with the spectrometer are much lower because only
background pulses which oceur within the channel

being counted enter into background measurements,
(5) that the focusing collimator will be of great
assistance in locating abnormalities in various parts
of the body, especially those that tend to absorl
greatr amounts of radioactive matertal than neigh-
borine tissues, (6) the spectrometer can be used for
source identification and assay of its radicactive
content and for the identification of radicactive
unpurities.
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The aluminem sample cans were identical in their
dimensions and were uniforiu in weight within 0.65%.
Since the reaction of water and aluminum is highly
exotherniic it was necessary to season the sample cans
used for waler before their use in the calorimeter,
This required approximately 10 days at 90°C. The
water samiple cans were tightly closcd to prevent
evaporation during measurements. The sample ma-
terials used were: redistilled H.O: DO of 99.85
miole-% isotopic purity; graphite of reactor quality,
powdered by machining ; c.p. granulated bismuth of
98 purity; and conmercially pure aluminum,

During measurements the rcactor power was held
constant within 0.2%. An empty can was first placed
in the calorimeter and left untif the temperature dif-
ference bhetween the thermocouples became constant
at approximately 3°C. This temperature difference
was due lo the backpground radiation heating of the
inner calorinteter assembly and was taken as the ref-
erence when additional heat was added, whether by
radiation heating of a sample or by clectrical heat-
ing. The ealibration curve of clectrical heat versus
temperature difference was linear. The imeasured total
rates nf radiation energy absorption are presented in
Table I. The probable error is estimated to be 4.5%
for carbon and ahout 2% for the other materials.

INTERPRETATION

The heat generated in HoO, D.0O and carhon
arises almost completely from the elastic scattering
of ncutrons and the absorption of gamma rays. The
ganuna-tay coniribution per mole is the samie for
1320 and H:O and the large difference in heat gener-
ation observed in these materials indicates that miost
of the energy in H.O results from the slowing down
of fast neutrons. The heat production per gram in
carbon is smaller primarily due to its lower efficiency
in moderating neutrons.

The ratios of the true mass absorption coefficients
for gamma-rays {ur) of water to those of carbon are
constant within 1% in the energy range from 0.2 to
2.0 Mev.? In contrast, the average fraction of kinetic
energy transferred per neutron collision (K = 2.4/
(A 4 1)*) varies by several factors from carbon to
deuterium and hydrogen. Likewise, the neutron scat-
tering cross sections (o,) of hydrogen, deuterium,
oxygen and carbon are dissimilarly affected by
changes in neutron energy.® These considerations, in
addition to the insignificant amount of nuclear reac-
tion expericnced by these materials, indicate that ac-

curate division of the total absorbed energy into two
contributions is particularly favored in the case of
light water, heavy water and carbon. Therefore the
heating data for these materials were chosen for
analytical treatment,

The cross section for neutron scattering wvaries
with neustron energy in a widely different manner for
these elements, so that a2 quantitative treatment of
the results reguires a knowledge of the neutron
specirum at the place where the materials were ex-
pased. For the purposes of calculation, we have as-
sumed the neutron spectrum shown in Fig, 2, which
is of the sort 10 be expected at the point of exposure
in the Cak Ridge graphite lattice.®® Since only in-
tegrals are compared in the calculations, the details
of the actual spectrum are not tmportant and may
differ greatly from the curve assumed.

In general, the number of collisions made by ncu-
trons of energy between E and £ 4- d{In £) is given
by (nv)g eaNd(In E) where N is the number of
atoms present. The average mnount of energy trans-
ferred per collision is KE. The rate of energy loss
to 2 material is obtained by integrating over all en-
ergies. Per mole of target atoms, the resulting in-
tegral is

I = N"Kj (nv)y, podE (1)
0

where N, is Avogadro’s number. In Fig. 2 are shown
the graphical integrais of this equation for various
numbers of H, D, C, and O atoms: number of H
atoms in one gram of HoO; number of O atoms in
one gram of HsO; number of I atoms in one gram
of D-O; and the number of C atoms in one gram of
carbon. The values of the integrals, and those for
one gram of H;O and one gram of DaO derived
therefrom, are shown in Table II along with asso-
ciated miormation.

The total heat produced by reactor radiation per
mole of these materials is expressed in the following
equation :

Q Mn=5 (1) + G (Ma/Mup) (prm/pnno) (2)

where Q is the total rate of energy absorpifon in
caluries/gram/second ; M,, is the molecular weight
of material 11; § is the empirical scattering constant,
which is the combined factor (actual flux/assumed
flux) X {calories/Mev); [ is the scattering integral
in Mev/mole; G is the empirical gamma-ray con-

TADLE |, Rate of Heating in the Oak Ridge Graphite Reacter ot 3500 Kilowatts;

~ Weight Tem peraisre Calories

af sarpla i fleremce per second

Materiad i gramy praduced, o per grom
HO 16.025 1.60 0. 001217
110 .. 15,765 1.59 0.001226
D0 16.653 1.06 0.000774
Carbon 1. 160 0.39 0. 000467
Aleminum 43 691 2.10 0. 000385
Rigmuth 89.103 4.20 0000573
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stant, which is the gamma-ray heat absorbed in
calories/second by one mole of HoO. The empirical
constants of Equation 2 were evaluated by the method
of least squares, using the experimental heating data
for HoO (two determinations), D20 and C. The four
equations and the resulting values of § and G are
shown in Table I1I.

By use of the empirical constants of Equation 2
it is possible to calculate the neutron-seattering and
gamma-ray absorption heat of these materials, The
partial heats thus calculated are shown in Table IV,
Agreement between the calculated total heats and the
observed total heats is within experimental error.
The application of these results to the cases of alumi-
num and bismuth requires special treatinent and is
discussed below, The estimated partial heats in
aluminum are included in Table V.

The total heat produced in aluminun results not
only from absorption of reactor radiations but also
from activation of aluminum by the (m,y} reaction
with thermal neutrons to produce AIP* which decays
with a half-life of 2.4 minuetes and is therefore in
radiative equilibrium during measurement. Each

TABLE ll. Neutron Seottering Energy Integrals for Assumed Flux*

Number of Scatlering
cloms oF Energy
M aterial maleenler K My per second
H 6.69 X 10® 0. 5000 0. 04304
D .02 X 107 0,44 0.02215
9] 3.34 X 102 0.1107 0.002768
C (lgm) 5.001% 107 0.1420 0004817
H:0 (1 gm) 3.3 x 1™ — 0.04330
D20 {1 gm} 3.01 X 10% — 0.02464
* ¢y values obtained from reference 3.

TABLE Ill. Simultaneous Equations ond Resulting Empirical Constants by Method of
Least Squares

@ Mm = 5 () + G (U /A m,00ur m/0T,1:0) (2)
H.O (0.001217)(18 016} = S {0.04580)(18.016) + G (13(1)
H.0 (0.001226){18,016) = .5 {0, 4580(18.016) 4+ & (1x(1)
D20 (0.000774)(20.028) = 5 (0.02464)(20.028) + G (20/18){18/20)
C  (0.000467){12 011} = .5 {0.QH817)(12.011) 4+ & (12/18}(9/10}

§ = 1.740 % 10 (calories} (Mev)™?

G = 7.416 X 10% (calories) (second)~1 {mole
of H,O)™1, .

TABLE 1V. Energy Absorbed by Various Materials in Ook Ridge Graphite Reactor in
Calories per Grom per Second, at 3500 kw

»-Energy n-Scatlering ererpy Totol energy Total emergy
Al alerial cixlrulated eafeulafed cateulated obsgrved

H 0.000738 0.006727 0. 007465
D 0. 000369 0.001926 0. 002296
o] 0.000371 0, 000055 0. 000416 0.001217
H»0 0.00H12 0. 000801 0.001213 0.001226
D0 0. 000370 0. 000431 0. 000801 0.000774
C 0. 000370 0. 000084 0. 000454 0. 000467
Al Reactor radiation 0.000358 0.000023

Al 4+ n — 0. 000042

A28 4 B Alev

ARt = 5i2* 4. 5~ 0.000162

APR — S8 o 4 0.000013

Suh-tokal 0. 000575 0.000023 0. 000593 0. 000585
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decay of Al*® produces a ganuna-ray of 1.8 Mev™ and
a beta-ray having a maximum energy of 2.75 Mev™
with an average energy of 0.4385 times the maxi-
mum.® The activation cross section for aluminum is
0.21 barns,® Using a value for the thermal flux of
0.772 X 10'® neutrons/centimeter?/second for the
position of exposure, the saturation activity of the
alwninum is calculated to he 95.085 millicuries/gran,
This corresponds to an output of 0.000162 calories/
gram/second in the form of beta-rays, and 0.000242
calories/gram/second in the form of gamma-rays.
All of the beta-ray energy will be measured: how-
ever, only a fraction of the ganuna-rays will be ab-
sorbed in the inner part of the calorimeter. A rough
estimate of this fraction was made by assuming that
all of the activity was concentratcd in the form of a
jine source down the center of the specimen. The
estimated fraction was 0.053 or 0.000013 calories/
gram/second. It was assunied that all of the cnergy
of the capture gamma-rays emitted when AQ*® is
formed appeared as one quantum of ahout 8 MMev.
Using the same fraction for the percentage absorbed,
it was estimated that capture gamina-rays contribute
0.000042 calorics/gram/second.

The neutron-scattering heat in aluminum was a
relatively small contribution and was estimated by
taking 2.5 barns as the average scattering cross sec-
tion for fast neutrons and multiplying the neutron
heat per gram of carbou by the ratie 2.5/2 (since
the average cross section for carbon is about 2 barns),
by the ratio of tie values of K for alwninum and
carbon, and by the ratio of the atomic weights of
carbon and aluminum. The neutron-scattering heat
thus estimated was 0.000023 calories/gram/sccond.

The heat produced by absorption of reactor pamn-
ma-rays in aluminum was cstimated by multiplying
the gamma-ray heating of carbon per gram by the

ratio of the true mass absorption coefficients of
aluminum and carbon. This contribution was
0.000358 calories/gram/second.

The heat produced in hismuth by neutron seatter-
ing is negligible compared with the other materials,
due to the small value of K. The heating in bisimuth
arises alipost entirely from gamma-rays, and may
be estimatcd by multiplying the gamma-ray compon-
ent of the carbon heat by the ratio of the true ab-
sorption coefficients of bismuth and carbon, This
ratio is 1.085 for 1 Mevr gamma-rays and 2.88 for
0.5 Mev pamma-rays, The ratio between the meas-
ured heat per gram of bismuth and the calculated
heat produced by gamma-ray absorption in carbon
is 1.55. Thus the effective energy of the reactor
gamma-rays would appear to be less than 1 Mev.
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tector, The technique is that of Sharpe and Stafford.”
A photomultiplier tube is used to count the positrons
emitted hy C!, produced during previous irradiation
of an anthracene crystal mounted on the tube, Ex-
cept for a 78 mb peak at 42 Mev, the C** {(n,2n)
C'! reaction has a cross section of about 25 milli-
barns above its threshold which oceurs at 20 Mev.?
We utilized a large anthracene crystal and a dis-
criminater bias that gave a counting efficiency of
059%. Efficiency was detertnined by calibrating the
discriminator in Mev per volt with the internal con-
version Hne of Cs'¥ {625 kev) and then evaluating
graphically the fraction of thc C*! spectrum rejected
by the hias used. This detector shows a single decay
period of convenient value, The compcting {y,n}
reaction cited in Table T is generally unimportant.
It has a threshold of 2D Mev but a cross section peak
with a height of only 11.6 barns and a hali-width of
4.25 Mev. The competing {p,pn} reaction has a
variation of cross section with energy similar to that
of the C*? (#,2n) C! reaction but the value of crass
section is only one-sixth that of the {n2n) reaction.
Hernice, it too will not usually cause appreciable error
in a measurement of neutron flux. It should be em-
phasized, however, that most threshold detectors
have interfering reactions of one sort or another and
must, therefore, be used with care. A 30-minute irra-
diation period suffices for a minimun detectable flux
of 2.3 nfem?/sec. By irradinting and counting for a
longer time, Auxes of the order of 1 n/em?/sec can
be detected and rnensurements can he made in the
region of 5 to 10 n/un®/sec.

THE SODIUM 1ODIDE DETECTOR—10 MEY
THRESHOLD

Another common scintillator material worth eval-
uating as a threshold detector is sadiim iodide,* since
the 1'* (#,2n) 12 reaction has a threshold of 10
Mev, I1?€ has a half-life of 13.0 days and emits 0.87
Mev betas, 1.26 Mev betas and 1.21 Mev positrons.
The use of this scintiliator is complicated by the pres-
ence of two competing reactions, I'*? (a,y) ['** with
a 23-minute half-life, and Na® {n,y) Na* with a
14.9-hour half-life. The former can be greatly reduced
by covering the erystal with cadimium during iveadia-
tion, but the Na®! activity must be allowed to decay
before a correet count of the I**% activity can be
obtained. It is essential to plot a decay curve since
the cooling time will Jdepend on irradiation time nnd
the neutron spectrum. Such a decay curve is shown
in Fig. 1 for a NaT(T!) crystal irradiated at the
cosmotron. A cooling period of 6 days was required
and the 11?8 activity was only about 155 of the total
activity measured shortly after the end of the irvadia-
tion period. The counting efficiéncy was the same as
for the anthracene detector described above and was
measured in the same manner. A Tong period of re-
covery is necessary hetween measurements unless art
increased background can be tolerated, This detector
is of limited health physics value when irradiated

jor a short time such as 30 minutes, since the mini-
mum detectable flux would then be about 390 n/em®/
sec for a cooling time of 6 hours and n counting time
of 30 minutes. However, where averages over a long
period of time are of interest, it may be quite useful.
The data in Table T are for such a case, where an
accelerator ran steadily for 15 hours and it was
possible to realize a minimum detectable level of

20 nfcm?/sec,
THE SULPHUR DETECTOR—2.0 MEV THRESHOLD

Sulphur has long been used as a threshold detector
but is relatively insensitive as normally used in small
quantity with a Geiger counter. The reaction is 5*2
(1,2) D** and the resultant activity has a half-life of
14.5 days. In order to improve the sensitivity, 50
grams of sulphur were cast into the form of a disc,
10.2 cm in diameter and 0.32 cin thick. A photomulti-
plier tube {Dumont 6364) with a 5 in. diameter face
was covered with a mosaic of anthracene chips and
used to count scintillations caused by the P2 betas.
The mosaic was constructed with anthracene chips
held together with a transparent glue and was ground
to a flat outer suriace. Its thickness varied from 134
mm at the center to 3 mm at the edges. Use of such
a thin detector resulted in a background counting
rate of anly 97 cpm. The efficiency for detecting dis-
integrations in the 50 grams of sulphur was found
to be 5% by compariug the observed counting rate
due to a Ra-Be source, with the I'¥? activity com-
puted from the known sulphur cross section and Ra-

CET T T T T T T T T T T

LI

o . —]
. —
=03 —_
: =
¢ =
N, -

o 1 1t g
C vz 3 4 8 9 101 2 13 W

:I'IM (DY
DECAY CURYE OBTAINED FROM Mal{T)) DETECTOR NUMBER?2
Figure 1















FAST NEUTRON DOSIMETER 219

tion of carbon dioxide. The crystals that we have so
far found to have the best performance have a resist-
ance at —78°C of from 3000 to 8000 ohmms before
exposure. So far, exposures have been made on five
different sources of fast neutrons. The results have
been expressed tentatively in rep based upon a cali-
bration obtained on the Oak Ridge cyclotron. The
calibration of the cyclotron target neutron output was
that obtained with the proportional counter method
of G. S. Hurst. The neutron spectrizm of this target
was originally supposed to resemble a fission spec-
trum, but later was shown (o be of higher energy.
This throws our orginal, presumably fission spec-

trum calibration in some doubt, as the energy de-

pendence of the germanium cross section does not
parallel that of hydrogen, upon which the definition
of a rep essentially depends. Howcver, on the basis
of the tentative calibration, gradual improvements
have enabled the lower level of dehnitely measurable
dose to get well down into the biologically most intar-
esting range (below 1000 rep). The response of the
change of conductivity to exposure was found to be
lincar from about 150 rep up to tens of thousands

of rep. The line, however, did not go through the
origin, but intersected the exposure axis at about
150 rep. At lower doses, evidence was obtained of a
slight increase in resistance instead of decrease. This
effect is easily explainahble as arising from the origi-
nally, slightly n-type material going over to p-type.
The observation suggests that linearity can be ob-
tained in the lower dose ranpe by sufficient pre-ex-
posure of the crystals. This has heen found to be
the case. In fact we have used crystals over and over
agein without annealing, as long as they did not
receive a tremendous dose. Some other batches of
germanium go up in resislance in the usual exposure
range and do not start decreasing in resistance until
very large doses have been received. Why the ger-
manium varies so remarkably is now being studied.
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Fast Neutron Dosimetry

By G. S. Hurst, R. H. Ritchie and W. A. Mills,* USA

Three methods of measuring the tissue dose due
to fast ncutrons have been developed at the Oak
Ridge National Laboratory. All three methods have
yielded practical instruments, capable of accurately
mcasuring a fast neutron dose, even if a gamma daose
rate much greater than the neutron dose rate is pres-
ent, This paper will discuss the three methods, after
a brief discussion of the fundamental physical effects
of fast neutrons on tissue.

The principal interactions of fast neutrons with
living tissue are the elastic collisions with hydrogen,
carbon, nitrogen and oxygen atoms. The cnergy
iinparted to these atoms is spent by itonization and
excitation. An important quantily for the radiobiolo-
gist and health physicist to measure is the amount of
encrgy transferred per gram of tissue. In the case of
mixed fields of neutron and y-radiation, the energy
per pramn of tissue contributed by each radiation
source should be separately measured, since both the
biological effects and the shielding considerations
are different for each radiation.

The accepted unit for measuring tissue dose is
the roentgen equivalent physical (rep) and is defined
as that amount of radiation which is absorbed in tis-
sue to the extent of 95 ergs per gram. As a result of
a decision of the Units Committee of the Interna-
tional Cornmission on Radiological Protection at its
meeting in Copenhagen in July 1953, a new unit was
defined in terms of 100 ergs/gm of any medium and
called the “rad.”

For fast neutrons, where the dose is due entirely
to elastic collisions with the medium elements, the
dose per neutron per cm? may be computed for any
medium from the formula,

D{(Mev/gm) = E 2§01 (1)

where E is the neutron energy in Mev, o; is the cross-
section (cm?®) of the #*® type of atom, f,is the average
fraction of energy that is lost by the neutron during
its collision with the i** kind of atom, and Q; is the
number of atoms of element 4 in a gram of the me-
dium. Assuming isotropic center of mass scattering,

fo=2mM/(m + M) (2)

where 1t is the neutron mass and' M is the mass of
the recoil atom.

Specifying the medium as average wet tissue! hav-
* 0:'11 Ritge Nationu! Luloratory.

ing a composition by weight of H = 10 per cent,
N = 4 per cent, O = 73.6 per cent and C —= 12
per cent, the dose has been caleulated. The results
are shown in Fig. 1 where a comparison is made
with the ethylene {CaH,) dose curve (cross sections
taken from Adair}).?

PROPORTIONAL COUNTER METHODS OF
MEASURING DQSE

The rep does not lend itself readily to measure-
ment. In principle it inay be measured by the heating
effect produced in tissue; however, the temperature
rise is usually too small to be measured. This leaves
one with the problem of inferring the energy de-
posited from ionization measurements. Utilization
of the Bragg-Gray cavity principle? leads to an in-
strument which measures the number of ion pairs
produced per gram of gas filling a cavity which is
completely surrounded by thick, solid material hav.
ing an atomic composition identicat with that of the
gas. If the gas and wall are both “tissue equivalent”
then the number of ton pairs per gram of tissue is
known. One may then relate the amount of ioniza-
tion produced to the amount of emergy absorbed;
however, this is not easy to do since in some gases
the value of # (number of clectron volts per fon
pair) depends on particle velocity,* and it certainly
varies with type of particle® The variations with
particle velocity are small, but the change with par-
ticle type is sometimes significant.

It is noted {Fig. 1) that fissue and ethylene have
the samec eneérgy dependence essentially and for this
reason it can be said that cthylene is tissue cquiva-
lent for fast neutrons. From a practical viewpoint
the result is important, since ethylene may be sur-
rounded by polyethylene to achieve a perfect Bragg-
Gray design. :

In order to discriminate against gamma radiation,
the ionjzation is measured with a proportional coun-
ter. If the dimensions of the counter are small com-
pared with the range of high-energy electrons, the
atom recoil pulses may be counted above the v-level.
Under special conditions, which will be discussed
later, the output pulse height of a linear ampliber is
proportional to the number of ion pairs causing the
pulse, repardless of the position or orientation of the
ionizing track. An addition of pulse heights then
measures the dose due to fast neutrons.

220



FAST NEUTRON DOSIMETRY a

2. sl I .
i SLEEFE BT
i ianaas: ST L
R T
et RN N O D
i B
] L L M- | Ty L
. ) L!jl'- + L_-Eq__i 17
s ] B NEY YRR e
4.4 | ==y - = = =1
§i’§ L1 b ] _—H: i .
BRI T 11T
i B
il ) 4 H HHA
E‘ﬁ- ;i o H |
;“’P’L'* HH H — HE: aaad
§ R R
o ] L) % w 12 4 "5 Et 3 0

Neulron energy - mev

Figure 1. Fast neutron find collision curves for tissue ond for ethyl-
ene

There are two reasons why the puise height in a
proportional counter depends on the point where a
single ion pair is formed. The first reason is that the
gas amplification can vary with length along the
wire, This may be prevented by a field tube arrange-
ment developed by Cockeroft and Curran.® The other
reason is that the electron can become attached to
form a heavy ion, so that it can never gain enough
energy between collisions to produce gas amplifica-
tion even when very near the wire. Attachment is
most severe for contaminating gases such as oxygen
or water vapor.

Even if the pulse height does not depend upon the
point of creation of a single ion, it may depend on the
angle that the jonizing track makes with the wire
unless the time constant of the linear amplifier is of
the correct value. If the track makes an angle with
the wire (track extension), electrons arrive at the
wire over a period of time (r9), and the counter pulse
is the resultant of pulses due to single electrons and
thus hag 2 rise time which increases with the collec-
tion time of the outermost electrons., The results?
shown in Fig. 2 are for the case where the amplifier
is of the pure RC-RC type with equal differentiating
and integrating time constants . The output does
not change appreciably for a ratio of ro/f; as large as
unity. Therefore the height of the amplifier output
pulse is proportignal to the number of electrons, in-
dependent of track orientation, so long as the collec-
tion time of the outermost electrons is not much
greater than the amplifier time constant.
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In order to discriminate against y-radiation it is
necessary to apply a bias on the instrument. In cases
where the y-intensity is so low that pulse “pile-up”
does not oceur, the bias is low, but when the intensity
is high the bias may be as much as 100 to 200 kev.
This sets a lower limit to the neutron energy that can
be measured, and even for cnergies above the bias
some of the recoils due to neutrons are lost. Energy
is lost under the bias for two reasons. {1} For neu-
trons of energy IZ, recoil protons are produced with
energics from O to E. Those with energy less than
the bias B are not counted. (2) A proton having
energy greater than B can leave the sensitive volume
before josing all of the energy B. In practice the loss
due to (1) far exceeds the loss due to (2), unless
the neutron energy is large in which ecase both (1)
and (2) are small. Therefore only the loss due to (1)
need be calculated.

Hydrogen scattering is isotropic in the center of
mass system, hence the energy of the recoil leaving
at angle § (Fig. 3) is E cos® §. The recoils that are
counted are those defined by the cone formed by 64,
where B == F cos? #1. Also, the number of recoils in
the cone 8y is N (6;} = sin® 6, and the number of
recoils having encrgy less than B is therefore (1 —
sin? 8,} = B/E. The averagc energy of these is B/2,
and the average for the entire number of recnils is
E/2; hence the energy lost under the bias goes as
(B/E)? which is small if B is only moderately less
than E.

The analogy between the proportional counter and
the lonization chamber is then complete provided the
gas amplification of the counter is measured. This is
easily accomplished by means of an a-source built
into the counter. Therefore one can ealibrate the neu-
tron dose in terms of the energy of the a-source if
the sensttive volume of the counter is known.

Many kinds of proportional counters following
these principles have becn developed. Two examples
will be given. A design® that is useful for measuring
the ethylene dose in absolute units is shown in Fig. 4.
The active volume is dectermined by means of field
tubes. Alpha particles from Pu?¥® are admitted into
the active volume by removing the source cover with
an external electromagnet. The results in Fig. 5 were

Figure 3. Neutron scalering in the Icboratery system
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Vs, can be used to measure the energy lost under
the hias, B. The area representing the energy lost is
a» (Fig. 11) where a» = B/2.An, (volis). As seen
in Tabte II, cach count on the integrator represents
4 volts. Thus the area n, corresponds to £ /8.An, in-
teprator counts. et us require that the number of
counts Ang have a weight of unity, so that extrapola-
tion can Le made by simply setting a single channel
pulse analyzer so that it counts Ase. Thus, An~ =
B/8.an;. But anp = any (Vo — V1) /B, thereiore,
Ve — V3 == B3/8, gives the required value for Vs
and J7,. As an example, set B — 6 volts, and put
Vy == B = 6 volts. The required value for /3 is
10.5 volts, therefore a single channel analyzer set
over the range 6 volts to 10.5 volts, and connected
to a separate scaling unit serves as an extrapolator,
Since both F3 and F2 are set with the condition
Vs > V1 2= B, the instrument does not respond to
£anuna rays.

COUNT RATE DOSIMETER

Another method"! developed utilizes a proton re-
coil proportional counter of special design whose
count rate response to a collimated beam of neutrons
is proportional to the tissue dose. The energy re-
sponse of the counter is determined by the three

sources of recoil protons shown in Fig. 12. Calcula-
tions were made of the probability that neutrons of
energy E could cause a recoil proton to lose energy
greater than B (the bias energy needed to discrimi-
nate against-gamma racdiation) in the counting vol-
ume. The energy response curves for the three sources
of protons are such that when added for the illus-
trated proportions of hydrogenous materials, the
tissue first collision dose curve is approxitnated. The
response has been checked experimentally with mono-
kinetic neutrons and agrees well with the theoretical
curve. Gamma-ray interactions in the counter are
easily discriminated against since the ionization in
the counter due to secondary electrons is much less
than the proton ionization. A portable instrument em-
ploying this counter is available commercially.

THRESHOLD DETECTORS

A third method of dosimetry?? developed for in-
tensities greater than 10° n/em?® delivered in a few
minutes or less is based on the use of threshold de-
tectors. The following elements have cross sections
whichh rise rapidly at the threshold energy and re-
main essentially constant for higher enerpies:

Dateclor Threshold energy
Pu®9 ghielded with BW 10G ev
Npr? 0.7 Mev
s 1.5 Mev
o= 2.5 Mev

Employing these detectors in addition to gold for
the thermal region, a given neutron spectruim may be
established in reasonably good detail. An exanple
is shown in Fig. 13, where both the flux specirum and
the dose spectrum are given. From this information,
the total close contained in the spectrum may be de-
termined. One outstanding advantage of this method
of dosimetry is that it permits a calculation of how
the energy depnsited is distributed with respect to
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measurements with the proportional counter dosime-
ter and with threshold detectors in the region in
which both methods are applicable has shown agree-
ment within 10 per cent The threshold detector
method has been used very successfully at certain of
the nuclear weapons tests, and in other cxperiments
where biological materials were exposed to reactor
radiation or neutrons produced by cyclotrons.
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TABLE Il. Effect of Yarying the Effedtive Energy of X and Gomma Radiation on Acid
Formotion from Single-Phase Chloraform-Dye Systems

Dosimeter myfems

Radiaiion yidd +n Meg acdd » I0-0/mlfr
o di fereni mean ¢ Jedite energics

3w | sk 760 &0 700 R
1. Chioroform-saturated aqueous bromocrescl purple 0.025 " 0.024 0.023 0.025
2. Seme as above, but stabilized with 0. 0029 resorcinol .13 0.018 0.018 0.018

Notes: Radiation rates veried {rem 30 r/min
to 300 1/min. Each value s the mean from titrating
20 separate dosimeter ampules.

Radiation factors: a) 35 kv effective, B3 kvp
X-ray unit operatedat 75 kvp, 5 ma, using 60 mm

acid yields remain constant when exposures are made
at temperatures varying between 2°C and 50°C dur-
ing irradiation. The main limitation of single-phase,
chloroform-dye dosimeters 1s their relatively low
sensitivity. However, this deficiency is overcome if
trichlorocthylene is substituted for chloroform and
a pH dye which has color end points bracketing
neutrality (phenol red) is used. To prepare sensitive
systems with phenol red, it is essential that the entire
procedure be accomplished in a COs-free atinosphere,
The apparatus must maintain the system under nitro-
gen at all times, The dosimeter ampules must be
flushed with nitrogen prior to filling and again im-
mediately before flame sealing. An additional feature
which increases the sensitivity of this system is to
use a weak concentration (0.025%) of the stock dye
solution of phenol red and 434 in. long glass ampules.
Distinct color changes following 20 r doses of Co®

radiation are readily detected visually by viewing the
- dosimeter lengthwise. The sensitive, single-phase,
COq-free dosimeters made of trichloroethylene-satu-
rated solutions of phenol red have the additional
advantage over similar chloroform dosimeters of
exhibiting a high degree of thermal stability. They
withstand exposutes in water baths at 50° to 60°C
for at least a month, and for two weeks at 70°C
without evidence of acid decompaosition. They with-
stand boiling for at least seven hours. Two-phase
systems of stmilar sensitivity decompose within a
few minutes at 100°C, Tast only a few hours at 70°C,
two weeks at 50°C. Both types, however, are stable
for many months at ambicnt temperatures below

37°C.

Al filtration. b) B0 kv effective, 250 kvp X-ray
unit cperated at 15 ma, 150 kvp, using 0.28 mm
Cu and 1.0 mm Al fAltratien. ¢} 160 kv eflective,
230 kvp X-ray unit operated at 23¢ kvp at 15 ma,
using 0.28 mm Cu and 1.0 mm Al filtration. d)
1200 kvp efective, Co® source,

FAST NEUTRON RESPONSE OF CHEMICAL
DOSIMETERS

The relative fast neutron response of single- versus
double-phase chlorinated hydrocarbon systems is
shown in Table IV, It is apparent that single-phase
dosimeters are approximately five times more sensi-
tive to fast neutrons than the two-phase dosimeters
used. This difference in neutron sensitivity is at-
tributed to the high hydrogen content in the single-
phase dosimeters. Similar studies using the 86 in.
cyclotron at Oak Ridge, operated to give a neutron
beam, simulating a fission spectrum: (0.5 to 3.0 Mev)
demonstrate that single-phase dosimeters respond
the same as they do to higher energy {~ 8 Mev)
fast neutrons. However, the exact difference in re-
sponse of the two types of dosimeters in a mixed
neutron-gamma feld is critically dependent upon the
exact amount or percentapge of gammma-ray contami-
nation. The problem of measuring gamma contami-
nation with a high degree of accuracy under these
conditions has not been solved completely.

Data presented in Table V show that under similar
conditions, where three types of chemical dosimeters
were exposed simultaneously along with National
Bureau oi Standards film pack dosimeters, the third
type of chemical dosimeters made from tetrachloro-
ethylene registered the lowest readings. These find-
ings further demonstrate the relation between hydro-
gen content and fast neutron sensitivity of chemical
systems of dosimetry. These data also indicate that
hydrogen free tetrachlorocthylene dosimeters are less
sensitive to fast neutrons than film and/or the other
two types of chemical dosimeters.

TABLE lll. Effect of Yarying the Temperature During lrradiation an Acid Production from
Single-Phose Chloroform-Dye Systems

Radiation yidd in Megacid x 10-4 tmifs

Dosimtler sysiems when irradiated ad differend temperatures
Falo ' JFc $°C
1. Chloroform-saturated aqueous bromocreso] purple 0.020 0.025 0.027 0,027
2. Same as above, but stabilized with 0.002% resorcinal 0.017 0018 0.020 0.019

Notrs: Samples Aame-scaled in 2 mi, 10 mm
diameier Kimhle glasg ampules sclected spec-
trophotometrically ot pH 6.0. Each value repre-
sents the mean from tifrating 20 separiie samples,
using standard 1072 A" NaOH. Radiation factors:

(@) 250 kvp X-rays operated at 15 ma. {b) dosage
rate of 300 r/min. (¢) HVL of beamn 1 mm copper.
{@) total dosage SOM0r. Dosimeters irradiated while
half submerged in & water hath held at constant
temperature.
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to tumor sites during irradiation. The gensitivity of
the system is readily adjusted to register total accu-
mulated doses in the ranges desired {500 to S000 r
or 1000 to 10,000 r). Tumor dose may be estimated
= 10 to 15% by color comparison with irradiated
controls, or more accurately (== 5 to 10% ) by simple
titration procedures using 10*N NaOH. The spe-
cific applications of these dosimeters are in the treat-
ment of tumors of the upper and lower gastrointes-
tinal tract, the cervix, the uterus, and the urinary
bladder.

Another medical application is in demonstrating
the importance of physical factors and geometry in
the multiple port trcatment of deep seated tumors.
For teaching purposes, colorimetric dosimeters placed
at a twmor site in a transparent phantom provide a
directly visible method for demonstrating the neces-
sity for meticitlous care in alignment and direction
of the radiation beams.

Chemical Dosimetry in Foad and Drug Sterilization
by Radiation

Both single- and double-phase dosimeters of the
types deseribed have considerable potential applica-
bility in this feld of high level gamma-ray dosi-
metry. When the dose ranges arc established, it is
possible to prepare pH indicator dye dosimeters which
have extremely sharp eolor end points, thercby
registering large doses with a high degree of aecu-
racy. By adjusting the pH of these systems around
10, and with the use of a dye having color end points
around neutrality (pheno! red or cresol red) the
final one per cent of a 100,000 r dose induces a gross
color change from bright red to yellow (pH B.O to
7.0). Dosimeters registering gamma-ray exposure in
high dose ranges can be made by using extremely
inscnsitive reagents such as monochlorobenzene in
either single- or double-phase systems.

Chemical Dosimetry of Cyclotron Baams and Mixed
Neuvtron-Gamma Radiations from MNudeor Reoctors

The three types of dosimeters described are useful
in the dosimetry of mixed ncutron-gamma radiations
because of their difference in response to fast neutrons
versus high energy gamma rays. Under laboratory
conditions and high level exposures it is entirely
possible to obtain sufficiently accurate data from twa
or more types of chemical dosimcters to determine
zammma contamination as well as fast neutron doses,
simultaneously. Furthermore, with extended study it
seems quite possible to develop a true rep dosimeter
rom a single-phase, water equivalent system., The
tccomplishment of this goal appears possible by ad-
usting the oxygen content of the systern and by
srcparing it in a tisste equivalent plastic container.
The single-phase, trichloroethylene-saturated phenol
-ed system, containing about one per cent oxygen, is

about twice as sensitive to Co® gamnm rays than it
is to high energy (3 to 8 Mev) fast neutrons, By
reducing the oxygen content its sensitivity to gamma
rays is lowered, but its response to fast neutrons is
not altered. Thus, by finding the optimal oxygen
content, tt appears possible to prepare dosimeters
which have equal sensitivity to fast neutrons and
gamma radiation.

SUMMARY

Three types of chemical systems, prepared from
chlorinated hydrocarbons stabilized with resorcino!
and aqueous pH indicator dyes, have the radiation
characteristics required for measurement of large
doses of X, gamma, and fast neutron radiations.
These systems are applicable to the laboratory prep-
aration of dosimeters useful in the calibration of
large sources of high encrgy X- and gamma-ravs,
and for performing total tumior dose measurements
in radiation therapy. They are alse applicable in the
dosimetry of food and drug samples Leing sterilized
by gamma irradiation. Finally, methods have been
described for using these three types of cheinieal
dosimeters in measuring gamma-ray contamination
and/or fast neutron exposures in cyclotron beams and
in fast neutron ports of nuclear reactors,
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account of the effect of the rats on the general neu- oSET T ] L IR
tron and gamma-ray levels in the chamber and to 104

include extra gamma rays originating from neutron .

interactions in the other rats. Accordingly, measure- a2

ments were made of neutron flux and gamma-ray

dose rate in one compariment of the irradiation box ai

of Fip, 2 with the other 7 compartments occupied = K0

Ly rats. It was found that the neutron flux in the 2 g9

cmpty compartment was determined by the total g %

weight of rats in the other compartments and was = oar

insensitive to the geometrical distribution of that E

weight, Figure 3 shows a plot of the neutron flux in El

the empty compartment against the total weight of b

rats in the other compartments, In determining the 84

neutron flux for the irradiation of 8 rats the total a3 [— -1
weight of all 8 is used for obtaining the neutron flux L -
from this curve. Thus, the effect of the Bth rat in o b -
depressing the general neutron flux level is ac- 9.0 L1 L1 11 l Lt 1

counted for,

It was found that the pamma-ray level in one com-
partment was essentially independent of the weight
of rats in the other compartments, Presumably, the
reduction in gamma-ray level caused hy depression
of the neutron flux is roughly balanced by the extra
pamma rays originating in the rats.

For determination of dosage during individual ir-
radiations, a pold foil was always exposed at a fixed
location at the top of the lucite box. The ratio be-
tween the neutron flux at this location and that in
one of the compartments was carefully determined
and was found to be 1.65. This ratio was found to
be independent of the weight of the rats being irradi-
ated within the range of weights of practical inter-
est. Such a monitor for individual exposure is of
great importance since there are bound to be fluctua-
tions in pile power even during a single run and the
relation between pile power and neutron Hux in the
thermal column is subject to change from time to
time. Exposure times were chosen on the basis of
pile power at the time of irradiation but the exact
value of exposure was always based on the simuf-
taneously exposed foil just mentioned.

g0 300 500 700 900 10O 1300 500
WEIGHT OF RATS IN grams

Figure 3. Eflect of rals on neuviron flux

The above procedure was used for a study of the
“Thermal Neutron Equivalence of Whole Body X-
Irradiation,”® and was found to be very satisfactory.
It may be of interest to note that for a neutron ex-
posure rate of 8.6 3 10% n/ecm?/sec the total gamma
dose rate was 215 r/hr of which abont 120 r/hr came
from the facility itself and 95 r/hr originated in the
surrounding rats and may be referred to as inter-rat
gamma radiation.
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Homogeneous Medium with Uniform Flux of lonizing
Particies

Fano® has shown that “in 2 medium of given com-
position exposed to a uniform flux of primary radia-
tion {such as X-rays or neutrons) the flux of see-
ondary radiation is also uniform and independent of
the densily of the medium as well as of the density
variations from point to point.” In this case the
presence of a gas cavity (of any size) within the
solid does not alter the flux of ionizing particles so
long as the gas has the same atomic composition as
the solid. Hence, the energy absorption in the solid
(tissue) can be determined by measuring the ioniza-
tion per gram of gas and applying the appropriate
value of W It shotld be noted, however, that the
constancy of the flnx of secondary particles is predi-
cated on the existence in the medium of a uniform
flux of primary radiation. In practice this condition
is not readily fulfilled when the medium is exposed
to a single beam of primary radiation. Accordingly,
the size {and at times the shape} of the gas eavity
must fulill certain requirements that will be dis-
cussed later. A very close approximation to a uniform
flux of primary and secondary radiation may be
found in practice in the central portion of a (large)
mass of a chemical compound in which one atom of
the molecule is radioactive—or a certain fraction of
the molecules contain such atoms, In this case the
gas cavity in which the jonization is measured may
be of any size and shape, provided the gas contains
the same proportion of radioactive atoms as the solid
medivm. When the radicactive material emits only
beta particles the flux is uniform throughout the
mass ¢xcept in a peripheral layer of a thickness equal
to the range of the fastest beta particles. In any case
if the gas is not radioactive like the solid, the cavity
must be very small for reasons that will be apparent
later.

EXTRAFOLATION IONIZATION CHAMBER

In 1937 the writer described® an ionization cham-
ber designed particularly to determine the back
scatter contribution to the skin dose in X-ray therapy,
It is generally known as an "extrapolation chamber”
because the final result of measurements made with
it is obtained by extrapolation, Actually in the meas-
urement of skin dose two extrapolations were in-
volved: one to eliminate the influence of the gap
between the two parallel electrodes, and the second
to correct for X-ray absorption ir the first electrode
of the chamber. Since thcn many different types of
extrapolation chamber have been constructed for spe-
cial purposes, having plane, cylindrical or spherical
electrodes. The fundamental principle is the same in
all cases. The lonization is measured in the gas in a
narrow gap of uniform thickness between two elec-
trodes (Fig. 1). Readings are tiken with different
gaps and the results are plotted. Since when the gap
is zero there is no gas in which ionization can take
place the curve thus obtzined should pass through
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the origin. The slope of this curve at the origin repre-
senits the limiting value of the ionization current per
unit length of gap as the electrodes are brought
closer and closer topether—that is, when they are in
contact. Thus the influence of the gap per se may
be eliminated. In practice, of course, there are many
precautions to be taken, of which the following three
are most important: (1) readings shouid be taken
with small enough gaps to permit extrapolation to
zero gap with the desired accuracy; (2) readings
should be taken with positive and negative voltages
appiied to the chamber of sufficient magnifude to
insure saturation current—the average of the positive
and negative saturation current readings for each gap
should be used in plotting the curve; (3} the spac-
ing should be measured accurately, Lxperience has
shown that for gaps of a few tenths of a millimeter
the magnitude can be determined most accurately by
measuring the electrical capacitance of the system
and calculating the spacing from its geometry. This
requircs that the chamber and current measuring
device be especially designed for this purpose. By
suitable provisions it is possible to make the capaci-
tance tneasurement while the chamber is exposed to
radiation. {This is necessary for instance when the
source of radiation is incorporated in the walls of
the cltamber.)

Homogeneous Medium with Non-Uniform Flux of
lonizing Particles

It will be shown elsewhere that in this case,
changes in density of the medium disturb the flux
of tonizing particles. Therefore, the introduction of
2 gas cavity of appreciable dimnensions in the medium
to measure the ionization, introduces errors in the
determination of the loeal energy absorption. As
shown above, the extrapolation chamber method in
essence does away with the gas cavity, Therefore, at
the limit the flux of ionizing particles responsible for
the ionization in the gas is identical with the fiux in
the solid across the surface of virtual contact of the
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practical one. Yet in some cases it is of interest to
know the dose at much shorter distances from the
point source, or the integral dose in a living cell con-
taining radicactive material at the center, Such prob-
fems can be attacked experimentally by further
expansion of the tissne equivalent medium, that is,
by using a gas instead of a solid. So long as the
density is uniform throughout the medium (now of
much larger dimensions) the total flux of ionizing
particles through a concentric spherical surface is the
same as through a correspondingly smaller spherical
surface in the tissue. To maintain this correspond-
ence ho solid atcrial must be introduced in the
region where the ionization is to be measured. The
writer has developed “wall-less” ionization chambers
for this purpose and Miss McClement has made
measurements with them® (Fig. 3). The essential
principle of these chambers is that the gas volume
(nearly spherical) in which the jonization is meas-
ured is defined by the lines of force of the applied
potential rather than by solid walls. The source of
radiation is suspended on a thin film and the influence
of this solid material is substantially eliminated by
extrapolation (provided the cnergy of the beta rays
is not too low).
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Figure 3. Wall-less ionization chamber model |

Measurements with lenization Chambers in Which the
Gas and the Wall Do Not Have the Same Alomic
Composition

[t has been pointed out above that when {1) the
solid medium and the gas have the same atomic com-
position and (2} the flux of jonizing particles is uni-
form, the cavity (i.e,, ionization chamber) can be of
any size. However, when the flux of ionizing particles
is not uniform the cavity por se disturbs the local
flux at the point of interest. The difhculty can be

overcome Dy using a suitable extrapolation ioniza-
tion chamber whereby the influence of the cavity due
to geometric {actors is eliminated. When the gas in
the cavity has a different atomic compasition from
that of the solid medium, complications arise because
of the difference in the interaction of the ionizing
particles with the atoms of the solid and those of the
gas. If the ionizing particles are secondaries, there
will also be a difference, in general, in the interaction
of the primary radiation with the solid and the gas.

The Bragg-Gray principle is generally applied to
situations in which both the primary flux and the
flux of ionizing particles are uniform in the region
of the cavity. (The gas in the cavity is usually air.)
Under these conditions the main requirement is that
the tonizing particles originating in the solid lose
only a negligible proportion of their energy in cross-
ing the cavity.f

Although Gray has emphasized the point, it is not
generally realized that to fulfill this requirement with
air at atmospheric pressure the linear dimensions of
the cavity must bé very small indeed, especially when
heavy ionizing particles are involved. Obviously,
according to this requirement, the cavity may he made
larger by reducing the pressure of the gas. In fact,
use is sometimes made of this relation to see whether
the conditions of measurement meet the require-
ments of the Bragg-Gray principle. If the ionization
current is proportional to the gas pressure, it is as-
sumed that the cavity is sufficiently small. This is a
satisfactory test for measurements made in a medium
in which the Aux of ionizing particles is essentially
uniform, but it is not sufficient in general. The essen-
tial requirement suhstantially as stated by Gray® is
that the number, encrgy distribution and directional
distribution of the ionizing particles crossing any
element of surface of the cavity be the same as they
were through the same area before the cavity was
introduced. The gas pressure test shows simply that
the ionizing particles lose a small fraction of their
encrgy in crossing the cavity—in the range in which
there is a linear relation between pressure and ioniza-
tion current. In a non-uniforin radiation field the
presence of the cavity does change the ionizing par-
ticle flux (number, energy and direction) and the
disturbance must be cliruinated in order to apply the
Bragg-Gray principle. As already pointed out, this
can be done by the extrapolation chamher methnd,
Actually this method takes care simultaneously of
the requirement that the ionizing particles lose only
a negligible proportion of their energy in crossiog
the cavity. When the gas is of higl atomic number
and/or the ranges of the ionizing particles in it are
short, the accuracy of the extrapolation may be in-
creased by reducing the gas pressure. [t should be
noted in this connection that in the case of electrons
the true stopping power of a material per electron

T In general if this tequirement is fulfilled the interaction of the
primary radiation with the gas in the cavity is negligible.












Recent Developments in the Scintillation Counter Field

By G. A. Morton,* USA

Surveying the current literature in physics, one
encounters a group of papers discussing the lifetime
of positrons in various solids. It is found, for exam-
ple, that the lifetime of the positron in a metal at room
temperature is 1.5 > 10°'® second, while the corre-
sponding lifetime for the same metal cooled to the
point where it hecomes superconducting is much
longer being of the order of 6.5 )} 10-'" second, a
lifetime comparable to that of pesitrons in an insula-
tor. Measurements of these fantastically small inter-
vals of time and of the high time resolution implied
by them has only been possible since the development
of the scintillation counter. If this superior time
resolution and high speed were the only attribute of
the scintillation counter as a nuclear particie detector,
it would still be a very important instrument in the
ficld of nuclear research.

The scintillation counier, however, has a number
of equally important characteristics which, taken
together, make it one of the most important instru-
ments for the detection of energetic particles in the
nuclear field. Indeed, its importauce is such that it is
safe to say that nearly all laboratories engaged in
research in this field employ one or more scintillation
counters and a very large percentage of the articles
published in the field describe experiinents requiring
these detectors.

The importance of the scintillation counter is not
restricted to the realm of nuclear research alone,
Instruments of this type are used in large numbers in
prospecting for ores containing uranium or thorium
and in prospecting for oil. They also find application
in the fields of radio-liology, radio-chemistry, tracer
technology, radiation protection and in the nuclear
power ficld.

The characteristics of the scintillation counter
which give it this importance are: {a) its high scnsi-
tivity to all forms of nuclear radiation ; {1} its ability
to discriminate and measure the energy of the inci-
dent nuclear particle; and (c) its high speed and
excellent time resolution capabilities. Furthermore,
scintillation counters can be made rugpged and relia-
ble. The class of tnstrument is flexible enough so that
it can range in form from small compact units suita-
ble for aerfal work or lowering into oil well drillings
up to instruments where the sensitive volime includes
several cubic meters.

However, before discussing these churacteristics,

* RCA Laboratories.
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the general aspects of the counter and its principal
components must be considered. The scintillation
counter consists of a transparent phosphor scintilla-
tor, a photomultiplier and the presentation circuitry.
When a nuclear particle or photon is absorbed by
the phosphar, a flash of light is produced. This light
is directed onto the photocathode of the multiplier
where it causes the release of photoelectrons., The
photoclecirons enter the multiplier structure where
they are amplified by the cascaded secondary emis-
sion dynodes of the tube and appear at the output as
a current pulse. This pulse is analyzed for size, dura-
tion, wave shape and time of occurrence by the suc-
ceeding circuitry to extract the required information.
The two principal components of the scintiliation
counter, namely, the multiplier phototube and the
scintillator must be examined in some detail.

THE MULTIPLIER PHOTOTUBE

The photomultiplier provides a means for amnplify-
ing the minute photocurrent involved in scintillation
counting up to the point where it can be handicd by
existing amplifiers and circuitry. Any attempt to
collect the original photocurrent pulse produced by a
scintillation and to amplify this current by means of
a thermionic amplifier would he unsuccessful because
the size of the pulse is so0 small that it would be
completely lost in amplifier noise. In a photomulti-
plier, the photoclectrons reieased from the cathode
are directed onte a surface so sensitized that each
electron which strikes it causes the release of several
secondary electrons. The electrons emitted by this
first surface or first dynode are focused onto a second
similar surface where again each incident electron
produces a number of secondary electrons. This
process is repeated on successive dynodes until the
current is built up to the desired level. It is evident
that if there are % dynodes, each having a secondary
cmission ratie ¢, a primary photocurrent ¢, will
produce an output current i, = i, o*.

As a result of the stimulus provided by the scintil-
lation counter, 1 number of new photomultipliers have
been developed. Table I pgives a represcntative list
of multipliérs manufactured in the United States.
Only threc pre-date the scintillation counter, These
tubes differ in cathode area, spectral response,
method of collecting photoelectrons and dynode
structure and activation, While they fulfill many of
the requirements of the counter, there is still neel
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for further improvement, and research and develop-
ment are in progress on these tubes. Table II lists a
few of the new developmental tubes designed to give
stili better performance from scintillation counters.
These will be treated in greater detail as the discus-
sion proceeds.

If any one eleinent of the photomultiplier were to
be designated as vital, it would be the photocathode.
The importance of the photocathode is self-evident,
but will be put on a quantitative basis in the discus-
sions of energy and time measureiments with scintil-
lation counters, The importance of the photocathode
has prompted a great deal of work aimed toward a
better basic understanding of the phenomenon of
photo emission and toward the development of im-
proved cathodes. Figure 1 shows the spectral response
of a number of new cathodes under investigation at
RCA Laboratories.! Curve III is included for com-
parisnn and is the response of a typical S-11 semi-
transparent cesiwm antimonide surface, Curve V is
the response of a tri-alkali cathode which is cesium
activated sodium potassium antimonide. The sensi-
tivity of this cathode is very high, exceceding 200
pa/lumen response to a tungsten source heated to a
brightness temperature of 2870°K. Its response ex-
tends well into the red portion of the spectrum, how-
ever, and therefore when used in a scintillation
counter must be cooled to reduce thermionic emission.
Cathode IV is of considerable interest for muitiplier
phototubes employed in scintillation counters. It has
essentially the same spectral response as the conven-
tional cesium antimonide, but employs no cesium.
This is a considerable advantage in the bigh voltage
tubes used for fast counting, in that wherever cesium
15 usedd its high vapor pressure and its tendency to
form low work function surfaces make electrical leak-
age and cold discharge problems very severe. Re-
search on photocathodes is actively continuing and

preliminary results already indicate that new im-
proved photoemitters can be expected from this work.

Two types of secondary emitting surfaces are used
in the present cormmercial multipliers, namely, those
activated with cesium antimonide and those activated
with magnesium-oxide-silver, The former generally
have a higher secondary emission ratio for a given
incident electron velocity, while the latter have the
advantage of withstanding a higher outgassing bake
which increases tube stability.

The problem of directing photoelecirons from the
cathode of a photomultiplier into the dynode structure
is not negligible, The general philosophy here is to
design an electron lens system in such a way that the
first dynode is at the exit pupil of the system. The
solution is complicated by the large splerical aber-
ration found in most simple electrostatic electron
lens systems. However, fairly adequate systems have
been worked out.

The dynode system itself is an electron optical
system for drawing secondary electrons away from
one dynode and causing them to impinge upon the
next succeeding dynode with a minimum loss of
clectrens.® A number of different electron optical
systemis have been devised for doing this, Two types
of systems are used in the commercial tubes shown
in Table I. Those produced by RCA use a system of
clectrostatically focused dynodes arranged in a circu-
lat array. Figure 2, which illustrates photograph-
ically and in diagram the RCA Type 6342, shows the
dynode arrangement.?® This design of dynode struc-
ture gives fairly strong fields drawing the secondary
electrons away from each surface. As a consequence,
the transit time and the transit time spread between
each (ynocde is small and the tube is capable of
resolving very small time intervals. Figure 3 illus-
trates o DubMont 6292 and shows the box type dynode
structure used in all DuMont tubes* With this sys-

TABLE . Chaoracteristics {Approximate} of Representative Commercial Photomulfiplizrs
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Figure 8. Response ond time constan! of letrephenylbutadiens in
polystyrana

specific gravity of 1.25 and an index of refraction of
1.5948, The melting point of the material is high
enough to be practical for most scintillation counter
applications but low enough so that the material can
be casily melted for crystal growing. The growing
procedure most commouly used is the Stockbarger
method, the material being sealed in 2 vacuum cru-
cible. If care is taken with the purifieation and
cleanliness of the materials, large water-clear crys-
tals can be readily grown. The efficiency of this ma-
terial fo beta ray excitation is about 40 to 50%
that of sodium iodide. Its decay time is about 36
millimicroseconds, The decay is temperature depend-
ent, and Fig. 9 shows a variation of decay titne with
temperature as measured by Liebson, The emission
spectrum is a series of bands centering around 4400
Angstroms. It is, therefore, well suited to the spectral
response of a cesium antimony activated multiplier
phototuibe.

A second organic crystal which Ands wide appli-
cation in scintillation counting is trans-stilbene,
Again, it is a material which can be easily crystal-
lized into large water-clear masses. The scintillation
efficiency of stilbene is considerably lower than that
of anthracene, but for many applications this is com-
pensated for by its very short decay time. The effi-
ciency of trans-stilbene relative to anthracene is
about 30%, while its decay time is of the order of
& millimicroseconds at room temperture. As with
anthracene, the decay time decreases as its tempera-
ture is lowered. Because of its high speed, it is
widely used for coincidence work.

D. Solution Scintillators

High-energy particle physics, both for cosmic ray
work and with high energy machines, frequently re-
quires scintillators occupying many cubic feet of
volume. Similarly, there are a number of problems
in biophysics where it is desirable to have very large
scintillators. It is both expensive and inpractical to
grow crystals large encugh for such applications.
However, solution scintillators appear to he a very
practical alternative and are coming into wide use.
H. Kallmann®® at New York University was among
the first to describe a number of types of this inter-
esting scintillator, e and other workers™® #7 have
found many organic liquid solvents which will serve
as the scintitlator base and an almost equal number
of phosphor activators. Toluenc, xylene and phenyl-
cyclohexane have all been used very eflectively as
the solvent, while terphenyl, diphenyloxazole and
tetraphenylhutadienc are all effective as solutes. The
efficiency of a solution scintillator can [requently be
improved by the addition of a so-called wavelength
shifter. Ifor example, a liquid scintiilator with phenyl-
cyclohexane as the solvent and 3 grams per liter
terphenyl as the solute plus 0.01 gram per liter
diphenylhcxatriene yields about 30% greater pulse
height than does the material without the wavelength
shiiter. However, the use of the wavelcngth shifter
decreases the speed of the scintillator in almost every
case.

As has already been mentioned, the solvent may be
a plastic with a solute dissolved in it instend of a
liquid. Polyvinyltoluene and polystyrene are very
effective plastic solvents, Figure 10 shows the pulse
height as a function of concentration for a number
of solutes in polystyrene®™ In polyvinyitoluene, the
response is in genecral similar but slightly higher.
These plastic phosphors have a very great practical
value because they can be made into rigid masses of
very clear material of any size or shape desired.

A summary of the more important scintillators to-
gether with the wave length of their peak emission,
relative efficiency to lLeta-ray excitation and fluores-
cent decay time is given in Table JI1.

SCINTILLATION COUNTER PERFORMANCE
i A. Energy Spectrometry
As was pointed out earlier, one of the very impot-
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tant propertics of the scintillation counter is that it
» can give an indication of the energy of the incident
particte, As discussed in the previous section, the
aumber of photons emitted by the phosphor is, for
beta and gamina rays (complete absorption), pro-
portional to the energy of the particle. For heavier
particles, protons, deuterons and alpha particles, the
amount of light is a meonotonie function of the energy.
Figure 11 shows the behavior of a scintillator for a
number of heavy particles.®® Since the number of
photoclectrons emitted from the cathode of the photo-
multiplier is proportional to the incident light, the
pulse height is a measure of the energy of the inci-
dent particle.

Both the emission of photons and the etnission of
photoetectrons are purely random phenoinena. Con-
sequently, if the expected number of photoelectrons
from the cathode is 5. the root-mean-square deviation
in ninnber fromn the expectation will be equal to /i,
The photoelectrons from the cathode are muitiplied
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by a secondary emission process which is in itseif
statistical. This tends to increase further the root-
mean-square deviation in charge or pulse height at
the output. A statistical analysis of the process in-
volved shows that the percentage half-width of the
pulse height distribution of the pulses generated
when the expected numiber of photons generated
by the scintiliator is Ng is given by the relation:

1 2?1 y
W},g=236|:m(1 _}.?{;J._.l_))] M (2)

where ¢ is the optical coupling hetween the scintil-
lator and photocathode, y the quantum efficiency of
the cathode, », the fraction of photoelectrons collected
by the multiplier structure, o the secondary emission
ratio per dynode, and & the root-mean-square devia-,
tion in number of secondary electrons when the ex-
pectatton is .

8 can be closely approximated by +\/er. If second-
ary emission followed the Poisson Law for distribu-
tion, ¢ would have the value unity. Iixperimentally,
from measurements of the pulse height distrilution

TABLE I, Scintillator Characteristics

Seintillator Pensity b }f;;‘.:{' o fecireé p Time const, Eficienty
Sodium jodide (Nal:T}) 3.07 1.7145 4100 250 100
Cadmium tungstate 7.90 2,223 5200 Hos 100
Anthracene 1.23 1.39 4400 36 48
Trans-stilbene 1.16 1.622 4100 6 i)
Xylene + terphenyl 4+ diphenyihexatriene 0.86 1.500 4500 5 23
Xylene + terphenyi 0. .86 1.500 4000 3 16
TPolyvinyltoluene + terphenyl -+ diphenylstilhene — — 4100 3 23
TPolystyrene + tetraphenylbutadienc i 06 1.595 3000 5 17
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of single electrons from the photocathede of a varjety
of multipliers, « has been found to have an approxi-
mate value of 1.5. Substituting in Equation 2, the
expression for the percentage half-width becomes:

: D]EF @

Noeymy T -

Within the accuracy of the knowledge of the various
constants involved, this expression can he verified
experimentally 2% 36 31 There are also a number of
common non-fundamental factors which can decrease
the pulse height resolution capabilities of a scintilla-
tion counter. Among these are optical imperfection
of the crystal, non-uniformity of the photocathode,
instability in the photomultiplier, excessive noise in
the photomultiplier, etc.

Spectrometric measurements where large scintilla-
tions are involved, giving an energy resolution of a
per cent or less, place the severest demands upon the
system. Up to the present not very many measure-
ments of this type have been made. To obtain 1%
resolution, the scintillation must be constituted of at
least 10* photoelectrons, which, tn turn, means that
the particle energy must be of the order of 10 Mev.
The extreme penetration of gamma and beta rays of
this energy would require scintillators which are
impractically large from the standpoint of coupling
them to photomultipliers. Some measurements in this
range have, however, been made with heavy particles
at DBrookhaven and Princeton and reveal some in-
tercsting instabilities in the photomultipliers, Certain
muitipliers employing silver magnesium dynodes
have shown a tendency to have a higher gain as
more charge passes through them. In other words,
the pulse height depends upon the counting ratc.
This is the reverse of the effect which has been
observed for multipliers working in a much higher
current range where a decrease in gain is found.
The recovery of the multiplier irom the first named
effect is almost immediate as the pulse counting rate
is reduced. The fatigue effect, on the other hand, per-
sists for a long time. This effect of increasing gain
has only been observed in multipliers with silver
magnesium dyuedes and not in all multipliers of this
type. Tt has not becn observed where the dynodes are
activated with cesium antimenide. Where the effect
has been observed in a given multiplier, it Is quite
reproducible, and pulse height measurements can be
corrected for it,

In order to test the performance of photomulti-
pliers under conditions of large scintillations and
extremiely narrow pulse height distributions, K. W,
Robinson®? carried out a series of measurements with
an artificial scintillator proving that fractional devia-
tions of 0.1 or 0.29% could be ohtained if care was
taken to eliminate all spurious 'effects, This estab-
lished unambiguously that fundamentally a muitiptier
phototube is a high resolution device.

Probably the largest number of spectrometric
measurements have been made in the energy range

IVH=236|:

from 0.1 Mev to 114 Mev. Here pulse height reso-
lutions from 5 to 209 are obtained. A great deal of
very accurate experimental work has been done in
this spectral range by R. Hofstadter at Princeton
and Stanford, P. R, Bell at Oak Ridge, H. WW. Koch
at the National Bureau of Standards and many others.
Where the scintillator is sodium iodide, quite ac-
curate measurements can be made of gamma-ray
line spectra using the puise height distrihution peak
obtained from the photoelectric conversion. Here it
is only necessary to have a crystal large encugh to
absorb the energy of the photoelectrons. However,
where it is desired to obtain the energy of the total
gamma-ray yield, it is necessary to use a total absorp-
tion spectrometer, namely, a spectrometer with a
scintillator large encugh to absorb all the energy of
the gamma rays. A sodium iodide crystal, 4 inches
in diameter and 4 inches long with a well in its center,
gives essentially total absorption of gamima rays in
this encrgy range, Figure 12 illustrates the arrange-
ment of crystal and phototube of such a spectrometer
as used by P. K. Bell® While the majority of the
work in scintillation spectrometry has been con-
cerned with line spectra, the method is applicable
to continuous gamma-ray distribution.®

A good deal of the instrumentation for spectrome-
try in this vange has concerned itself with circuitry
and presentation problems, i.e., amplifiers which wilj
respond without blocking or distortion to the wide
range of pulse heights involved, multi-channel pulse
height selectors and selectors where efforts have been
made to obtain maximium channe! width and position
stability. Improvement in photomultiplier cathodes
both in respect to sensitivity and speetral response
has been important in improving resolution in this
range. Multipliers with large cathodes which avoid
the necessity of paralleling a large number of small
multipliers in total absorption spectrometers have
contributed to the reliability and accuracy of measure-
ments in this range.

Energy measurements in the extremely low encrgy
range are primarily used as a means of separating
the gamma-ray photon count from sputious counts
due to background thermionic emission, etc. Here
the percentage half-width of the puise height dis-
tribution curve is very large so that the device is
not suited for accurate energy ineasurements. How-

LIGHT PIPER

Figure 12, Totol-ohserption spectromster
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cver, the abilily to discriminate to the extent possible
in this range has been very valuable when the instru-
ment is used for carbon counting such as is involved
in carbon dating, organic radio-chemistry, radio-
biology and similar rescarch problems.?® It is also
useful for tritium counting.

The application of the scintillation counter to the
detection of X-rays represents the lowest energy
region where the device is used. Here the energy
discrirninating capabilities are of not much wvalue
since in the main only one or two photoclectrons are
released by each X-ray photon,

B. Time Resolution

The speed and time resolution capabilities of the
scintillation counter are important in many ways,
First, they make possible the precise measurement
of very short time intervals required in nuclear and
high energy particle physics. Second, they permit
measurenients at the very high counting rates that
are frequently encountercd in the bursts produced by
high energy accelerators. Third, they provide means
for accurately triggering other equipment and other-
wise discriminating between wanted and unwanted
evenis with the aid of gating circuits, high speed
coincidence cireuitry and other selection menans.

The time resolution of a scintillation counter is
determinced by the (uorescent decay time of the scin-
tillator and the time spread in the passage of electrons
through the multiplier,? 3% The tine constant of a
number of phosphors was given in the preceding
section where it was pointed out that the organic
. scintiilators were mnost suited for time measurements
hecause of their short decay times. Three principal
factors must be considered in connection with multi-
plier time spread, namely, secondary emission time
spreadl, differences in trajectory lengths for electrons
hetween two successive dynodes and the effect of
electron initial velocities. 1t has Dbeen shown by
Greenblatt at RCA Laboratories and Ernst at the
University of Illinois that the time spread in sec-
ondary emission is entirely negligible in comparison
with the time spread m present multiplier fubes.
The time spread due to the difference in path lengths
between two adjacent dynodes (100 volts per stage)
has a root-mean-square value of the order of 0.5
mg second and is only slightly inereased by the effect
of initial velocities.

Assuming an exponential decay constant « for the
scintillation, and an interstage time spread A for
the multiplier, the root-mean-square deviation in
time measurement with a scintillation counter is
found to be:

_T'E_“ {4)
V.
when the timing circuit triggers on the output pulse

rise at a level corresponding to i, electrons from
the cathode where

ﬂom:NﬂB B/‘x (5)

<t>l‘lu t, =

N, is the total number of photoelectrons relcased by
the scintillation, and A4 and B are constants related
to the statistics of the multiplier and have a value of
the order of unity.

The estimated rms 1imc errors for scintillation
counters using three different scintillators are given
below. # is assumed to be 0.5 mpusec,

N, =lmume) mep L ey E5el)
Liquid 100 3 17 2.2 X 101
Teans-stilbene 300 & 25 L7 X 1ow
Anthracene S00 36 7 3.3 1pme

It is interesting to note that, in spite of the greater
time constant for anthracene, the actual time error
does not differ greatly from that of the faster stil-
bene and liquid scintillators, This is because the ini-
tial rate of emission of photons, which is the dominant
factor in time resolution, is nearly the same for the
three scintillators.

The time resolution capahilities have been used ex-
tensively in measuring the decay constants of short-
lived radioactive isomers, for the determination of
the lifetime of mesons and other high energy par-
ticles, and, as was mentioned above, the annthilation
time of positrons. This is not by any means an ex-
haustive list of this class of application. The majority
of these time measurements are based upon the de-
layed coincidence of pulses occurring at the start and
fmish of the interval being measured. A schenatic
diagram of a typical delayed coincidence circuit is
shown in IFig. 13. The initinting particle is received
in detector 1 and the pitlse from it traverses a fixed
delay line to one arm of the coincidence element.
The terminating pulse from detector 2 passes a
shorter vanable delay line to the second arn of the
coincidence element. The difference in these two time
intervals when coincidence is obtained is the wanted
time interval., Where the problem requirements make
it mecessary, miore complicated timing circuits have
becen worked out. The chronotron, proposed by
Neddermeyer in 1949, and improved later by Keuffel
and others for cosmic ray studies, is an example.®7
The chronotron, 1llustrated in TFFig. 14, uses a tapped
transmission line as the timing element. A crystal
diode at each tap serves as a coincidence detector.
Delay lines of increasing length connecting each tap
with an oscilloscape make it possible to display the
coincidence information in its relative sequence,

It is interesting to consider the possible improve-
ment in time resolution of the seintillation counier
which can be expected.

A major decrease in the time constant of canven-
tiona! scintillators is difficult to foresee. However,
it is certain that irnprovements will be made in the
efficiency of scintillators, in optical coupling and in
spectral match which will increase the number of
photoclectrons released.

Work is in progress at present on gaseous scinfil-
lators. These are of interest from the standpeint of
speed because of the very rapid rise of putses which
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no testurn may be very valuable when maximum
sensitivity is desired.

The developments of the past two or three years in
the scintillation counter field have materially advanced
the usefulness of the device, It can be said with
certainty that the rate of improvement will continue
at the present level so that a prediction of continually
inereasing uscfulness of the device in the future is
not unduly optimistic.
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Methods of Pulse Analysis

By G. G. Kelley,* USA

The primary objective of this paper is to describe
the equipment most widely used for puise analysis at
the present time and to indirate present trends in this
field. Background information is included in an
attempt to make the paper imtelligible to those who
have had no previous contact with the problems
involved, but tnuch in the way of historical develop-
ment has been omitted. Some equipment still in use is
not mentioned, because it represents techniques which
have been abandoned. An excellent survey of the
amplitude analyzer field prior to mid-1952 is given
Ly Van Rennes.

NATURE OF THE DATA

Energv proportional response is an ouistanding
characteristic of most radiation detectors in use today.
An ion chamber, proportional counter or scintillation
counter gives for each incident particle an electrical
charge at its output whose magnitude is a nicasure of
the energy lust by the particle in the detector. This
magnitude is subject at best to statistical fluctuation
of the Poisson type. Line widths for mono-energetic
radiation are propertional in scintillation counters
to the square root of energy, being about 3.3 per
cent {full width at half maximum counting rate) at
1 Mev for the best sodium jodide thailium erystals.
Tonization chambers and proportional counters are
relatively better in their regions of applicability, The
charge is collected at the output of these detectors
over a period of time after the arrival of an emana-
tion. This time may he as short as several millimicro-
seconds in a fast phosphor scintillation detector or as
Inng as tens of microseconds in an ionization chamber.

Certain features of this data may be of special
interest depending on the nature of a given experi-
ment. Usually the relative frequency of pulses per
unit energy interval as a function of energy is re-
quired. In some instances it is desired merely to know
the number of peaks in a spectrum and roughly their
relative magnitudes, but far more often it is required
that the measurement be carried to the limit set by
counting statistics and the state of the art. The.de-
tailed shape of a spectrum over a pulse frequency
range of as great as a thousand to one yields valuable
information leading for example,.with other informa-
tion, to a knowledge of the decay scheme of an iso-
tope, with branching ratios and conversion coefh-

T *0uk Ridge Nationa)} Laboratory.
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cients, to the nature and amount of o contaminant, or
to the type of a beta interaction.

The {ime reclationship between radiations from a
given source or the time of arrival of a radiation at a
detector measured from some reference time often is
of significance. Periods dealt with lie anywhere in
the range of from tenths of one millimicrosccond to
tens of seconds. This information leads to such
answers as the lifetirne of a meta-stable nuclear state,
the decay scheme of an isotope, or the speed of a
particle, :

PULSE AMPLITUDE AMNALYSIS

A practieal limit is set on the precision with which
a spectrumn can be measured by the speed of available
pulse analyzing equipment, the resolving power of
available detectors and the achievable cver-all stability
of a detector and analyzer. Most methods of amplitude
analysis divide a vollage spectrum from an amplifier
inte equal increments and record the number of
pulses arriving in each increment or channel during
some fxed time, The analysis may he done one
channel at a time, or a nuinber of channels may he
counted concurrently, Different tvpes of experiments
require different degrees of fincness of the incre-
ments. Seldom, however, is less than 60 channels
sufficient or more than 200 to 300 channels required.
Where counting speed is not limited by tbe nature
of an experiment, a basic limitation is the capability
of present analyzing techniques for deciding into
which channel the peak of a puise has fallen, Cost
and complexity rise sharply when the time allowed
per pulse is decreased below about two microseconds,
\Where, on the other hand, the pulses to he analvzed
are produced at such a low rate that the speed capa-
Lility of a fast amalyzer is not needed, schemes of
analysis may be used which nre considerahly cheaper.

The present state of the art seldom warrants statis-
tical accuracy much better than one per cent, corre-
sponding to the accumulation of 10! counts in a
channel. Because of the wide range of counting rates
of interest in some individual spectra, it is highly
desirabie that the storage capacity of each channel
be of the order of at least 10% counts. Percentage-wise
Huctuations of the counting rate in low counting rate
regions often are of as much importance as in high
counting rate regions. Therefore, digital storage usu-
ally is anployed. Analog methods either are of log-
arithmic responsc or requirc an extremely good
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resolving time desired. Many coincidence circuits
have been built which work well when tested with a
signal generator but not with actual signals because
they do not fulfill the requirements just stated.

An effective tnethod of coincidence measurement
is by adding pulses of the type described (with suit-
abic delay) and using a pick-off diode biased to be
insensitive to single amplitude pulses. Tfor very high
speed work 2 UHF mixer type crystal must be used
because the more common diodes have memory
effects and slow response. Type 1N26's are used at
Qak Ridge. Resolving time stability is greatest when
the singles pulses are rectangular and the pick-off
circuit tndicates a coincidence with the smaliest pos-
sible pulse overlap. McGowan?! at Oak Ridge uses
two Hewlett Packard amplifiers foilowing each
detector, driving negatively a pair of 404 A amplifiers
whose plates are paralleled through declay lines and
a pulse forming stub. He and R. E. Bell22 at Chalk
River (using a similar circuit) have been able to
study isomeric states with half-lives in the region of
2 % 10 seconds.

Multichannel time delay apalyzers have been used
principally with time of flight neutron spectrometers.
One at Oak Ridge developed for the fast chopper
uses 100 sequentially closed gates driving scparate
scaler-register circuits. Johnstone, Kiepin, Koontz
and Gallagher®™ at Los Alamos recently described one
developed there which is suitable for use in the milli-
second and sccond region. Clock pulses control the
operation of a scaler and readout mechanism. Each
pulse transfers the scaler reading to a magnetic drun
or paper tape and clears the scaler. Rankowitz and
Graham?? use the Wilkinson scheme for the Brook-
haven ncutron chopper. Neiler at Oak Ridge uses
the time to amplitude converter described above in
conjunction with an MC-3 analyzer for meutron
energy measurements in the region from about 8 kev
to 17 Maev.

QOften it is required that a coincidence be formcd
with the output of a single channel] analyzer. Because
this device necessarily cannot give an answer until
after the crest of a pulse and because this time is con-
siderably more uncertain than the beginning of the
pulse, a rather large resolving time is required te
insure the overlap of truly coincident events, Here
the fast-slow technique is used to reduce the back-
ground of random coincident pulses. A fast coinci-
dence circuit operating on the leading edges of the
signals detects every true coincidence regardless of
energy. This information suitably delayed is put in
slow coincidence with the analyzer output. Most
commonly the slow coincidence is used to gate “on”

a multichannel analyzer. The effective resolving

time is essentially that of the fast eoincidence except
in very rare cases, if the slow coincidence 1s tnade no
longer than necessary. <

Recently interest has been increasing in methods
of performing a multichannel-multichannel coinci-
dence. Camphell proposed a photographic method a

number of ycars ago which gave qualitative informa-
tion.** He deflected a cathode ray beam horizontally
with one signal and vertically with another, intensify-
ing during the lengthened crest of each signal. For
very slow work Shoemnaker at Princeton photographs
the registers of two analyzers, gated from a fast
coincidence circuit, every time a pulse is recorded.
Faster readout tnethods will permit this idea to be
applied at higher speeds.

CONCLUSION

It is apparent that no one type of equipment is
tnost suited to all applications in the field of ampli-
tude or time analysis. All the types described are
expected to continue in existence since each is weil
suited to certain jobs.

REFERENCES

i. Van Rennes, A. B., Puise Amglitnde Awalysis in Nuelear Re-
search, Nucleonics Val. 10 #7: 20-27, (1952); Vol, 10 #8; 22-28,
(1932); Vol. 1¢ £9: 32-38, {1032); Vol. 10 fFi0: 50-56, (1952).
2. Moody, N. T, Battell, W. J., Howell, \W. I. and Taplin,
R. H., Part V. The Chalk Rizer Pulse Amplitude Analyzer,
Rev. Sci. Inste. 22: 55563, (1951). .
3. Kelley, G. G., Dell, P. R, and Gass, C, G., Physics Division
Quarierly Progress Report, Oak Ridge National Laboratory
Report ORNL-1278, p. 27 (1951).
4. Kelley, G. G., Bell, P. R. and Harris, C. C., Physics Division
Semi-canital Progress Report—Seplember, Qak Ridge Nutional
Laboratory Repoert ORNL-1620, p. 50 (1933).
5, Johnstone, C. W., A New Pulse Aualyzer Design, Nucleonics
Vol. 11, No. 1: 3641, (1953).
6. \Wilkinson, D. Y., A Stable 89 Channel Pulse Height Auwalyser
for Slow Connting, Cambndge Phil. Sae. Proc. 46: 508, (1950).

. Hutchinson, (;. W. and Scarcott, G. G., 4 Hfigh Precision,
Pulse Height Anclyser of Moderately Iligh 5pecd, Phil. Mag.
42: 792, (1951).

B. Emmer, T. L., One Hundred-Chastnel Serial Memory Fulse-
ifeight Analyzer, Poaper 454 Presented at the Institute of
Radio Engineers Convention, New York {1955).

9. McRKibben, J. L., Gallagher, I. D. and Lang, H. J., Modifica-
tions io Hie Hutchinson-Scerroll Pulse Height Analycer to Obiuin
o Coded Decintal Printoxt, 1'aper 30.5 Presented at the Insti-
tute of Radic Engineers Cenvention, New York (1955).

10. Porter, . M. and Borkowski, C. T., A 60 Chauncl Electren
Beam Pulse Amplitude Analyser, Nucleonics Vol. 12 #3: 53,
{1954).

11, ITunt, W. A., Rhinehart, W., Weber, J. and Zaflarano, D. J.,
A Multichannel Prlse Heipht Analysis System Using Photo-
grophic Recording on 35 mm Filst, Iowa State College Report
I1SC-359, 23 p,, (1953).

12. Van Rennes, A. B., dnanal Progress Repert, Electronic Ku-
clear Instrumentetion Group, MI1T, p. 46 (1953).

13. Compbel!, E. C. and Goudrich, Max, Scintillation Specira of
Short-Life Activities, Phys. Rev. 78: 0640, (1930).

Kahn, J. H.,, An Investigation of X-Rey and Gamma Rap
Specira of Short Pevind Radioisotepes, Oak Ridge Natjonal
Laboratory Report ORXL-1089, (1931} (unpublished}.

14. Maeder, D., FElecironroliren-Specirograph cur Messnenz von
Tonezations-kanmerimpuiser, Helv. Phys. Acta 20: 139, (1047).

15, Dernstein, W,, Chage, R. L. and Schardt, A. W., Gray Wedge
Prise Height Analysis, Rev, Sci. Instr, 24: 437, (1953).
Schardt, A. W., Gray Wedge Pulse Height Analysis (Part 2),
BNL-237: 20 p., (1954},

Chase, R. L., Coincidence Gray Wedge Pudse Height Analyzer,
NNL-263: 14 p., {1953},

=1






High Resolution Radiation Detectors in Research

Prepared by H. J. Gomberg and M. J. Schlesinger, Jr.,* USA

I. INTRODUCTION

The increased availability of radioactive isotopes
has led to a more widespread application of the
tracer technique in fundamental scientific research.
The value of these tracers, however, depends greatly
on our ability to detect them, Tn tracer experiments,
one seeks two types of information: the amount of
radioactive material present and its location, Instru-
ments and procedures for determining the quantity
of radioactive tracers have been developed to a high
degree, and the sensitivity of present instruments
leaves little to be desired. The techniques for deter-
mining location, however, are relatively poor when
we consider the inherent resolvable unit in tracer
experiments 15 the emitting atom with a diameter of
about one Angstrom, or one ten-thousandth of a
micron. But present localization techniques are able
to provide, under ideal conditions, resolution of the
orcler of only one micron; indicating the amount of
improvement possible.

The best available autoradiographic systems depend
on the light microscope as the means for examining
thc film and specimen being studied. 'With one
micron resolution now  possible, improvements in
present techniques will soon exhaust the resolution
range of the light microscope (on the order of 0.2
microns), and new procedures will be required to
permit examination of tracer distribution at magnif-
cations attainable with the electron microscope.

Not only resolution, but the physical and chemieal
properties of the detecting miedium can be substan-
tially improved. T'resent localization techniques
utilize photographic film, which responds not only
to light and ionizing radiation, but is also quite sensi-
tive to chemical constituents prevalent in many
materials studied. For reliable results, it is usually
necessary to provide an impermeable protective layer
between the film and the specimen. To overcome these
basic limitations of photographic film, development
of new detecting media which are stable to light and
chemical action while remaining sensitive to the high

cniergy radiation of radioactive materials has been.

undertaken,
Where speed and convenience justify reduction of

* Including work by H, J. Gomberg, W. Rerr, C. L. Markert,
am! M. 3. Schlesinger, Jr., University of Michigan; B. Siess,
Pharmacologisches Institut der Universitat Tibingen, Germany;
G. Towe, Ford Motor Company; R. Weyant and 5. Yukawa,
University of Michigan.
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resolution to about 75 microns, a new direct reading
radiation microscope can be used.

2. CRITERIA FOR HIGH RESOLUTION RADIATION
DETECTION

The ideai high resolution autoradiographic system
would possess the following properties: (a) a van-
ishingly thin Alm; (&) high sensitivity to high energy
particles; (¢) low sensitivity to light protons; (d)
high chemical stability in the unexposed state; and
(2) a developable or direetly ohservable hmage pro-
duced by high cnergy radiation,

The film or detection method which meets all these
requirements simultancously has not yet been per-
fected. However, existing materials do fulfill some
of these criteria and others, as discussed in this
article, are being developed which are designed to
possess all the listed properties. The approach has
not been limited to the use of silver halide emulsions,
but includes also monomer-polymer systems which
can be made highly sensitive to ionizing radiation
and yet remain stable in the presence of ordinary
light,

3. RESOLUTION DEFINED

The term ‘resolution” for an autoradiographic
system describes the ability to distinguish two radia-
tion sources which are close together. The distine-
tion is made by measuring the variation in the film
density or Dblackening. As long as two separate
blackened areas are distinguishable, the radiation
sources are resolved; when the blackening merges
into one area, na such distinction can be made and
resolution has been lost.

Qther workers!- 2 have chosen to define resolution
on a one-point rather than a two-point Lasis, The
criteriont used in this case is the distance from the
point of maximum grain deusity in the filn to the
point where density is half the maximum. The resolu-
tion is measured by the diameter of the half maximam
density circle surrounding the maximum density
point.

It is felt that this definition fails in two important
aspects. First, it does not take cognizance of funda-
mental concept of “resolution.” If orly one radiation
source is present in a field being studied, there is
seldom difficulty in correlating it with film blacken-
ing. The real prohlems arise when several adjacent
structures must be examined for the absence or
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tation is the short permissible exposure of the speci-
men in a silver nitrate solution. The maximum
exposure time for the process has been found to be
on the order of 48 houts when exposed at 2°C. Under
these conditions, specific activity of specimens must
be relatively high as compared to the stripping film
process in which exposures of three mwonths are
possible,

C. Wet Collodion Process—>3Silver Phosphate

A method somewhat similar to that of the wet
process has recently been perfected in the laboratories
of Dr. Manfried Siess at Tiibingen, Germany.*® In
Dr. Siess’ procedure, a silver phosphate film is formed
in a collodion matrix over a specimen carrying a
radicactive tracer. Exposure is in a silver nitrate
solution, and processing is carried out by physical
development. Under the experimental condition out-
lined for this technique, the silver phosphate filin was
shown to be more sensitive to light than the wet
process but less sensitive than commercia] film. Siess
presents examples of autoradiographs of I'* labelled
thyroid tissucs and other radicactive specimens.
There is some question in this work as to the possible
presence of chemical artifacts in these reactions. Not
enough material is available regarding this technique
to evaluate it further.

5. NEW TECHNIQUES NOW UNDER DEVELOPMENT
A. Thin Film for Electron Microscope Autoradiography

Recently, much effort has been expended in at-
tempts to prepare an ultra-thin, densely loaded silver
halide filn which would be suitable for electron
icroscopy studies. This Alm would be similar to the
collodion screen now used for electron microscope
specimens but sensitized to detect radioactive tracer
materials. The tagged specimen would be placed on
the sensitized screen and exposed for a suitable
period of time. It would then be processed and exam-
ined in the electron microscope. The scattering of
the electron beam by the deposited silver would thus
serve ta represent an autoradiograph of the specimen.
With a film sufficiently loaded with very smaill, sensi-
tive and uniform grains, resolution approaching
that of the electron microscope itself could be
obtained.

During the past year, various plastic-solvent sys-
tems have been studied for preparing a film with the
necessary properties, By carrying the silyver nitrate
in the plastic-solvent material and the bromide in a
water solution, it has been possible to form thin
monograin-layver films of silver bromide in a manner
quite analogous to forming thin collodion specimen
screens for electron tnicroscope usc. The most satis-
factory films to date are obtained with a solution of
silver nitrate in benzyl alcohol mixed with a parfo-
dion-mcthyl ethyl ketone solution. A drop of this
mixture is placed on a cold water selution of potas-
sium bromide. Benzyl alcohol appears quite unique

R Rl
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Figure J. Electron-micrograph of callodion-silver halide film formed
over waler hath. Film is o monograin layer 0.2 microns thick.

[ X 2000)

in that silver nitrate can be dissolved to the cxtent of
13% while reinaining complctely stable if kept in the
dark. Most organic solvents prove to be either un-
stable to silver nitrate or quite low in their ability to
dissolve it. Potassium bromide is only slightly solit-
ble in benzyl alcohol and reversing the materials
(i.e. silver nitrate in water and bromide in the sol-
vent) does not produce a densely loaded filn.

In Figs. 3 and 4, electron photomicrographs of
the thin film and of autoradiographic stripping flm
are compared. The thin film has better uniformity of
grain distribution than the stripping film, This thin
film had 0.19 potassium iodide plus the bromide in
the water and 10% ammonium hydraxide in the silver
nitrate mixture. These films can be processed by
routine chemical developers and fixative. Response
of the bromide film to light, X-rays, aipha particles
from polontum, and C! and T1*™ beta particles has
been obtained. A measure of the Alm sensitivity has
not yet hecen undertaken although our studies have
indicated that the presence of iodide drastically re-
duces the seunsitivity, Electron-micrographs indicate
the nezd for increased loading and more uniform
grain distribution. Experiments designed to perfect
this thin film are in progress.

B. Radiation Sensitive Monomer-Polymer Systems

In the search for mew pracedures of radiation
detection, systems have been examined that are
stable to light yet respond to the higher energies of
radioactive particles. A likely mechanism contaiming

viass e ' ¥ 3
Figure 4. Electron-mizrograph of Eastmon permeable base siripping
film swalled ond stretchad by watar Aetation. [2000)
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an inherent amplification factor is that of a polymeri-
zation reaction. Several experiments': 2% % 14 have
indicated that certain monomers under special con-
ditions are radiation sensitive while otherwise remain-
ing stable to heat and light. The possibility of using
such a system to infuse into a “tapged” specimen
and polymerize at the site of radioactivity or to
polymerize locally on an irregular solid at the site
of radiation suggested itself, and some of these
systems have been investigated with this purpose in
mind,

On the basis of experimental work on polymeriza-
tion reactions, it has been demonstrated that the
sensitivity of many of these systems to heat, light,
and high energy radiation is reduced by the presence
of oxygen® It was necessary, therefore, to work
under conditions in which oxygen was excluded.
Furthermore, a system had to be found that would
be sensitive to high encergy radiation under conditions
in which it was stable to heat and light.

\Work by Schmitz and Lawton'® indicated that the
difunctional monomer tetra-ethylenegiycol dimeth-
acrylate (TEGMA) was much more sensitive to
racliation-polymerization than monomers such as
acrylates, methacrylates, styrene, and acrylonitrile
which possess only one functional group. In work
with TEGMA, it was found that polymerization of
the bulk material under nitrogen proceeded at doses
of 7000 r of N-rays. Ethylene dimethacrylate, under
the same conditions, polymerized at 30,000 r, How-
ever, the stability of both materials was quite poor
under these conditions.

The solid monomier materials, methacrylamide
anel N-N' nethylene-bis-acrylamide (&N-N') have
also been examined, An alcohol solution of meth-
acrylunide proved to be quite stabie to heat and
light under nitrogen and was found to polymerize
to an insoluble white gel at an X-ray dose of 4000 r.
The N-N’ monomer in aqueous solution of 0.1M
concentration was noted to react at doses of the
order of 250 r of X-rays when under deacrated con-
ditions. This material appeared to be quite stable
under these conditions.

A more detailed study of the N-N' system was
unclertaken and data was obtained with respect to
the extent of polymerization as a function of dose
and dose rate. The effect of concentration, tempera-
ture, pH, and the presence of various chemieal specics
on the reaction was also investigated. The material
was prepared in 15 ml quantities of a 0.1 (1.3%)
solution under high vacuum conditions. Analyscs
were macde by filtering the polymer through fine-
porosity gooch-type crucibles and weighing them.

Accuracy is considered good to 15%. Figure 5 indi--

cates the respense of this system. to total dose. The
effect of increased temperature may also be noted
{the monomer has been found stable at 65°C over
a four-week period}, The straight line curve for the
room temperature reaction is scen to extrapolate to
the zero point indicating no threshold dose exists,
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Figure 5. Polymerizotion retponse of N.N" methylene.-bis-acryla-
mide to 200 kvp X-lrradiation {doss rale of 100 r/min)

Because of lianitations of radiation facilities, data on
the dose rate response has not been substantiated,
but indications are that the efficiency of the reaction
increases with a decrease in dose rate. For a total
dose of 500 r, at a rate of 900 r/minute, about 12 my
of material react as compared to some 23 mg at
15 r/minute. Using cobalt-60 irradiation at a dose
rate calculated to be 0.5 r/min, an average value of
20 mg was obtained for a total dose of 500 r, In-
creasing the concentration {the monomer is soluble
to 3 gm/100 cm® at 20°C) does not substantially
increase the vield while tending to make the solution
unstable at high temiperatures. Attemipts to adjust
the pH with phosphate-citric acid buffers led to un-
stable solutions, Placing different metallic ions and
potential scnsitizing agents in the monomer did not
appear te be helpful, and the most stable and sensi-
tive system thus far has consisted of the purified
manomer alone in distilled watcr,

Preliminary studies have been carried out, placing
radioactive specimens in the evacuated solutions of
N-}N’, Under conditions where the material is ade-
quately “protected,” stability is maintained and re-
sponse to P* and TI*™ has been noted. Calcula-
tions of the dose from the activity of the isotopes
used indicatcs that the visible reaction in these cases
occurs at dosages comparable to those noted mn the
X-ray induced response—around 200 r.

Experiments at Bronkhaven National Labnratorics
with radiation-induced polymerization of acrylamide
in the selid state indicated that this material might
prove more reactive than the N-N"*7 Acrylamide is
cousiderably more water scluble (78 pm/i00 cm®)
than the N-A, but it was noted that a 20% solu-
tion of acrylamide was guite unstable under high
vacittim conditions. However, when nitrogen gas was
bubbled through a 20% aqueous solution of acryla-
mide the XN-irradiation induced polymerization pro-
eeeded visibly at doscs of the order of 100 r, Further-
more, the material appears to be quite stable under
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The implication from these experiments is that the
side chain of tyrosinc is not invulved in melanin
formation. An even more recent study of this problem
has indicated that yellow and black melanin granuies
which appear in strains of mice believed to possess
only one gene not in common, are derived from the
same substrate—the uniformly labelled carbon-14
tyrosine, Somewhat less activity appeared in the
yellow granules than in the black under the same
experimental conditions. Thus, it would appear fram
these studies that the site of gene action is not at the
stage of initial substrate utilization—Dut effective
further along the chain to melanin fonnation.

SUMMARY

The autoradiographic technique is fnding in-
creased applications in a wvariety of problems—re-
vealing infonmation not otherwise gained from other
procedures., However, serious limitations exist on the
resolution obtainable and on the chemical and light
stability of the materials and techniques presently in
use. Investipations in this laboratory have been di-
rected toward creating new high resolution auto-
radiographic techniques. A thin photographie filin
suitable for autoradiographic work with the electron
inicroscope is currently being developed. New sys-
tems utilizing polymerization reactions are aimed at
yielding more stalle high resolution detectors. A beta
ray microscope enabling direct and immediate de-
termination of the presence of radicactivity in a 75-
micron field has also been developed and is presently
undergoing refinement. With perfection of these de-
velopments, the autoradiographic technique should
prove more valuable as a method for investigating
fundamental scientific problems.
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A Brief Review of the Radiation Instruments in Japan

By Fumio Yamasaki,* Japan

L INTRODUCTION

Before World War II, the radiation instruments
used in the field of the application of radicisotopes
to research problems in Japan were limited to those
such as Lauritsen electroscopes, and simple radiation
counters with thin-walled Geiger-Miller counter
tubes made of aluminium. Since the first import of
radioisotopes from the United States in 1950, Geiger-
Miiller counting equipments with mica-window
counter tubes have come into the market in addition
to the Lauritsen electroscope of new design. In Japan,
electronic industries are relatively well developed;
this fact has resulted in a rapid progress also in the
field of radiation instruments. At present, most of
the instruments for ordinary purposes arc supplied
by several manufacturers. Moreover, the expertence
of the Bikini incident has served to accelerate the
progress in this field.

The present status of manufacture and investiga-
tions of the radiation instnments in Japan wiil he
summarized below,

2. ION CHAMBERS AND ELECTROSCOPES

The electroscope of the Lauritsen type was already
made at the Scientific Research Institute tnore than
fifteen vears ago; the present model of which has the
sensitivity of 1/200 mr per division, contains the
electrostatic charging device in itself, and is widely
distrihuted in this country. The pocket dosimeter
with a full scale range of 200 mr and its charger of
small size are also produced at the Scientific Re-
search Institute, while the pocket ionization chamber
and its charger-reader, as well as the precision r-
meter and the minometer at Tokyo Shibaura Electric
Co. Radiation survey meters of the fonization cham-
ber type are manufactured at Kobe Kogyo Corp. and
Tokyo Shibaura Electric Co., but miniaturization of
electrometer tubes and high resistances are not yet
completed.

One of the recent investigations in this field is that
of the vibrating foil electrometer developed by G.
Shingda et al. at Osaka University. It is based on
the modifcation of the principle originally estah-
tished by Y. L. Yousef and R. Kamel,! under which
an ac voltage is superposed to the de signal of an
electrometer, and the vibration of the foil electrode
thus provoked is picked up electrically, Its frequency
is equal to the Arst harmonics of the superposed ac

* The Scientific Research Institute, Tokya.

voltage when the potential difference between the
signal electrode and the vibrating foil electrode is
zero. However, if any potential difference docs exist,
there appears the fundamental oscillation, the ampli-
tude of which is proportional to the potential differ-
ence. This principle, when directly applied to the
determination of the input d¢ signal, was found to be
impracticable owing to the instability of operation
due to microphonic and vibrational disturbances.
Shinoda ef al. have eliminated these defects by in-
serting two auxiliary electrodes for damping, and
one more electrode has been added to suppress the
unnecessary first harmonics. The displacement of the
vibrating foil has been detected with a high sensitive
capacity micrometer. A negative feedback incorpo-
rated in the electronic circuit improved the stability
and reduced the apparent input capacitance. At pres-
ent, an electrometer having the scnsitivity of 10-®
coulomb and the apparent input capacitance of 10-2
pF is obtained.

3. GEIGER-MULLER COUNTERS

Mica-window Geiger-Miiller counter tubes {win-
dow diameter 15-25 mm, window thickness 1.5-3
mg/cm?) are manufactured at Kobe Kogyo Corp.,
Tokyo Shibaura Electric Co. and the Scientific Re-
search Institute. All of them are filled with organic
quenching gas, and the halogen-quenched ones are
still at the rcsearch stage. Necdle-type counters,
stomach counters, as well as the Geiger-Miiler
counters for X-rays, gamna-rays, and cosmic rays
are also produced.

Various types of scalers such as scale of 32, 100,
and 1000, including those which use dekatron tubes,
are made by several manufacturers. Since the Bikini
incident, portable radiation detectors and rate meters
have been widely distributed for hygienic purposes.

4, SCINTILLATION COUNTERS

Scintillation counters are extensively investigated
and used at the physics department of scveral re-
search laboratories, but they are not yet manufactured
commercially. Production of inorgamic scintillators
such as thallium-activated sodium iodide and tin-acti-
vated lithium iodide is attempted at the Scientific
Research Institute and the University of Tokyo. As
for organic ones, terphenyl-polystyrene plastic scin-
tiltator has been studied by S. Schimizu et al. at Kyoto
University. They have found an interesting relation
between lipht output and degree of polymerization
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TABLE |, Sources and Permissible Levels of Airborne Radioactivity

Operation Aerosal produced Pﬂ:{fﬂ:;:’z. .!Iﬂ]imum“p?;}nissih.’c leved,

Uranium mining TV0g, U, VO, 0.5-10 1.7 21073
Kadon and active 0.001-0,04 1.7 10

deposit
Thorium processing Rad {Ra™ 0.01-0.5 4 0t
Radium dial painting Ra0 and active de- 0.001-0.5 12X 107

posit

Power and experimen- Na0 (Na¥) 0.1-10 22X 107
tal reactors K.0 {K#) 0.1-10 2 e
Ts, Nal (1" to 19 0.1-10 3 X 10
23X 107
NaBr (T2 to BrS) 0.1-10 2101
Th¥F, (Th#) 0.1-10 02 10
U0, (U= 0.1-10 1.6 10°%
Pu Oxides (Pu?} 0.01-0.5 2 X 10

some of the flow lines of the gaseous medium past
a filter Aber must necessarily exhibit marked curva-
ture. Some aerosol particles wifl deviate from their
flow lines because of inertia. If this deviation causes a
particle to touch a fiber, the particle will be captured.

The cfliciency of 2 given sample of filter paper in
removing the particles from an air strearn depends
upon a number of factors, including the physical
properties of the aerosol employed (i.c., the shape,
particle size, density, concentration, and physical state
of the particulates}, the welocity of the aerosol
through the filter, the moisture content of the aero-
sol, and the chemical nature of the particles.

Thus, it has becn shown that large particles, of the
© order of 5 microns in diameter and greater, are
readily ceposited in a filter either by centrifugal
force, due to the eddy currents set up in the filter, or
by the smali mesh. The velocity of diffusion and
violent Brownian movement of the particles having
diameters less than 0.1 microns assist their filtration
hy deposition on the surface of the filter fibers.
Particles of an intermediate size are relatively highly
penetrative. For example, in the filtration of a cloud
of diphenylchlorarsine through a paper filter, the
cfficiency reaches a minimum value when the radius
of the particles is hetween 0.1 and 0.2 mierons.

Generaily speaking, the efficiency of a Rlter de-
creases with ihcrease of the rate of air flow, but at
very high flow rates, turbulence is created at the
paper surface, producing impingément effects that
lead to increased efficiencies. Particles callect on the
surface of an obstruction around which dust-laden
air flows. This is a form of centrifugal precipitation
resulting from the inertial resistance of the particle
to change in its dircction of travel in conformance
with the streamlines of the flowing air. A number
of applications of this principle have been made in
air particle samplers in which the air is discharged
through a nozzle at high velocity against a closely
positioned collecting plate. The sharp, 90 degree
bend in an air stream creates a strong centrifugal
field, resulting in the deposition of particles with
good efliciency, It has been claimed that a sinoke-

recording instrument hased upon impingement of the
dust on moving paper is about 35 times more sensi-
tive than a similar device based upon filtration
throngh paper. The efficiency of an air hmpinger
decreases if the velocity of air flow is decreased.

Tachibana has found that the permeability of filter
paper to an aerosol of ammonium chloride is greater
when the aerosol is wet than when the aeroso! is kept
dry. Rowley and Jordan have demonstrated that the
chemical nature of the dust particles has an important
effect on the measured cfliciencies of test [ilicr papers.

From the foregoing, it is evident that data relating
to the efficiencies of filter papers may show wide
variations when the results of different investigators
are compared. However, there is general agreement
in the literature that the special asbestos-celfulose
composition papers first introduced by the Drager
Company function essentially as “absolute™ flters—
i.e., these papers have effectively 10095 fltering
cliwciencies for aerosols of all types. By suitable treat-
ment, ashestos is dispersed info extremely fine fibers,
which are then mixed with coarser cellulose hibers to
provide a support for the matte.

The reported efliciencies of a nunber of different
commercial filter papers under roughly comparable
conditions have heen collected in Table II. The
Hollingworth and Vose papers are asbestos ccllulose ;
the others are high-grade rag papers consisting of
almost pure alpha-cellulose.

Y. PREVIOUS AIR PARTICLE MONITOR
INSTRUMENTATION

A number of devices have been described previ-
ously for the collection and measurement of airborne
particulate radioactivity. Instruments based upon a
continuously moving strip of filter paper which is
drawn past a sucking aperture where the airborne
activity is deposited on it, and then under a counting
tube, have been described by Kuper, ef af.,, and by
Hogg. Reich descriies a portable device in which
the sampling port depesits the activity on a dJisc of
filter paper until an arbitrary amount has been col-
lected, and Hosev, et al., have added provision for
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TABLE Ii. Efficiencies of Several Commercial Filter Papers

Commercial paper

Aeresol festel

Lfficiemcy, %

Whatman No. 41 Iron dust, 1-3u 67
Whatman No. 41H Iron dust, #—5u 46
Whatman Na. 4+ Normal air, 0.2-1.0x 95
MSA Red All-Dust Filter Iron dust, 1-5x 91.5
Chemical Corps Type 5 Iron dust, 1-5u 76
Iollingworth #nd Vose, Tron dust, 1-5u 100

Acc-0 and ACC-7

Ace-6 and ACC-7 Methylene blue, 0.74 9.9

Ace-6 and ACC-7 Normal air, 0.2-1.0g 99,98
Laton and Dikeman 623-026 Chromic axide 99 .0-99.9

mounting 24 such discs in a large turntable in the
instrument. Mansfield and Hogg have described sys-
tems in which air 15 drawn through two sampling
ports simultaneously, and the activity is deposited as
two side-by-side spots on a hlter paper strip. The
beta activity of one spot is measured, while the alpha
activity of the other spot is determined. Instead of
deposition on filter paper, use has bheen made of
clectrostatic precipitation of the particulates on an
alwmtinum sheet in devices described by Wilkening
and Hogg.

VI, LATEST DEVELOPMENTS IN AIRBORNE PARTICLE
DETECTORS

Anton Laloratories recently completed the task of
developing a series of precision radioactive airborne
particle detectors whose purpose is to detect any
swdden and dangerous usc of beta particle radiation
in the atmosphere of the upper reactor compartment
and engine room of one of the proposed “nuclear”
propeiled submarines. This cquipment serves as a
typical example of equipment which has been designed
to detect airborne particles produced by the first
source listed in the introductory paragraphs of this
paper, namely radiation caused by a loss or contami-
nation of shield water, reactor malfunction, or other
abnormal conditions.

A review of existing air particle detectors revealed
that no one of them could fulfil the unusually strin-
gent requirements which were nceded for this appli-
cation with respect to accuracy, ability to operate
under adverse environmental conditions as wetl as
reliability especially as would be required for con-
tinuous use for long periods under the varied severe
conditions of marine service without overhaul and
with very little maintenance.

The air contamination present was known to
contain sodiumi-24, and it was accordingly requested
that the detectors be calibrated in microcuries per
cubic centimeter of Na?t. Other prime requirements
which were set up can be stated briefly as follows:

a. Range: tolerance was defined as a concentra-
tion of Na®! particles in air in the amount of 2 X
10~7 microcuries per cubic centimeter, The equip-
ment was to detect over a range*bf 2 X tolerance
(0.4 X 10-7 pc/em®) to 25 X tolerance (530 X 107
pc/em®) in the presence of a gamma background of
100 mr/hr.

b. Environmental conditions: (1)} continmwus and
satisfactory operation over the temperature range
of —0°C to +4-65°C; storage up to -}-80°C; (2)
satisfactory operation after being subjected to shocks
of up to 1200 {ft-1h; contintous operation while
vibrated over the range of 10-33 cycles/second;
satisfactory operation while inclined 30 «legrees with
the normal and while subjected to a sudden roll of
60 degrees cach side of vertical; and (3) satisfactory
operation while subjected to the standard military
conditions of humidity and fog as wel! as transient
fluctuations in pressure.

¢, Alarms: adjustability of the alarm over the
entire range of detection. Provision for remote indi-
cators (250 ft),

d. Input: ability to operate within required accu-
racy for a variation in input amounting to =*=10%
of line voltage and =5% of iine frequency.

e, Size and weight: reduced to as compaet a size
as practically possible consistent with ruggedness
and reliable operation.

f. Reliability: stable operation with reduced re-
quirements for adjusttncnts and alignment,

While it is true that most laboratory installations
do not need all of the requircments set forth by the
military, there can be no argument at all that an
equipment which meets these requirements is cer-
tainly one whose dependability eannot be questioned.
In fact, most laboratories are now requiring that
their equipments be able to pass military specifica-
tion, because it has been recognized that the result-
ing equipment is superior. They are discovering
that their equipments even though located in a
laboratory do quite often receive very severe treat-
ment, and that a “solderized” equipment ultimately
delivers the best service. :

A description of this particular unit serves to
illustrate the many unusual and desirable features
which can be designed into any given equipment.
This air particle detector consists basically of an
air flow system which draws air continuously
through a filter paper strip; a paper drive system for
the filter strip; a shielded integrator tube which
serves as the detector of botlr gamma and beta rays;
and an electronic system for amplifying the detector
signal and indicating on the associated meters and
actuating the alarms, A brief description of eaclt of
these systems follows.
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In addition to the driving capstan there is another
similar capstan which is driven by the paper and it
in turn drives a rotating commutator which is a
novel and integral part of the inechanical failure
alarm system. This rotating comututator is described
in greater detail later in this paper.

Im traveling through the lead shield which houses
the radiation deteclor element, the paper passes over
two openings. The first opening is an air orifce
through which passcs air drawn in from the outside
and then through the hlter paper. In passing over the
second opening, the paper which is now loaded with
the radioactive particles which have been Altered
from the air system is now scanned by the detector.
The Anton Type 214 integrator tube which serves
as the detector element in conjunction with the elee-
tronjc cirewitry measures quantitatively the amount
of contanination deposited by the continuons air
strcam on the flter paper.

Each reel of paper which is supplied with the
unit contains about 40 feet of filter paper and will
tast for approximately 30 days of continuous opera-
tion,

The filter utilized is Hollingworth and Vose No.
H-70 asbestos-cefinfose tape which is §§ in. wide
and gauze backed for added strength which may be
necessary in damp or very humid atmospheres.

Detector and Shield

The detector tube utilized in this eguipment is an
Anton Type 2ZM beta-gamma integrator shown
. schematically in Tig. 11. While mechanically the
integrator tube appears to be very similar to a
Geiger counter tube, there is a considerable difference
in its performance, The output of a conventional
Geiger counter tube consists of a series of pulses hav-
ing a rale of occurrence that is related to the rate of
intercepted ionizing events. The Geiger tube is there-
fore esscntially a pulse generating tube to be uiged in
a circuit that counts the number of ionizing events
occurring within the tube. The associated counting
circuit is triggered by pulses that have an amplitude
above a certain height and generally consist of a
scaler or ratemeter. Because the charge per pulse is
usually smali, the ion density within the tube is low
and the ionic bombardment of the cathode does not
become a serious problem.

An integrator lube such as that utilized in this
equipment, while very similar to a conventional Gei-
ger tube in both construction and basic operation, pro-
duces a pulsating awerage current which is propor-
tional to the radiation intensity and hcnee requires
processing of the cathode and anode to enable these
electrodes to withstand the higher current neces-
sitated by the type of circuitry which is employed
with the integrator tube. In such a circuit the inte-
grator tube usually delivers a very sizable current
(of the order of 30-30 pa} which is read directly on
a series microanmmeter. If the electrodes were not
specially processed to withstand the hombardiment
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Figure 11, Anton lype 214—details of integrator hibe

they receive from the high ion densities, they would
disintegrate rapidly and tube failure would result.

These tubes cannot obvinusly be produced using
an organic quenching material for such a quenching
agent would immediately be destroyed. Non-destruc-
tible materials—in this case halogens (combinations
of chlorine and bromine) are utilized for quenching.
The quenching process depends on the alility of the
halogen molecule to dissociate while performing its
gquenching duty and to then recombine in time to
quench agaio These tubes are the sole development
of the Anton Laboratories and have found very wide
application because they cannot be destroyed by
overvoltage; operate oyer a range of —50°C to
+175°C; are stable and readily interchaogeable.

The iutegrator tube does not necessarily have a
Geiger-Mueller plateau, but is characterized by a
response curve of average cusrent versus applied
voltage. "Cleantiness” of pulse, dead time, ete., are
of very liftle importance, In utilizing these tubes the
stability of the power supply voltage is important
and should be held within close limits since the tube
output is a function of the wvoltage supplied to the
anode.

The detector tube is shielded with approximately
2 in. of lead to screen out the background gamma
flux in which the system is designed to operate, and
this backpround is almost completely attenuated
before it can reach the detector. The detector itself is
sensitive to both betz and gamma radiation—its mica
window 18 1.4 mg/em?® thick and its stainless steel
cathode is 0.047 in. thick. A passageway cut through
the fead shielding conducts the sample of air from
the external atmosphere to the filter paper and out
again. The air port is located so that the air sample
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15" such that the tube will conduct heavily enough to
hold the relay K in the energized condition. YWhen
the Schmitt-Trigger circuit flips to its other stable
state and Fs, conducts, part of the drop in plate
voltage of o, is transmitted to the grid of 5. This
drop in de level is sufficient to decrease the plate
current of 5 to a point below the holding current
of relay Ky and the relay will drop out. K, is a four-
pole double-throw rclay. Three of the poles are wired
in such a way that when the relay is dc-cnergized,
circuits controlling the local and remote alarms are
closed and the alarms are actuated indicating an
excessive radiation level or a circuit failure, ie.,
open relay coil, open heater on F» or 773, etc. The
fourth pole of the relay contacts is used as a holding
contact to keep the relay dc-energized aiter it has
dropped out by grounding the screen of the 5654
thus ensuring that plate current will not reach the
level required to pull the relay in until the alarmn
resct switch Sa is depressed. In this way when an
alarm indication is given, the indication will remain
even if the Schmitt-Trigger circuit should flip back
to 1ts original state. The alarin reset switch serves
a two-fold purpose. It grounds the plate of the
switch tube causing sufficient current ito How
through K, to pull it in. It also cpens the cathode
circuit of Fgy insuring that the Schmitt-Trigger
circuit is returned to its normal state by allowing
Fap to condact again. This is necessary because of
the hysteresis cffect mentioned earlier in the dis-
cussion of the Schmitt-Trigyer circuit,

The Rlaments of s and ¥y are wired so that if
either hali of the filament of I7s or Iy should open
the atarm will indicate, thus making the alarm cir-
cuit fail-safe.

Power Supplies

High-VYoltage Supply

This supply is a half-wave rectified power supply
which is capacitance hAltered together with a two-
stage regulating eircuit to provide regulation and
adjustability of the output voltage for the integrator
tube. This power supply is shown in detail in Fig. 14

The anode voltage of Ig is 750 v and is constant
within %3 volts or 0.4% for a line voltage change
within =10%. This degree of regulation is, how-
ever, not entirely adequate hecanse of the sensitivily
of the integrator tube current to changes in applied
anode voltage. The anode voltage of 7., the first
regulator tube, is, therefore applied to the second
regulating circuit, which consists of a series resistor
(Rus), corona voltage regulator tube (17;1 {Anton
Tyvpe 6102 adjnstable corona veltage regulator)
wliosc operating voltage is adjustable between 045
volts and 705 wolts hy means of a screwdriver
adjustment built into the tube. The cascaded regu-
lator cireuits make it possible to hold the anode
voltage of I7; constant to within =0.15 volis for the
above mentioned 210% change in line voltage. The
output ripple in the anode voltage of I is less than

10 mv. This degree of regnlation makes the average
output current and consequently the ouiput voltage
of the integrator assembly almost comipletely inde-
pendent of changes of line voltage.

B+ 255-Yolt Supply

The B+ 235-volt supply is a full-wave rectified
supply with two stage RC filtering. The regulation
of the output voltage is accomplished by means of
two glow VIR tubes in series. This supply is regu-
lated to within = 2 volts or less than == 19 for a
= 10% change in line voltage, and with an output
ripple of less than 10 mv. Resistors Ry; and Ry
provide a 42.5 v+ tap from the 255 v regulated
supply to check the sensitivity of the Vacuum Tube
Volt Meter. Resistor Ry and potentiometer Rga
provide a regulated voltage which is variable from
zera to about 60 v so that the tripping level of the
alarm circuit may be set,

B— 150-Yoit Supply

The B~ 130-volt supply is also a full-wave recti-
fied supply, with two stage RC fltering and regula-
tion of the output voltage by means of a single glow
VR tube,

The same secondary winding from which the B+
voltage is obtained is used for economy of space to
derive the B~ voltage by using a rectifier with re-
versed polarity.

The B~ 150-volt supply is regulated to within
= 14 volt or about ¥3% for a = 10% change in
line voltage and with an output ripple of less than
5 mv. From this power supply is obtaincd B— 150 ¥
regulated to supply the cathode returns for the
vacuuin tube voltmeter tube (173), and the Schinitt-
Trigger tube (¥s),

Mochanical Foilure Alorm Systom

The mechanical failure alarin system has its own
power supply which operates off transformer 7.
The selenium rectifiers (Fye and #3) form a full
wave rectifier which supplies a pulsating de voltage
to filter capacitor Ciz. Additional fitering is obtained
from Rz and Cied. The output voltage of ,this
power supply is about 4250 v and is unregulated.

The mechanical alarm system utilizes a cireuit
whercin a twin trinde (Fy,} whose anodes are tied
together and have a relay coil for a common plate
load. The grid circuits of F,4 each contain a long
titne constant tank circuit (T, Rz and Cha, Rya).
These tank circuits are charged alternately to a regu-
lated voltage determined by the voltage divider R,
and f;; from the B+ 255-volt supply, through the
Totary commutator switch {S30). The commutator
is driven by the paper through the driven shaft and
its associated gears, The binses of 17, have been
ehosen so that if hoth tank cireunits are fully charged
or near full charge the current through }y; is more
than the drop out level of Ka and the relay is held
in. If however, cither of the tank circuits becomes
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fully discharged the tube current decreases below
the drop out level of Kz and a mechanical failure
alarm indication is given, The rotary switch is ad-
justed so that as it rotates the grid tank circuits are
alternately charged. Puring normal operation cach
tank cireuit will maintzin a sufficient amount of its
charge to hold in the relay, If, however, the paper
stops thus stopping the rotation of the commutator
one of the tank circuits is discharged completely;
relay K2 drops out and a mechanical failure alarin
indication is given. Sy and Sg (the differential pres-
sure nhcroswitches) are in series with Ka, and thus
if either of thern opens the relay will drop out and
give an alarm. To reset the alarm circuit, the alarm
reset switch button must be pushed, thus connecting
the relay coil across the power supply through S;
and 5. I, while this button is depressed, the me-
chanical failure alarm lights do not extinguisk, it is
an indication that the air flow systemn itseif is the
cause of the trouble as either S5 or §5 must be apen.

The commutator system which has just been de-
scribed was developed by Anton Laboratories spe-
cially for this equipment. No commercially available
devices could be used because of the very low rate
of travel of the paper tape.

Performance ond Other Unusual Features

A series of equipments were built along the lines
described above—the main diffcrences being in the
total range of detector as has alrendy been related.
These equipments were subjected to very complete
valuation tests and were found to perform well
within the target requirements, A final test per-
formed at the Naval Research Laboratorics wherein
the detectors were actually tested i an atmosphere
containing known concentrations of sodium-24 re-
vealed that the equipments were accurate to within
5% of true dosape rate.

Among unusual features incorporated into these
equipments and which have not been described are:

B+ 238V (REG)

Self ealibration: Throughout the design of these
equipments care has been taken to devise circuitry
which is dependent to a minimum on those charac-
teristics of tubes and other components which are
affected by aging, operation, ete. In spite of all pre-
cautions it can be assumed that some change in the
calibration may take place with time, In order to
check the entire system under actual operating con-
ditions a Ra D 4 E caiibrated beta source is incor-
porated into the equipment both for determining that
the equipment is in operating condition and aiso for
adjusting the calibration to its original condition.
Tests wherein the calibration was purposcly upset
have been performed and the results have shown
that the calibration can Le readjusted to within a
few per cent of the original value over the entire
scate. This latter feature is made possible through
the use of the Anton Adjustable voltage regulaior
tube which supplies the voltage to the integrator
tube, A typical example of how this adjustment of
the calibration is accomplished follows: A radium
D 4 L calibrating source is positioned in the cali-
Lrating block provided. \When the source is in this
position, the mteter reading should be for example,
12.5 » 10-7 microcurie/cm® If, after the vacuum
tube voltmeter is zeroed and the sensitivity checked,
the meter reading is different from 12.5 > 1077
microcurie/cm®, the anode supply voltage of the in-
tegrator tube is adjusted by means of the serew driver
adjustment on Fg, the 6109, until the neter reading
is 12.5 >¢ 10-7 microcurie/cm?.

Beta-goimma discrimination: A small anctal slide
has been provided in the lead shield which can be
inserted between the mica window of the detector
and the filter paper tube. By use of this slide beta-
gamima discritnination is possible.

Immediate alarm shut-off: Once an alarm has
been sounded because of a high concentration of
radioactivity, it is impossible to reset the alann un-
til the contaminated filter paper has been removed

B+ 350v (UNREG)

B8-150v (REG)
Figura 17. Alarm clecuit
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Combination of a Spark or Geiger-Miiller Counter with a
Photomultiplier Tube for the Detection of Nuclear Radiations

By A. M. Baptista and A. J. G. Ramalhe,* Portugual

In 1945, Chang and Rosenblum?® presented a type
of radiation detector based on electrical spark dis-
charge, wherc an ionizing particle induces con-
siderable specific ionization between a wire and a
plate after a potential difference of some thoiusands
of volts has heen established between them.

Many studies were carried out after them on the
properties and applications of the detectors, resting
on the same principie. But, recently, Blanc® brought
the whole matter into focus.

All these detectors, in so far as we know, operate
under such conditions that, following the application
of a potential difference, a corona effect is produced,
whieh creates a current through the space between
the electrodes.

Under thosc conditions, when there passes an
ionizing particle which induces large specific ioniza-
tion between the electrodes, a spark is created. The
potential variation of one of the electrodes, as
brought about by the spark, is what is actually de-
tected by means of the conventional counting devices.

Under such operating conditions, we can state
that the only particles detected, with a substantial
counting efficiency, have been those ionizing par-
ticles which have considerable ionizing power, such
as alpha particles or fission products.

COMBINATION OF A SPARK DETECTOR WITH A
PHOTOMULTIPLIER

The first experimental results obtained with de-
vices similar, up to a point, to those used before,
but for which the operating voltage is much lower
than that necessary to give the corona eflect (elec-
trical efAuvium} under the conditions imposed by
the experiment, will be presented.

The passage of an ionizing partiele could create a
spark (a spark, in this paper, is taken to mean a
brief intermittent luminous phenomenon associated
with an electrical discharge between two points—
following the creation of a potential difference) with-
out bringing about the corona phenomenon.

We now propose to detect this spark, not, as was
done so far, by using the potential variations of one
ol the electrodes, which would be extrémely difficuit
under our operating conditions, but rather directly,

Original language: French.
* Centrosde Estudos da Encrgia Nuckar, Labaratdrio de Fisica.

by means of a photomultiplier which ‘“sees” the
photons cmitted by the spark and transforms the
luminous excitation into clectrical impulses which
are counted following amplification.

Figure 1 shows the counting device which we used.
It consists of the spark generator, placed in front of
a photomultiplier in such a way that the light emitted
during the discharge can easily reach the photo-
cathode of the lattet. The spark gcnerator and
dynodes are biased by stabilized voltage units,

The impuises at the output terminals of the photo-
multiplier (E.M.I. 6260, with an interdynode volt-
age of 155 v) are passed on, through a cathode fol-
lower to a linear amplifier (of the Harwell B 1049
type), which amplifies them. Thereafter, they go to
an electronic counter {Harwell 1009 A type) which
discriminates hetween them and counts them.

Figure 2 shows one of the spark generators used.
A tungsten wire, 0.1 mm in diameter, is placed 1.5
mm away from a brass plate. The radioactive source
faces it, 2 cm away.

Figure 3 shows the counting rate variation as a
function of the voltage applied to the wire (positive
with respect to plate) in the air, under & pressure of
one atmosphere, for a source of Po*? (alpha-particle

..|" l Stabilized
I voltage
Photo-
multiplier
Cathode Stebilized
foliower voltage
Electroic

Figure 1. Block diogram of the cquipment vsed
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TFigure 6 shows ranges, in the photomultiplier
tube, which correspond to various degrees of dis-
crimination, for a Co% souree, as well as the range
traced at the same time by the conventional method
for a Geiger tube (Phillips 18154 tube filled with
argon, neon and a halogen}, It will he seen that,
as discrimination increases, the ranges become even
longer and of lesser slope, so that, for a 50-v dis-
crimination, the range obtained has the same length
and slope as the Geiger tube but twice the sensitivity.
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Figure 6, Curves showing the counting rete variotion as o funclion

of the veltoge opplied fo the Geiger deleclor for @ gammn ray

tourca {Cofl). Amplification system goin 473, The conventional

“plateav”, ar ronge, of the Gelger delecter is indicoted by the
“G.M. Iube™ marks

Figure 7 shows the ranges obtained in the photo-
multiplier with a P32 source for various degrees of
discrimination, as well as the Geiger-Miiller tube
range, obtained at the same time. The figurs shows
that, in a fashion similar to that obtained with
gamma radiation, the ranges obtained with beta
particles become ever longer and less inclined as the
discrimination increases and that, when it is equal to,
or greater than, 40 v, a range is obtained of the
same size and inclination as that of the Geiger
counter, but twice as sensitive.

Figure 8 shows the ranges obtained in the photo-
multiplier with alpha particles form a source of Po21?
for two different values of discrimination (15 v and
25 v), and the Geiger tube range plotted at the
same time. It will be secen that the two ranges
obtained in the photomultiplier tube practically

coincide, and that their length and slope are approxi-

mately the same as in the Geiger tube, while they
start 75 v below and end up 50 v below those, also
that the sensitivity is double, as in the case of the
heta particles. We shall sce, however, that the initial
counting voltage, for the alpha particles from Po?!°,
is well under (about 300 v) that which corresponds

to the range obtained with the Geiger tube used in
the conventional manner,

The ranges obtained with the photomultiplier tube
and shown on Figs, 6, 7 and 8, all have been plotted
under the samne conditions, with an amplification of
473 for all of them, and amplification of 0.06+ for the
cathode follower, and 7400 for the linear amplificator.

Tfigure 9 also shows ranges obtained in the photo-
multiplier tube with the same source of Po®'® and
the Geiger tube range which has been traced at the
same time. We have worked, in both cases, with
two different discriminations (5 v and 50 v), and
with an amplification of 200. Figure 9 shows that the
three ranges (two obtained with the photomultiplier
tube and the third with the Geiger tuhe}, practically
coincide. However, the first two begin 75 v under
the last and, in addition, in that working range, the
“background” is nil. This shows that the ranges of
the photomultiplier tube, aside from being longer
than those of the Geiger tube, have an area of some
75 v in which background is eliminated. Let it also
be noted that the initial counting voltage for the
alpha particles, here again, is much lower than in
the Geiger tube, -

In each and every case, the amplification sensitivity
at the input of the electronic counter was 0.7 v, and
the resolving time 240 gsec for the conventional
system and 200 usee for the system combined with a
photomultiplier,

The first results obtained with a window type
detector filled with a mixture of aleohol under 1 em
Hg and argon under 9 cm Hg seem to indicate a
different hehavior: the sensitivity achieved is about
4 times that obtained with a detector used in the
conventional manner.
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Discussion

The CHairamanN: This afternoon we are gomg to
discuss the subject of radiation dosimetry. The term
dosimetry is generally attributed to the theory and
practice of determining radiation dosage either as
energy flux or as energy absorbed in some medium.

The art of dosimetry which we take over from the

pioneers in the ficld of X-ray and natural radio-
artivity has become extremncly important, but also
very complicated in view of the great variety of
radiations both as to quality and qiantity which the
advent of atonic energy, high energy physics and
medical isotope applications have incurred,

Today we will therefore deal with dosimetry prob-
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lems ranging from that of kilocuries cobalt sources
and radiations in nuclear reactors down to the
radiations hardly detectable from natural radioactive
carbon. A great variety of physical and chemical
processes which can be used for the determination of
dnse will be discussed.

It might be added that some of the papers allotted
to this session are not directly related to dosimetry
in the usual sense as they are concerned more with
the detection and Incalization of radiations and radio-
active substances than with a measurement of dose.
This adds to the interest and variety of the topics to
he dealt with this afternoon, but we must at the same
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time repret that so many of the outstanding papers
allotted to this session cannot be presented and prob-
ably cannot be discussed during this meeting.

Mr. W. H. Jounston (USA) presented paper
P/150.

DISCUSSION OF PAPER P/150

Mr. R. F. Caavupnar: {Pakistan) : With a view
to improving the efficiency of detecting gamma
radiation with a Geiger-Miiller tube we have been
investigating if it could be used in place of a photo-
multiplier to respond to light given out by phosphors,
The work has been earried out with nickel cathode
counters enclosed in Pyrex glass envelopes. A fresh
Geiger tube with cathodes of high work function is
norally not much photosensitive to wavelengths of
3300 A and above. We have found, however, that
it can bc made plhotosensitive to longer wavelengths
by passing in it a glow discharge at low pressure in
pure alcohol or in an argon-alcohol mixture. This
processing of the counter makes it photosensitive to
all wavelengths up to 8000 A and longer, but we
have found that its photosensitivity to wavelengths
over 5000 A to 6000 A is very short-lived. It lasts
very much longer to band around 4000 A. It is
observed that the sensitivity power of a processed
counter lies at abont 3400 A. The photosensitivity
of the counter to the range of wavelengths 3400—
4000 A increases still more if it is baked first at
500-600°C under a high vacuum for a few hours and
then a glow discharge is passed into it at low pres-
sure hefore filling it with 10 per cent argon-aleohol
mixture at 10 cm pressure. I may point out that the
alcohol in the mixture is primarily responsible for
the photosensitivity.

We have also observed no marked changes in the
counter’s photosensitivity for longer wavelengths by
baking.

A photosensitive counter has been successfully
used in detecting radiations from the ionisation and
excitation of mercury atoms caused by the impact
of positive jons of potassium of as low energies as
200 volts. In a similar way we have detected ionisa-
tion of mercury atoms hy mereury positive ions of
low energies. A counter processed in a manner de-
scribed above, when placed against an NalI(TI)
crystal exposed to gamma radiations gives a greater
number of counts than obtained with direct counting.

We have also made an attemipt to detect neutrons
with such Geiger counters by enclosing them in a
flaslc whose interior is covered with a thin layer of
parafin wax and is filled with hydrogen at low
pressure. The ionisation radiations of hydrogen
caused by protons knocked out by incoming neutrons
are cetected hy the Geiger counter.

Mr. Roucayrot. (France) : In his very interesting
statement, Mr. fohnston seems to take the view that
it is at present necessary to use two photomultipliers
when counting low-level heta activity in a liquid
medinm by the scintillator technique. We, however,

think it possible to use a single photomultiplier; in
fact, Mr. Johnston suggested it himself in his paper.
All that is necessary is to select a photomultiplier
having an extremely low level of background noise.
A further possible improvement is to coat the out-
side of the photomultiplier first with a dall black
absorbent substance and then with a second, water-
proof, coating. By using these two techniques we
have achieved a 50 per cent reduction of the dark
current at an operating temperature of 14°C. It will
also help to pay particular attention to the optical
coupling between the tank containing the scintillator
and the photocathode; again, it is possible to work
with a light trap so as to obviate the necessity of
switching off the high-voltage supply every time the
sample is changed.

By taking thesc precautions we have heen able,
with a sample-charger which we showed at the
exhibition of the French Physics Society in June, to
ohtain an inherent activity in our system equivalent
to the number of counts per minute furnished by one
millimicrocurie of C'* dissolved in a solution of 2-5
diphenyl! oxazole in toluene,

Detection by our system is 100 per cent efficient
in the case of carbon-14 and sulphur-35, and we have
carried out a numher of absolute counts of activity
which have just been published. In the case of tri-
tium, on the other hand, we have not yet exceeded
an efficiency of 30 per cent. Qur apparatus is, how-
ever, quite appreciably simpler and cheaper than
those commercially available, which contain two
photomultipliers, and the system has proved entirely
satisfactory for activities which are, perhaps, not of
the same order of magnitude as those in which Mr.,
Johnston is interested.

Mr. GueroN (TFrance) presented paper P/386
and made the following remarks: I wish to present a
paper prepared at the Chermico-Physical Laboratory
of the Commissariat 4 I'Energie Atomique by Mr.
Sutton and by Mr. Draganic, a member of the
Yugoslav Atomic Energy Commission. It concerns
dosimetry in chemical studies carried out under
raciiation in piles. .

T wish to add that those solutions are presenting
us with interesting problems concerning the mecha-
nism of radiolysis, as radiolysis is quite different for
oxalic acid and for CoO4~ ions. Results of the work
undertaken on this problem will be published in the
future. Those questions belong rather to sessious
devoted to radiochemical reaction mechanism than
to a dosimetry session.

Mr. J. S. Lavenuy (USA) presented paper
P/70.

DISCUSSION OF PAPERS P/386, P/70

Mr, SeveueNko (Byelorussian SSR) : With refer-
ence to the interesting papers we have listened to
here on the dosimetry of gamma rays and thermal
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neutrons, 1 should like to add a few comments on
the luminiscent method of Josinetry.

At a session of the Academy of Sciences of the
USSR on the peaceful uses of atomic energy, a
dosimeter for gamma and beta rays, and also for the
recording of thermal neutrons, was proposed by
Dr. V. V. Antonov-Romanovski and his associates.

The principle of the method is that a phosphor
obtained from an alkaline-carth sulfide and activated
by traces of europium and samarium, readily absorbs
the energy of gamma rays, alpha particles, X-rays,
phatons, and sa forth, Such phosphors, acting as an
accumulator, retain the energy so absorbzd for a
long time, hut emit it specdily under the action of
infra-red light,

A lhinecar dependence of the luminous intznsity of
the phosphor on the dose of irradiation over a wide
range was established by the anthor. It comprises
5-6 powers of 10, and is umapproachable by existing
methods of dosimetry. For example, doses of gainma
radiation ranging from 0.005 to 1000 roentgens
have been recorded with a luminescent dosimeter.

For the recording of thermal neutrons the phos-
phor is placed in a fiter-case of cadmium. A thin
layer of cadmium almost completely absorbs the
thermal neutrons. I'n the process the cadmiun: iiself
becoimes a source of gamma radiation which excites
the phosphor. The sensitivity to neutrons of such
phosphors in the cadmium hlter-case reaches the
level of sensitivity to gamma radiation.

Since the action of gammna radiation on lumi-
nescent phosphors is equivalent to excitation by
secondary electrons, it is cbvious that luminescent
phosphors are able to record beta radiations also.

A ITwminescent dosimeter consists of a cake of the
aforesaid phosphor in compressed powder form with
a diameter of 1.6 cm and a thickness of 1.5 mm,
cemernted into a glass tube which, in turn, is housed
in n metal fiter-casc one side of which consists of
fayers of cadmium, lead and mica. Before being put
into operation, the luminescent dosimeter is placed
in a thermostat in which it completely emits the
energy it has stored up, and after cooling off in the
dark it is placed in the corresponding filter-case and
then goes into an electrophotometer for the purposes
of its work, After irradiation, the readings are made
in a darkened hooth with diffused red lighting. By
varying the voltage on the photomultiplier it 15 possi-
ble to determine the necessary sensitivity of the
indicating dial of the photometer. YWhen the opera-
tion is completed, the ampule containing the phos-
phor is closed with a mctal cover and transferred to
the thermostat for complete exhaustion of its radia-
tion.

We have found by experiment that no more than
one minute is needed to take the readings and enter
them in the log-book. v

The methad of measuring doses of radioactivity
with the luminescent dosimeter 1s very simple and
sensitive and takes little time. Onc laboratory assist-

ant can take 200 rcadings in one working day and
take care of 100 workers.

A detailed description of the device and its opera-
tion was printed in the paper by Antonov-Romanov-
ski which appeared in the published proceedings of
the session of the Academy of Sciences of the USSR
on the peaceful uses of atomic energy which was held
from 1 to 5 July 1955,

Mr. C. J. Hocrnaxaper {USA) presented paper
P/154,

Mr. F. P. Cowax (USA) presented paper P/63.

Mr. B. Cassen (USA) presented paper P/60.

DISCUSSION OF PAPERS P/154, P/43, AND P/60

Mr. Goyperc (USA) : I have a question for Dr.
Hochanadel, In Figure 2 of paper P/154 for the
neutron flux spectrum it was shown that the netttron
flux peaks at 2 Mev approximately, I understood
that this was a graphite moderated reactor and I
wondered where within the rcactor this flux was
measured.,

Mr. HoczaxapeL (USA) : The flux is measured
very nearly at the center of the reactor—swithin a
{ew feet of the center of the reactor,

Alr. Goyeerc (USA)Y: I was asking whether it
was in close to the fuel because of the remarkably
large number of fast neutroms.

Mr. Hocananern {USA): I wish there were an
expert on reactors here. Perhaps Dr. Snell can help
me? This is an experinental tube removed vaguely
from the top of the reactor, It is necessarily close to
the fuel elements—actually in the center,

The Cuamsax: Are there any more questions
relating to these three papers? If not I will take this
opportunity also to comment on the paper presented
by dr. Hochanadel.

I would like to compliment Dr. Richardson and
his co-workers for the goor agreement they obtained
between calculuted pile neutron doses and experi-
mental calorimetric values. This agrecment is very
comforting because work done at the Kjeller reactor
and published in the Joumal of Nucleir Energy
used that sort of calculation for determination of
dose of pile-irradiated seed niaterial. \We could not
verify directly whether these caleulations were cor-
rect but the biological effects of the pile neutrons,
the dosc of wbich had been determined by such
calculations, agreed within 10 per cent with that of
(dn}) produced fast neutrons, the dose of which was
determined actinometrically by the ferrous system.
This already indicated that such calculations were
nol too far off.

Otherwise, 1 have the same comment as the pre-
vious speakers. The neutron spectrum seems to be
very rich in fast neutrons. According to our experi-
ments there is a large deficiency in fast neutrons for
the high energy part of the pile neutron spectrum
say bevond 8§ Mev, as compared with the fission
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T have here a ptastic box containing one of their
complete scate-of-two circuit elements, inchiding the
indicating lamp. Four of these side by side, com-
prise one of the scale-of-sixteen units Duilt into the
analyzer, and together they consume less than one
wati. They feed into a commercial mechanical regis-
ter that has becn speeded up so as to be able to
handle 75 impulses per second.

Slide 1 (Fig. 1 of paper P/66) shows the older
complete 120-channel analyzer, taking 20 at a time,
called the MC-3; this is comunercially available in
the United States,

Slide 2 (Fig. 2 of paper P/66) shows a recent
modificatien, called the MC-4, which incorporates
the miniature scalers and other refinements and
which is just now coming inte experimental use.
Like the MC-3, the whole analyzer is contatned in
a single standard relay cabinet.

Table 1 (bottomy of this page} compares some of
the objective characteristics of a few different ana-
lyzers. In the table you see first of all that the bearn
deflection analyzers are relatively cheap and that they
will be adequate if you do not mind waiting for your
answer and if you are satisfied with moderate accu-
racy in the relative intensities of various parts of
the spectrum. Although they are analogous devices,
they can effectively be said to embody a OHnite num-
ber of channels because of such factors as the size
of the beam spot that is photographed ; the nuniber of
channels is here taken as about 100. Of the four
examples of pulse height-to-time conversion, the
original one developed by Wilkinson was so slow
that it will henceforth probably Le inostly of his-
torical interest. Somewhat faster pulse height-to-
time conversion analyzers are under development at
Los Alamos and at the Argonne National Labora-
tory. I'inally, we sce XKelley's fast and accurate
analyzers—MC-3, MC4 and MC-5. The MC-5 is
the same as the MC-4 except that it wiil register in
all 120 channels at once. It is about half finished and
is being built at Oak Ridge. Note how the introduc-

tion of the miniature scalers has reduced the price
of the MC-4 as compared with the MC-3 from $400
per channel to $225 per channel, or from $8000
total price to $4500.

The things that are difficult to show in a table of
this kind are matters of susceptibility to failure,
dingnosis of faults, and their ease of indication, loca-
tion and repair. Mr. Kelley has given attention (o
those factors, and he believes that in the AIC-3, 3,
and 5, a man reasonably experienced in electronics
can diagnose, isolate and repair faults with com-
parative ease.

In closing, let me say that in this presentation I
bave stressed Mr. Kelley’s contribution more than
hie himself has done in his own seript of the paper.
Many aspects of this subject are still controversial,
and there is plenty of opportunity for experimenters
to choose the kinds of circuit particularly sunited to
their needs.

Mr. H. J. Gouperc (UUSA) presented paper
P/159.

Mr. Van Duurex (Netherlands) presented
paper P/930,

DISCUSSION OF PAPERS P/71, P/61, P/66, P/159,
AND P/930

Mr. SweLr (UUSA): Speaking of multi-channel
pulse-height analyzers, I should have remarked that
the Los Alamos analyzer is on display in the United
States Exposition in this building. It is actually in
an operating state and is quite an impressive machine
to look at.

The Coairaan: May I ask Mr. van Duuren
about the pressure of the filling gas of the Aat paral-
lel counter he showed.

Mr, van Duuren {Netherlands): One hundred
millimeters. The pas 13 a halogen neon-argon mix-
ture of conventional type—10 centimeters mereury.

Mr. Cuavpianrt {Pakistan) : May I ask Dr. van
Duuren to tell me what is the proportion of neon

TABLE . 1955 Comparisan of Types of Multi-Channel Analyzers

Tupe Example Spend hc:;;césqr fﬂmsilydcmmﬂEnmy Tf}n:;:rgﬁ App?;.:ema.‘c ?::;ﬁ:{r
Photographic Dots on film Fast Lffectively Fair Good 214 hr $2000-3000 $20-30
beam deflection ~100
Gray wedge TFast Efectively LA ~12% 1 min. to $2000 £20
~ 100 30 min.t
Pulse height Wilkinson 0.05 sec 100 Fair Good  Imstanianeous Probably £30
1o time per pulse < $3000
conversion ITutchenson-  Average 100 Good Good  Instantaneous $2000 500
Scarrot &00 psec.
(Emmer} per pulze
Los Alamos 220 psec 100 -Good Good  Instantancous $16,000 3160
ner pulse
Argonne Average 230 Fair Goed  TInstantzneous ? ?
20 psec
per pulse
Multiple MC-3 2.5 psec 200120} 1% 1% Instantaneous $8000 . $400
discriminators  MC-3 2.5 psec 20(120) 19, 1%, Instantanenus $1300 $225
MC-5 2.5 paec 120 1% 19, Tnstantaneous $15,000 5125

* With densitometer analysis,

T With very crude intensity values.
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