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FOREWORD

THE Biology Ci lloquium is conducted in a spirit of infor-
mal discussion and provides opportunity for participa-

tion from the floor . The colloquium is sponsored by the
Oregon State Chapter.cf Phi Kappa Phi with the collaboration
of Sigma Xi, Phi Sigma, and Omicron Nu. Sigma Xi assumes
special responsibility for the colloquium luncheon . Phi Sigma
and Omicron Nu provide afternoon tea . The College Library
arranges special displays of the writings of colloquium leader s
and notable works on the colloquium theme .

Grateful acknowledgment is made of the cooperation an d
interest of the several faculties of Oregon State College tha t
are concerned with biology and applied biology, of those bi-
ologists contributing to the program, of Chancellor Paul C
Packer, President A. L. Strand, and other executives of Ore-
gon State CaUege .

The first Biology Colloquium was held March 4, 1939 .
Dr. Charles Atwood Kofoid of the University of Californi a
was leader, on the t -̀̀Recent Advances in Biological
Science ." Leaders ancd Themes of succeeding colloquia hav e
been : 1940, Dr . Homer LeRoy Schantz, chief of the Division
of Wildlife Management of the United States Forest Service ,
theme "Ecology" ; 1941, Dr. Cornelis Bernardus van Niel, .
professor .of microbiology, Hopkins Marine Station, Stanfor d
University, in collaboration with Dr. Henrik Dam, Biochemi-
cal Institute, University of Copenhagen, theme "Growth an d
Metabolism" ; 1942, Ptr. William Brodbeck Herms, profes_sa r
of parasitology and head of the Division of Entomology an, d
Parasitology, University of California, theme "The Biologis t
in a World at War" ; 1943, Dr . August Leroy Strand, biologist
and president of Oregon State College, theme "Contribution s
of Biological Sciences to Victory" ; 1944, Dr. George Well s
Beadle, geneticist and professor of biology, Stanford Univer -
sity, theme "Genetics and the Integration of Biological Scii.
ences" ; 1945, colloquium omitted because of wartime travel
conditions ;. 1946, Dr. Robert C. Miller, director of the Cali-
fornia Academy of Sciences, theme "Aquatic Biology" ; 1947,
Dr. Ernst Antevs, research associate, Carnegie Institutio n
of Washington, theme "Biogeography" ; 1948, Dr. Robert
R. Williams, chairman Williams-Waterman Fund, theme
"Nutritlaon ."

This volume contains all the principal discussions of th e
1949 Colloquium. It does not include the interesting infor-
mal discussions nor Dr . Geiling's evening address based o n
motion pictures on the topic, "The Use of Unusual Labora-
tory Animals for the Solution of Biological Problems ."
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The Use of Isotopes in the Biosynthesi s
of Medicinally Important Drugs *

EUGENE M. K . GEILING

M
Y ASSOCIATESt and I appreciate highly
the compliment which you have paid us by

affording us this opportunity of giving you a
progress report of our researches which are di -

-;;rected toward the production, by biosynthesis, of
' radioactive drugs with the use of carbon 14 .
' When carbon 14 was made available for researc h
- purposes we realized the great potential value o f

this isotope to pharmacology . Since many o f
the most important drugs cannot be synthesized
in the chemical laboratory, the isolation of thes e
from plants grown in an atmosphere containin g
C1402 affords the only practical method for thei r
preparation .

Carbon 14 as the tracer has the following ad -
vantages :

1. Carbon is the most abundant element i n
organic matter .

2. Carbon 14 in the form of C140 2 can
be conveniently introduced into growing
plants .

3. The half-life of carbon 14 is over 5,100
years .

4. The disintegrations from carbon 14 can be
easily measured .

5. Since carbon 14 gives off only beta radia-
tions it can be handled readily in most bigli, .
ogy laboratories in the concentrations em-
ployed in biological systems.

Carbon 14, as many of you know, is produced
by irradiating pure nitrate salts, usually calcium
nitrate, with slow neutrons according to the foie'
lowing reaction :

7 N14 I 0N1 - 6 014 I 1H1

(neutron)

	

(proton )

The idea of using tracer substances in biology
and medicine did not originate with the use of iso-
topes, but dates back much further . One old but
interesting application is the one which resulted
in the discovery of the cathartic properties o f
phenolphthalein . Many years ago the govern-
ment of Hungary decided to try to prevent the
adulteration of the rare and expensive wines in-

* The work done in the laboratory of the Department of Phar-
macology, University of Chicago, was carried out under a contract
between the Atomic Energy Commission and The University o f
Chicago.

t Coworkers : F. E. Kelsey, A . 'Ganz, T. E. Kimura, E . J .
Walaszek, G. Okita, and L. B . Smith.

tended for use by the nobility by the ordinary
garden variety of wine made for the peasant class .
This was done by the inclusion of small amount s
of the easily detected phenolphthalein as a trace r
in the cheaper grades of wine. The effect on the
lower classes was prompt and dramatic .

The first application of radioactive isotopes
to biology was made by Hevesy with botanical
material . He employed the horse bean (Vicia
Faba), the seedlings of which were immerse d
from 1 to 48 hours in a solution containing a mix-
ture of lead nitrate and Thorium B nitrate, th e
latter being a radioactive isotope of lead obtaine d
as a disintegration product or daughter of radium
decay. After this exposure the individual parts
of the plant were ignited and the intensity of th e
radioactivity of the ash determined by means of
an electroscope. From these experiments Hevesy
found that lead is taken up chiefly lay the root.
Relatively little lead is found in the leaves . He
also found that the lead is not combined withi n
the plant, but exists in the form of a dissociabl e
salt which is soluble with difficulty. These simple
but now classical experiments of Hevesy's are
regarded as marking the beginning of the use of
radioactive isotopes as important tools in biology
p mine. Hevesy's experiments were done
'26 years ago, when the naturally occurring radio=
active isotopes of the hea*metals were the only
ones available .

Some twelve years ago the first radioisotope ,
P 22 , became available for work in biological prob-

hems . It was prepared with great difficulty and
at great expense in the then newly discovered
cyclotron by the bombardment of a red phos-
phorus target . Since the development of the
chain-reacting uranium pile with its tremend o
source of slow neutrons, radioactive isotopes o '
most important elements are available for bio-
logical research .

In December 1948 Dr . Paul Abersold, directo r
of the Isotopes Division at Oak Ridge; said tha t
it is difficult to give a complete picture otl'e
varied ways in which radioisotopes are being use d
in well over seven hundred projects concerne d
with medicine and biology. The chief isotopes
used are : iodine 131, phosphorus 32, carbon 14,
sulphur 35, and calcium 45 .

7
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The present situation respecting the avail-
ability of isotopes is indeed a happy one ; Almost
every useful isotope which is found in nature or
producible by man is now available for the inves-
tigator, and the few that are not yet generally
available can be expected to become so . Advances
in biology and medicine through the use of iso-
topes will henceforth be limited only by th e
availability of personnel and facilities and by th e
imagination of the investigators .

There is no doubt that radioactive isotop e
tracer techniques will be applied to more and more
problems in more and more laboratories . They
are relatively inexpensive ; equipment for thei r
detection is becoming more generally availabl e
and more reliable ; and, most important, the prob-
lems which can be solved by their application ar e
often of great importance and of long standing,
since they were insoluble by other procedures .

Problems of health hazards and the disposa l
of waste products are gradually being solved, al -
though much remains to be done in this field . In
most laboratories, relatively small amounts of iso-
topes will be used and in these, health problem s
will be minimal. However, the maximum allow-
able exposure to certain isotopes as set by the
Atomic Energy Commission laboratories is re-
markably low . For example, 30 microcuries o f
carbon 14 are considered to be not without hazard .
Furthermore, many biological materials includin g
some algae have the power of concentrating cer-
tain isotopes from very dilute solutions, becomin g
highly radioactive in the process. This may place
severe restrictions on the currently popular prac-
tice of disposing of wastes by dilution and dump-
ing in sewers. The problem of laboratory con-
tamination at a level either dangerous to health o r
sufficient to prevent the use of the laboratory fo r
delicate tracer work is also always with us, es-
pecially with the longer-lived isotopes .

We chose at the outset to label drugs which
are of importance in medical practice. A large
number of these drugs are administered in such
small quantities 'that their detection in the body i s
impossible by the available chemical or biologica l
methods . With the use of radioactive drugs, th e
pharmacologist should be able to follow the cours e
and distribution of drugs in the body. In addi-
tion to uses for distribution studies, the isotop e
technique may also provide information on th e
identity of the split products of drugs if any ar e
formed in the tissues . This seems to be the most
important application of this technique to phar-
macology because very little is known about the
fate of most of these drugs in the, body. It is

fortunate that as the isotope-containing drugs ar e
becoming available, refinements in the techniques
of counting are reaching a stage which will m_akdi l,
the new approaches to pharmacological prableMs -
possible . What has been said in regard to uses
of these techniques in pharmacology-is also, tru e
for the related sciences of biochemistry, physiol-
ogy, and pathology .

The somewhat unusual approach -and .the fact
that we were going to use techniques not hitherto . . ,
employed by us caused us to avail ourselves of
the assistance and advice of a number of eel -
leagues both in the University of Chicago an d
elsewhere .
- It is a particular pleasure to place at the head
of the list Professor Ezra Kraus, then chairman
of the Department of Botany, who gave us many
suggestions and especially placed at our disposal
the facilities of the University 's greenhouse s
where the chief gardener, Mr . Michael. ,Costello,
was indispensable to us in 'the seeding, trans
planting, and care of the plants in the green -
house. Dr. Austin Brues, chief of the Biolo eal• .
Division, Argonne National Laboratory, and- Drs .
Wright Langham and Lloyd Roth instructed us -
in the procedures used in the assay of radioactive
carbon and the necessary precautions to be ob-
served. Dr. Crooks of the U. S. Departmefit o f
Agriculture offered helpful hints concerning th e
culture of these plants and also furnished us, .
with seeds . Dr. Burris, of the University ', .
Wisconsin, kindly gave us the benefit of his
experience with techniques in plant culture an d
in the study of plant respiration .

It is true that in recent years many synthetic ,
chemicals, rather than animal and plant products ,
have been introduced into biology and medic ne .
It is equally true that there are many fascinatin g
problems in the latter fields which still remai n
unanswered . With the elaboration of newer .
techniques for the preparation and identificati o
of very small amounts of substances, I feel con-

	

-
fident that there will be a renewed interest in th e
field of isolation of chemical substances, as fo

r example, enzymes, hormones, activators,.inhib - : ,
itors, and the like, which at the present time are"
merely surmised as participating in unusual or.
interesting phenomena.

Many of the phenomena in both the plant ar '
animal world need elaboration from the point o . .
view of determining the nature of the chernica.l
substances which participate in the particular re-
actions or processes . In the pursuit of these,
activities the pharmacologist, the organic chemist ,
and the botanist, as well as the, physicist, must
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pool their knowledge in the•Solution of some of
these challenging problems . -' .

	

.
You are, of course, aware that pharmacolo-

gists have always had a very keen interest -in de-
termining' the fate of the drugs which are admin-
istered, either to experimental animals or to hu-
man beings . Where the substance can be admin-
istered in a sufficiently large concentration an d
where the methods are available for detecting it or
its metabolic products, considerable headway can
be made in metabolism studies of a drug. For
example, when the sulfonamides were introduced
into medicine, methods were soon made available
for their detection, so that workers were able t o
measure the distribution of these drugs in th e
body and the body tissues and also determine thei r
fate and the path of elimination.

However, many of our important drugs can -
not be synthesized in the chemical laboratory 'a t
the present time . They are used therapeutically
in very small quantities and in many cases neithe r

• biological nor chemical methods are sufficientl y
delicate to detect them in the tissues or to deter -
mine their metabolic products . Consequently ,
when a new method becomes available whereby
these drugs can be identified in the quantities
present in the tissues, the pharmacologist has a
very powerful weapon with which he unravels
many of the problems which have baffled hi m
over a long period of time .

When radioactive carbon 14 became available
some few years ago, my colleagues and I decided
that the time was ripe to begin on a program of

. introducing this radioactive element into the mole =
cule of some' of the important , drugs which we
cannot synthesize in the laboratory . We selected
digitalis because of the great importance and
interest-to biology and medicine of the glycosides
-from this plant .

Immediately upon embarking on this program ,
it became evident that there would be many tech-
nical questions to be answered before the radio -
active . material would be ready for animal experi-
mentation. The first question was, would the

-digitalis plant survive when inclosed in an air -
tight container with suitable lights and nutrien t
solutions? In the case of Digitalis purpurea thi s
was soon answered because our young plants grew
surprisingly well under these artificial conditions .
The next step was to introduce radioactive carbo n
14 in the form of carbon dioxide into the sur-
rounding atmosphere and determine whether . the
leaves would take it up . We started with very
minute quantities of carbon 14 and found than

	

*A 16 mm colored Movie was shown- depicting 4h e.procedure 's -
tile growing plant had taken up these small q

	

hauall- used
dl in

in
ngof

expo s
the ringad

i giowing plants to carbon 14 and the sulisegvep
oactive plant material,

tities of labeled. carbon in a matter a few -
days . In subsequent experimuemts we -us '€ . larger
amounts of carbon' 14, and we are noir at ' 'R e
stage where we la-taw a flew 'pmts can take up
considerable amounts- of radioactive -caafbon with=
out any appreciable damage; at least to the drug- -
synthesizing mechanisms of the plant . A diagram.
of the apparatus used is given in Figure 1 .

	

.

Outlet tor azeessipstrT .
Fi,6ure 1 . Diagram of plant enclosed.

Digitalis lanata has a somewhat l*iger glyco-
side content, but was a more diffictulrt pr4lem
since the plant did not grow under, the o@denary
conditions. Dr. Kimura, who was . assignad . the
problem of working with-langtoi, -devised a ssiltiqple.
procedure for removing the emoess moisture from
the surrounding atmosphere . This prove& very
successful and he was able to grow the Dii
lanata very successfully ., .. ' -

The tobacco ,plant, Nicetia tar -r-itstie , ._ has• a
high nicotine content, and fortuInately the plb it : ,
grew well under the condition.; of our eppori- -
ment .

	

_
All these plants will grow in a sea e-cl o ltalltier

quite satisfactorily for periods of 4 to, 6 veers .
They will also elaborate the drugs- which so far : as -
our tests go are identical with the pure . proiutts.
obtainable from commercial sources .

Plants will take up considerably large r
amounts of radioactive carbon, than .we at firs t
thought possible . The following table from some,
nicotine experiments by Mr . . Ganz, who was as -
signed the problem of working on Nicotiana,
shows the relationship between the radioactive
carbon- in the surrounding atmosphere and th e
amount of isotope contained in the nicotine-,pro p
'duced by the plant .
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ACTIVITY OF PURE NICOTIN E

Amount received Counts per minute Average growth
by plant per milligram period

100 mc C" 53,000 6 weeks
250 mc C' 130,000 1 month
800 mc C" 550,000 1 month

A similar table could be given for Digitalis
purpurea.

Our most recent experiment in which we had
approximately 3 grams of dried material obtained
from a plant which had received 1,250 microcurie s
of C 14 yielded 3 milligrams of pure digitoxin with
a count of approximately 460,000 counts per min-
ute per milligram .

As an illustration of the type of experiment
that can be done with tracer-containing drugs ,
the following protocol is given : A guinea pig
was injected subcutaneously with 100 µg of digi-
toxin containing 450,000 cpm/mg . The guinea
pig was sacrificed after 3 hours . A considerable
fraction of the total digitoxin injection was re -
covered in the contents of the urine, bile, and
small intestine. There was no digitoxin in th e
stomach contents . Skeletal muscles and th e
auricle of the heart contained very little drug ,
but the ventricles contained significantly larger
amounts . Insignificant amounts were detecte d
in other organs and tissues such as the brain ,
pancreas, spleen, lung, and adrenals . Work i s
under way to determine how much of the injecte d
digitalis is converted by the body to other sub -
stances .

To date we have obtained radioactive digitoxi n
from both the purpurea and lanata. We have
radioactive nicotine, atropine, and morphine .

We had to develop methods for extracting th e
minute quantity of the principles and to devis e
simpler methods for the identification of the la-
beled compound when mixed with tissue.

The values obtained from the assay of the
amount of radioactivity present in a given sample
of plant or of animal origin is only a measure o f
the amount of radioactive carbon present in the
sample . Since the plant, as the original starting
material, is grown in an atmosphere of radioactiv e
carbon dioxide, all the substances of which th e
plant is composed contain radioactive carbon.
Therefore, the administration of the dried leaf or
of tinctures would give data impossible of inter-
pretation since only a small amount of the radio -
activity would be present in the pharmacologically
active ingredient. The drug mush be subjected
to rigorous purification before it is used in ani -

to be converted into metabolic derivatives in th e
body, simple assays of the radioactivity of tissu e
extracts are a measure not of the drug concentra -
tion but of the concentration of the drug and al l
of its metabolic derivatives. One of the proper-
ties of drugs prepared by biosynthesis is that the
compound is labeled in all carbon atoms so tha t
all fragments of the drug are similarly labeled .
With chemically synthesized compounds, on the
other hand, usually only one atom is so marked
and only this atom and the metabolic fragment s
containing it can be followed in the body.

These considerations make it plain why a
considerable amount of chemical work must b e
done on problems of this sort . There are severa l
procedures which are useful in the separation an d
establishment of purity.

Isotope dilution can be used in either of two
ways . First, the radioactive contaminants can b e
reduced by adding an overwhelming amount o f
nonradioactive contaminant and reextracting the
drug from the mixture . Second, the drug itsel f
may be diluted with a large amount of nonradio-
active drug and the mixture subjected to furthe r
chemical purification .

Liquid-liquid extraction is generally a more
effective procedure for purification than recrys-
tallization since small amounts of contaminant s
are frequently carried down with the precipitat e
as mixed crystals .

Chromatography is very useful in separating
closely related analogues because of the great
specificity of the adsorption-elution process . The
recently developed technique of paper chromatog-
raphy has been used very successfully in a num-
ber of problems in this field. It is of special
value in establishing the presence of several radio -
active fractions in biological samples such as tis-
sue extracts or urine . For example, this technique
.has been used to establish the presence of som e
35 derivatives of pentothal in the urine of .ani-
mals receiving the drug .

	

-
In using this technique, the sample tu, be ana-

lyzed is placed on a spot near the top at a strip
of filter paper approximately 24 inches long -and
1 inch wide. The top is dipped into a mixture of .
solvents, such as water saturated_ with butaiiol ,
and the whole system enclosed in a glass tube to '
prevent evaporation of the solvents. The 1li'quid
gradually creeps down the paper, carrying with
it the several compounds which were eontai
in the sample originally deposited on t14.e strip
These compounds travel at different= rates an d

mal experiments to eliminate the radioactive con-
taminants . Similarl , since these drugs are likel y
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consequently are separated into zones or bands
on the paper. After the solvent is removed, th e
strip can be analyzed either by radioautograph y
or by cutting it into small pieces and assayin g
each for radioactivity. Further analysis may re-
sult in the further separation of each zone indi-
cating the presence of that many more derivatives .
Since the speed of travel is constant for a com-
pound in a given system, identification is possible .

Investigations were also made by Drs . Du-
Bois and Doull on the metabolism and actions o f
the cardiac glycosides obtained from the parotid
secretion of the toad (bufo marinus) . The fac t
that this substance has a digitalis-like action o n
the heart has been known for centuries through
the use of the dried skins and dried toads by the
Chinese as remedial agents for dropsy. This
drug preparation was held as a closely guarded
secret by the Chinese but eventually the wester n
countries began making use of the toad for
medicinal purposes. It was used in European
countries for several centuries and many Euro-
pean medical treatises and pharmacopoeias of an
early date gave to the dried toad a prominent
place among therapeutic agents .

Extensive pharmacological studies on bufagi n
were undertaken by Abel and his associates i n
1910. They examined the actions of this drug
on the organs of many species and tested its effect
as a therapeutic agent for cardiac failure in man.
Those studies showed that bufagin was simila r
chemically and pharmacologically to the digitali s
glycosides . Bufagin had a powerful effect on
the heart but the effect was of short duratio n
which made the drug inferior to digitalis for
clinical use . The glycoside is present in a high
concentration in the secretion of the parotid gland
of the toad. Furthermore, the secretion contain s
a high concentration of epinephrine-about 9 per
cent of the dried secretion . While Abel, Chen,
Jensen, and their coworkers obtained the basi c
pharmacological and chemical information on th e
cardiac glycosides of toad poisons, other problem s
remained to be investigated . These investigator s
had gone as far as possible with the techniques
available at the time .

However, since the previous experiments o n
bufagin were performed, our knowledge of cellu-
lar biochemistry has advanced greatly and numer-
ous new instruments have become available .
Methods for testing the actions of drugs on en-
zymatic reactions have become available and iso-
tope techniques have become readily applicable t o
pharmacological research . It is now possible to
attack many problems which were impossible 10

to 20 years ago. We have attempted to apply
some of these new techniques in the case of studies
on bufagin in two ways : (1) by studying its
action on enzymatic reactions to find the mechan-
ism of its toxic and therapeutic effects, and (2) t o
produce radioactive bufagin which could then be
used for distribution and metabolism studies i n
mammals .

In connection with the enzyme studies my col -
leagues have found that bufagin depresses the
oxygen consumption of brain and cardiac muscles
to the extent of 65 to 90 per cent when the tes t
system contains concentrations of approximatel y
1 X 10- 14 M. This effect might well be involve d
in the acute toxic action of this glycoside . The
respiration of the liver and kidney tissue was un-
affected by the drug indicating resistance of cer-
tain tissues to cardiac glycosides . Similar result s
have recently been obtained by others with pre-
vious pharmacological studies which have defi-
nitely established the predominant effects of car-
diac glycosides on the brain and cardiac muscle.
Further studies may lead to an explanation of th e
specific biochemical reaction in which bufagin
participates in the body.

With respect to the biosynthesis of radio-
bufagin we have undertaken a systematic study
of the optimum conditions for the production o f
the radioactive drug. Tropical toads were fed
radioactive algae since the administration of thi s
form of carbon leads to a higher retention in the
tissues than when C1. is given as carbonate or ace-
tate. The animals were sacrificed at intervals
after varying doses of algae and the parotid secre-
tion as well as the tissues were analyzed for their
C14 content . By analyzing the expired air, urine,
feces, and tissues it was possible to account fo r
over 90 per cent of the administered dose . Radio-
active bufagin and epinephrine were obtained
from the secretion. Both will be employed for
pharmacological experiments on mammals .

The potentially enormous utility of the radio-
active isotope technique is primarily due to th e
great sensitivity of the method as compared with
more conventional analytic procedures . Continual
improvements are being made to push the limi t
of sensitivity even further. The current method
of choice is the Geiger-Muller counter because
it offers the best compromise between maximu m
sensitivity and simplicity of operation .

The first work in this field was done with
a radio-sensitive chemical reaction-the photo-
graphic plate . This technique is in the process o f
being further developed with a view to increasing
its sensitivity. The most widely used film is
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Eastman No-Screen X-ray film for which ap-
proximately 5 X 10 6 particles per square centi-
meter must reach the film during the total ex-
posure time to produce a reasonable amount of
blackening. This is equivalent to 1 microgram o f
C 14 over a 1 cm 2 area with a total exposure time
of 5 minutes or 0 .0007 microgram over the sam e
area for 5 days. Cosmic rays and gamma ray s
usually pass through the emulsion before produc-
ing blackening of the film.

Localization of the exact site of deposition o f
the isotope within the animal or plant has numer-
ous advantages . For example, the total safe dos e
of radiation is approximately 0 .1 rep per day fo r
the entire body . Isotopes which are concentrated
in certain organs or tissues such as iodine (thy-
roid) or plutonium (bones) are much more haz-
ardous than simple calculations of roentgen
equivalents would indicate because of the intens e
local damage that is produced . This can be very
quickly seen with suitably prepared radioauto-
graphs, particularly in the case of alpha and soft
beta emitters, where the film exposure is imme-
diately adjacent to the site of the radio element .

Ionization chambers have long been used fo r
the detection of radiation . The radioactive source
can be either external or internal with respect to
the chamber, the former providing the greater
ease of operation, the latter the greater sensitivity .
The principle involved is the measure of the rat e
of leakage of a previously imposed electrica l
charge between two poles . Since the rate of cur-
rent flow is directly proportional to the amoun t
of ionization produced in the gas separating th e
poles, a measure of radioactivity is possible . Re-
cent advances in electronics make possible th e
measurement of very small currents, especiall y
with the vibrating-reed electrometer which con-
verts the current to alternating rather than direct .
Electronic amplification of alternating current i s
relatively simple . The original work was done
with the gold leaf electroscope in which the rate
of fall of an electrically repelled gold leaf result-
ing from a partial neutralization of the impresse d
charge is measured .

The Geiger-Muller tube and associated elec-
tronic circuits have now been refined to the point
of almost complete reliability and great simplicity .
The operation is dependent on the multiplicatio n
of "a single ionizing event" such as one ion pair
produced by a beta ' particle to the point where it
can be used to trigger a recording device . Since
all "ionizing events " are amplified and recorded
individually, the sensitivity is maximal .

A beta particle leaving the source enters the

counter through a thin "window " under its ow n
momentum. As soon as it reaches the sensitive
area of the counter it is drawn toward the cente r
wire which is charged positively. The rate of ac-
celeration under the impact of the electrical fiel d
is sufficient to speed up the /3-particles or electron
to the point where the gain in energy between
collisions is sufficient to restore the energy lost
in producing ionization in the atom of gas col-
lided with . Thus a multiplication of electron s
occurs as 2-4-8-16-32 and so on up to where ap-
proximately 30,000 electrons are formed . These
arrive at the same time on the center wire an d
produce an easily measured electrical pulse .

The sensitivity of the Geiger-Muller counter
can be increased only by increasing the numbe r
of "ionizing events " within the sensitive area o f
the counter . Since low-energy /3-particles such as
are emitted from C14 have limited penetrability,
introducing the sample directly into the counting
area will increase the sensitivity (see Figure 2) .
The magnitude of increase is about five- or six -
fold. Introducing the sample in the gaseous
form would further increase the sensitivity but
the technical difficulties make this patioe.e.sih r=e im-
practical. (See Dr. Yunker's descrupti l .+of , th e
Geiger-Muller counter on pages 41-46.) .

SUMMAR Y

When C'4 became available to investigators ,
its many possible uses to pharmacologists wer e
immediately apparent. Incorporation of this ra-
dioactive isotope into medicinally important drug s
would enable the study of the distribution and
fate of such drugs in the animal organism . Such
use would yield valuable information which could
otherwise not be obtained because the therapeuti c
doses of many important drugs are so small that
neither the compound itself nor its possibl e
breakdown products can be detected in the body
by the ordinary chemical or biological methods .

n
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Preliminary results -indicate that drugs can be
given in sublethal doses to small experimental
animals and that distribution of radioactive ma-
terial follows in organs and tissues and excreta . f

There are two ways in which such researche s
may be of great practical value. The first of
these is the improvement in the efficacy of know n
drugs through a better understanding of thei r
course through the body . Examples of this typ e
of improvement can be found in such drugs a s
the sulfonamides and quinacrine where the dis-
coveries of their metabolic peculiarities led to th e
use of more effective dosage schedules . The sec-
ond type of improvement may be seen in th e
history of the arsenicals with the direct use o f
one of the split products formed it-110filLy
from arsphenamine as the primary agent in th e
treatment of syphilis and in the case of prontosi l
where the metabolic product sulfanilamide wa s
found to be more effective than the parent sub-
stance from which it is formed by the body .
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A striking fact noticed about atomic weight s
is that the atomic weight of an element is inde-
pendent of the source of the sample-e.g., mete-
oric iron, from outside the earth, has the sam e
atomic weight as terrestrial iron . It was there-
fore a shock to some scientists when, after the
discovery of radioactivity, it was found tha t
samples of lead recovered from uranium ores had
an atomic weight of 206, while the atomic weight
of ordinary lead is about 207.2 . To add to this
novelty, lead recovered from thorium ores- wa s
found to have an atomic weight of 208 .1 . These
different forms of lead, identical in chemica l
properties but of different atomic weights, wer e
said to be isotopes of one another .

This discovery led to a revival of Prout ''s-

Radioisotopes
RICHARD R. DEMPSTER



14

	

RADIOISOTOPES IN BIOLOG Y

Figure 3 . Mass spectrograph for precision mas s
determination .

hypothesis, it being supposed that such element s
as chlorine (atomic weight 35 .46) might be com-
posed of, say, two isotopes of atomic weight ex-
actly 36 and 37 respectively, in the correct pro -
portions (about 24.6 per cent of isotope 35 and
75.4 per cent of isotope 37) to account for the
observed atomic weight.

This hypothesis could not very well be tested
by chemical means, since the supposed isotopes
are, by hypothesis, chemically identical . Perhaps
diffusion or some similar process might effect a
slight, partial separation, but could not be ex-
pected (except on the scale of the Oak Ridg e
plants) to produce a noticeable effect. However ,
a complete separation is possible if the elements
can be vaporized and processed in suitable electric-
discharge apparatus . Using this method, in 1907
J. J. Thomson showed neon to be made up o f
two isotopes of atomic weights 20 and 22, re-
spectively. Figure 3 shows a modern form o f
the isotope-separating equipment, designed for the
precise measurement of the masses_ of isotopes .

Within chamber C the gas or vapor to be
studied is kept at a low pressure. A high voltage
applied to P causes a discharge through the gas,
knocking negative electrons off many of the ga s
molecules and leaving them with positive charges ;
these charged atoms are known as ions . These

- ions will be repelled by the positive charge on P

and some, driven away from P, will pass through
slit S, into the space between A and B.

The whole apparatus is mounted between the
poles of an electromagnet, the N pole being be -
hind the drawing and the S pole in front, so tha t
the lines of force point out of the figure toward
the observer. This causes a force on the ions ,
tending to bend their path as occurs after the y
pass through S2. The force produced by the
charged plates A and B on the ions passing from
S 1 to S2 counteracts the magnetic force but ex-
actly balances it only for ions of a certain speed,
so that only ions with that certain speed pass
through S 2 into the large vacuum chamber, where
they are bent into semicircular paths and strike
the photographic film F . The 14eavier ions will
be deflected less than the lighter ions and will
strike F farther from S2 ; the figure indicates
ions of two different masses striking F at differ-
ent places . From the distance of the photographi c
images from S2, one can calculate the precise mass
of the ion .

Apparatus' operating on this principle can be
used either for the precise measurement of iso-
topic masses in the laboratory or on a large (bu t
enormously expensive) scale for separating iso-
topes, as was done in the electromagnetic plant a t
Oak Ridge, Tennessee, for the separation o f
U235 and U238.

The fluorine atom

Figure 4. Comparison of a fluorine atom with th e
solar system .

. Table 1 shows part of a modern table of
stable isotopes . The chemical symbol has a . pzefix,
showing the atomic number, and a suffix, slhhonz g
the integer nearest to the precise- isotopic man
this suffix is known as the mars -number. Date
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Table 1 . EXALT ISOTOPIC WEIGHTS OF VARIOUS ELE-
MENT S

Element and isotope
Isotopic

weight M
Per cent

abundanc e

Hydrogen
1H1 1 .00813 99.98
1Ha 2 .01472 0.02

Helium
8 3 .01698 --, 10- 6

4.00386 10 0
Lithium

.......... . ... . . . .. . . . . .. . . . . .. . . . . . . . . . 6 .01692 7. 5
7 7 .01816 92 . 5

Beryllium
.Be'	 9 .01496 10 0

Boron
B10 10 .01617 18 . 4

11 .01290 81 . 6
Carbon

12 .00388 98 .9C1t 13 .00756 1 . 1
Nitrogen

tr
14 .00753 99 .6 2
15 .00487 0.3 8

Oxygen
16 .00000 99 .7 6

OIT 17 .0045 0.04
80" 18 .00485 0 .2 0

Fluorine
DP D	 19 .00454 10 0

Neon
N p 19 .99890 90 .0 0

1oNe21 21 .00002 0 .2 7
1oNe' ~.._ _ _ _	 _ 21 .99858 9 .73

that 0 16 is taken as having a mass of exactly
16.00000. Observe also that, in the cases shown
in this table, the atomic number is about half th e
mass number .

The end product of the series of radioactiv e
changes beginning with uranium and running o n
down through radium and radon is an isotope o f
lead, Pb"' ; the end product of the thorium radio -
active series is Pb''" ; natural lead is a mixture of
isotopes of mass numbers 204, 206, 207, and 208 ,
in such proportions that the atomic weight of th e
mixture is 207.21 .

The study of isotopes, begun early in the 20th
century, was paralleled by intensive study o f
spectra, radioactivity, electrical discharges, an d
other phenomena which during the second decad e
of the century culminated in subMn.ntially onr
present understanding of atomic structure .

Each atom is composed of a central, positively
charged nucleus, which is several thousand times
as massive as the rest of the atom . Around the
nucleus revolve negatively charged electrons, per-
haps in orbits resembling the orbits of the planet s
around the sun. Figure 4 shows, for comparison ,
the solar system with its nine known planets, and

a fluorine atom, with nine electrons . Man stands
about midway in size between the solar system
and an atom. The diameter of an atom is about
one one hundred-millionth of a centimeter . The
diameter of the whole atom is about 10,000 time s
the diameter of the central nucleus . The positive
charge on the nucleus attracts the negatively
charged electrons, holding the atom together .

All electric charges in an atom or nucleus are
whole-number multiples of the electronic charge .
In a neutral atom (as in Figure 5) the total
charge on the nucleus equals the charge on the
planetary electrons. The number of electrons in
the neutral atom is the atomic number of the
atom, and determines its chemical properties .

The simplest of all atoms is H 1 , with one elec-
tron ; the nucleus of this atom is called a proton ;
the mass of a proton is about 1,840 times the mas s
of an electron . Another way of stating this i s
to say that the "atomic weight " of an electron i s
0 .00055 . The electrons in any atom provide only
a very small fraction of its mass . Figure 5
shows, schematically, the number of electrons in
each of several sorts of atoms, and their arrange-
ment in so-called "shells ." An "electron shell"
may be regarded as a group of electrons all a t
about the same mean distance from the nucleus ;
the behavior of the electrons in the outermost
"shell" determines the chemical valence . of the
atom.

The structure of the nucleus proper, with
which we are primarily concerned, is still largely
a mystery. Until 1932 it was believed to be a
mixture of protons and electrons, but this hypo -
thesis led to many inconsistencies in theory. In
1932 a neutral (uncharged) particle was dis-
covered having about the same mass as the proton .
This particle, known as the neutron, was emitted
when beryllium was irradiated with alpha ray s
from a radioactive source. Its discovery at once

n -s
neon

	

sodium

	

m¢9nsSt#m

	

mercury

Z•ro

	

Z•1I

	

Z=IZ

	

Z•80

Figure 5. Schematic arrangement of electrons in
several kinds of atoms.
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provided an explanation of the inconsistencies

previously encountered ; i f i t was assumed that

the nucleus was a mixture of protons and neu-

trons, all these difficulties disappeared .

This, then, is the essence of the modern theory

of the nucleus ; it is composed of a number o f

protons equal to the atomic number, and enough

neutrons in addition to bring the mass number

up to the appropriate value. Figure 6 shows the

3L17

	

6
016

proton

	

deuteron

	

eeparticle

	

lithium

	

oxygen

Z•!

	

Z•1

	

Z-Z

	

Z-3

	

Z•8
M•1

	

M•2

	

M .4

	

M•7

	

M•!ti

Figure 6 . Composition of several light nuclei.

assumed composition of several nuclei according

to this theory. Note that there are several other

isotopes of oxygen ; in addition to 018, appreciable

quantities of 017 and 018 are found in nature.

This is then the explanation of isotopes : they are

atoms whose nuclei all have the same number of

protons but different numbers of neutrons .

Because of their positive electric charges, pro -

tons repel one another, with forces which increas e

rapidly as they come closer together . Only when

they get very close together-less than 10-12 cm

(one million-millionth of a centimeter)-does a

very strong force of attraction come into play

between the nuclear particles sufficient to bin d

them together into a nucleus. With the single

exception of He', every stable nucleus has a t

least as many neutrons in it as protons, and the

heavier stable nuclei invariably contain more

neutrons than protons . Figure 7 is a neutron-

proton chart of the stable nuclei, showing on a

vertical scale the number of neutrons and on th e

horizontal scale the number of protons. The

straight line corresponds to equal numbers of

protons and neutrons . Note that all the isotopes

found (shown by the circles) lie on or above this

line.

The heaviest nuclei, such as uranium and

orulm are all unstable : this is, in fact, true o f

all nuclei of mass number greater than 209 . They

"decay" by emitting variously the radiations

known as alpha, beta, and gamma rays, graduall y

losing mass and changing atomic number until

they wind up as some stable isotope of lead . The

alpha rays are streams of helium nuclei (each

containing two protons and two neutrons in a

very compact and stable combination) ; the beta
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Figure 7. A neutron-proton chart of isotopes

found in nature to the extent of 20 per cent or
more of the atoms of the element in question .

rays are high-speed negative electrons, which
come from the decaying nucleus. As electrons
do not exist as such in the nucleus, a beta particl e
is supposedly manufactured on the spot, a neutro n
in the nucleus changing into a proton and a n
electron, with the latter shot out of the nucleus .
As the nucleus would thus have one more proto n
than before, its atomic number increases by on e
when a beta ray is emitted ; because of the smal l
mass of the electron, the loss of mass is very
small, and the mass number is not changed. When
an alpha particle is emitted, the nucleus loses a
total of four heavy particles, two of which ar e
protons, uo that its mass number decreases by 4,
and its atomic number by 2. For example, radium
of atomic number 88 and mass number 228 emits
an alpha particle to become radon of atomic num-
ber 86 and mass number 222.

The gamma rays, emitted in company wit h
the alpha or beta rays, are electromagnetic waves ,
like X-rays but of even shorter wave length, and
of correspondingly greater penetrating power .
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The alpha, beta, and gamma rays all ionize any
gas through which they pass, affect a photographic

'- ''Pate, -and cause illumination (in the form of
tiny flashgs of light) from a fluorewaiiiii-rIoram,.
The most convenient phenomenon used to detect
these rays is the ionization which they produce ;
the counter equipment* detects the rad rtie
from radioactive sources by detecting the ioniza-
tion which the rays produce .

Radioisotopes are radioactive isotopes of the
elements ; they may occur in nature in appreciable
quantities, or may lie available only if manufac-
tured in the laboratory. Aside from the heavy

'elements, only a few radioisotopes are found i n
nature. K4° is one of ihese. Natural potassium
is 93.38 per cent K 39, 6.61 per cent K 41, and
0.012 per cent K4o K4° is weakly radioactive ,
emitting a complex radiation, including both bet a
and gamma rays .

The heavy natural radio elements, if the y
emit beta rays, always emit negative electrons .
However, many of the laboratory-produced (arti-
ficial) radioisotopes emit positive electrons, called
positrons, which were discovered only in 1932 .
Presumably a positron is ejected by a nucleus i n
which a proton changes into a neutron . As indi-
cated in Figure 7, radioisotopes lying below the
stability curve have too many neutrons, and be-
come stable by ejecting negative beta rays (*elec-
trons) ; radioisotopes lying above the stability
curve have too many protons, and become stable

.'' :emitting positrons . The positrons have the
- h,tue:anass- as the negative electrons ; they are pe-

tliar in that they have a very short existence ,
quickly being captured by a negative electron ,
the two (positive and negative) annihilating one
another, their combined energy being emitted in
the form of two very penetrating gamma rays ,
known as the annihilation radiation .

' To make an unstable nucleus in the laboratory ,
lone must add- to a stable nucleus either a proton
or a neutron (or perhaps several) . Neutrons ,

`= being without electric charge, are very suitable ,
.for they are not repelled by a nucleus, but ar e
instead attracted, although the attraction is ver y

• small except at very small distances. But for
this very reason free neutrons ar.e scarce-they
have all been caught by nuclei . -To introduce a
proton or other charged particle into a nucleus i s
extremely difficult, because of the str ty repulsion
produced by the nucleus. Many ratons, for

-_example, must be shot into a mass o

	

l at
very high speed in order to hit even o le 'n 'clerk ;

* See pages 41-46.

most of them will dissipate their energy in colli-
sions with the atomic electrons before they even
approach some nucleus closely, and may then have

.insufficient energy to overcome the nuclear re-
pulsion.

If an electron in an X-ray tube falls acros s
imimtential difference of 100,000 volts, it acquire s
kinetic energy ; this energy is proportional to the
charge and the potential. If an alpha particle,
with twice the charge, fell through a similar po-
tential difference, it would acquire twice the
energy. Because all atomic and nuclear particle s
carry a charge which is a multiple of the elec-
tronic charge, it is convenient to express the
energies of such particles in what are called
electron volts. The beta rays of the heavy radi o
elements have energies of a few hundred thou -
sand electron volts, while most alpha■ rays hav e
energies between about 4 and 8 million electron
volts (abbreviated Mev) . In most cases, energies
of some millions of electron volts must be given
to bombarding particles to produce nuclear
changes . Until about 1932, the only source of
such high energy particles was the alpha-emittin g
radio elements .

Figure 8 shows the first "artificial" disintegra-
tion, produced with particles accelerated in th e
laboratory, by Cockroft and Walton at Cambridge
University in 1932 .

helium

f/ 1

	

3Li 7

I 8.S MEV

z yhelium

Figure 8. The Cockroft and Walton experiment ;
disintegration of Li-7 by a proton of 200,000 e v
energy .

Figure 9 shows the production of a radioiso-
tope by bombardment of sodium with deuterons
(H2 nuclei) . This reaction could be denoted
Na23 (d,p)Na24. Na 24 is unstable. Having too
many neutrons, it emits a negative beta ray and a
gamma ray, to become Mg24 .

The half-life for the decay of Na 24%is 14.8
'hours ; this signifies that, of the Na 24 present at a
given time, one-half will disappear (de y) i n
14 .8 hours, one-half of the remainder in to next

lit~ri m
proton

zye fy~

unstabl e
beryllium
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Figure 9. Production of radioactive sodium b y
deuteron bombardment in the cyclotron .

14.8 hours, and so on . At the end of 5 half-live s
(74 hours), (1/2) 5 = (1/32) of the original
radio-sodium would remain .

Neutrons can be obtained only by nuclear r e
actions. Figure 10 shows the nuclear experiment

6

0

before

	

capture

	

disintegratio n

Figure 10. The experiment of Bothe and Becker ,
the first experiment known to have produced
neutrons.

which, when correctly interpreted, led to the dis-
covery of the neutron . A comparatively inex-
pensive (but weak) source. of neutrons can be
made by mixing small amounts of radium and
beryllium salts together . Figure 11 shows a re-
action produced by high-speed deuterons from th e
37-inch cyclotron, which is one of the reaction s
commonly employed in the laboratory to obtain
a neutron beam. Na 24, made from Na23 by the
net addition of a neutron, could be made by using
for bombardment a neutron "beam" obtained from
the reaction Bel (d,n) Bio

oo

deuterons
from

cyclotron

Figure 11 . The production of neutrons by deu-
teron bombardment of beryllium.

The discovery of uranium "fission," in 1939 ,
made possible the production of neutrons without
the aid of a cyclotron . Fission is set off by a
neutron. On the average, it produces about two
new neutrons ; about half of these new neutrons
must be used to keep the "chain" reaction going,
the other half being, in part, usable for nuclear
bombardments (Figure 12) . The fragments int o
which the uranium nucleus divides are intensel y
radioactive, and decay, principally by beta (an d
gamma) emission.

Table 2 is an isotope table and gives a list of
useful radioisotopes, obtainable from the -Atomi c
Energy Commission, which are 'made • by a n
(n,y) reaction with slow neutrons in the OA, .
Ridge pile. Table 5 (page 26) gives a li9t olf
cyclotron-produced isotopes, and indicates t t =
usual reaction used in production .
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Figure 12. Nuclear fission, produced in U-235 by
a slow neutron.
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Table 2. RADIOISOTOPES AVAILABLE FROM THE ATOMIC ENERGY COMMISSION, APRIL 1949

The isotopes listed here are produced by the Atomic Energy Commission at Oak Ridge, Tennessee (Scientifi c
American, April 1949, pp . 16, 17) ; this list is restricted to those presumably most useful in biological work . Table 5
(page 26) lists isotopes best produced by the cyclotron . All the isotopes listed in the table below can also be mad e
by the cyclotron.

Element and isotope Half-life*
Particle activityf

(Energy, Mev)
Gamma ray$

(Energy, Mev )

Hy4frogee.

	

-
H3	 12y -e, 0 .015 None

Carbon -elf	 '	 ..........................................

	

20.5m +e, 0 .97 	 -

	

-
C14	 5,100y -e, 0 .145 No ie

Phosphorus
{ 15 32	 14.30d -e, 1 .72 None

Sulphur-
S35	 ....	 ...	 87.1d -e, 0 .168 None

Sodium

	

_ . -
Na22	 3 .0y +e, 0 .58 1 . 3
Na24	 14.8h -e, 1 .39 1 .38, 2.76

I'otassium -
' '1(42	 12 .4h -e, 2 .04, 3 .65 1 .50

Calcium
Ca45	 180d -e, 0 .26

	

- None

Strontium
Sr89	 T 54d -e, L5 None
Sr90	 25y -e, 0.6 - None

Chlorine
C136	 1 .000,000y -e, 0.64 ; +e ; K

	

- None

Bromin e
Br82	 34h -e, 0 .47 0.55, 0.79;

	

1 .35

Iodin e
1131	 8 .0d -e, 0.60 0.367, 0!080

Iron
Fe55	 4y K 0 :07
Fe59	 47d -e, 026, 0.46 1 .1,

	

1 .3

Cobal t
Co60	 5 .3y -e, 0 .31 1 .10, 1 .3 0

Coppe r
Cu64	 12 .8h +e, 0 .66 ; -e, 0.58 ; K 12 (weak) . ,

Zinc
Zn65	 250d +e, 0 .4 ; K 1 .1 4
Zn69	 13 .8h 0 .44

59m -e, 1 .0 None

Arseni c
As76	 26.8h -e, L3, 2 .5, 3.0 0.6, 1.2; 1 : 8
As77	 40h -e, 0 .7 None

Silve r
Ag110	 22s -e, 2 .8 - 0.6, , 0:9,

	

1 .4
Agi 11	 225d -e, <0. 1

7.5d -e, 0.24, 1 .0 None

Gold
Au198	 2 .76d -e, 0 .61, 0 .97 0.41, 021, 0.1 6

3 .3d -e, 1 .01 0.45

Mercury
Hg197	 64h, 25h K, -e 0.08, 0 .13, 0.16
H g203 51 .5d -e, 0.11, 0.44 028
Hg205	 5 .5m -e, 1 .62 None

" Under "Half-life," y = year, d = day, h = hour, m = minute, s = second .
t In the column headed "Particle activity," -e denotes a negative beta ray, +e denotes a positron, K denotes capture by th e

nucleus of a K-shell electron (the innermost shell) . K-capture give_

	

mays to X-rays ; positron emission always gives rise to th e
"annihilation radiation" when the positron combines with a negatin.

	

with the emission of two 0 .51 Mev gamma rays.
t Neither K-capture X-rays nor the "annihilation rad}" ;

	

the gamma ray column ; they are always present, re-
spectively, if K or +e appears in the particle column .



Particle Accelerators and Other Devices
for Producing Radioisotope s

JAMES J . BRADY

AR T I F I C I AL radioisotopes are those not
found in natural minerals . In order to pro -

duce them it is necessary to bombard nonradioac-
tive atoms with certain types of bombarding par-
ticles . The latter must penetrate the nucleus of a
target atom in order to produce the transforma-
tion. If charged particles are used, they must be
given a very high velocity in order to overcom e
the repulsive force of the positively charged nu-
cleus . The charged particles most commonly use d
for bombardment are protons, deuterons, and a
particles. Several different methods have been
developed for accelerating charged particles t o
high speeds but only one has attained any grea t
importance in the production of radioisotopes .
Therefore this discussion on particle accelerator s
will be limited to a description of this one device
-the cyclotron . The first instrument of this
kind was built in 1929, at the University of Cali-
fornia at Berkeley, under the direction of Pro-
fessor E . O. Lawrence .

To understand the operation of a cyclotron ,
consider a cylindrical metal can considerably
shorter than its diameter, closed on both ends and
cut in half along a diameter . The two halves ,
called dees because of their resemblance to the
letter D, are separated slightly, insulated from
each other, and mounted in a vacuum chamber .
Thus there is a small gap between the two halves
of the cylinder. If electrodes attached to each
are connected to an electrical oscillator outside
the chamber, the dees can be oppositely charge d
at any one instant . When a positively charged
ion is placed in the gap between the dees it wil l
be attracted toward the negatively charged de e
and enter the interior where there is no electrical
field. In this region it would travel with a con-
stant velocity in a straight line if it were not for
the fact that the vacuum chamber is placed in a
strong uniform magnetic field perpendicular to
the plane of the dees . This field bends the path
of the ion into a half circle so that it returns to
the gap. If in the meantime the oscillator ha s
gone through a half cycle so that the sign of th e
charges on the dees is reversed, the ion will b e
accelerated across the gap into the other dee, an d
the magnetic field will again bend the path into a
semicircle of larger radius than before. If the
time required for the ion to move in a half circle

is equal to one-half the period of the oscillator ,
the ion will be accelerated every time it crosses the
gap. One of the most important conditions neces-
sary for the operation of the cyclotron is that the
time taken by the ion to move in a half circle i s
independent of the radius of the circle . There -
fore, regardless of the increase in the radius o f
the path with each acceleration, the frequency o f
the oscillator, as well as the strength of the mag-
netic field, can remain constant throughout th e
entire process of raising the energy of an ion to
a very high value . The frequency and the mag-
netic field must be related to each other in a pre-
cise manner in order to achieve the foregoing
"resonant" condition . Although only 10,000 to
100,000 volts may be applied across the dees, th e
ions, by making a large number of revolution s
may gain energy equivalent to falling through
several million volts .

A considerable amount of iron is required to
produce a magnetic field uniform over the area
occupied by the dees. The magnet is commonly
constructed of two long horizontal pieces of iro n
of rectangular cross section separated from eac h
other by two shorter vertical pieces of equal cross
section placed at the ends of the horizontal mem-
bers. This rectangular structure constitutes the
yoke of the magnet. The pole faces are usually
made of two solid cylinders of iron . One is at-
tached to the center of the top horizontal piece ,
the other to the bottom section, leaving a ga p
between the ends of the two cylinders into whic h
the vacuum chamber is inserted . Cyclotron mag-
nets ordinarily weigh from 30 to 60 tons, whil e
pole face diameters are commonly in the order o f
36 inches . Coils of copper conductors are place d
around each pole piece . The strength of the
magnetic field is controlled by varying the cur -
rent through these coils . Twenty to thirty kilo -
watts of electrical power may be needed to pro -
duce the maximum field desired, yet none of thi s
power is used to accelerate the ions . It is neede d
solely to bend the paths of the particles in semi -
circles.

One method of supplying positive ions to th e
center of the dees is to produce an arc discharg e
in a separate small chamber with a narrow open-
ing into the space between the dees. If protons
are desired, ordinary hydrogen is used in the io n

20
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source, at such pressure as to maintain a suitabl e
arc discharge. Deuterons can be produced b y
the substitution of heavy hydrogen for ordinary
hydrogen in the ion source .

After the ions have made a sufficient numbe r
of revolutions to bring them to the periphery o f
the dees, they are deflected outward in their pat h
toward the target. This is accomplished by using
a suitable potential on a deflecting electrode .

A vacuum gate usually separates the target
chamber from the main tank so that air will no t
be let into the latter when samples are inserte d
or removed. The target chamber, being extremel y
small, can be evacuated in a very short time, by
means of an auxiliary pump, before the gate i s
opened to the main chamber . Likewise, this gat e
is closed before opening the target to atmospheric
pressure .

The production of artificial radioisotopes, by
means of the cyclotron, thus consists in bombard-
ing a chosen nonradioactive target with high-
speed light positive ions . The length of time o f
bombardment for a given radioactive intensity
varies greatly with the target material as well a s
with the energy of the ion and the cyclotro n
current .

Since 1946 the production of artificial radio-
isotopes by neutron bombardment has become o f
even greater importance than that by charged
particles-the direct result of the development o f
the uranium pile, which has become the principal
source of large neutron intensities . A uranium
nucleus, after capturing a neutron, may break up
into two or more large fragments, each the siz e
of an atom near the middle of the periodic table .
This is known as fission and constitutes the fun-
damental reaction in a pile . The first chain-re-
acting pile was put into operation in Chicago i n
1942. It was constructed of bricks of graphit e
with lumps of uranium, or uranium oxide, space d
definite distances apart, thus forming a lattic e
throughout the graphite. The principal isotopes
of uranium are U238 and U235 . Slow neutrons
cause fission in U235 . In order merely to kee p
the chain reaction going it is necessary that a
neutron released in the fission process produc e
another fission . The neutrons released initiall y
have very high speeds, but by colliding with th e
graphite atoms they soon lose a large fraction o f
their initial energy and become slow or therma l
neutrons . These may then result in further fis-
sion processes in U235 . The probability of non-
fission absorption in U238 becomes extremely high
for neutrons of intermediate velocity . This proc-
ess reduces the availability of neutrons for fission

Table 3.

Radioisotope

Atomic Mass
number Element number Half-life

35 Br 83 140 minute s
35 Br 84 30 minute s
35 Br 85 3 minute s

87 55 second s
36 Kr 88 3 hours
38 Sr 89 53 days
40 Zr 95 65 days
42 Mo 99 67 hours

101 14.6 minute s
44 Ru 105 4.5 hour s
46 Pd 111 26 minute s

112 21 hour s
47 Ag 112 3 .2 hours
48 Cd 115 2 .5 days

117 2 .8 hours
49 In 117 117 minutes
50 Sn 125 20 minute s
51 Sb 127 93 hour s

129 4.2 hour s
52 Te 129 32 days

131 30 hour s
135 1 minut e

53 I 137 22 second s
54 Xe 138 17 minutes

139 41 second s
56 Ba 140 12 .8 day s

58 Ce
18 minutes
15 minutes

of U235 . The separation of the uranium lumps
in graphite allows the original fast moving neu-
trons to be slowed down with a resulting small
probability of loss in U238 absorption. Cadmium
has the property of absorbing slow neutrons b y
simple capture and consequently can be used to
control the power output of the pile . This may

Table 4.

Radioisotop e

Atomi c
number Element

Mass
number Half-life

15 Phosphorus 32 14.3 day s
6 Carbon 14 . 5,000 year s

11 Sodium 24 14.8 hour s
79 Gold 198 2 .7 day s

199 3.3 days
16 Sulphur 35 87.1 day s
20 Calcium 45 180 day s
26 Iron 55 -4 years

59 47 days
19 Potassium 42 12.4 hours
27 Cobalt 60 5 .3 years
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be done by simply varying the length of cadmiu m
strips, or rods, inserted into the pile . However,
if it were not for the phenomenon of delayed
neutrons, once the chain reaction started ther e
would be no time to move the cadmium strips be-
fore the pile would be out of control . A smal l
percentage of the neutrons are not emitted at th e
instant of fission. There may be as much as a
minute delay in their emission. This makes it
possible to note any increase in the activity of
the pile and to insert the cadmium strips which
absorb the slow neutrons to reduce the activity .

The pile thus serves as a source of ,radiciso-
topes in two ways : (1) the fission products them-'
selves are radioactive, and (2) target samples in-
serted through an opening into the pile may -re-
sult in radioisotopes through their bombardment
by the intense neutron flux.

Table 3 is a representative list of the fission
products resulting from the bombardment of
uranium by neutrons.

Table 4 gives a partial list of radioisotope s
which have been produced by neutron bombard-
ment of nonradioactive atoms placed in . the pile.

THE uses of radioactive isotopes in medica l
research can be conveniently divided into

three principal categories : (1) the applications as
tracers for the study of metabolic phenomena ,
(2) as diagnostic aids in clinical medicine, an d
(3) their role in therapy .

Frequently radioisotopes available from th e
chain-reacting pile do not have a sufficient degree
of specific activity2 for satisfactory use. A num-
ber of radioisotopes which can be produced with
high specific activity in the pile possess half-live s
too short to be of any practical value. Then,
there are a few cases in which the desired radio-
isotope may be made in the pile with high specifi c
activity, but concomitantly there is formed
another radioisotope of the same element whos e
half-life is of such duration as to render its us e
hazardous in man. Finally, there are severa l
elements of biological and medical interest whos e
radioactive isotopes can be produced only by the
cyclotron.

Rather than classifying the applications of th e
radio elements listed by subject, it is more con-
venient to present them here in the sequenc e
with which they appear in the periodic table .
Radio beryllium is of interest in view of the fact
that beryllium and its compounds are serious
toxicological problems in both industry and labo-
ratories using this substance. During the pas t
decade ever increasing numbers of individuals
who have been exposed to beryllium have bee n
observed suffering from both chronic and acute

1From the Crocker Laboratory, the Divisions of Medical Phys-
ics, Experimental Medicine, and Radiology, University of Cali-
fornia, Berkeley and San Francisco, California. A portion of the
work described received support from the U . S . Atomic Energy
Commission .

2 The term "specific activity" indicates the degree of radio-
activity per unit weight of material.

pulmonary disturbances. In a number of in -
stances there has been a fatal outcome and

-when careful survey of the individual cases-was
made, it was found that there had been an ex-
posure to either beryllium or one of its com-
pounds. With laboratory animals it has been
found possible to induce bone tumors following
the parenteral administration of soluble beryllium
compounds . Considerable investigative work i s
in progress with this element and its compounds ,
and in such studies cyclotron produced radio-
beryllium has been found to be a valuable took .

The very long half-life of C14 and the fae t
that a small but appreciable fraction finds it s
way to the skeleton to be retained there for lon g
periods of time have discouraged the extensive
use of this radioisotope in human studies, and
in particular when normal individuals might be
employed. There is another radioisotope of car -
bon, C 11 , which possesses a half-life of 20 min-
utes and can be produced only by the cyclotron .
In a large proportion of biological and medical
experiments employing radioisotopes, it is -pos-
sible to carry out the particular experiment ove r
a period of from 5 to 6 half-lives of the radio ele-
ment in use. In the case of C11, this signifie s
that any study using this substance is limited to
a period of approximately 2 hours . Admittedly, -
this restricts its applicability to any but the siin-
plest of experiments . To date, the only studies -
of note on human beings have been those in which
an attempt was made to ascertain whether i n
man the oxidation of carbon monoxide to carbon
dioxide takes place in the body. This experiment,
due to its relative simplicity in conception, mad e
it .possible to use Cll . The deuteron bombardment
of boron oxide produces both radioactive carbon
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monoxide and carbon dioxide, and it is easy t o
effect rapidly a chemical separation of these two
gases . The subjects then inhaled the labeled CO
to which a few milliliters of stable CO had bee n
added. Then at intervals up to two hours th e
subjects exhaled into solutions which entrappe d
the CO2 normally present in expired air. If
any significant oxidation of the inhaled CO to
CO2 took place, the CO 2 fraction from the ex -
haled air would indicate the presence of radio -
carbon. In these particular studies negative
results were obtained. This implies that oxida-
tion of CO to CO2 in man is probably not a n
important mechanism for the removal of C O
from the body. Conceivably there are other
studies which could be made with this radioisotop e
of carbon such as the rate of exchange of bicar-
bonate ion in tissue fluids and related problems .

There is only one known radioisotope of fluor-
ine which has a half-life of sufficient length t o
permit any biological and medical experiments .
This radioisotope is F18 , which has a half-life of
112 minutes and can be made only by the cyclo-
tron. As yet, no studies in man have been mad e
with this isotope, but it would appear that F Y 8
may be applicable to short-term studies relating
to the deposition of fluorine in the skeleton an d
in normal and carious teeth .

The three-year radioisotope of sodium, Na" ,
is another example of a radioisotope which mus t
be cyclotron produced . There is another radioiso -

Q,y,t bof, sadit , Na", with a half-life of 14 . 8
hours which can be made in large amounts by th e
chain-reacting pile . For most human tracer studies
to date, the latter radioisotope has been employed .
However, for certain long-term experiments such
as the changes of the sodium space in normal in-
dividuals and in patients suffering from various
disturbances of water and salt balance, Na 22 has
been indispensible .

During the war, attention was drawn to the
phenomena of the uptake and elimination of inert
gases in man . The motivation for this was the
problem of the bends, which occur in some indi-
viduals exposed to altitudes above 25,000 feet ,
and are due to the release of dissolved gases i n
the tissues and body fluids . The gas chiefly re-
sponsible for this effect is nitrogen since it does
not undergo chemical combination in the body .
Understandably, there are many modes of ap-
proach to this particular problem and one of
them employed radioactive noble gases as tracer s
to determine their rate of accumulation and ex-
cretion in man under varying physiological con-
ditions . The three radio elements employed wer e

.
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AS7 , Kr79 , and Xe 127 . These gases were used
rather than radio nitrogen because the longest -
lived radioisotope of nitrogen has a half-life o f
only 10 minutes . Also, it was desirable to com-
pare the metabolism of the noble gases sinc e
their coefficients of diffusion and solubility in
water and in fats vary . These three radioisotope s
can be produced in suitable amounts only by th e
cyclotron . In the case of xenon, the 5 .3-day XeY3 3
is created by fission, but because it emits a ver y
soft gamma ray, its applicability was somewha t
limited, making the cyclotron produced Xe 127 a
more useful tool . The results of studies with
these noble gases brought forth the observation
that the exchange, in the body, of gases which d o
not undergo chemical combination is not pri-
marily determined by coefficients of diffusion o r
solubility, but by the quantity of blood passing
through the tissues and organs . In other words,
a structure such as muscle which has a relatively
small blood-flow per unit volume at rest picks up
and discharges inert gases at a slower rate a s
compared to more vascular structures such as the
liver and kidney. The rate of blood-flow through
a given organ or tissue can vary considerabl y
under the influence of factors such as exercise ,
heat, cold, emotional tension, age, etc .

Potassium is one of the major mineral con-
stituents of biological systems . In most verte-
brates, including man, potassium is found largel y
within cells, in contrast to sodium, most of which
is present in the extracellular fluid . In man it
has been shown that 30 per cent of all the potas-
sium in red blood cells excha
potassium in 8 hours .
with radio potass i
disturbances of po
of the pitu i
several neurological diseas
sive alteration of the st r
the skeletal muscles . It is
metabolism is altered in s
states. Radio potass i
for the study of these disorders . It is possi . e to
obtain radio potassium from the pile, but the ra-
dioisotope has a half-life of only 12 .4 hours, which
restricts its usefulness . With the cyclotron an-
other radioisotope of this element can be made
by the transmutation of argon and has a half-lif e
of 22.4 hours, which should be more useful i n
many instances . Its specific activity also is high,
which is desirable in some circumstances .

There are no satisfactory radioisotopes o f
manganese which can be produced in the chain -
reacting pile . However, there are several that
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can be made in the cyclotron, notably Mn" an d
Mn". As yet, no tracer studies in man have bee n
done with soluble compounds of this radio ele-
ment .

Both the 47-day Fe59 and the 4-year Fe 55 can
be made in the chain-reacting pile . However,
two disadvantages appear with these radio ele-
ments when made in such a manner : (1) the spe-
cific activity is frequently less than the experi-
menter would desire ; (2) even when enriched
Fe58 is prepared by the electromagnetic process ,
there is present with it an appreciable fraction of
Fe 54 , with the result that when this separate d
material is bombarded with neutrons in the pile,
there is concomitantly produced some Fe 55 . Since
iron, once gaining entry into the body, is excrete d
very slowly, it does not appear desirable in mos t
instances to permit the presence of appreciabl e
amounts of Fe55 because of its long half-life and
the possibility of subsequent induction of neo-
plastic changes . In the case of Fe59, its half-life
being 47 days justifies its use in man if reason-
able amounts are employed ; it can be produced in
the cyclotron by the transmutation of cobalt, and
no Fe55 is formed. The tracer applications o f
radio iron have been most fruitful . Not only ha s
a rather precise determination of the average
survival period of the erythrocyte been estab-
lished in man, which is of the order of 100 days ,
but the rates of red cell formation in normal sub-
jects and patients with various disturbances of the
blood-forming tissues have been studied. The use
of these two radioisotopes of iron made possible
the development of nutrient media for the trans-
portation and storage of both whole blood and
packed red cells for periods up to a month. This
development took place during the war and was
an important achievement from the practical as-
pect of the more effective treatment of war in -
juries by blood transfusions at the theaters o f
operation throughout the world . An ingenious
experiment with Fe 65 has demonstrated that the
parasite of tertian malaria ( plasmodium vivax )
selectively invades recently formed red blood
cells .

For some time it has been known that cobalt
is an essential element for animals, including man .
Recently it has been found that an organo-metalli c
compound of cobalt, Vitamin B 12

,
is very effective

in the treatment of pernicious anemia . One of
the amazing properties of this newly discovere d
vitamin is its potency . Patients with perniciou s
anemia can be kept free from the symptoms o f
this disease by the administration of as little a s
1 microgram per day of B 12 . Tracer studies with

cobalt labeled B. would be of great interest . To
accomplish this, it would be desirable to emplo y
a radioisotope of cobalt with a very high specifi c
activity and without too long a half-life . Pile-
produced radio cobalt, Co", has a half-life of 5 . 3
years and might be difficult to obtain with suf-
ficiently high specific activity. Co" has a half-
life of 72 days and can be prepared by bombard-
ing manganese in the cyclotron with alpha par-
ticles.. It can be isolated with a very high specifi c
activity .

The pile-produced radioisotope of copper ,
Cu64, has a half-life of 12 .8 hours, which consid-
erably limits its usefulness . There has been dis-
covered recently a new radioisotope of copper,
Cu", with a half-life of 56 hours, which can be
made only by the cyclotron and has a high spe-
cific activity . This extends the period of the ex-
perimental study to a considerable factor. While
as yet biological and medical studies with radi o
copper have been limited, it is certain to find use
in the future because copper is an essential ele-
ment and plays a yet not clearly known role in the
formation of red blood cells .

The 250-day radioisotope of zinc, Zn 86 , can
be made in the pile but only at a low level of spe-
cific activity . As this radio element exists in the
body in but very small amounts under normal
circumstances, preparations of high specific activ-
ity are desirable . This can be accomplished by
the deuteron transmutation of copper with the
cyclotron .

The radioisotopes of arsenic made in the pile ,
As 76 and As 71 , have half-lives of but 26 .8 and 40
hours respectively which restrict their applica-
tions, particularly if one desires to study the met-
abolic properties of organic compounds of ar-
senic. There are two radioisotopes of arsenic
which can be produced only by the cyclotron ,
notably As 74 and As73 with half-lives of 19 day s
and 90 days respectively. During the war the
19-day radioisotope of arsenic was employed t o
investigate the distribution in the skin of human
subjects of the arsenic-containing war gas Lewis-
ite. These radioisotopes of arsenic make the
labeling of arsenical drugs feasible, thus render-
ing it possible to tag them in order to study thei r
distribution and fate in the body.

Radio strontium has been used in animals a s
a tool for the investigation of bone metabolism .
The reason for employing this radio element
rather than a radioisotope of calcium arises from
the fact that the only radioisotope of practical us e
has very soft radiations, rendering its measure-
ment somewhat difficult, and it possesses a half-
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life of 180 days. It is particularly the long half -
life that has discouraged investigators from ad -
ministering radio calcium to human subjects. It
has been shown in animals that the metabolic path-
ways of strontium and calcium are almost iden-
tical, these two elements being in Group . II of
the Periodic Table, and possessing chemical prop-
erties of great similarity . Thus in most instance s
radio strontium can be effectively employed as a
"stand-in" in the study of calcium metabolism .
A radiograph and radioautograph of a slice from
an amputated leg is _shown in Figure 13 . The
patient, who had a bone tumor, was given Sr"
before the amputation. The area of the tumor
is indicated by the arrow and it can be seen tha t
some Sr" went into the tumor. The 53-day Sr"
can be prepared in the pile by two methods .
Strontium element itself may be irradiated in th e
pile, but the radio strontium formed by this pro-
cedure possesses such a poor specific activity tha t
it is unsatisfactory to use as a tracer in most in -
stances. Sr 89 ''also appears as a byproduct o f
nuclear fission . Unfortunately, a second radioiso-
tope of strontium arises from fission, Sr", which
has a half-life of 25 years . Because of the pres-
ence of this long-lived • radioisotope and the pro -
longed retention of strontium by the skeleton, i t
is inadvisable to employ fission-produced radio
strontium as a tracer in most human studies .
Sr" can be made in the cyclotron by the alpha
particle transmutation of krypton, and it wil l
have a high specific activity as well as be free o f
the 25-year Sr". Another radioisotope et ' -
tium which is produced only by the cyclotron ,
Sr", has a half-life of 65 days and is made by
the deuteron transmutation of rubidium . In ad-
dition to the fact that it does not have an exces-
sively long half-life, it emits penetrating gamm a
rays in the process of its disintegration . This
presents an interesting opportunity to study the
deposition in vivo of strontium in bone tumor s
and other pathological states where there is an
abnormal deposition of calcium in the tissues .
The in vivo technique requires no removal of tis-
sues since the presence of the radio element i s
determined by placing a Geiger counter over th e

-stt'face of the body.
Large quantities of high specific activity radi o

iodine may be produced in the chain-reacting pile ,
the most important of these being the 8-day I181 ,

which is widely used in the study of iodine metab-
olism in normal individuals and in patients suf-
fering from various types of disorders of the
thyroid gland . However, there is a radiNdl's.15+op't.
of iodine with a half-life of 56 days which can be

produced only by the cyclotron . Although this
element has not been used in medical research t o
date, its potential applications present some inter-
esting possibilities . This longer-lived radioisotope
of iodine makes it possible to study over a greater
period of time the deposition and retention=o f
iodine by the thyroid as well-as its presence in
other tissues and organs ._ Another interesting
use for this material might be the labeling Of th e
thyroid hormone, thyroxin, with both I138 and
I125 in order to learn more about the manner by -
which the body metabolises this hormone .

Element 85, which is the last of the series of
halogens in Group VII of the Periodic Table, an d
which recently has been named astatine, does no t
exist in nature and can be made only by .cyclotran_
bombardment . This element is accumulated. by`the
thyroid to almost the same degree as has :• been
observed with iodine . While the mode of' its
accumulation is as yet not clearly understood., it_
does appear that a study of its behavior in the
thyroid may shed some additional light on the
metabolic mechanisms responsible for the ascu =
mulation of iodine by the thyroid and its synthe -
sis into the thyroid hormones . More important
are its possible therapeutic applications, which
will be discussed later.

	

. -
Among the list of cyclotron-produced radip-_

isotopes discussed in the preceding pawl'a!is
Na 22 is the only one to date which can be said to
have diagnostic applications with practical Valu e
to clinical medicine. As was stated above, Ftlii~s
iaee+o p has been employed in the study of
sodium space and fluid balance in normal .controls
and in patients suffering from disturbances o f
sodium metabolism and water balance . Thesj
conditions arise most frequently in cardiaG and
renal disorders . A measure of the efficacy of the
therapeutic regimes employed can frequently be:
determined more s etorily by the toil of -Na 2 2
as an indicator than by either the more conven-
tional clinical methods or the 14 .8-hour Na24 .

The use of radioisotopes in clinical therap y
has been confined to date primarily to radio iodine -
in the treatment of hyperthyroidism and thyroid
carcinoma, and to radio phosphorus for the ther-
apy of the lets mias and polycythemia vera . A
few therapeutic trials have been made with _Sr"
for the treatment of bone tumors, with not,to o
encouraging results . However, it may very wel l
be that the potential therapeutic applications of
radio strontium have not been explored adequatel y
enough to write off this radio element as of littl e

to-therapeutic value . As has been pointed out
in the preceding section, pile-produced radio stron-



RADIOISOTOPES Iii BIOLOG Y

Table 5 . A PARTIAL LIST OF CYCLOTRON-PRODUCED RA -
DIOISOTOPES WHICH EITHER HAVE BEEN, . OR

MAY BE EXPECTED TO BE, EMPLOYED I N
MEDICAL RESEARC H

Radioiso -
tope

Nuclea r
reaction Radiations Half-lif e

Be'

	

. ~- Li'-p-n v 53 day s
C" B"-d-2n /3* 20 minute s
F" .--- 01'-a-pn P + 112 minute s
Na'~ . . ..~.. Mgr-d-a R*, v 3 years
A"	 Cl"-d-2n K, v 34 day s
K"* A90-apn /3-, v 12 .4 hours

. . . . . . . .. A90-a-p /3- , v 22 .4 hours
Mn" Fe"-c1-a K, v 310 day s

Fe" . ..__
Mn63-d2n
Co50-d2p

K
R - , v

4 year s
47 days

Co"	 _ Mn~-a-n K, /3*, v 72 day s
Cu'* •---•• Zn"-d-2p K, R - , R * , v 12 .8 hours

t°`

	

_ ...._ Zn67-d-2p /3- 56 hours
Zn"* _	 Cu'5-d-2n /3*, e , v 250 days
As" Ge"-d2n /3 -, R * , v 19 days
As"	 GeR2-d-n K, e - 90 days
Kr"	 _ Br-d-2n K,

	

v 34 hour s
$e" _	 _ Rb85-d2n K, v 65 days
Sr"*	 Kr"-a-n /3- 53 days
P." Te125-d-2n K 56 days

I127-d-2n e, v 34 days
At'" Bi-a-2n K, a 7 .5 hours

* Can be made in chain-reacting pile .
p-Proton .
d-Deuteron .
n-Neutron .
a-Alpha particles:

Negative beta particles (negatron) .
$-I Positive beta particles (positron) .
y-Gamma rays.
K-Orbital electron capture (is associated with emission of K

and L X-rays of the element formed by this mode of decay) .
e--Internal-conversion electrons.

tium would not be satisfactory if a therapeutic use
of radio strontium should be developed in the fu-
ture.

Considerable work has been done on the us e
of radioactive colloids both in the treatment o f
the leukemias and the local therapy of a variety
of malignancies . Among a number of radio ele-
ments employed for making radioactive colloids ,
cyclotron-produced radio manganese is include d
in the group . However, it would not appear tha t
radio manganese colloids are superior to thos e
available from pile-produced radio elements such
as radio gold, radio yttrium, etc. The 56-day
radio iodine would not be a desirable therapeuti c
tool because it is preferable to use the shorter
8-day I 1S1 radioisotope . Astatine, and in particu-
lar At211, has an interesting nuclear property
from the point of view of its potential use in-th e
therapy of thyroid disorders. This radioisotope
of- element 85 decays by the emission of alpha
particles . In the treatment of thyroid diseases,

notably hyperthyroidism, by radiation; whdtlaer i t
be externally with X-rays or by ii te;Ptal'rac ietio l.
as a result of the accumulation of 'radio '.iods n:$,- . ;~ .
there are varying degrees of irradiation of ad -
jacent structures and normal thyroid tussut. With

	

L',
X-rays it is obvious that one cannot aim, the'beam,

	

'_'
directly at the region to be treated-without encore ' ;
passing other organs and tissues to some degu .
within the field exposed as well as radiating what-
ever normal thyroid tissue which may be preset ' 1
in the gland. The situation is considerably bed n,;
ter with radio iodine but even here- the range of

the more energetic beta particles of I131 is of the
order of 2,000 microns . The alpha- patti€les- Et
astatine have a range of approximately 60 m2 : _
crons, which is only 5 or 6 cell diameters, Trl4 us
a much higher degree of selective irradiations i
hypothetically possible with this radio elemen t
Whether or not it will find its place in the theta+
peutic applications of radioisotopes in -elna i 1, ,tit

	

, ,
medicine remains to be seen. The degree. .of
selective destruction of the thyroid by ast itil e

	

- . 1i,
shown in Figures 14, 15, and 16 .

	

TS

It is obvious that the cyclotron i`s aIn~, , 4T,
tremely useful tool for n-iedical research . Ih olili r I ' 1
wishes to consider the aspects of investigativ e

Figures 13-16 (opposite page) :
Figure 13 (upper left) . Roentgenograrn

and corresponding strontium radioautograph of_r .
a thick section of an amputated leg from a pa= -
tient with osteogenic sarcoma: The region of -
the tumor, indicated by an arrow on the roent<- _
genogram, has extended out into the surround
ing soft tissue . The radioautograph ,jlemomi-
strates that there was considerable deposition
of radio strontium in the region of the tumor ,
some concentration in the normal bone, notably'
the epiphyseal line, and relatively little present .
in the soft tissue.

Figure 14 (upper right) . 'Normal thyroid' .
and parathyroid tissue of the rat . The para-
thyroid tissue is the dense cellular mass at thg,
bottom of the photomicrograph .

	

-
Figure 15 (lower left) . The clianges ppot,

duced 41 days after the administration of 41
microcuries of Astatine 211 . Note only- the
periphery of the thyroid shows any morn* -
looking tissue . The parathyroid appears un-
damaged .

	

f

Figure 16 (lower right) . The effect of = 80'
microcuries of Astatine 211 after -41 days . No
recognizable thyroid tissue remains and We . -
parathyroid shows no evidence of radiatio n
injury.





4,

Figure 17 . 20 million volt deuteron beam from the 60" Medical Cyclo-
tron in the Crocker Laboratory . The beam is about 2 meters i n
length and the end of it is striking the solid steel frame of th e
magnet which weighs about 200 tons. This machine was designe d
and built by Professor E. O. Lawrence and his associates in 1938 .
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effort in all the life sciences, the value of the
cyclotron becomes much farther extended. It
must be kept in mind that the chain-reacting pil e
and the cyclotron are in no sense competitive de-
vices, but rather that each has a role which it ca n
uniquely perform . As sources of radioisotopes,
these two instruments complement one another .
Throughout the country, it is a frequent observa-
tion that in those institutions which possess cyclo-
trons capable of preparing significant amount s
of radioisotopes for biological and medical re -z

	

.

	

ti

search, the investigative work in such areas lean s
heavily upon this source of supply even though
there is a larger variety and quantity of radio -
isotopes available from the Oak Ridge Nationa l
Laboratories. Figure 17 presents a photograph o f
the 20 Mev deuteron beam from the 60-inch cy-
clotron at the Crocker Laboratory . Table 5 lists
a number of radioisotopes which either cannot b e
produced in the chain-reacting pile or are prefer -
ably made by the cyclotron for use in medical
research.

Biochemical Effects of Ionizing Radiation s
H. A . KORNBERG

THE term biochemical effect of ionizing ra-
diations suggests at least two lines of work

that may be applicable : (1) the changes in blood
chemistry that may be observed in an animal re-
ceiving a large dose of radiation, and (2) the
mechanism of radiation damage. I should like
to restrict this talk to a review of our presen t
state of knowledge concerning the latter . For
the problem of clarifying the mechanism fo r
radiation damage carries with it mote
than its immediate applicability in the event o f
a national emergency. Lest the impression i s
given that the mechanism is known, it should be
stated that the contrary is true . An attempt will
be made, however, to tell of the tittle we do I nacl w

~` and guess to be the mechanism of radiation dam-
age ; and, as it is here considered, it will becom e
apparent that a vast amount of work yet remains
undone-questions that must be answered before
satisfactory progress may be made in preventing
or curing the biological effects of radiation.

Types of radiation which are considered may
be placed in two categories : (1) the light particle
group, including beta, gamma, and X-rays, and
(2) the heavy particle group, which includes al-
pha particles, neutrons, and fission recoils . Un-
less there is an energy interchange between thes e
particles and the tissue through which they pass
nothing happens to the living cells . J th. e
of the light particle groups, all men

4lTf bid
electrons. Beta rays are themselves fast elec-
trons, and the energies of gamma and X-rays are
transferred to electrons by the photoelectric effect ,
by the Compton effect, or by pair production. In
any case, it is these electrons which actually trans-
fer energy to the molecules of the material . Elec-
trons lose energy in traversing matter because a

rapidly moving charge perturbs the electronic
system of molecules, causing electronic excitation
or ionization .

The ions in the heavy particle group are also
fast moving charges which produce electronic
excitation and ionization in the materials they
traverse. Their effects are, therefore, in many
respects similar to those of the light particle ra-
diations. Since the heavy particles have much
shorter ranges in matter than electrons of com-
parable energy, ionization along their paths is
much denser and this may result in minor differ-
ences in effect .

The difference in density of ionization is illus-
trated as follows :

	

Ions per micron of tissue

	

Atomic particl e
8.5-460	 Electron

	

290-1,100	 Proton (and neutron )

	

3,700-4,5Q0	 Alpha particle
9,000-1344,000	 Ionizing particle

(fission products )

The type of atoms ionized is not dependent o n
the type of ionizing particle, but on the proportion
of elements present . For a filament of hydrated
nucleoprotein the particular atoms ionized are
picked out at random, but the numbers of each
kind are roughly proportional to the proportio n
by weight of each element in the medium .

The number of atoms ionized when a proton
crosses a thread of nucleoprotein 0 .1 micron in
2iiame er t

H C N 0 P S

	

14

	

49

	

16

	

25

	

1

	

0 . 5
Neutrons lose energy chiefly by elastic col-

lisions with nuclei of material through which they
pass to produce ions . Thus, just as the effect of
gamma and X photons is that of fast electrons ,
the effect of fast neutrons is that of fast ions . In
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addition, nuclear reactions, such as N 14 (n,p)C14 ,
may result with slow neutrons.

Turning now to the effects that radiation-pro-
duced electrons have on the chemistry of livin g
tissue, we shall investigate the interactions o f
electrons and ions on covalent compounds . Co-
valent compounds are those in which the valenc e
contribution of any two atoms bonded together i s
alike, as in a methylene group, common in bio-
logical material and which is illustrated accordin g
to the Lewis octet theory b y

H

:C :

H

It is important to note that the energy require d
to ionize one of the atoms in a molecule is always
greater than that required to break a bond within
the molecule . Thus, if an electron is knocked out
from the CH 2 , the resulting methylene ion will
have sufficient intrinsic energy to disrupt itself t o
form H and OH radicals . The ejected electron
itself frequently possesses sufficient energy t o
cause further ionization just as the initiating elec-
tron did, but the main point is that ionizing radia-
tions produce mostly free radicals or atoms fro m
the covalent compounds which make up the bulk
of living material .

Now it might appear that as far as a living cel l
is concerned, the primary action of irradiating i t
is that of producing radicals from the disruption
of organic molecules that carry on the life proc-
esses, and we may be tempted to say from thi s
that the damage we observe is due to the breaking
of bonds within the organic molecules. A few
simple calculations will tell us whether this is a
reasonable conception . We shall calculate whether
we would ordinarily have sufficient energy vail-
able during irradiation to break a small percentage
of carbon-hydrogen bonds in a gram of tissue .
The procedure will be first to find the number o f
electron volts required to rupture the C-H bonds .

1 r = 1 esu/cm' air, or 800 esu/g ai r
1 electron = 4.8 X 10-10 es u

	

800 esu/g air

	

800
1r=	 -	 =	 eln/g air

4 .8 X 10-10 esu/eln

	

4.8 X 10-1°

Since it takes 32 ev to remove 1 electron fro m
the average air molecule, we may now find th e
number of electron volts 1 r produces .

800
1 r =	 eln/g air X 32 ev air/eln

4 .8 X 10-'°
' = 5 .3 X 10' ev/g

The C-H bond is a fair representation of the
average bond in animal tissue . We shall assume,
for practical purposes, that our 1 g of tissue
represents only C-H groups . The bonding energy
of the C-H group is known to be about 25 ev .
Now let us see what bonding energy is contained
in one gram 'of C-H groups :

1 g m wt of C-H = 6 X 10' C-H group s
M.W. C-H = 13

6 X 10'
1 g C H=	 C-H groups

1 3
= 0 .5 X 10 C-H bond s

The energy required to break all the bonds in the
1 g will then be

Eb = 0 .5 X 10' C-H bonds/g X 25 ev/C-H bonds
=13X10'ev/g

Since we have found the number of electron volt s
produced by one 1 r, we easily find the number o f
roentgens necessary to break all the bonds :

13 X 10' ev/g = 2 X 10'°r
.

5 .3 X 10" ev/g/ r

It is unreasonable to assume that all the bonds
must be broken. But even if we say that 1 pe r
cent of the bonds must be ruptured to produc e
biological damage, . we still need 200 million ■
roentgens. If the "tolerance dose" were 1 thou-
sand times the present figure, it would still tak e
about 8 thousand years to acquire radiation sick-
ness, assuming no healing occurred .

This not only illustrates the extreme sensi-
tivity of biological systems to radiations, but
points out very obviously that the path of chemi-
cal attack is not a direct one . We must look t o
other mechanisms. The abundance of water in
the living cell offers a promising clue .

When water is irradiated with any type o f
ionizing particle, decomposition occurs . The firs t
observers in 1905 noted that hydrogen and oxy-
gen evolved from irradiated water. Many years
later it was concluded that the gases evolved wer e
due to impurities, and that in absolutely pur e
water no decomposition takes place. Within the
last two years it has been shown that even pur e
H 2O decomposes under the effects of gamma o r
X radiation at a rate perceptible by sensitiv e
hydrogen partial pressure determinations . The
reactions involved are generally simplified as fol-
lows :

(1) Ea+HDO=H2O*+ e
(2) H2O* + H2O = H 2O* + OH (+ energ3;)
(3) e+H2O=0H-+H _
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The electron ejected from the water molecule i n
reaction (1) travels some distance before it i s
slowed down to react with another molecule o f
water as in (3) . Thus, the oxidizing and reducing
radicals, OH and H, are produced at a distance
from one another . The hydroxyl radical may
itself react with a cell constituent or produc e
hydrogen peroxide to act as an oxidizing agent :

(4)

	

OH + OH = H2O 2
The first three reactions occur to approximatel y
the same extent in all aqueous solutions and pur e
water . If no solutes are present to use up the
products as formed, back reactions occur to a
degree which all but block out reactions, initiate d
by gamma or X rays :

OH+H2=H2+ H
H + H202 = H2O + OH

H2 + H2O, = 2H2O

However, if a solute is present there appears to b e
a linear relationship between the number of mole-
cules brought into reaction and the number of io n
pairs produced in the solution . This effect, called
"ionic yield, " holds except for very low (10-6 to
10-6 molar) and very high concentrations . When
more than one solute is present there is a "protec-
tion" effect, demonstrated by Dale for the enzym e
d-amino-acid oxidase which contains the pros-
thetic group alloxazin-adenine-dinucleotide :

Substance
Molecula r

weight

Relativ e
protective powe r

per µg
Tobacco mosaic virus	 48X10° 30
Crystalline egg albumin .... 4 X 10' 1 7
Glucose	 180 34 .

	

'
Formate (H-COO Na) 45

	

- . 320
Oxalate (COO Na)	 88 1 . 5

(COO Na)
NH2

C = S Thiourea 76 1,120 .

	

•
"

NH2
NH-CO
I

	

I
C

	

CO
I

	

I
13Alloxan NH-CO	 142

With alpha particles the radicals formed ar e
bunched in a narrow region along the track of th e
alpha particle, and the H and OH radicals forme d
react to give H 2 and H 20 2 . The biological
significance is apparent here. H20 2 is much
more reactive than dissolved hydrogen . Addi-
tionalIy, it has been found that the reducing action
of irradiated water is favored by a low pH, whil e
at neutral pH 's and greater (blood is 7 .2) the
water acts as an oxidizing agent .

You may guess that it should be possible t o
protect a biological system from radiation damag e
by putting it into a reducing environment . This
has actually been done . Some enzyme solutions
that catalyze certain reactions are soon rendere d
powerless under the influence of X-rays . How-
ever, if sodium nitrite, a good reducing agent, i s
added to the solution, the X-rays will not inacti-
vate the enzyme . But this is with an isolated en-
zyme system. It is another matter to get a good
reducing agent into a living cell in sufficien t
quantity to afford protection without killing the
cell .

Before concluding our survey of radiation
effects on simple materials, some remarkabl e
results with colloidal materials should be men-
tioned. The importance of these experiments t o
radiobiology becomes apparent when it is recalle d
that the chemical entities of all living matter oc-
cur as biocolloids . Crowther and collaborator s
have found that the electrical charges on colloidal
particles, the charges that are responsible for thei r
stability in colloidal suspension, are extremely
sensitive to irradiation. The charge is either in-
creased or decreased in turn as irradiation pro-
ceeds. There is no satisfactory explanation no w
for this phenomenon, but its application to the
mechanism of irradiation damage must some da y
be clarified, since as little as 1 r can give the effect .

We are now in a position to delve into th e
mechanism of biological damage . In general,
biological systems consist of chemicals dissolved
or suspended in water saturated with oxygen . The
effect of radiation on such systems is taken a s
one of chemical intoxication due to the oxidizin g
action of the OH radical .

Knowing this then, we may look inside th e
living cell to ascertain which class of chemical s
present is most important to the life of the cell .
Keeping in mind that life manifests itself by th e
ability of the organism to metabolize food, t o
grow, and to reproduce, our search will lead u s
to those substances which control these processes .
And these substances are, of course, the enzymes.
Hardly a single process occurs within the living
cell-from the building of nucleic acids for th e
genes to the simple expulsion of carbon dioxide
-that is not controlled by one or another of these
biochemical catalysts .

Some initial tests of the theory that radiation
damage occurs via enzymes occurred more than
two decades ago when the Warburg technique
was applied in attempts to observe changes i n
metabolic rates of yeast cells . CO2 yields of ir-
radiated and nonirradiated cells following a perio d
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of respiration were almost alike . This is rather
surprising, since for the metabolism of a singl e
molecule of glucose to 6 molecules of CO2 about
a dozen enzymes are involved . However, the
growth of the cells measured after irradiation and
incubation indicated that cellular division wa s
inhibited but not metabolism to any comparable
degree . This led to the conclusion that irradiatio n
inhibits mitosis but metabolism is affected only
slightly .

Another search for enzymatic inhibition in-
volved the irradiation of an isolated enzyme solu-
tion wherein it was found that the enzyme coul d
be sufficiently irradiated to render it impotent a s
a catalyst of the reaction used to test its activity .
But the amount of radiation which had to be used
to do this would have "fried an egg"-up in the
thousands of roentgens . As little as 10 r are suf-
ficient to cause a change in mitotic rate. Again,
we see the conclusion that irradiation inhibit s
mitosis but not metabolism .

Just as we guessed at enzymes as being th e
point of attack, so must we now look into the
enzyme itself to find what part of it might be sen-
sitive to irradiation . First of all, each enzyme has
a special orientation, and many physical and
chemical agents will change the pattern of the
molecule. The worker who found thousands o f
roentgens necessary to inactivate the enzyme
simply denatured it in the process .

Another possible weak point in enzymes that
has received little attention in irradiation studie s
is the coenzyme. Since many of these are B vita-
mins, several of which are most sensitive to ligh t
energy, it may be expected that irradiation should
damage them. One of the several light-sensitive
B vitamins is pyridoxamine, and apparently some
experimentation on this substance is progressing .
Its structure is such as to permit destruction b y
action of the oxidizing agent or by direct elec-
tronic excitation. Pyridoxamine is used in living
cells as the coenzyme for the enzymes transa-
minase and decarboxylase . The latter, as the
name indicates, removes carboxyl groups from
certain amino acids :

decarboxylase
Histidine

	

-* CO2 + Histamine

Thus if radiation destroys pyridoxine, decarboxy-
lase would be inactivated and histamine would no t
be formed. That this may be plausible has been
brought out in a recent publication in which it ha s
been found that hydrochloric acid deficiency i n
the stomach results early in radiation sickness,

and histamine is one of the agents that stimulat e
the flow of gastric juices .

A third method for enzyme inactivation b y
ionizing radiations is through the destruction or
combination of essential groups within the pro-
tein part of the molecule . A large number o f
enzymes requires the presence of a sulfhydro
(-SH) group for activity ; this group is sensitive
to oxidizing agents .

The source of the -SH groups is the amino
acid cysteine, which occurs in most proteins . It
follows that the easily oxidized -SH groups i n
enzymes may react as follows :

20H
2 R-SH

	

R-S-S-R
2 H

Active

	

Inactive
enzyme

	

enzym e
Barron of Chicago postulated that irradiation of
these enzymes in solution should inhibit their
activities by oxidation of the -SH group, and tha t
this inhibition will be reversible, as S-S groups
may be reduced with a suitable reducing agent.

A large number of sulfhydryl enzymes ha s
been investigated . 100 r and less were found to
inactivate a sufficient percentage of them to ac -
count for much of the damage an irradiated cell
experiences. Then too, it was found that more
enzyme was inactivated at lower pH 's because
more 11 202 was formed in the more acid solu-
tion .

Activit y

pH Control X-rayed Inhibition

6,2 122 3 .86 63 per cent
8.3 16.6 10 .4 32 per cent

Activity in arbitrary units. See Barron .

These data were obtained by using phospho-
glyceraldehyde dehydrogenase in phosphoglycer-
aldehyde (oxy) diphosphopyridine nucleotide ,
Na 2HAsO4 , and pyrophosphate buffer and water ,
and following the rate of formation of reduce d
diphosphopyridine nucleotide.

That the irradiation reaction was one of tru e
chemical oxidation was shown also by reversing
the inactivation . After the natural catalytic activ-
ity of the enzyme had been inhibited by irradia-
tion, it could be made active once more by mixing
the enzyme with the biological reducing agent ,
glutathione . Representing glutathione by GSH
the reversal of the inhibition is :

R• s-s R + 2°sa -' 2 R-SH + GS-S G
Inhibited

	

Active
enzyme

	

enzyme
[GS-SG = oxidized glutathione ]
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The reactivation depends somewhat on the degree
of inhibition : when the enzyme was 21% inhibite d
there was complete reactivation on addition o f
GSH ; when the enzyme was 50% inhibited ther e
was 62% reactivation ; when the enzyme was
100% inhibited there was only 10% reactivation .

That the enzyme could be made active again
suggests several things. If the glutatione i s
added prior to irradiating the enzyme, would i t
afford protection? This was tried and found to
be true. Then perhaps glutathione can be used as
a prophylactic to prevent a cell from suffering th e
effects of radiation . Unfortunately, glutathione is
too large a molecule to get into the cell in an y
satisfactory concentration ; but then a smaller
molecule as a reducing agent might be useful . It
is possible to make some cells soak up to a limite d
extent such reducing agents as vitamin C (ascor-
bic acid) and cysteine (the active molecule in glu-
tathione) . In fact dogs have been fed large quan-
tities of ascorbic acid and then irradiated, but the y
died as quickly as the ascorbic acid deficient con-
trols . The reasons for this are probably two frus-
trating factors : (1) The presence of any reducing
agent in a cell will change the cell's oxidation -
reduction potential, and the cell tends to oppos e
this change just as it opposes changes in pH .
(2) The other factor, dependent on the first, is
that ifa cell is supplied with more of a substanc e
than it needs it often stores it away. However ,
the reaction can be forced, as has been recentl y
shown by Patt, of Argonne, who raised the LD5 0
of dogs by injecting them with relatively larg e
quantities of cysteine directly before irradiation .

The trick is to find a reducing agent which
will be absorbed by the cell but which will no t
change its oxidation-reduction potential until nec-
essary. These substances are similar to buffers
used for maintaining a constant pH, and quinhy-
drone is an example. But giving a cell quinhy-
drone is like feeding it carbolic acid .

Returning to Barron 's work, he found that i n
every enzyme he investigated which contained a
sulfhydryl group readily available for reactions ,
inhibition of enzymatic activity occurred upon
irradiation. One of the enzymes so inhibite d
catalyzes a reaction that makes 10,000 calories o f
energy available each time one molecular weigh t
of the substrate is broken down by the enzyme .
Thus we can account for a loss in energy availabl e
to a cell which has been irradiated. Perhaps th e
muscular weakness observed in an irradiate d
animal is due in part to this . Another sensitive
sulfhydryl enzyme, urease, catalyzes the break -
down of urea :

NH2

H20+C=0-CO.+2NH,

NH2

It may have occurred to you that if enzymes are
being attacked, a reasonable treatment for X-ra y
intoxication would involve increasing the rate
with which new enzymes may be manufactured b y
the body cells . Such an orientation of metaboli c
activities toward protein synthesis may be pos-
sible, and has been suggested by Barron as a
therapeutic measure .

To give you an idea of the sensitivity of these
enzymes, Barron found that as little as 4 r cause d
the embryos in grasshopper eggs to respire at a
rate less than normal for several hours .

We sometimes hear the term "latent period "
used to describe the interval of time immediately
following exposure to radiation until the usua l
physiological effects are observed . Following ir-
radiation no "latent period" actually exists . From
what has preceded, we saw that many enzyme
reactions are immediately slowed down . Diarrhea ,
the "symptom" of intestinal damage, appears 2 to
3 days after irradiation. That the diarrhea was
not caused by increased peristalsis of the alimen-
tary canal was shown by a worker who removed
the small intestines from cats, exposed section s
of the material to X irradiation, and observe d
motility. No increase in movement of the intes-
tine was noted over that of unexposed control
sections . However, when radiated sections of gut
are allowed to respire in glucose solutions mono -
metric measurements show that the oxygen uptak e
is less than that of nonirradiated controls . Anal-
yses for the quantities of glucose which remai n
in solution surrounding the irradiated and non -
irradiated sections furthermore indicate a de -
creased absorption of sugar . From this we see
that after giving an animal a dose of radiatio n
sufficient to cause intestinal damage, the cells of
the gut metabolize more slowly and in addition
glucose absorption from the intestinal tract for
the blood is impaired . The lowered concentratio n
of glucose in blood would contribute to the inani-
tion observed in an exposed animal ; and the pres-
ence of higher than normal amounts of glucose i n
the gut will cause the diarrhea observed . No doubt
the absorption of other substances through th e
intestinal wall is inhibited as well . This has been
proved only for glucose .

Until now nothing has been said about the
changes that occur within the nuclei of cells whe n
irradiated to produce either a decreased mitoti c
rate or a genetic change. That the production of
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OH radicals plays an important role here as well
has been shown by getting similar slowing dow n
of growth and similar genetic changes when th e
cells are placed in hydrogen peroxide . The nu-
cleus is of utmost importance to cell division an d
to the genetic characteristics of succeeding gen-
erations. It has been observed that it takes severa l
hundred times as much radiation to produce a
decrease in mitotic rate when the nucleus wa s
shielded from the radiation as when the nucleus
as well as the cytoplasm were exposed .

Just what happens to the large molecules
called nucleoproteins, the substances that make u p
the genes, has been worked out to some extent .
By means of radio phosphorus it has been show n
that the ribose nucleic acid present in the cyto-
plasm of the cell is broken down by the enzyme
ribonuclease into nucleotides . These smaller sub-

Ribose nucleic aci d
E- (ribonuclease )

ribose nucleotide s

	
I

I
	 E- (nuclear membrane )

ribose nucleotides

desoxyribose nucleotide s
I

	

(dehydrogenase)
desoxyribonucleic acid s

I

	

(desoxyribonucleinase )
desoxyribonucleoprotein

stances can then pass into the nucleus where th e
ribonucleotides are converted into desoxyribos e
nucleotides and then eventually built up int o
desoxyribonucleoprotein which is presumably an -
other number for genes . If this chain is inter-
rupted anywhere along the line, genetic structure
may change to produce an offspring unlike th e
parent or may even inhibit any sort of offspring .

To ascertain the point of attack in the nucleu s
by radiation has been the subject of several theo-
ries, none of which seems satisfactory. Any-
body's guess is welcome . Amounts of radiation
that barely inhibit mitosis have no effect on the

two nuclei that break down the nucleic acids and
later build them up. It cannot be that these en-
zymes lose their efficiency . However, a dehydro-
genase must be present to convert the ribose nu-
cleotide into a desoxyribosenucleotide . The ribos e
part of the nucleotide must be converted as fol-
lows :

C-H

	

C-H
HC-OH

	

HCH + H2 O
I

	

4- 2H

	

I
HC-OH	 - HC-O H

I
HC OH

(dehydrogenase)
HCI

I
-OH

H2C-OH

	

HZC
I
-OH

The dehydrogenase enzyme required to catalyze
this reaction must pick up the 2 H's it gives to
the ribose from some other molecule, which i t
dehydrogenates, hence the enzyme 's name. We
may expect irradiation to inhibit this reaction i n
two ways : (1) the OH radicals produced by the
radiation will absorb all easily available H atoms
and make them unavailable to the dehydrogenase ,
(2) the dehydrogenase itself may be a sulfhydry l
enzyme which would be rendered useless for th e
required process by oxidation of the SH groups .

We reviewed some of the postulates for th e
mechanism of radiation damage . It is quite ap-
parent that the answers are still to be obtained i n
the distant future . A similar challenge to science
has seldom been encountered previously . Whether
we shall see within the next decade the work tha t
will contribute in a defining step to the elucidatio n
of the problem is a matter of conjecture and de-
pends on the number of workers actively engaged .
At least some hints as to the possible approache s
have been made apparent during recent years, an d
their successful pursuit awaits recognition of the
promised benefits, not only toward alleviating th e
devastating effects of atomic warfare, but in th e
control of roentgen therapy and in the added
knowledge which it will bring to the life process
itself .

Safety and Health Consideration s
WILLIAM A. MCADAMS

V NTIL the past few years, the only radioac-
tive materials available for laboratory work

were the naturally radioactive elements and smal l
amounts of a few other materials irradiated in th e
cyclotron . The development of chain-reacting piles
has made it possible, in many locations, to do ex-
perimental work with a large number of radio-

active materials . It is therefore important tha t
safe techniques and procedures be thoroughly de-
veloped by all personnel who intend to make us e
of these radioisotopes in the laboratory .

Shortly after the discoveries of X-rays an d
radioactivity, scientists observed some of the bio-
logical effects of penetrating radiations . Many



MCADAMS-SAFETY AND HEALTH CONSIDERATIONS

	

35

early workers in the field suffered injuries to the
hands and fingers and less frequently to other
parts of the body. Following such cases, steps
were taken to prevent similar exposures . For a
considerable time, however, protective measures
against radiation hazards were the outgrowth o f
specific injuries and were not considered in ad-
vance of new hazards . It has been only during
the past few years that adequate hazard control
has been developed in advance of new problems .
(1) .* Today by observing established procedure s
and tolerances it is possible to work safely with
radioactive materials .

RADIATION UNIT S

Before discussing the various aspects of a
satisfactory protection program, certain radiation
units should be defined . The basic unit of radia-
tion dosage, the roentgen, was adopted by the In-
ternational Congress of Radiology in 1937. It
is defined as "that quantity of X or gamma radia-
tion such that the associated corpuscular emission
per 0.001293 gram of air, produces, in air, ion s
carrying one esu of quantity of electricity of eithe r
sign." The roentgen corresponds to the absorp-
tion of ,83 ergs per gram of air and this is usuall y
considered equivalent to the absorption of 83 erg s
per gram of tissue.t (1 )

Since by definition the roentgen includes only
X and gamma radiation, H. M. Parker define d
another unit which can be used for expressing
the dose of any radiation . This unit, the Roent-
gen Equivalent Physical, usually abbreviated rep ,
is defined as that quantity of any ionizing radia-
tion which produces energy absorption of 83 erg s
per gram of tissue .t

Both the roentgen and the rep are used to ex -
press energy absorption in body tissue . Another
unit, the curie, is used to denote quantity of radio -
activity . By original definition the curie is that
quantity of radon in equilibrium with one gram o f
radium. However, through common usage, the
curie is now used also to express the number o f
disintegrating atoms present . On such a basis,
one curie is defined as 3 .7 X 10 10 disintegration s
per second. A curie of C 14, then, is the amount
of C14 necessary to give 3 .7 X 1010 disintegra-
tions per second .

HAZARDS IN HANDLING RADIOISOTOPES (2 )

In handling radioisotopes four general type s
of hazards must be taken into account . These

* Reference numbers in italics refer to Bibliography (page 40) .
t Subsequent to presentation of this paper, national and inter -

national committees have agreed that the roentgen is equivalent to
the absorption of 93 ergs per gram of tissue .

may be listed in the order of their importance a s
follows :

(1) Deposition of radioisotopes in the body .
(2) Exposure of the whole body to gamm a

radiation .
(3) Exposure of the whole body to beta ra-

diation .
(4) Exposure of the hands or other limited

parts of the body to beta or gamma radiation .
Each of these hazards will be describe d

briefly.
(1) Deposition of radioisotopes in the bod y

may result from (a) ingestion, (b) in -
halation, or (c) absorption through the
skin .

(a) Ingestion may occur by acciden-
tally drinking an active solution or mor e
frequently by the accumulation of smal l
amounts from contaminated hands, cig-
arettes, or other items brought to the
mouth. The hazard of materials ingeste d
may be directly to the alimentary tract, o r
more probably to the organ or organs in
which the materials are concentrated .

(b) Inhalation results when the ma-
terials are concentrated in the air in th e
form of gas, vapor, or dust . The hazard
will be by direct irradiation of the lungs ,
absorption of active materials from the
lungs, and elimination from the lungs by
ciliary action followed by ingestion .

(c) Absorption of active materia l
through an open cut or even through the
porous skin is a potential hazard when
more than tracer amounts are handled.
The hazard may be the deposition i n
various organs by way of the blood
stream or directly to the skin at the point
of entry. (Tumors, resulting from the
retention of activity in the skin, have
been observed. )

(2) Exposure of the whole body to gamm a
radiation, according to most authoritie s
until very recently, should not exceed
100 milliroentgens per 24 hours . Sub-
committees of the National Committee o n
Radiation Protection have now agreed
unofficially that the permissible value
should be changed to 300 milliroentgen s
per week. (3) Either tolerance is prob-
ably safe so far as bodily injury is con-
cerned. The possibility of genetic change s
in later generations, however, certainly
makes the 300 milliroentgen per week
tolerance more acceptable .
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(3) When the whole body is exposed to an
external source of beta radiation, only
the outer layers up to a few millimeters
in thickness are irradiated. Nevertheless ,
the tolerance should be the equivalent o f
the gamma tolerance or 300 mrep pe r
week .

(4) Experience with radium and related com-
pounds has shown that a higher exposur e
level to the hands is probably safe . A
value of 1 roentgen per week for gamm a
or 1 rep per week for beta is now being
generally accepted .

The last three of these four general hazards
are less of a control problem than the first . Pro-
tection is a matter of - providing adequate shielding
and following working time limits . When con-
sidering the deposition of materials in the body ,
however, the radiotoxicity of each isotope must
be determined and individual tolerances estab-
lished.

TOXICITY OF RADIOISOTOPES DEPOSITED IN TH E
BODY

The toxicity of any radioisotope may be esti-
mated by considering the following factors :
(1) the radioactive half-life of the material,
(2) the energy of the radiation, (3) the method
of intake into the body, (4) the final depositio n
of the material in the body, (5) the degree of ab-
sorption from the gut or lung, (6) the rate o f
elimination from the organ or organs affected.
The half-life and energy of the radiation are ac-
curately known for most isotopes which will be
used in the laboratory. When the material being
considered is not known, decay and absorption
curves may be plotted to determine approximat e
values for the half-life and energy . Chemica l
analysis may be necessary to identify the isotope
positively .

Information about the deposition, absorption,
and elimination of any radioactive material ca n
be obtained only by actual experiments with ani-
mals . Some experiments have been carried out
for a large number of isotopes but data for mos t
are very limited. Specific tolerances for indi-
vidual isotopes are calculated by using the bes t
biological data available, by extrapolating thes e
data from animals to human beings, and by mak-
ing a few intelligent guesses and assumptions .

It was pointed out earlier that when the whol e
body is exposed to beta radiation the exposur e
rate should not exceed 300 mrep per week . It
follows then that if some beta emitter is take n
into the body and eventually is deposited in some

particular organ, the exposure rate to that _o_rgan
should not exceed 300 mrep per week. There-
fore, the tolerance amount of any radioitptbpe
taken into the body is the amount which will i -
duce an exposure rate of 300 mrep• per- w elk to•
the organ where the isotope is deposited .

	

-
The following equation developed by Cohn-(4)

early in the history of the plutonium prOj,ect finny
be used to calculate a tolerance dose for any iso-
tope :
*D.R.=QXd/sXs/weekXev/dXergs/evXr/ergXi'/w

=QX3.7X10"X604,800X EX1.6X10-''Xr/83X1/~'U -
430 EQ

W
Where D .R. = the dosage rate in rep: .per week

E = the average energy in MEV .
Q = the pc deposited

	

_
W = the grams of tissue affecte d

Thi§ tolerance dose will decay radioactively .an d
be eliminated to some extent by way of the urine;
feces, or any other of the natural body proce-sseg.
The following equation may be used to eaictAte' '
the constant rate of concentration of a radioactive . -
material being fixed in an organ to produce -the " -
tolerance rate of 300 mrep/week . -

K = Q(Xr+Xe )
Where K = the rate of concentration in µe/wee k

Xr = the radioactive decay constant
Xe = the elimination constant.

These equations have been adapted to calculat e
tolerance concentrations in air, water, -etc.,. and
for many other special cases. (5) (6)

	

-
Table 6 shows typical tolerance values -tor- _

C14 , P 32, and S 35 . The data in the table are. sing;'-.
gested tolerances only . When more biological
data are available these values may change in
either direction . The laboratory worker should
strive for the minimum exposure to radiatio n
and should not be satisfied to work at levels nea r
the tolerance if it is possible to do the job with -
less exposure.

DETECTION METHODS

Safe working conditions in any radiation wet-lc
can be assured only by the use of reliable moni-
toring instruments . By the proper selection and -
use of instruments it is possible : (1) to nieasure_ '
the cumulative exposure to each iiidivi;dual " .
worker ; (2) to evaluate the amounts and types _
of radiation present in any location ; and (3)_ to

" Since the roentgen now is considered equivalent . to the ab-
sorption of 93 ergs per gram of tissue, this equation become s

385 EQ
D .R. _	

w
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determine the amount of radioactive contamina-

tion present in the air, water, or on surrounding

surfaces .

Personnel monitoring involves use of pocket

ionization chambers, film badges, finger rings ,

hand and shoe counters, and portable survey

meters .

Every radiation worker should wear a pocket

ionization chamber throughout the course of his

work. Each of such chambers consists of a well -

insulated wire electrode enclosed in a plastic cyl-

inder. In actual practice, the center wire elec-

trode is charged to a fixed voltage which in a

field of radiation is dissipated according to the

amount of exposure . Such pocket meters are

available from several instrument companies and

are generally designed to measure dosages up to

more than 200 milliroentgens. Ordinarily the

available chambers will not detect beta radiation .

When the isotopes being used do not emit gamma

radiation, special chambers should be provided .

These meters should be read and recharged daily.

In addition to a pocket ionization chamber ,

each radiation worker should wear a badge con-

taining film packets which will also measure ra-

diation exposure. This badge should be con-

structed so that a portion of the film packet is

left exposed to detect the beta activity. The re-

mainder of the badge should be shielded with a

metal covering, e .g., silver, which will shield out

the beta component and detect only the gamm a

flux. At least two separate film emulsions should

be included in the film package to measure both

low level and high level exposure . Film badges

of different types are available from severa l

vendors. Film packages containing film of two

sensitivities are available from most photographic

companies .

Many times in the laboratory, exposure fro m

radioisotopes will be directly to the hands. Pocket

chambers and film badges being worn may actually

be several feet from the source and will not be a

true measure of the exposure to the hands . Spe-

cial finger rings for holding small disks of film

have been designed for such cases . They should

be used when radioactive materials are being

handled at short range .

Experience has shown that if a person work-

ing with radioactive materials becomes contami-

nated, the contamination will probably show on

either the hands or shoes. Counters have been

designed to monitor both hands and shoes in a

single operation. These counters should be avail-

ble to all radiation workers and counts should be
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taken before eating, smoking, at the end of each
job, and whenever contamination is suspected .
Recent developments indicate that such counter s
will soon be adapted to detect very soft beta
emitters .

Every location handling radioisotopes should
be equipped with a number of specialized instru-
ments for detecting radiation and contamination .
These instruments should be calibrated periodi-
cally with known sources . Many beta and gamma
portable survey meters are now available . Sev-
eral of these instruments are reliable, direct read-
ing meters which will hold a calibration for a

' substantial period . Most of these are provided
with a shutter which can be opened or close d
over a thin window in the chamber . Such instru-
ments will detect both gamma and beta radiatio n
and will help to evaluate each component .

General radiation meters should be used when

1~r.

	

Itri.

	

. 1 I . , j =

working with any radioactive material : (a) to de-
termine the actual dosage rate at various distance s
from .the source, and (b) to establish safe work-
ing time limits . Table 7 lists a few of the avail-
able instruments .

Contamination survey meters are used. In
general, instruments used for contamination sur-
veys of equipment, benches, floors, etc ., need be
only qualitative. Once contamination is discov-
ered work should be discontinued and the con-
tamination cleaned up before it becomes wide-
spread . However, when contamination does oc-
cur, personnel doing the cleanup work may ex-
pose their hands and perhaps other parts of thei r
bodies to high levels . Several good contamination
survey meters are available which can be cali-
brated . Only a few of these will detect such soft
beta emitters as C' 4, S S6 , or Ca i5 . Table 8 lists a
few of the available instruments .

Instrument Upper gamma range
Number
of scales Remarks

C . P . meter	 5 r/hr 3 Weighs only 4 pounds .

	

Very easy to
handle.

	

Reliable.

Lauretsen electroscope	 1 r/hr 1 Can be equipped with very thin window
to measure beta .

Landsverk-Wollen survey meter 	 .__ . 1 r/hr 2 Has

	

timing

	

circuit

	

which

	

produces
flashes in field of vision.

	

Somewhat
time consuming but reliable .

Victoreen survey meter	 5,000 r/hr 1 Several

	

instruments

	

with

	

different
ranges needed.

	

Useful when chamber
mounted on pole to take readings at a
distance .

	 5 r/hr 3 Can also be used for alpha detection.

' Mention of specific instruments here does not constitute endorsement of these instruments, nor disapprove others .

Instrument Upper beta range
Number
of scales Remark s

Juno	 Background to 15,000 3 Will detect very soft beta in presence
mrep/hr of gamma.

Alpha meter	 Background to 150 mrep/hr 3 Will detect very soft beta .

G . M. meter	 Background to 2 mrep/hr 3 Very

	

sensitive .

	

Lower

	

scale

	

is

	

0 .02
mrep/hr.

	

Will not detect soft beta .

Portable G . M. counter . ._. .	 .. Background to 2-5 mrep/hr Very

	

sensitive .

	

Will

	

not

	

detect

	

soft
beta .

Lauretsen electroscope
(nylon window)	 Background to 23 rep/hr 1 Very sensitive .

	

Time consuming .

	

Wil l
detect very soft beta if designed prop-
erly .

* Mention of specific instruments here does not constitute endorsement of these instruments, nor disapprove others.
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Every laboratory handling radioisotopes should
have some device for collecting suspended radio -
active products from the air. Both precipitators
and filter collectors may be used for this purpose .
In the electrostatic precipitator the dust sample s
are collected on a cylindrical aluminum foil whic h
can be removed from the instrument and place d
in an appropriate counter for analysis . The
filter collector collects the particles on a filter pa -
per which can be removed and counted on stand-
ard laboratory equipment .

Gas activity in the air may be determined b y
collecting samples of the air in evacuated con-
tainers and counting portions of the samples i n
the laboratory . By another method air is passed
through an ion chamber and the ion curren t
measured on a suitable electrometer circuit . A
continuous record of the activity may be obtained
in this manner.

Contamination in water may be detected by
evaporating samples and collecting the residue o n
plates which can be inserted into standard
counters . Contamination in soil, on paper, or
on any other material may be detected by ashing
and counting the residue. Materials which are
oxidized in such operations must be collected and
counted either as a gas or in some other way.

Ordinary counting equipment is not suitabl e
for counting beta particles below an energy of
about 0.2 MEV. It is therefore a difficult 'prob-
lem to evaluate contamination when the materials
involved are soft beta emitters such as S15 and
C''-*hich have a maximum energy range of only
0.15 MEV. At Hanford this problem has bee n
solved with reasonable satisfaction .

When C 14 is the contaminant, the sample to
be analyzed is burned and the carbon collected a s
CO2 gas. The gas is passed though a barium
hydroxide column and is precipitated out a s
barium carbonate. The barium carbonate is
mounted on a suitable plate for counting unde r
an end-window Geiger counter having a mic a
window 2-4 mg/cm 2 in thickness . The method is
the same when analyzing for S 35 except that the

. gas is SO 2 and the precipitate is BaSO4 .
Two important errors in the resultant count

by this method are apparent . Since the maximum
energy of the beta particles is only 0 .15 MEV, a
sizabje number of the particles will be absorbe d
in both the mica window and the sample itself .

The absorption coefficient for the mica windo w
,lam been determined experimentally at Hanford
(8) for beta particles of this energy and is about
0.462. For a window 3 mg/ctn 2 in thickness ,
then, the correction factor will be 4.

Self-absorption in the Ba(CO3) 2 and BaSO4
has also been investigated at Hanford . (8) The
data obtained is present in Table 10 for both C14

and S 35. (The plate used in these experiment s
was 1- inches in diameter. )

Table 10.

Several other methods for detecting soft beta
contaminants have been developed of other loca-
tions and have proved efficient. One developed
by Miller detects Ci4 (9) by converting it to CO2
and using it as the gas in a Geiger counter . An-
other developed by Hennig (10) converts the
CO2 to methane and uses this gas in the counter.

OTHER PROTECTION METHOD S
Laboratory design and equipment, monitoring

in the laboratory, protective clothing, waste dis-
posal, and use of records are all factors in pro-
tection .

Work with radioisotopes should be confined
to specific locations or laboratories and should
not be undertaken in any other quarters . Such
laboratories should have smooth, nonabsorben t
floors such as painted concrete, linoleum, or stain-
less steel, which can be cleaned readily . Floors
should be cleaned by wet mopping or by the . use
of moist sweeping compounds . Dry sweeping
may create an active dust hazard . In gen ral',
other surfaces, equipment, benches, etc ., should
be of nonporous materials and free from crack s
or other openings . Absorbent paper shoutd ,,be
used to cover tables and benches to catch minor
spills .

All laboratory operations with more tba%Very
low level activity should be carried out in coil s
having forced ventilation which will maintain the
air in the room below 10-5 p.c/liter .

Equipment should be designed for the type
and activity level of the material being handled .
For activity above the millicurie level, remote '
handling behind suitable slpields is recommended .
When the activity is principally beta, such ar -
rangements will be unnecessary, but special sam-
ple holders should be -designed to eliminate' direc t

Per cent o f
beta particles

passing
through the

sample
Correctio n

factors

SC 4
Mg of precipitat e

on plate

20	 --

60	
100	

SC"

7 6
60
5 1
36

70
5 6
46
33

1 . 3
1 . 7
2. 0
2.8

1, 4
1 . 8
2. 2
3.0
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contact with the materials . Laboratory equip-
ment and tools used for work with radioisotopes
should remain in the laboratory and should not
be used for other work .

The beta and gamma exposure rates at points
routinely occupied by radiation workers should
be determined at frequent intervals by prope r
detection instruments operated by qualified per-
sonnel . In most cases this monitoring can b e
done by the individual workers themselves, bu t
where large numbers of people are involved ,
selected personnel trained in radiation protectio n
should be employed on a full-time basis .

Workers with radioisotopes regardless of
level should cover normal clothing with laboratory
coats or coveralls . Rubber gloves should be
worn while handling active materials to avoi d
hand contamination and shoe covering or shoes
worn only in the laboratory should be worn i f
there is any possibility of spilling active materials
on the floor .

Protective clothing should be monitored be -
fore removal and if contaminated should be
laundered before reuse . Care should be taken
during the removal of contaminated garments t o
prevent the spread of the contamination to the
person. Special laundry facilities should be ar-
ranged for the use of all groups working wit h
active materials . Before releasing contaminated
laundry to a public laundry, the extent of th e
hazard should be carefully studied .

Dry wastes such as floor sweepings, paper ,
wipes, discarded glassware, etc., should be pack -
aged in waterproof disposable containers . Such
containers should be stored until the activity has
decayed off or until they may be disposed of i n
some manner which will not contaminate public
or private property .

Liquid wastes should be filtered or concen-
trated and handled in the same way as dry
wastes .

An adequate record system is an essential par t
of any radiation protection program. Such rec-
ords have the following functions : (1) to provide
a complete total record for each person exposed
to radiation, (2) to provide a history of the radia-
tion work accomplished and radiation levels en-
countered, (3) to provide a background for stud y
and reevaluation of working conditions if an

overexposure to radiation or a radiation injur y
occurs .

Pocket ionization chamber readings, badg e
readings, and finger film results should be cumu-
lated in a personal file for each radiation worker .
At any time, the total radiation exposure for any
worker should be known . Instances of hand con-
tamination should also appear in this file .

Exposure rates, times, and unusual hazardous
conditions should be reported in some sort o f
log. Reference in this log should be made to th e
particular experiment being done and to the per-
sonnel involved. It is conceivable that much o f
this information, can be included in the personal
notebook of the individual worker, but wher e
several people are involved a separate log i s
recommended .

CONCLUSION

It is evident from this discussion that the saf e
handling of radioisotopes is largely a matter o f
developing suitable working practices and estab-
lishing working tolerances . Thousands of people
today are engaged in work with radioactive ma-
terials . Experience has shown that when proper
procedures are followed, injuries are very rar e
indeed .
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I T WAS Lord Kelvin who said that if we can
measure the thing we are talking about and ca n

express it in numbers, we know something abou t
it ; but if we can't measure it or can't express i t
in numbers, our knowledge is meager and unsat-
isfactory . Thus there is little use in feeding radio -
isotopes to plants or animals or applying them
to chemical reactions unless the results can b e
measured and expressed in numbers .

Some physical measurements are easy to make
and require only simple apparatus ; others are dif-
ficult . The apparatus required for measurement s
in radioactivity is in general complicated and ex -
pensive and is usually contained in black boxes ,
or cabinets, with knobs or dials on the front panel .

It is not necessary to know what is inside
these black boxes in order to use them in biologi-
cal research involving radioisotopes, nor is it
necessary for the operator to be an electronic en-
gineer or a physicist . Nevertheless, it is not only
interesting, but worth while, to know how the
equipment operates, what its limitations are, and
for what applications it is best suited. For ex-
ample, a current advertisement for a Geiger
counter contains the terms "proportional counter, "
"self-quenching," "resolving time," and "scaling
circuit . " In order properly to select equipment
for a particular problem, the prospective user
should know the meaning of these and similar
terms .

The most important device for measurement s
in radioactivity is the Geiger-Muller counter, or
G-M tube, and I shall limit my discussion to thi s
device and its auxiliary equipment . The complete
counter equipment consists of a Geiger-Muller
tube, amplifier, scaling circuit, and register o r
indicator.

The counter in its simplest form consists o f
a cylindrical metal tube about an inch in diameter
and several inches long, mounted within a glas s
cylinder which also supports a wire axial to th e
metal tube . The whole is filled with either a gas
or a vapor, usually at a pressure of a few centi-
meters of mercury. Any gas will do, though
some give better results than others . The size,
shape, and construction of the G-M tube will, i n
general, be different for different applications .
For example, some tubes are provided with a
very thin glass or metal window for the admis-
sion of low energy radiations ; others, for use in
detecting neutrons, contain a neutron absorbing

material such as BF3 . In all types of tubes a po-
tential difference, ranging from a few volts to a
few thousand, is maintained between the meta l
cylinder and the axial wire, the cylinder bein g
negative with respect to the wire .

The action of the G-M tube, which is essen-
tially a special form of ionization chamber, de-
pends on the ionization produced by the ionizing
radiation in the space between the metal cylinder
and the central wire . The positive charges re-
sulting from the ionization are collected by the
metal cylinder and the negative by the wire . Thus
a pulse of current will flow in the circuit of the
battery, or equivalent device used to maintain the
potential between cylinder and wire . If a resistor
R, Figure 18, is introduced into this circuit so

C	 	 I I

Figure 18.

that the current pulse will pass through it, a cor-
responding voltage pulse will be developed acros s
the resistor. This voltage may then be used to
drive an amplifier which in turn may operate a
counting device . The behavior of the G-M tube
depends, for a given tube and a given gas, on the
applied voltage .

If the voltage maintained between the cylinde r
and the wire of a counter tube is so low that the
ions produced by an ionizing agent, such as an a
particle, reach the cylinder and the wire without
producing additional ions, the tube is said to b e
operating as an ionization chamber . The pulse
voltages produced under these conditions are ver y
small . For example, a beta particle may produce
say 1,000 ion pairs, a cosmic ray (fast meson )
about 100, and an alpha particle about 100,000.
Thus the corresponding voltage developed acros s
the counter tube would be of the order of 10-6
volts for the beta particle and 10- 3 volts for the
alpha particle .
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difference between them increases with A . A
counter operating in the range of voltages fo r
which A varies with tube voltage but iA, inde-
pendent of size of the initial pulse is called a pro-
portional counter . It is obvious that a propor-
tional counter can distinguish between different

' types of particles, or radiations, provided tha t
these produce different magnitudes of initial ioni-
zation .

If the voltage across the tube is still further, .
increased, the amplitudes of the pulses will in-
crease . However, as the pulses become very
large, a saturation effect becomes evident so that
A increases with 'oltage less rapidly for large
pulses than for small . Thus A becomes smalle r
for the large alpha pulses than for the smaller
cosmic ray pulses, reaching a limit at which A
is the same for both . The region in which A is
a function of pulse size is called the region of
limited proportionality. At the higher voltage
end of this range the output pulses for both alph a
particles and cosmic rays are equal and have a
magnitude of about 109 ion pairs which is equiva -
lent to a pulse of the order of 10 volts .

With further increase in tube voltage th e
output pulses remain equal in magnitude and in -
dependent of the initial ionizing radiation . How-
ever, if the tube voltage is increased too far a,
continuous arc results, thus placing an upper limi t
to the voltage at which a tube can be operated ,
and hence to the size of the output pulse . The
range between the upper limit of the region o f
limited proportionality and the limit imposed by
arcing in the tube is called the Geiger range . Out -
put pulses of the order of a hundred volts are ob-
tainable in this region, whereas the same initial
ionizing agent may produce an output pulse o f
only 10- 6 volts in an ionization chamber . Strictly
speaking, a Geiger-Muller tube is a counter tuber
operated in the Geiger region . Ionization cham-
bers and proportional' counters have the ad-
vantage of indicating the type of radiation pro-
ducing the counts but have the disadvantage of
producing relatively low output pulse voltages .
The Geiger tube, on the other hand, gives high
output voltages but no indication of the type o f
radiation producing the pulse.

Let us now discuss, in a little more detail, th e
action occurring within a Geiger tube. The elec-, .
tric field between the wire and the cylinder is
radial, and hence stronger near the former than
the latter, and is in such a direction as to acceler-
ate electrons inward and positive ions outward .
The force on an electron is equal to that on a
positive ion at the same point . However, since

A voltage amplification of about 100,000 would
be required in order to bring the output up to 1
volt, which is still not enough to operate most
registering devices . The ionization chamber does
have an advantage in that it will distinguish, by
the size of the output pulse, between alpha par-
ticles, beta particles, and cosmic rays .

An ionization chamber may be connected t o
an electrometer or an electroscope so as to indi-
cate the charge collected during a period of time.
The device is then said to be integrating since it
responds to the total ionization during the given
period rather than to individual pulses of ioniza-
tion .

If the voltage applied across a counter tube
which is continuously excited by mono-energeti c
ionizing particles, say alpha particles from a give n
radioactive material, is continuously increased an d
the size of the current pulses measured, it will be
found that the latter will first increase rapidly ,
then remain essentially constant over a certai n
range of voltages, and again increase rapidly fo r
still higher voltages . The size of the pulse in-
creases rapidly at first because, with increasing
voltage, more of the electrons produced by each
alpha particle are collected by the wire before they
have time to .recombine. In the range of voltages
over which the pulses are constant, all the elec-
trons produced by each alpha particle are col-
lected ; this range in which the only ions produce d
result from the original ionizing event is called
the ionization chamber range . The second in -
crease in pulse size with increase in voltage oc-
curs because the voltage has become high enough
to cause the electrons produced by the initial
ionizing event themselves to produce additional
ions by collision . At still higher voltages the ac-
celeration of the electrons of the original puls e
will be great enough so that the minimum elec-
tron velocity necessary for causing ionization b y
collision is attained in a shorter distance, an d
there will be a number of ionizing collisions be -
fore the electrons reach the wire. The size of the
pulse resulting from this avalanche of ionization
will thus increase rapidly with voltage. If there
are A electrons in the final pulse for each electron
produced in the original ionizing event, the ga s
amplification factor is said to be A . This factor
lies between 1 and 10 7 .

Suppose now that an alpha particle producing
104 ion pairs and a cosmic ray producing 10 0
pairs enter the counter tube simultaneously . The
resulting pulses will have amplitudes of 10,000 A
and 100 A, respectively. Thus the sizes of the
pulses remain proportional to each other but the

~•~■ .

	

.w . .~ , .'s.



YUNKER-THE GEIGER-MULLER COUNTER

	

43

the mass of the positive ion is much larger than
that of the electron, its acceleration will be lowe r
than that of the electron .

Suppose that an avalanche of ionization has
occurred . The electrons will reach the wire be -
fore the positive ions have moved appreciably .
Since most of the ionization is produced near th e
wire where the electric field is most intense, a
sheath of positive ions will remain around th e
wire, thus momentarily annulling the electric fiel d
in that region, with the result that the discharg e
ceases or is said to be quenched . The positive
ions will later move outward to the cylinder an d
release secondary electrons from the metal. If
the tube contains either a monatomic or a diatomi c
gas, the secondary electrons will combine with th e
positive ions and emit high-energy electromagneti c
radiation . This radiation in turn will produce
one or more photoelectrons from the metal of th e
cylinder which will start a new avalanche of ioni-
zation, the positive ion sheath having in the mean -
time been removed from the region of the wire .
This process will repeat itself periodically at a
frequency determined principally by the tim e
taken for the positive ion sheath to travel to th e
cylinder . A Geiger tube operating under these
conditions is said to be non-self-quenching . Some-
thing must be done to prevent the successiv e
pulses from occurring.

If a polyatomic gas, such as methane, or a
mixture of a gas, say argon with a vapor, say
alcohol is used, the tube is made self-quenching.

is is because the polyatomic molecules dis-
sociate before they radiate . Thus the positive
ions in the sheath reach the cylinder, pull out
electrons, dissociate and lose their energy in
radiation incapable of producing photoelectrons
from the metal of the cylinder . The discharge
is thus quenched and the tube is ready for a ne w
ionizing event which will initiate a new aval-
anche and result in a new count . About 1010
molecules are dissociated at each count. Since
there are about 10 20 molecules in an ordinary
counter tube, the maximum life of a self-quenche d

e is about 101° counts . However, when the
ensity of polyatomic molecules becomes too low,

the operation of the tube becomes undependable .
In general the life of the tube is of the order o f
102 counts, which is roughly equivalent to six
months use, four hours per day, 2,000 count s
per minute.

A non-self-quenching tube requires an exter-
nal quenching device. In the simplest case the
coupling resistance R, Figure 18, previously re-
ferred to as the resistance tcross which the output

pulse voltage is developed, may be high enough
to prevent the electrons collected by the wir e
from leaking off until after the positive io n
sheath has reached the cylinder, has been neu-
tralized, and the resulting electromagnetic radia-
tion absorbed . This requires about 10-4 seconds ,
or 100 microseconds, a period which is define d
as the "dead time" for the tube because during
this interval it is incapable of responding to a
second pulse of ionization . In order to accomplish
this quenching the resistance R must be about
10 0 ohms . The electrical capacitance of the counter
tube and circuit is about 10-11 farads which
means that it will take 10- 2 seconds, or 10,000
microseconds, for the electrons to leak off from
the wire and permit the tube to operate again .
Thus the high resistance increases the dead time
from the inherent 10-4 seconds to 10-2 seconds ,
or by a factor of 100, which means that two
counts occurring less than a hundredth of a
second apart will be registered as a single count .
Since radioactive disintegrations occur at random ,
counting errors will result under these conditions .

Electronic quenching circuits may readily be
made to operate in the order of 10-9 seconds ,
which is shorter than the inherent dead time o f
the counter tube . The single pulse multivibrator
shown schematically in Figure 19 is an example



of such a circuit. Its action may be explained i n
terms of two properties of a simple vacuum tube
circuit. The simplest vacuum tube capable o f
amplifying consists of a hot cathode, or electro n
emitter, a grid in the form of a screen surround-
ing the cathode, and an anode, or plate, surround-
ing the grid. If a battery and a resistor are
connected in series between the cathode and the
plate, as shown in Figure 20, an electron current
will flow through the circuit and there will be a
voltage drop across the resistor . Suppose that
the battery potential is 150 volts, the plate curren t
8 milliamperes, the grid voltage -4 volts, and the
resistor 10,000 ohms . The voltage drop in the
resistor will then be 80 volts and the potentia l
at the plate of the tube 150 minus 80, or 70 volts .
If now the grid potential is reduced from -4 volt s
to say -6 volts, the plate current will decreas e
from 8 milliamperes to say 5 milliamperes an d
the voltage will drop in the resistor from 80
volts to 50 volts . The plate potential will there -
fore increase to 100 volts . If the grid is made
sufficiently negative, the plate current will b e
reduced to zero and the plate potential will there -
fore increase to the full battery voltage. Under
these conditions the tube is said to be cut off .
The voltage on the grid is then the cut-off voltag e
for the particular conditions of operation.

The battery in the grid circuit of tube 1 ,
Figure 19, makes the grid sufficiently negative
to cut off the plate current while the second tub e
is conducting because its grid is at cathode poten-
tial . Suppose now that a negative pulse from th e
counter tube is applied to the grid of the secon d
tube so as to drive it to cut-off. The voltage
on the plate of this tube will then rise suddenl y
to battery voltage, thus applying a positive puls e
to the grid of the first tube which will cause
that tube to conduct . The resulting negative
pulse on the plate of the first tube is thus trans-
mitted back to the wire of the counter tube ,
making the latter inoperative until after the posi-
tive ions have reached the cylinder of the counte r
and have been neutralized .

Non-self-quenching tubes, when used with
electronic quenching circuits, have longer life ,
greater stability, and shorter recovery time tha n
self-quenching tubes . However, they require
more complicated circuits .
' Since counts, or ionizing events, in general
occur at rates too high to count mentally, it i s
necessary to provide some registering device .
Also, since the pulses occur at random, this de -
vice must be capable of responding to pulses a t
intervals as short as 10-' seconds . There is no

use for a counting rate any higher than 10* per
second because of the inherent dead time limita-
tion in the counter tube itself .

The simplest registering device consists of a
relay-operated message register . However, thi s
device cannot be operated at a rate high enough
to respond to counts close together. It is there-
fore desirable to use electronic frequency dividers .
The most widely used of these consists of a serie s
of Eccles-Jordan trigger pairs of "flip-flop " cir-
cuits . Each pair consists of two tubes in the cir-
cuit shown in Figure 21 .

Let us assume that the two plate currents ar e
initially equal and that the potential of each plat e
is 100 volts . Suppose that some fluctuation
causes the voltage on the grid of the first tube to
increase . The plate current of this tube woul d
then increase and its plate voltage decrease . Since
the grid of the first tube is connected to the plate
of the second, the increase in voltage on the plat e
of the second tube is transmitted back to the grid
of the first tube, thus increasing its potential .
The effect is cumulative, with the result that the
second tube will be suddenly cut off, and the first
tube caused to conduct . This condition will ob-
tain until suitable voltages are applied to the
grids of the tubes to bring about a change .

Suppose, next, that a negative voltage puls e
is applied to the grids of both tubes simultane-
ously . No change would occur in the second
tube because it is already cut off . However, i f
the negative voltage pulse is large enough, it wil l
cut off the first tube, which in turn will cause the
second to conduct . Thus the circuit would "flip "
suddenly to a condition in which the first tube i s
cut off and the second conducts . The second
negative pulse would "flop" the circuit back to
the condition wherein the first tube is conducting



YUNKER-THE GEIGER-MULLER COUNTER

	

45

and the second is cut off. In this manner a suc-
cession of negative pulses applied simultaneously
to both grids will cause current to flow alternately
in the two plate circuits and the voltage on eithe r
plate to consist of alternate positive and negativ e
pulses . If, say, the positive pulses of current in
the plate circuit of one of the tubes are used to
operate a relay or magnetic counter, the numbe r
of counts recorded would be only half the numbe r
of signal pulses applied to the pair of tubes . Thus
-the frequency is divided by 2, by the action o f
the trigger pair. Obviously the output pulses o f

- one sign, say the negative, can be applied to the
-grids of a second trigger pair with the result that
the output of the second pair will have one quar-
ter of the frequency of the pulses applied to th e
grids of the first pair. The negative pulses
would be selected from the output of the first
pair of tubes by means of an additional tube suit -
ably connected between the first and second trig-
ger pairs .

Let us now arrange a series of trigger pairs
as shown in the block diagram, Figure 22. The
tubes are represented by the larger circles and th e
coupling circuits for selecting only the negativ e
pulses, used in this discussion, by the squares . A
small lamp, represented by a smaller circle, is con-
nected in series with the plate of one tube onl y
of each pair of tubes so that it will light when tha t
tube is conducting . These lamps are ordinarily
mounted with a ground glass or other translucen t
cover over each . The cover over the first, or
left-hand lamp of. Figure 22, would be marke d
with the numeral , the second with the numeral
2, the third 4, the fourth 8, and the fifth 16 . If
two more pairs of tubes are used, as is ordinaril y
done, the lamps would be marked 32 and 64, re-
spectively. It should be noted that the input
pulses are applied to the grids of both tubes but
that the output pulses are taken from one of th e
tubes only .

Figure 22 .

Suppose that, initially, all the tubes at the top
of the figure are conducting and that all the bot-
tom tubes are cut off so that the lamps in their

plate circuits are out. The first pulse will turn
the first bottom tube on and the upper off, and
the first lamp will light, thus indicating a count
of 1 . The second pulse will turn the first bottom
tube off and the first top tube on. Thus the firs t
lamp will go out. The first top tube will the n
send a negative pulse to the second pair of tube s
which will turn the second top tube off, the sec-
ond lower on and the second lamp on, thus indi-
cating a count of 2 . The third pulse will turn
the first top tube off, which will not affect th e
second pair of tubes since the tubes, in this ex-
ample, are arranged to respond only to negativ e
pulses . However, the first bottom tube will be
turned on by the action of the first top tube, with
the result that both lamps 1 and 2 will be on . The
total count will then be 1 plus 2 or 3 . As a result
of the fourth pulse, the first two bottom tube s
and the third upper tube are cut off whilg the
third lower tube is conducting. The third lamp
is then on alone, which indicates a count of 4 .

If this process is carried on to the 7th pai r
of tubes, it will be found that after the 63d pulse
the lamps under the numerals 1, 2, 4, 8, 16, and
32 will be on thus indicating a total of 63 counts .
The 64th pulse will cause all these lamps to g o
out, and the one under the number 64 to go on .
A mechanical counter or relay-operated messag e
register will then record 1 count, and the sequence
will start again on the lamp in the first pair o f
tubes for a total count of 65 . Since 1 count is
indicated on the register for 64 input pulses, the
whole device is said to have a scale of 64 . Had
the register been connected in the circuit of th e
6th pair of tubes, the scale would have been 32 .
It is apparent that if pulses are applied to th e
input pair of tubes at the rate of 128 per secon d
the register would count 2 per second ; and that
if ; - I'M 'Fi4t+ register reads 50 and the
second, third, fifth lamps are on, the total coun t
will be 50X64 + 2 + 4 + 16 or 3,222 .

The system consisting of a Geiger-Muller tub e
followed by an amplifier, a number of Eccles-
Jordan trigger pairs, and a mechanical counter ,
such as described, is the one most commonly used
for radiation counting . It is of course not the only
system nor have all its details been discussed . The
discussion for the sake of simplicity has been re-
stricted to only one of the possible arrangements.

In summary, it is seen that a counter tube
operating in the Geiger region gives output volt -
ages much higher than those given by the sam e
tube operating either in the proportional region ,
or as an ionization chamber, but that these output
voltages are independent of the energy of the
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ionizing radiation. Thus the Geiger counter does
not distinguish between, say, alpha particles and
beta particles, whereas the proportional counte r
does so in terms of the difference in magnitude o f
the output voltages . However, since the type o f
ionizing radiation is usually known prior to an

experiment and since a Geiger counter, complet e
with auxiliary equipment, is simpler, more com-
pact, and cheaper than corresponding proportiona l
counting equipment, Geiger counters are generall y
used as radiation detectors for both laboratory
and field work .
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