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REVIEW OF LITERATURE

In an examinaticn of the effects of radiation on
biological systems, the physical, chemical, and biolcgical
reactions, and their correlations warrant individual con·
sideration, According to the observations cf Andrews(5)

end Platzman(46), the time required for these reacticns ie
variable, Most of the physical events are over in about
lO°l3 seconds, the physicchemical changes are completed
in lO°l1 seconds, and chemical changes take place in lO'6
seconds, Thus all the original processes which are aeeo•

ciated with the absorption of the radiaticn energy are

completed in less than l0°4 seconds, In contract with the
initial action, the biological changes which are brought
about by the deposition of radiant energy in biological
material may take from a few minutes to 20 years to become
evident, At present, much is known regarding the physical
reactions cf radiations in gaees, Less is known concerning
their interaction with liquids and only little information
is known concerning their effects in solide, ln biclogical
systems, dose and observable end effects have been correleted,
These studies include the effects of adding specific materials
euch es glutathione and cysteiné(28'29'45'53) to the material
tc be irradiated before, during and after irradiation, the
effects of oxygen mixtures

_



of radiation(}2’34’55). The two intermediate eteges, the
Äphyeiochemical and the chemical are still a mystery.

0f the rsdiations which are believed to cause bio-
logical mutatione, ultraviolet light has been the most
thoroughly investigated. It has been determined that the
sbsorption coefficient for ultraviolet radiation depends
upon the molecular structure of the target molecules.

Action spectra(ll) studies have shown that ultraviolet
rediation in the region of 2600 Ä is the most effective
for the production of lethal mutations in bacteria. Blum(ll)

demonstrated that nucleic scide have absorption spectra

which nearly eoincide with the lethal action spectra for

microorganisms. This suggests s relationship between lethal

mutstions and the disruption of nucleic acide.

Studies of the killing of bscteria with monochromatic

ultraviolet radiation give evidence that the effect ie inde-

pendent of intensity,(32'47'65) and eurvival vs. dose curves

obtainable by these studies are exponential. These results
demonetrete that an observable effect is due to the absorp-
tion of a single quantum in a sensitive volume. The sensitive
area or volume may be the volume of the gene or genes which
determines the muteted characteristic(l2'22).

Although x-raye are also electromagnetic radiation, the

difference in wavelength produces a difference in effect.

The absorption coefficients for x-raye are found to depend

A r_ _ -_ g -_ \
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upon the atomic number of the individual atome which lie in

the path of the x-radiaticn(27), Since x—reye and gamma

raye effect matter in the same fashion, they are diecuaeed

together in thia paper,

Long wavelengtha of x-raye traveree only thin sections

of tieeue becauee x-ray intenaity falle off exponentially

according tc the equationz

1 e 10 e"“°‘ ['1_7

where u ie the sum of three attenuation coefficients due to

the photoelectric effect, the Comptcn effect, and pair pro-

duction; Io is the original inteneity, and x, the thickneee

cf the sample, This total attenuation coefficient ie a

function of the atomic number of the target material, The

x—ray energy depoeited in tieaue may produce either ion-

izaticn cr excitation; but it has been determined that ion-

iaation ia 104 times ae effective as excitation in produoing

obeervable biolcgical effecta,(34) Experimente to deterine

true target volumee have been performed with radiations

which produoe olueters of ionization widely eeparated along

the tracks of the radiatione auch ae ehort wave length gamma
S

or x-raye,
The primary effect cf x·raye on living celle ie upon

the chromoeomee and lethal effecte are thought to be due to

mutatione in the
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X—ray data on lethal mutatione of the sex chromosomes of

Qggggphglgg representing gene mutatione and chromoeome

deficiencies follow the simplest type of Poiseon distribution:

n ¤ no e”bd

where n is the number ef genen affected, no is the original

number of genes, d is the x·rey dose, and b ia a probability

conetant. Values obteined by various authors give values

for the mean lethal dose to by x·reys

verying from 5400 r.(63) to 5700 r.(38) using .15 2 end 420

to 8400 r. as the wavelength varies from .56 to 4.0 2. (64)

Theoretical expressione (Klein and Niehine(35), and

Bethe and Ashkin(9)) indicete that for low Z material and

low energien, the linear abeorption coefficient for x·rays

decreases es the inverse cube of the energy. Thus the lower

energy x—reys will deposit more energy per unit path length

than higher energy x·raye. Biological material ie composed,

except for a small fraction, mainly of the elemente lg, 6c,

80, 7N; and the x—rays which have been need to study such

material are in the low or medium energy range. Thus the

fact that the mean lethal dose increasee with wavelength and

ion density gives credulence to the theory that an ionization

in s sensitive volume will cause a lethal mutation. Since

it taken a greater dose to achieve the same effect with longer

l
4

“ t



9

x—raye, 1.6. with a greater ion deneity, it would eeem

logical to aesume that the extra ion deneity would be

wanted and that only one ionizetion in a sensitive volume
would be necessary to produce e lethal mutation.

The electrone which are ecattered by x·raye cauee

further ionizatione. They dieplace electrone in nearhy

atome, traneferring their energy to theee etrck electrons

in the process until their energy ie depleted. This same

effect ie observed when electrone, protone, deuterone, and

alpha particles paee through biological eubstances. lf the
ejected electron ie of low energy (100 ev.), its range ie a
few millimicrone in tieeue. If this electron has enough

energy, it may become a highly ionizing particle itself and

will travel eeveral atomic radii from the original track,
producing ionized atoms es it goes. Approximately half of
the total ionizatione produced by the original particle are
produced by eecondary raye having energien over 100 ev. The

e other half is distributed among the ieolated primary eingle
ioniaatione and the cluetere of two or three primary ion-

izations.
Protons and heavier particlee leave relatively straight

pathe of ionized atoms. The specific ioniaation along the

pathe of theee primary ionizing particles ie s function of

the initial energy of the impinging particle. If a proton
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cr more massive particle of moderate energy is used as the

projeotile, the probability ie almost unity that the heavily
ionising particle will cause at least one ionization in tra-
versing a sensitive vo1ume,(6) Thun the probability of e hit
depende on the target area rather than the target volume•
The theory that deuterons ionise in area and electrons ionize

in volume, has been used exteneively to determine the size
and shape of the sensitive area and sensitive volume cf
emma, emaaa, aaa aaayaea."'·19·*6·38·49·5°·51·55> In
celle and enzymes, the sensitive volume can be different

for different functions of the same enzyme, or celle. The
characteristice of a physiologically active molecule such as
an enzyme depends upon the location of the active sites and
the spatisl arrangement of the other conetituente of the

enzyme which determine which substrates can be acted upon

by the active sites.
Investigations csrried out with ionizing particles,

whether concerning the inactivstion of virusee,(37'62) the

killing of bacteria,(56'4O'66) or the inactivation of enzymss
(7'l4'48’49'5l'55) prove that the mean lethal dose increasee
with ion density, the survival curves are exponential, and

the effects noted are independent of inteneity(39) and of
the temperature(52).

r
QQQ Q Q
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with biological systeme in which the chromoecmee are
of auch a size ae tc be obeervable under a micrcacope and
ultraviolet light, x·raye, alpha particlee, or protone are
used, it hae been that radiatione
cause more obeervable effects when they interact with

chrcmoeomee than with the eytoplaam. A doee of 28,300

protcne delivered to the cytcplaem failed to cause any

obeervable effects, but a dose of only 20 protone delivered

to the chromceomal area caused an obeervable effect.
Lee(38) reported a value cf 4 x 103 roentgene for the

mean lethal dose for the irradiation cf ägghgggghgg ggl;
with beta raye and a value of 24 x 103 roentgene with

alpha raye illuetrating that ae the ion deneity increaeee,

the mean lethal dose also increaeee•
Experimental work performed on Qggggphilia gglaggg

gggjg;(1'l5) has given data which when plotted reeulte in

curvee which would be expected when multiple chrcmoeomal
breakage ie produced from a single proton hit. The eur-

vival or inactivaticn curvee were expcnential.
When biclogical material ie bcmbarded with fast

neutrons, 92.5% of the damage ie due tc so called knock
on collieiona with protone. The fast neutrone are scattered
by hydrogen nuclei which may receive up to 100% of the total

energy cf the neutrone which ecetter them. These protone

I

Ie
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are new heavily ionizing particles traveling in relatively
straight pethe and their specific ionization ie so high that
the probability of their causing one ioniaation in traveling
through a eeneitive volume ie unity. The probability of a
hit by a fast neutron thus depends on the target area. One
could hope to obtain a croes eection of the sensitive volume
of a bacteria or virus from fast neutron bombardment
experi-mente.Some few experiments have been perfored on bio- I

_ logical specimene in solution.A value for the mean lethal dose for fastneutronirradiationof Qggggphglgg was obtained and found to be
epproximately 1.8 x 1011 feet neutrone per

exposed to a beem of feet neutrone
while in broth had a mean lethal doee value of 7.1 x 103 v
units* or 7.1 x 103 rep.(4O) In the energy range ueed in

i that experiment, 7.1 x 103 rep. ie equivalent to 1.4 x
1012 (24) fast neutrons per omg.

ägghgggghgg ggg; was plated on agar and exposed to a
beam of feet neutrons(56) from the Be9(d,n)BlO reaction and
the mean lethal doae was determlned to be approximately
2 x 103 n un1te.** Therefore the mean lethal doee wae
5 x 103 rep. Other experiments produced values of the same III

one v unit ¤ 1 rep. I** one n unit ¤ 2.5 rep.(24)
{

I1 I
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13orderof magnitude(3O). Thue, it appeare that the mean
lethal doee for feet neutron irradietion of Eeghgrighga ggg;
ie of the order of 1012 feet neutrone per cm2.

Since the curve ehowing the reletionehip between
eurvival and dose wae exponential for all theee caeee, ons
may aeeume that any indirect effects were of negligible

3

coneequencee. However, all the erperimente performed up
to the present have been with eolntlone which could have
contained amall emounte of rediatien poieone after irrad1·
ation. Thue, an experiment wae planned with lyophilized
bacterie to eee if the mean lethal doee would be of the
same order of megnitude. The preeent experimente were per—

formed to determine the effective croee eecticn of the
lyophilized baeterium, Eegherighga gel;.

1
1
1

1 1
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THEORY

When solutions are exposed to ionizing radiation,
changes occur in the ohemical structure. This is noted in
mediums containing biological substances.

In most biological systems up to 80% of the constitu—
ents are water. When a water moleculs is ionized, an electron
is ejected leaving behind a poeitively ionized water molecule.
The positive ion dissociates into a hydrogen ion and a free
hydroxyl radical. The ejected electron travels in the water
s distance, determined by its energy, and is then captured
by another water molecule which in turn dissociates into a
hydroxyl ion and a free hydrogen atom.

The free ions and the highly reactive free radioals
which are formed will attack chromosomes and active sites
on ensymee. This so called indirect effect spreeds the
radiation over a wider area to give experimental values for
cross sections which are larger than those cbtained when
this action is not present. The distance a free radical
will travel before interesting with a sensitive portion of
the target is variable. This makes the determination of
sensitive areas uncertain. Target size determinations
havemeaningonly when the action ie predominantly direct.

1
1
1

11
1
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Aocurate determinatione can be made theoretioally only on
dry viruees, enzymee, hormones, and lyophilieed micro-
organieme.

The target theory developed by Lea(48) ie based on the
aeeumption that the primary act of radiation absorption
takes place in a very localized volume, and that the ob-
eerved biological effect is due to a single ionisation.

For the aseumptione to be valid for a given radiation,
the following criteria must be met:

l. The survival curve must be exponential.

2. The effect of a given dose must be independent of
the temperature, the intensity at which it ie given, and the

manner in which it is fractionated.
3. The mean lethal dose must increase with ion density.
Experimente referred to in this report, have shown

thatthesethree criterle are met for many biological effects l

from ionizing radiation, and particularly for dry or
lyophilized virueee, enzymes, hormones, and should be true

for lyophilised bacteria.
In accord with the first criterion given above, e

semilog plot of eurvival vs. dose results in a straight line t
if the action is direct. This curve represents the equation: 1

n ¤ nb e°bd [EQ7
1
1
1
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where n is the number of eurvivors, no ie the original
number of specimens to be irradiated, d is the dose given tc

the sample and b is the probabillty that some specific ab-

sorption event occurs per unit dose in the vital volume or

area. fhe mean lethal dose which is the dose which will
kill all but 62.8% can be read from the curve itself.

If instead of a straight line, a curve is obtained

which shows nc effect at low values cf dose and a sigmoid

curve with increasing dose, the idea of a single hit or in-

activation dose is no longer valid.

If the probability of occurance of an event in a single

trial is p, the chance that it will occur exactly s times in

n independent trials is:

P(e)For
small numbers the above can be approximated by:

s —npan 4-4 te->—5—— 547
If the expected average number cf hits in each trial

is Ea np, then
„ EIB

"'€
P<¤> == —·—·;§——· LI5.7

P(s) is the probability of exactly s hits in a path length

where s is the actual number of hits. lf a single ionising p
event is effective, multiple hits must also be effective,

V
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thus complicating the determination of P(s). But if the
probebility of nonoceurance is caloulated and eubtracted
from unity, i.e. when e ¤ O:

P(O) ¤=
e°€

(i.e. probability of
no hit, survival) [:6;7

A consideration of the amount of energy depoeited per
100 Ä by protons, deuterons, and alphas and the amount of
energy released per ionizetion will attest to the high
specific ionization occurring along the path of these
ionizing particles.

If P(0) is the probability of eurvival, N equals the
number of survivors, and Nb, the original number of epeoimens:

but P(O) ¤ e°¤p where n ie the number of trials which in
this experiment is equivalent to the number of attempts at
hitting a sensitive area, 1.e. the total dose (D) delivered
and p is the probability of occurrence of an event, 1.e. the
cross section A. The following equation leads to a deter-

mination of the sensitive area:

N .„ an {AD [Le]

when N ¤ .37No 4
1IlN/N° ¤ -1 Bild A ss •-1/Ü

I
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D can be expressed in units of particles per cm? and

thus A will have units of area and can be thought of in
terms of a sensitive area,

hmmm-
From a knowledge of the strength of a neutron source,

the value for the number of neutrons per cm2 at any distance

from the source can be determined, The energy deposited 1n

a sample at e point can be determined by means of the
followin equation, The energy depcsited per unit mass (Em)

may be represented by(25)s

ameraWhereE is the energy of the impinging neutrons, k is the
number of neutrons per cmz, ni is the number of atoms of
type 1 per unit mass of the medium, i is the cross section
for the ith type of atom for the neutron energy used, Ai

is the ratio of the ith particle tc the mass of the neutron,
and Zi represents the summation over all ith atoms,

Since 92,5% of the energy abeorbed in tissue is due to
the scattering of hydrogen atcms by neutrons; and if E is ex-

preesed in electron volts, the above equation can be approx1—

mated by

Em rep, [IQ7
5,23 x 10
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METHODS

aan = ' x¥—•:„.=·. Fi! •
A wild strain of §gghgg;ghga_ggl; was used in this

experiment.
Cultures were maintained on nger slants and transferred

to the nutrient broth solutions for incubetion at 37° C.
After twenty hours, 0.1 ml. portions of broth culture were
pipetted with special long nach pipettes into previously
prepared ootton stoppered and sterilized lyophilization
tubee. The cotton was replaced in these tubes and the tubes
plaoed in a oonsecutively numbered rack. The tubes were then
pleoed in the holdere of a lyophilizer and the contents were
freeze dried at 30 microne of Hg. when the tubes had returned
to room temperature, i.e. all the free water had sublimed,
the tubes were sealed while under pressure, removed, and
pleced in their original positione in the tube rack. Thirty-
six tubes were freshly prepared for each run.

The samples to be exposed were placed in a special
sample holder (figures 2 and 6), arranged in a circular
pattern and the position of each tuhc notcd. The tubes were
carefully poeitioned in a circle about the target. In all
experimente, the even numbered tubes were exposcd and the
odd numbered tubee retained for controls. Exeept for the
short period of time when the even numbered tubes were being
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irradiated, all of the tubes were retained in the tube
rack in order that all would be subjected to the same effects.
&Qie.tiea·

Using portable neutron and games deteotore, rediation
levels were cheched in the building each time an irradlation
was made.

The secondary target containing the vicor obeervation
window (figure 5) was placed on the target flange of the
Oockcroft—walton accelerator end the beam viaually focused.
After the beam had been centered on the vicor window by
leveling and positioning ecrews, the eecondary target was
removed and the tritium target placed on the ecccleretor
(figure 7). The beam current and focus were then checked
by means of a probe which is built into the system and the
beam was next allowed te fall on the tritium target itself.

In this experiment, to average errors which might ariee
because of anieotropy, those sample tubee in the outer posi·
tione were changed epatially, so they would obtain equal
energiee end equal numbers of neutrcns. with a bombarding
energy cf 150 kev., the deuteron bombarded tritium target
should give off epproximately 108 neutrone per microcoulomb
of deuterone.(26)

When BF5 neutron detectore indicated eufficient ir-
radiation, the Cockcroft—halton accelerator was turned off,

I
I
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and the sample holder revereed. After a similar irrediation Ä
period with the samples in the new position, the machine r

was turned off and the samples were removed. The number of

counts recorded by the soalere for each position was recorded.

After irradiation, each of the control tubes and the

irradiated tubee were prcceased as followez
Ü

The sample tubes were placed in a 70% alcohol solution E
and a pair of tweezere, a pair of pliere, and a l/4" steel

'
rod were placed in another 70% alcohol solution for ten {

minutes. The tubee were removed from the alcohol solution :
by means of the tweeaere and pliere, the tubee being held
by the pliers until the alcohol svaporated. Then the tubes
were placed in a 99 ml. dilution blank which was agitated ;
until the tube broke. The dilution bottle top was removed 1

end the steel rod used to crash the tube; the top replaced
Eand after the bottle was thoroughly agitated to obtain an E

even distribution of the contents, blanks containing the
l

bacteria were placed in a transfer hood.
At the end of ten minutes, the dilution blank was again I

agitated and e one ml. portion traneferred to a 99 ml. Z
dilution blank was thoroughly agitated and placed to one side 1
in the hood. One ml. and 0.1 ml. portions were transferred E
from the first dilution blank to three petri dishes each. 1

l „
« I
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Nutrient agar was added to the six dishes and they were Q
thoroughly swirled in order to obtain an even distribution 1
of the bacteria. [e

When ten minutes had elapsed after inoculation of
theseconddilution blank, it was again thoroughly agitated; :
and the same procedure followed as for the first dilution j

blank.Dishes
were incubated at 37° C. for 24 hours. Only :

those plates containing between 30 and 300 colonies were Z
accepted as countable j

'2> ._ma,...¤.a.. rß S -...ass „„: • Q
The flux ¢ at a distance r from a point neutron source f

of strength S is represented by the inveree square relation- E
ship: Q

¢ ·- ·-··-"=—;,· E27 E4Trr
In the present experiment, the source was so small and
thedistancefrom the detector to the source so great, that the

source was treated as a point source in determining its

strength. With a long counter as s detector, the flux is
given by: Q¢ -· Q
where CR is the observed counting rate (table 2), eüie the
area of the face of the long counter and 6 ie the efficienoy 1

r
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of the counter, Thus if the CR is known, the source

strength can he obtained from the equaticn:

S
··Forthis experiment, the area of the counter was

81,07 cmz and the distance from the source to the
counter was 500 cm, The long counter used in this experi-

ment was calibrated to have an efficiency of
10”3

neutrons

per count when used with the ltj (d,n) 2He4 reacticn, Thus

the source strength was related to the CR through the

equationz.
S ¤ 9,69 x 106 CR neutrons/sec, .LZeQ7

Se ..1 •.§ 0.-.......

Because of the finite eine of the target, the shape of
the samples, and their arrangement, a numerical integration
was necessary to determine the flux for each sample, the
area of the target source was ascertained and divided into

16 equal parts, Tha integration was carried out twice, once
for the outer samples and once for those samples whose center

points lay on the same plane es the target,

The sample tubes were cylindrical in shape with hemi-

spherical ende, A measurement was made of the thichness cf

the tube and from large scale drawings cf the tubes, correct

dimensione for the inner sample ccated portions of the
l

N

1 .. .. .„ 1„„„n.„.n...n...n...nn..1..._.._„.__n___..___.__„._.____._n
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cylinder and hemisphere were obtained. The cylindrical
pcrtion cf the sample tube was divided into eiht equal
areas and the hemispherical portion was divided into 24
equal areas. The areas of these parts were determined and
the total areas of these portions calculated (table 1).

A ccordinate system was set up and the center cf
eachtargetsection and ot each sample area was determined. The
equations for the cylinder and the henisphere were obtained
and the gradicnt cf each was taken. From these, the value
of the normal to the surface at each center point was cal-
culated and the angle between a line from the center point
cf each target area to the center point of each sample area

and this noral line was obtained. AIBO, the distance from
each target area section to each sample area was found and
the summation of the cos ¢/r2 values from each target area
to each sample area then determined (table 1).

The integrated source value for each run was obtained
by means of the leng counter as previously described. All
the values obtained as listed above were applied to obtain
the flux at the location of the sample for the final deter-
minaticn of the sensitive area.

•• aheThe
solid angle subtended at a point distance r, ie given

bv
dw =¤ daacoe

ß
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Table 1 I
I

Target area, area of samples, and cos ¢/r2 values for I
the determiaatiou of flux at sample position.

I
IArea Values dA Total Area

Hemispheres (sample tubes) 0.0355 cm; 0.852 cmz I
I

Oyliudrical (sample tubes) 0.0456 cmz 0.365 oma I
I

Disc (Target) 0.0198 cmz 0.317 cm? I
I
I

I2I
eos ¢/r values I

Cylindrical Hemispherioal
I
I

Outermost Position 38.0 om°2 134. cm°2 I
I

0n Axis of Target 52.8 cm°2 281. om°2 I
I

II

I
I
I
I

I I

II
I

I



28Itthe source strength per unit area is dS/da, then
the total source strength ie S er fdS/de (da) and if this
source strength ie uniform over the entire area, S == f3/a da.
lf the average flux per unit area is E ¤ d¢ / dAB, then the

total zum 1e Era ¤ fee / aaa (eas) or
E ¤ l/AB Ä} dß / dA¤ (das) e 1/Aa { dg} but

e e
so dg _ S da cosé md

4/T r

r

The average flux values are tabulated in Table 4•
#• „e= er •f ae am
„.¢~=Makinguse of the equstion E], N ¤ !~I°e°[‘D, where No

ie the number of original bacteria before irraciietion (or

number of baoteria in control tubee), H is the number of
baoteria surviving irradiation, D ie the dose in neutrone
per oma (Le. ¢ in equatlon ), and A ie the sensitive
area.

Since preliminery experimente had shown a large variation
between tubee due to lyophilization alone, the experiment

was rearranged so e large number of tubes could be expoeed
to an equal number of neutrone„ These tubee were compared
to e. large number of unirradiated control tubee tooompeneetefor

tube variatiom l
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In each run, twelve tubee received equal ameunts of

radiation and a second set of six received equal amounts of

radiation. highteen tubes were held for unirradiated con~

trols. An average for all eighteen control tubes was ob•

tained and average values for the sets of twelve and six

obtained. These values were eubjected to the analysis

which fcllowe.

If the ln of the ratio of viable counts of organiems
surviving in the irrsdiated tubes to viable counts in the

control tubee was said to be the experimentally determlned

value and the product of the area and the dose said to be

the calculated value, then using the following reasoning,
the value for the sensitive area A can be determlned.

For a given value of xi, we have an observed value of

y (designated as yi) and a calculated value of y (deslgnated

as yi) obtained by substituting xi in the equaticn

yl ¤ cx ·+ /9.xi .

If this equation for the line fite the data, then to satisfy

the criteria of least squares, the constants ¤< and ,6 must

be such that
u

(yi -
yi)2 is as emll es possible. Thun

i=l
by taking the differential of

in;
(yi -

y;)2 with respect
1
1
1
1

1
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to y; and setting this differential equal to zero, the value

of yg that makes this e. minimum een be determinecb
In the present experiment, yi, is the experimental

value (ln H/H°) and yg equale the calculatecl value (AD) and

RB y ··· y ¤ ··• + · •th gf (
•)2

Ä? (ln N ln N AD )2 Taking121 i 1 ig]. i 01 i
the differential with respect to A and setting it equal

to(lnNi ··- ln Hoi + ADi)Di es O, er

11A an E (lu H ··· ln H)Dii==1
äD1



I

31IMATEHIALS
G k -W lt n Ac elerat .

The Cockcroft-Wa1ton(43) accelerator used in this
experiment was constructed at the Virginia Polytechnic
Institute by graduste students under the direction of Dr. A.
Robeaon. The high voltage supply is rated at 250 kv., base
pressure is l0°6 mm. Hg., maximum current obtainable 120
microamperes of beam current. Deuterium is fed into the
radio frequency excited ion source via a pallidium leak.
For this experiment the high voltage was maintained at 125 kv.
and the beam current varied from 100 microamperes to 5
microamperes.

Lgng Countg;.(4l)
A 1/2" diameter BF3 counter ie surrounded by a layer of

paraffin eight inches in diameter which in turn is surrounded
by a l/2" layer of B20} (anhydroue boric acid) and an addi-
tional three inch layer of paraffin. The entire arrangement
is enclosed in a sheet metal shell 40 mile thick. The inner
paraffin layer and counter are receesed 2%" from the front
face of the outer layers. The entire counter arrangement ie
l6i" overall in length and 15" in diameter. It is supported
on a steel table and a screw attachment makes possible the
poeitioning of the counter so it can be aimed at a source
which ls not on its own level. This counter was placed 500 Icm. from the neutron source. I

I I
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BF: Detectors. I

Diameter: 1/2"

Operating voltage: 1500 voltsPressure: 40 cm. of Hg.
Active length: l0.5" tManufacturer: N. wood Counter Laboratories lSu lemental Counter. :A 1/2" BF; counter was embedded in thick slabs of N

paraffin and positioned one meter from the neutron source. IIt was used to monitor counter number one in case of a mal- I
function in the primary counter.AssociatedElectronics.Pre

amplifier: #219A, manufactured by Atomic IInstrument Company. I
Linear amplifier: #218, manufactured by Atomic

Instrument Company.Ultra eealere #192A, manufactured by Nuclear I
Chicago.

5 am
4}-Twobress flanges were constructed to be bolted on to I

the Cockcraft—Walton accelerator to hold the target aeeembly
”

and to allow for a flow of cooling water between the two (

flangee. The flange holding the target was receseed so the Z
sample holder aeeembly wae supported by the eidee of the Ärecess. 1

I 1

r II
I I
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Tgggggg Tagget Holdgg (Figures 1 and 6).

This aeeembly was conetructed from one piece of brass.
The target end consisted of a tubuler porticn 3/8 inch out-
side diameter and 5/16 inch inside diameter. A 5/16 inch
circle was cut from a tritium target by means of a specially
made punch and die and placed in the end of the target
assembly. A short piece of 5/16 o.d. copper tubing was
placed in the tubular end to press the target firmly against
the end of the holder. This left a l/4 inch diameter target
exposed to the deuterium beam.

The flange end of the aseembly was conetructed to fit
in the recese of the holder flange and also contained a
shoulder so the sample holder could fit between the target
holder and the holder flange. Holee were drilled and counter·

bored to hold tightening eorewe.
Segoggagg A;igg;gg Tsgggg (Figure 5).

The design of this holder iesdmilar to the tritium
target holder. The end was cut off the tubular end and a
vicor window affixed to it by means of sealing wax.
Tggget Pgeitignigg Devggg.

Two short pieces of l/4" x l" angle iron were cut and 1
bent to make upright poste. They were welded to a

1/4”
steel P

plate at a distance of sight inches apart. Holee were drilled l

and tapped into the tops of the angle iron so 3/8" steel holte !
1
1

1_ _
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could be run back and forth against the sides of the flangee

in order to position the target leterally. The steel plate

was drilled and tapped at three locations to take 3/8" steel

holte. These were used to position the target vertically.

Sample Hglde; (Figures 2, 6, and 8).
A two inch brase rod, two lnches long, was drilled out

so it had a one inch diameter hole. Recesses were cut into

each end to fit the holder flanges. Three sets cf six radial

holee 1 cm. in diameter and 60° apart were drilled through

the sides. They were positioned so the center six were in

the exact center of the rod and the other two sets were equi-

distant from the ends.

.Lxena;l;ee.=:·
Capacityz 38 tubes

Vacuum: 30 microns when ice trapped

with dry ice and acetone.

Ryrex #9820 10 x 75 mm.

These tubee were heated approximately 2 cm. from the

open end and drawn out to a capillary at this point. The

capillary eine was large enough to allow a drawn out cap-

illary of a 1 ml. pipette to pass to the bottom of the

lyophilizing tube.

1
Ishele
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Th1rty—£our grams of KH2P04 were dissolved in 500 ml.
of distllled water; 175 ml. of 1 N Na0H was added tc the
solution and the total volume was made up to l liter with

distilled water. 100 ml. portione of this solution were
placed in dilutlon blank bottles and glass beade were added
to one half of these bottlee. All were eterilized in an
eutoclave for 15 minutes et l2l° C. at 15 pounde pressure.
(standard methods for the Examinetion of Dairy Products
10th edition (1953) American Public Health Association,
washington, D. C.)

I
I

¥ I
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RESULTS AND DISOUSSION

‘

An analysis of variance was performed on all data tc
determine if there was a significant difference between the
numbers of viable celle in the irradisted and control groups.
Only one run showed a statietically significant difference.
It is evident that the tremendous variation between tubes
within treetments obsoures the difference between treatments.
The large variation was caused by the lyophilization process.
(Table 6)

The theory of maximum likelihocd estimates was used to
determine the sensitive area and the standard deviation.
These values are shown in Table 5.

Under the conditions of this experiment, the F values
could be made larger and the standard deviations emaller
only by using more samples at each irradiation position.
This would require placing the samples at a much greater
distance from the target than used here and would increase
the irradiation time many fold to obtain the same dose per

tube.
There are now available more efficient lyophilizers

which do not kill auch large fractions of the original
bacteria. Also there are available special squirt type
guns used in genetic studies on viruses which would increase

the uniformity of contents in the original tubes. Raw ion

A
A
AA
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sources available tor the Cockoroft·halton accelerator lead
to a thousand told increase in the rate of fast neutron pro-
duction. These high fluxee would allow an experimenter to
use many more tuhes in each experiment thue decreasing the
effect of variability due to lyophilization.

This experiment demonstrates the difficulties which
srise in working with biological systems. Due to their
inherent veriability one must work with large sample sizes
in order to overcome or average out the variables which are
not germane to the question under consideration. The value
of statisticel techniques in this field is evident.

It must be noted that the aforementioned apperatus or
statistical analysis would not remove all of the uncertainty
of the sensitive area which must remain regardlese of the
retinement of the apparatus. This sensitive area may vary4
from bacterium to bacterium so an average value with certain
minimum and maximum limits ie all one can hope to asoertain.

This experiment demonetrated that the sensitive area
due to direct action was of the same order of magnitude as
that due to indirect aotion(37'56) and represents epproxi—
metely 0.01% of the total area.

I
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Table 2

Fast neutron flux reoorded at long counter position.

(Counts Recorded)
Position Position

ggg 1 T 1 Tim f Ex oe
1 712,275 714,012 1,426,285 1 hr. 40 min.
2 550,196 536,800 1,086,996 1 hr. 47 min.
3 283,497 285,510 567,007 3 hrs. 20 min.

Dlstance from long counter to source 500 cm.

I
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Table 3

Ln. of average oolony count of bactaria eurviving.

äsm1
2 4157.30 1 102 614.80 1 102 1731.40 1 102

2 5915.20 1 104 1527.00 1 104 3695.10 1 104

3 $122.90 1 105 770.70 6 105 1773.20 1 105

Table 4

Neutron flux at sample position.

(In neutrona per cmz)

äaa1
666 1 109 366 1 109

2 523 1 109 279 1 109

3 273 1 109 146 1 109

Table 5

Seneitive area of bacteria.

am 4
1 4.7 gc 1.8 1 1O°l2 61112
2 3.2 ; 4.3 1 10*2 662 “
3 2.9 i,4.0 1 10*12 cmz

7



I

I
I

Table 6

Ane1ye1e of verianee between expoeed end unexpoeed bacteria.

Degreee
et

Sgurgg Sum Bguareg Qgeedog Mean Sguaree F

@12.1
Between Treetmente 827.566 2 413.783 1.54
Within Treatmente 7537.650 28 269.202
Within Tubes 114.335 63 1.815
F 25 (2,28) = 1.46
F 10 (2,28) ¤ 2.50
$@..2
Between Treetmente 602.01 2 301.01 1.008
Within Treatments 8960.527 30 298.68
Within Tubes 212.96 67 3.03
F 25 (2,30) = 1.45

821.1
Between Treetmente 460.6258 2 230.3129 3.072
Within Treetments 2399.0221 32 74.97
Within Tubes 131.922 71 1.86
F 10 (2,32) ¤ 2.48
P 5 (2,32) ¤ 3.32

I
I

I I
IÄ I
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EUMMARY

Experiments were perfermed to determine the sensitive
cross section of a lyophilized baeterium, Eschergohig ggl;,
to fast (l4Mev•) neutrons. The neutrone were obtained from
the H3(d,n)He4 reaction and the source strength determined
by means of a long counter. The total flux et the site of
irradiation was determined by numerieal integration and
found to be in the neighborhood of 1012 neutrons/om.
Target theory and a least squres determination gave a value
of approximately l0°l2 omz for the sensitive cross section.
This value is in greement with those obtained by others
for this bacterium irradiated in aqueous solution and on agar
p1ates„
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ABSTRACT

an Experiment was performed to determine the sensitive
area of a lyophilised bacterium, Esghegighgg gggg, to fast

(l4Mev.) neutrons. The neutrons were obtained from the

H3(d,n)He4 reaction produced in the Cockeroft·halton aocel—

erster at Virginia Polytechnio Institute. The reaction
provides a neutron source which is almost monoenergetic,

symmetrieal, has a low level of associated gamma raye, and

gives a large number of neutrons per unit time. To ineure
that the maximum number of neutrone per om2 per unit time
pass through the samples, a special target holder, and sample
holder were oenstructed to position the samples close to the
target's center. Source strength was determined with a long

counter. The {lux at the site of irradiation was determined
by numerioal integration.

One half of the lyophiliaed culture tubes were held for
controls, the others were irradiated. after the letter had

been irradiated, all were opened aseptically, plated on agar,
and colonies oounted. Because of the extreme variation be-

tween colony counts of lyophilised samples, a weighted least

squares analysis was performed to estimate the sensitive

area.

The total flux to which the bacteria were subjeoted

was spproximately 1012 neutrons/omg and the sensitive area

III



was estimated te be lO°l2 emz. This agrees with values

obtained hy others for this bacterium irradiated in aqueous
solutien and on agar plates.

Since the average size of ägghggggggg gel; ie

.5 x 1.5 microne, the sensitive area is approximately 0.01%
ot the total cell area.
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