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REVIEW OF LITERATURE

In an examination of the effects of radiation on
biological systeme, the physical, chemical, and biclogical
reactions, and their correlations warrant individual cone~
sideration. According to the observations of Andrews(S)

and Platzman(46)

y» the time required for these reactions is
variable. Most of the physical events are over in about
10713 seconds, the physiochemical changes are completed

in 10'11 seconds, and chemical changes take place in 10'6
seconds. Thus all the original processes which are asso=-
ciated with the sbsorption of the radistion energy are
completed in lees than 10'4 seconds. In contrast with the
initial asction, the blological changes which are brought
about by the deposition of radiant energy in biological
material may take from a few minutes to 20 yeaurs to become
evident. At present, much is known regarding the physical
reactions of radiations in gases. lLess is known concerning
their interaction with liquids end only little information

is known concerning their effects in solide. 1n bilological
systems, dose and observable end effects have been correlated.
These studies include the effects of adding specific materials
such as glutathione and cystainé(28'29’45’53) to the material
t0 be irradiated before, during and after irradiation, the

effects of oxygen tension,(8’18’19'20'58’59)and mixtures



of radiation(32'34’55). The two intermediate stzges, the

physiochemical and the chemical are still a mystery.

Cf the radiations which are believed to cause bio-
logical mutations, ultraviolet light has been the most
thoroughly investigated., It has been determined that the
abgorption coefficient for ultraviolet radiation depends
upon the molecular structure of the target moleculss.

Action spectra(ll) studies have shown that ultraviolet
rediation in the region of 2600 A is the most effective

for the production of lethal mutations in bacteria. Blum(ll)
demonstrated that nucleic acids have absorption spectrae
which neearly coincide with the lethal action spectra for
microorganisms, This suggests a relationship between lethal
mutations and the disruption of nucleic acids.

Studies of the killing of bacteria with monochromatic
ultraeviolet radiation give evidence that the effect is inde-

(32,47,65) and survival vs., dose curves

pendent of intensity,
obtainable by these studies are exponential. These results

demonetrate that an observable effect is duse to the absorp-

tion of a single quantum in & sensitive volume. The sensitive

area or volume may be the volume of the gene or genes which
determines the mutated characteriatic(lz'zz).

Although x-rays are also electromagnetic radiation, the
difference in wevelength produces a difference in effect.

The absorption coefficients for x-rays are found to depend




upon the atomic number of the individual atome which lie in

the path of the x-radiation(27). Since x-rays and gamma
reys effect matter in the same fashion, they are discussed
together in this paper.

Long wavelengths of x-rays traverse only thin sections
of tissue because x-ray intensity falls off exponentially

according to the equation:

I = I, e X 1.7

where u is the sum of three attenustion coefficients due to
the photoelectric effect, the Compton effect, and pair pro-
duction; Io is the original intensity, and x, the thlckness
of the sample. This total attenuation coefficient is a
function of the atomic number of the target material. The
x-ray energy deposited in tissue may produce either ion-
ization or excitation; but it has been determined that lon-
ization 1is 104 times as effective ag excitaetion ian producing
observable biological effects.(34) Experiments to determine
true target volumes have been performed with radistions
which produce clusters of ionization widely separated along
the tracks of the radiations such as short wave length gamma
or X~rays.

The primary effect of x-rays on living cells 1s upon
the chromosomes and lethal effects are thought to be due to

mutations in the chromoaomea.(2'16’23’31’32'33’34'54’57'61)



X~-ray data on lethal mutations of the sex chromosomes of
Dropophilla representing gene mutations and chromosome

deficiencies follow the simplest type of Polason distribution:

-bd
nanoe

where n is the number of genes affected, n, is the original
nunber of genes, d is the x-rey dose, snd b is z probability
constant, Values obtained by various authors give values
for the mean lethal dose to Zscherjchia goli by x-rays
varying from 5400 r.(63) to 5700 r.(38) using .15 i and 4200
to 8400 r. as the wavelength varies from .56 to 4.0 g. (64)
Theoretical expressions (Klein and Nishina(35), and
Bethe and Ashkin(g)) indicate that for low Z material and
low energies, the linear absorption coefficient for x-rays
decreases as the inverse cube of the energy. Thus the lower
energy x-rays will deposit more energy per unit path length
than higher energy x-rays. Blological material is composed,
except for a small fruction, mainly of the elements lﬁ, 60,
80, 7N; and the x-rays which have been used to study such
material ave in the low or medium energy rznge. Thus the
fact that the mean lethal dose increuses with wavelength and
ion density gives credulence to the theory that an lonization
in &8 sensitive volume will cause a lethal mutation. Since

it takes a greater dose to achieve the ssme effect with longer




x-rays, i.e. with a greater ion density, it would seem

logical *to assume that the extra lon density would be
wasted and that only one lonization in a sensitive volume
would be necessary to produce a lethal mutation.

The electrons which are scattered by x-rays cesuse
further ionigzations. They displace electrons in nearby
atome, trausferring their energy to these struck electrons
in the process until thelr energy is depleted. This same
effect is observed when electrons, protons, deuterons, and
alpha particles pass through biologiocal substances. 1f the
ejected electron is of low energy (100 ev.), its range is a
few millimicrons in tissue. If this electron has enough
energy, it may become 2 highly ioniging particle itself and
will travel several atomic radil from the original treck,
producing ionized atoms as it goes. Approximately half of
the total lonizations produced by the original particle are
produced by secondery rays having energies over 100 ev. The
other half is distributed among the isolated primary single
ionizationse and the clusters of two or three primary ion-
izations,.

Protons and heavier particles leave relatively straight
paths of ionized atoms. The specific ionization along the
paths of these primary ioniging particles is a function of

the initial energy of the impinging perticle. I1If a proton
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or more massive particle of moderate energy is used as the
projectile, the probabllity is almost unity that the heavily
ionizing particle will cause at lezst one ionization in tra-
versing a sensitive volume.(s) Thus the probability of a hit
depends on the target area rather than the target volume.
The theory that deuterons ionize in arees and electirons ionlize
in volume, has been used extensively to determine the size
and shape of the sensitive area and sensitive voluwme of
bacteria, viruses, and enzymes.(7'19’36’38’49’50’51’55) In
cells and enzymes, the sensitive volume can be different
for different functions of the same enzyme, or celils. The
characteristics of a physiologically active molecule such as
an enzyme depends upon the location of the active sites and
the spatial arrangement of the other constituents of the
enzyme which determine which substrates can be acted upon
by the active sites.

Investigations carried out with ionizing particles,

whether concerning the inactivation of viruees,(37'62) the

killing of bacteria,(36'4o'65)

(7,14,48,49,51,55) prove that the mean lethal dose increases

or the inactivation of enzymes

with ion density, the survival curves are exponentisl, and

the effects noted are independent of 1ntensity(39) and of

the temperature(52>.



of such a size as to be observable under a microscope and
ultraviolet light, x-rays, alphe particles, or protons are
used, it has been shown(lo'60'66’67'68) that radiations
cause more observable effects when they interact with
chromosomes than with the sytoplasm., 4 dose of 28,300
protons delivered to the cytoplasm failed to cause any
observable effects, but a dose of only 20 protons delivered
to the chromosomal area caused an observable effect.

Lea(38) reported a value of 4 x 103 roentgens for the
mean lethal dose for the ilrradiation of Zscherichias coli
with beta rays and & value of 24 x 103 roentgens with
alpha rays illustrating that as the ion density increases,
the mean lethal dose also increases.

Experimental work performed on Jrgsophilis melano-
ggg;gz(l’lS) has given data which when plotted resulte in
curves which would be expected when multiple chromosomal
breekage is produced from & single proton hit. The sur-
vival or inactivation curves were exponential.

When biologicel material is bombarded with fast
neutrons, 92.5% of the damage is due to so called knock
on collisions with protons. The fast neutrons are scattered
by hydrogen nuclei which may receive up to 100% of the total

energy of the neutrons wnich scatter them. Theae protons

With blologlcal systeme in which the chromosomes are
\




are nov heavily lonizing particles traveling in relatively

straight paths and their specific ionization is so high that
the probability of their causing one ionization in traveling
through a sensitive volume is unity. The probability of a
hit by o fast neutron thus depends on the target arsa. One
could hope to obtain a cross sgection of the sensitive volume
of a bacteria or virus from fast neutron bowbardment experi-
ments., OCome few experiments have been performed on bio=-
logicel specinens in solution,

A value for the mean lethal dose for fast neutron
irrediation of Drosophilia wes obtained and found to be

approximately 1.8 x 10ll fast neutrons per cma.

Eecherichia goli exposed to a beam of fast neutrons
while in broth had a mean lethel dose value of T.l x 10° v
units* or 7.1 x 103 rep.(4°) In the energy range used in
that experiment, 7.1l x 103 rep. is equivalent to l.4 x
1012 (24) fast neutrons per cma.

Egcharichia colj was plated on agar and exposed to a
beam of famt neutrons(ss) from the Beg(d,n)Blo reaction and
the meon lethal dose was determined 4o be approximately
2x10°n units.H Therefore the mean lethal dose was

5 x 103 rep., Other experiments produced values of the same

-
one v unit = 1 rep.(45)

b one n unit = 2.5 rap.(24)



(30)

order of magnitude Thusg, it appears that the mean

lethal doase for fast neutron irradintion of Zacherichia goli

is of the order of 1012 fast neutrons per cm2.

Since the curve showing the relationship between
survival and dose was exponential for all these cases, one
may asgsume that any iandirect effects were of negligible
consequences. However, all the experiments performed up
to the present have been with solutions which could have
contained smuall amounts of radintion polsons after irradi-
ation. Thus, an experiment was planned with lyophilized
bacteria to ses if the mean lethal dose would be of the
same order of magnitude. The present experiments were per-

formed to determine the effective cross soction of the

lyophilized bacteriwm, Isgherichis coli.




Indirect Effects.
wWhen solutions are exposed to ionizing radiation,

chenges occur in the chemicel structure. This is noted in
mediums containing biological substances.

In most biological systems up to 80% of the constitu-
ents are water. VWhen a water molecule is ionized, an electron
is ejected leuving behind a positively ionized water molecule.
The positive ion dissociates into a hydrogen ion snd a free
hydroxyl radical. The ejected electron travels in the water
& distance, determined by ite 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 radicals
which are formed will attack chromosomes and active sites
on engymes, This 80 called indirect effect spreads the
radiation over a wider area to give experimental values for
cross sections which are larger than those obteined when
this action is not present. The distance a free radical
will travel before interacting with a sensitive portion of
the target is varisble. This makes the determination of
sensitive areas uncertain. Target size determinations have

meaning only when the action ie predominantly direct.



Accurate determinations can be mede theoretically only on

dry viruses, enzymes, hormones, and lyophilized micro-

organisms,

Zarged Theory.

The target theory developed by Lea(48) is based on the
assumption that the primary act of radiation absorption
takes place in a very localized volume, and that the ob-
served blological effect is due to a single ionization.

For the assumptiong 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 tempersture, the intensity at which it is given, and the
manner in which it is fractionated.

3¢ The mean lethal dose must increase with ion density.

Experiments referred to in this report, have shown that
these three criteria are met for many biological effects
from ionizing radietion, and particularly for dry or
lyophilized viruses, enzymes, hormones, and should be true
for lyophilized bscteria.

In aoccord with the first criterion given above, a
semilog plot of survival vs. dose results in a straight line

if the action is direct. This curve represents the equation:

n = no e"bd [5_7
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where n is the number of survivors, n, is the original
number of speclimens to be irrediated, d is the dose given to
the sample and b is the probability that some specific ab-
sorption event occurs per unit dose in the vital volume or
area. The mean lethal dose which is the dose wihich will
kill all but 62.8% can be read frow the curve itself,

If instead of a straight line, a curve is obtained
which shows no effect at low velues of 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(s) = By  p¥(1-p)2"" (37

For smell numbers the above can be epproximzted by

p(s) = (RRLGZ L[oT

If the expected average number of hits in each trial

is &= np, then

. £8 o~€

P(a) = o8 [57
P(s) is the probability of exactly & hite in a path length
where 8 is the actual number of hits., If a single ionizing
event is effective, multiple hits must also be effective,
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thus complicating the determination of P(s). But if the
probability of nonocourance 1s calculated and subtracted

from unity, i.e. when 8 = O:

P(0) = e~ € (i.e. probability of
no hit, survival) /76_7

Bombaprdment in Area.

A consideration of the amount of energy deposited per
100 X by protons, deuterons, and alphas and the amount of
energy released per lonization will attest to the high
specific ionigation occurring along the pesth of these
ionizing particles,

If P(O) is the probability of survival, N equals the

number of survivors, and NO, the original number of especimens:
K = NO r(0) £:7_7

but P(0) = e 2P where n is the number of trials which in
this experiment is equivalent to the number of attempts at
hitting a sensitive area, i.e. the total dose (D) delivered
and p is the probability of occurrence of an event, i.e. the
cross section A, The following eguation leads to a deter~

mination of the sensitive area:
N = NO e-AD CS_]

When N = .37K°

In N/§, = -1 and A = -1/D




D can be expressed in units of particles per cm2 and
thus A will have units of area and can be thought of in

terms of a sensitive area.

Heutrons.

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 in
a sample at 2 point cen be determined by means of the

following equation. The energy deposited per unit mass (Em)

may be represented by(QS)s
n 2 A
E = kE 2 n, ©S; *““‘ag 9_7
B =l 1 (1eay) o

Where £ is the energy of the impinging neutrons, k is the
number of neutrons per cmz, ny is the number of atoms of
type i1 per unit mess of the medium, i is the cross section
for the ith type of atom for the neutron energy used, Ai
ie the ratioc of the ith perticle to the maes ¢f the neutron,
and Ei rerresents the summetion over all ith stoms.

Since 92.5% of the energy ebsorbed in tissue is due to
the scattering of hydrogen atoms by neutrons; and if E is ex~-

pressed in electron volts, the above equation can be approxi-

54 k B S,
By = ~*—--~f§i3~§ rep. 97
5.23 x 10

mated by
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The approximate dose received by tissue exposed to a
2 . -
neutron flux of lO9 neutrons per cm- as a function of neutron

(25)

energy is given by Gray The value for 109 neutrons of
energy 14 Mev is approximately 5 rep. These values were
used to obtain a correlation between rep values obtained by
other authors and neutron fluxes and to determine the range
of flux necessary for a mean lethal dose.

To obtain a sufficient number of neutrons, the

T3(d,n)He4 reaction was used:

1

2 4+ %2 = _me* 00 + 17.6 Mev. /117

1 1 2

The neutrons were obtained by bombarding a tritium target
with deuterium ions. The tritium target prepared bj the
Isotopes Division, Oak Ridge National Laboratory, consisted
of tritium absorbed on zirconium deposited on platinum. The
cross section for this reaction as a fuanction of bombarding
energies has been determined theoretically(13’17) and

(3,26)

experimentally and found to have a maximum of approxi-

mately 4 barns at a bombarding energy in the neighborhood
of 125 kev,

Angular distribution measurements(4) indicate spherical
symmetry in the center of mass system, and experiments per-
formed show that at low bombarding energies there is at most

an asymmetry of only a few per cent in the lab system.,
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The energy of neutrons at any given angle is alnost

monochromatic. There is at most a 100 kev sprezd of

. N 26
energies for thick targets( )

(44)

. Homographs prevared by
licKibben show a range of energies 13.4 lev. through

14.25 Mev. for an angular distribution of 1350 to 450 with

an averzsgze energy at 90° of 15.85 liev. Thus the distribution
of energies as well as the distribution of neutrons is
practically isotropic in the laboratory system.

In various mediums, & neutron colliding with a proton
can lose up to 100% of its energy through a scattering
collision. On the average, it loses 1l/eth of its energy in
each collision. Though scattering in the center of mess
systemn is spherically symmetric; in the laboretory system,
it is a Tunction oi the scattering angle, expressed as
cos O = 2/3Ai, where © is the scattering engle snd Ai is the
ratio of the messes of the two particlec. For the case of
scattering of a neutron by a proton, A, =1 end cos 6 = 2/3,
and the scattering is preferentiszlly in the forwara dairection

in the laboratory system.(2l’42)

Thus, the neutron tarough
an elastic scattering process, produces a hesvily ionizing
particle with an energy of approximetely 9 iev. The specific
ionization of such a particle is so high that the probability
of ionizing a molecule in the sensitive volume is unity and

the value obteined in this experiment is for a sensitive area.



METHODS3

Sample Preperations.
A wild strain of Egcherichia goli was used in this
experiment,

Cultures were maintained on agar slants and transferred
to the nutrient broth solutions for incubation at 37° ¢.
After twenty hours, 0.1 ml. portions of broth culture were
pipetted with special long neck pipettes into previously
prepared cotton stoppered and sterilized lyophilization
tubes. The cotton was replaced in these tubes and the tubes
placed in a consecutively numbered rack. The tubes were then

placed in the holders of a lyophilizer and the contents were

freeze dried at 30 microns of Hg. When the tubes had returned

to room temperature, i.e. all the free water had sublimed,
the tubes were seamled while under pressure, romoved, and
placed in their original positions in the tube rack. Thirty-
8ix tubes were freshly prepared for each run.

The samples to be exposed were plrced in a special
semple holder (figures 2 and 6), arronged in 2 eilrcular
pattern end the position of each tube noted. The tubes were
carefully positioned in a circle about the target. In all
experiments, the even numbered tubes were exposed and the
odd numbered tubes retained for controls. ZExcept for the

short period of time when the even numbered tubes were being




irradiated, all of the tubes were retained in the tube

rack in order that all would be subjected to the same effects.
Radiation.

Using portable neutron and gzmma detectors, radiation
levels wore checikzed in tha building sach timo an irradlation
was made,

The secondary target containing the vicor obsarvation
window (figure 5) was placed on the targot flangs of the
Cockeroft-Wwalton accelerator and the bean visually focused.
After the beam had been centered on the vicor window by
leveling and poasitioning screws, the secondary target was
removed and the tritium target placed on the accelerator
(figure 7). The beam current and focus were then checked
by means of a probe which is built into the system und the
beam was next allowed to fall on the tritium target itself,

In this experiment, to average errors wihicnh wight arise
because of anisotropy, those sample tubes in the outer posi-
tions were changed spatially, so they would obtain egual
energies and equal numbers of neutrons. With a bombuarding
energy cf 150 kev,, the deuteron bombarded tritium target
should give off approximately 108 nsutrons per microcoulomd
of deuterons.(26)

¥hen BF3 neutron detectors indlcated sufiicient ir-

radiation, the Cockcroft~Walton accelerator was turned off,




and the sample holder reversed. After a simlilar irradiation

period with the samples in the new poeition, the machine
was turned off and the samples were removed. The number of
counts recorded by the scalersa for each position was recorded.

After irradiation, each of the control tubes and the
irrasdiated tubes were processed as follows:

Flating Technlques.

The sample tubes were placed in a 70% alcohol solution
and a pesir of tweezers, & puir of pliers, and a 1/4" stesl
rod were placed in snother T0% alcohol solution for ten
minutes. The tubes were removed from the alcohol solution
by means of the tweezers and pliers, the tubes being held
by the pliers until the aloohol evaporated. Then the tubes
were placed in a 99 ml. dilution blank which was agitated
until the tube broke. The dilution bottle top was removed
and the steel rod used to crush the tube; the top replsced
and after the bottle was thoroughly sgitated to obtain an
even distribution of the contents, blanks contalning the
bacteria were placed in a transfer hood.

At the end of ten minutes, the dilution blank was agaln
agitated and a one ml. portion transferred to a 99 ml.
dilution blank was thoroughly sgitated and placed to one side
in the hood. One ml. and 0.1 ml, portions were transferred
from the first dilution blank to three petri dishes each.
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Nutrient agar was added to the six dishes and they were
thoroughly swirled in order to obtain an even distribution
of the baoteria.

| When ten minutes had elapsed after inoculation of the
second dilution blank, it was again thoroughly sgitated;
and the same procedure followed as for the first dilution
blank,

Dishes were incubated at 37° C. for 24 hours. Only
those plates containing between 30 and 300 colonies were
accepted as countable

e on S 3 .

The flux @ at a distance r from a point neutron source

of strength S is represented by the inverse square relation-

ship:

= S 2 [I37
4TTr

In the present experiment, the source was 80 small and the
distance from the detector to the source so great, that the
source was treated as a point source in determining its

strength. Wwith a long counter as a detector, the flux is
given by:

¢=27;§
where CR is the observed counting rate (table 2), Ay is the

area of the face of the long counter and € is the efficlency
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of the counter. Thus if the CR is known, the source

strength can be obtained from the equation:

2
R 7

For this experiment, the area of the counter was

81.07 cm® and the distance from the source to the

counter was 500 cm. The long counter used in this experi-
ment was calibrated to have en efficiency of 10”3 neutrons
per count when used with the 1T3 (dyn) 2He4 reaction. Thus
the source strength was related to the CR through the
equation:

S = 9.69 x 10° CR neutrona/sec. 387

Determination of Flux.

Because of the finite size of the target, the shape of
the samples, and their arrangement, a numerical integration
wes necessary to determine the flux for each sample, The
area of the target source was ascertsined end divided into
16 equal parts. The integration was carried out twice, once
for the outer samples and once for those samyles whose center
points lay on the same plane as the target.

The sample tqbee were c¢ylindrical in shape with hemi-
spherical ends., A measurement wus made ol the thickness of
the tube and from large scale drawings of the tubes, correat

dimensions for the inner sample coated portions of the
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cylinder and hemisphere were obtained. The cylindrical
portion of the sample tube was divided into eight 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 coordinate syetem was set up and the center of each
target section and of each sample area was determined. The
equatione for the cylinder and the hemisphere were obitained
and the gradient of each was taken. From these, the value
of the normal to the surface at each center point was cale
culated and the angle between a line from the center point
of each target area to the center point of each sample area
and this normal line was obtained. Also, 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 integreted source value for each run was obtained
by means of the long counter as previcusly described. All
the values obtained as listed above were applied to obtain
the flux at the locetion of the sample for the final deter-

mination of the sensitive area.

The solid angle pubtended at a point distance r, is given

dw = dAjcos #/r°



27

Teble 1

Target area, area of samples, and cos ¢/r2 values for

the determination of flux at sample position.

Area Values dAgﬁ

Hemispheres (sample tubes) 0.0355 cm?
Cylindrical (sample tubes) 0.0456 cm®
Disc (Target) 0.0198 cm®

cos ¢/r2 values

Cylindrical

Sample Fogition ~fortion
Outermost Position 38,0 om™°
2

On Axis of Target 52.8 cm

Total Area
2

0.852 cm
Q. 365 cm2
0.317 om®

Hemispherical

2
2

1.340 cm‘
281, cm
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If the source strength per unit area is dS/da, then
the total source strength is S = JSdS/da (da) end if this
source strength is uniform over the entire area, S = ,fé/a da.

If the average flux per unit area is § = df / dA,, then the
total flux is PA, = Sfaf / da, (da,) or

B o= ua, Jab/as, (an) = 1ag S ap
8

S d4&_ cos ©
ag = %Qg& y 80 4¢ = and
/4 E*“E
47 x

5 - IEAsa }{ af cos egéda dA§ [fb' _7
r

The average flux values are tabulated in Table 4.
ive Area.

Meking use of the equation /8 7, N = Koe'ﬁn, vhere N
is the number of original bacteria before irradiation (or
number of bacteria in control tubes), N is the number of
bacteria surviving irradiation, D is the dose in neutrons
per em? (1.e. @ in equation /157), and A i the sensitive
area,

Since preliminary experiments had shown & large variation
between tubes due to lyophilization alone, the experiment
was rearranged s0 a large number of tubes could be expoged
to an equal number of neutrons. These tubes were coipared
to 2 large number of unirradleted control tubes to compenscte

for tube variation,
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In each run, twelve tubes received equal amounts of
radiation and & second set of six received egual amounts of
radiation. Eighteen 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 subjected to the analysis
which follows.

If the ln of the ratio of viasble counis ¢of organisms
surviving in the irradiated tubes to viable counts in the
control tubes was sald to be the experimentally determined
value and the product of the area and the dose said to be
the calculated value, then using the following reasoning,
the wvalue for the sensitive area A can be determined.

For a given value of Xyy We have an observed value of
y (designated as yi) and a calculated velue of y (deslgnated
ae y;) obtained by substituting x, in the equation

1]
y; = o< + £ Xy .
If this equation for the line fits the data, then to satisfy
the criteria of least squares, the constants « and 4 must
a 1.2
be such that . l(yi - yi) is as small as possible, Thus
=

n '
by teking the differential of (yy - yi)2 with respect
j=l \
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$

to ¥y and setting this differential equal to zero, the value
!’

of ¥y that makes this a minimum can be determined.
In the precent experiment, Yy is the experimental

value (ln E/Eb) and y; equals the calculated value (AD) and
5 ')2 = F (N b2, 1T
thus ;Ei (yi -y - izi ln N, - 1n Noi + AD, )®. Taking

the differential with respect to A and setting it equal to
28xro,

(ln N, = 1n Nog + ADi)Di = 0, or

b

A = 2 (lnN, -1nN)D, [is7
ial_'ﬂLT—i_D

i



MATERIALS

The Cockcroft-walton(43) accelerator used in this
experiment was constructed at the Virginia Polytechnic
Institute by graduate students under the direction of Dr. A.
Robeson. The high voltage supply is rated st 250 kv., base

pressure is 1076

I

Cockeoroft-wWalton Accelerator.
mm. Hg., meximum current obtainable 120
microamperes of beam current. Deuterium is fed into the
radio frequency excited ion source via a pallidium lesk.
For thnis experiment the high voltage was maintained at 125 kv.
and the beam current varied from 100 microamperes to 5
microamperes,
Long Counter.(4)

A 1/2" diameter BF3 counter is surrounded by a layer of
paraffin eight inches in dismeter which in turn is surrounded
by a 1/2" layer of 3203 (anhydrous boric ecid) and an eddi-
tional three inch layer of parsaffin. The entire arrangement
is enclosed in a sheet metal shell 40 mils thick. The inner
paraffin layer and counter are recessed 24" from the front
face of the outer layers. The entire couanter arrangement is
164" overall in length and 15" in diameter. It is supported
on a steel table and & screw attachment makes possible the
positioning of the counter so it can be aimed at a source
which is not on its own level. This counter was placed 500

cm. from the neutron source.



BF, Detectors.

3
Diameter: 1/2"
Operating voltage: 1500 volts
Pressure: 40 cm. of Hg.
Active length: 10.5"
Manufacturer: N. Wood Counter Laboratories

Supplemental Counter.

A 1/2" BF3 counter was embedded in thick slabs of
paraffin and positioned one meter from the neutron source.
It was used to monitor counter number one in case of a mal-
function in the primary counter.

Associated Electronics.

Pre amplifier: #219A, manufactured by Atomie
Instrument Company.

Linear amplifier: #218, manufactured by Atomic
Instrument Company.

Ultre scaler: #1924, manufactured by Nuclear
Chicago.

E;ggggg_gg;g;gg_gggggg (Figures 3 and 4).

Two brass flanges were constructed to be bolted on to
the Cockcraft~walton accelerator to hold the target assembly
and to allow for a flow of cooling water between the two
flanges. The flange holding the target was recessed 8o the
sample holder assembly was supported by the sides of the

recess,
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Tritium Target Holder (Pigures 1 and 6).

This assenbly was constructed from one piece of bruss.
The target end consisted of a tubular portion 3/8 inch out-
side diasmeter and 5/16 inch inside dimmeter. A 5/16 inch
circle was cut from a tritium target by means of a specially
made punch snd 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 ageinst
the end of the holder. This left a 1/4 inch diameter target
exposed to the deuterium beanm.

The flenge end of the assembly wes constructed to fit
in the recess of the holder flenge and also contained a
shoulder so the sample holder could fit between the target
holder and the holder flenge. Holes were drilled and counter-
bored to hold tightening screws.

Secondary Aligning Target (Figure 5).

The design of this holder issimiler to the tritium
target holder. The end wae cut off the tubular end and a
vicor window affixed to it by means of sealing wax.

Target Poeitioning Device.

Two short pieces of 1/4" x 1" angle iron were cut and
bent to make upright posts. They were welded to a 1/4" steel
plate at a distence of eight inches apart. Holes were drilled
and tapped into the tops of the angle iron so 3/8" steel bolts
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FIG.4 TARGET HOLDER FLANGE
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FIGS SAaNPLE TUBES
AND ALIGNING TARGET

FIG.6 SAMPLE HOLDER,
TUBES, AND TARGET



could be run beck and forth against the sides of the flanges
in order to position the target laterally. The steel plate
was drilled and tepped at three locations to take 3/8" ateel
bolts. These were used to position the target vertically.
Sample Holder (Figures 2, 6, and 8).

A two inch brass rod, two inches long, was drilled out
80 it had a one inch diemeter hole. Recesses were cut into
each end to fit the holder flanges. Three sets of six radial
holes 1 cm. in diameter end 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.

Lyophilizer.
Capacity: 38 tubes
Vacuum: %0 microns when ice trapped

with dry ice and acetone.
Lyophilizing Tubes.

Pyrex #9820 10 x 75 am,

These tubes were heated spproximately 2 cm. from the
open end and drawn out to a capillary at this point. The
capillary size was large enough to allow a drawn out cap-
illary of a 1 ml. pipette to pass to the bottom of the
lyophilizing tube.




te er.

Thirty-four grams of KH2P04 were dissolved in 500 ml.
of distilled water; 175 ml. of 1 N NaOH was added to the
solution and the total volume wae made up to 1 liter with
distilled water. 100 ml. portiona of this solution were
placed in dilution blank bottles and glass beads were added
to one half of these bottles. All were sterilized in an
autoclave for 15 minutes at 121° ¢. at 1% pounds pressure.
(2tandard methods for the Examination of Dairy Producte
10th edition (1953) American Public Health Associsztion,

Washington, D. C.)
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FIG. T - TARGET MOUNTED
ON COCKCROFT WALTON

FIG.8 SAMPLES MOUNTED
IN EXPOSURE POSITION



RESULTS AND DISCUSSICH

An analysis of variance was performed on all data to
determine if there was a significant difference betwesn the
nunbers of viable cells in the irradiasted and control groups.
Only one run showed a statistically significant difference.
It ie evident that the tremendous variation between tubes
within treatments obscures the difference between treatments.
The large veriation was caused by the lyophilization process.
(Table 6)

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

Under the conditiona of this experiment, the P values
could be made larger and the standard deviations smaller
only by using more samples at each lrradiztioan position.

This would require plecing the semples at a much greater
distunce 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 efficlent lyoghilizers
which do not kill such large fractions of the original
bacteria. Also there are availcble special squirt type
guns used in genetic studies on viruses which would increase

the uniformity of contents in the origlnal tubes. New ion




sources available for the Cockcroft-Walton accelerator lead
to a thousand fold increase in the rate of fast neutron pro-
duction. These high fluxes would allow an experimenter to
use many more tubes in each experiment thus decrensing the
effect of variability due to lyophilization.

This experiment demonstrates the difficulties which
arise in working with biological systems. Due to their
inherent variability one must work with large sample sizes

in order to overcome or average out the variasbles which are

not germane to the question under considerztion. The value

of statisticel techniques in this field is evident.

It must be noted that the aforementioned apparatus or
statistical analysis would not remove all of the uncertainty
of the sensitive area which must remain regardless of the
refinement of the apparatus. This sensitive area mey vary
from bacterium to bacterium so en average value with certain
minimum and meximum limits is a2ll one can hope to ascertain.,

This experiment demonstrested that the sensitive area
due to direct actlon waes of the scme order of magnitude as
thet due to indirect action(37’56) and represents spproxi-
mately 0.01% of the total area.




Table 2

Past neutron flux recorded at long counter position.

(Counts Recorded)

Position Position
Run 1 2 —lotal _  Time of Exposure
1l
2

712,273 714,012 1,426,285 1 hr. 40 min.

550,196 536,800 1,086,996 1 hr. 47 min.
3 283,497 283,510 567,007 3 hrs. 20 min.

Distance from long counter to source 500 om.
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Table 3

—control Bear Position

4157.30 x 10° 614.80 x 10°

5915.20 x 10% 1527.00 x 104

3122.90 x 10° 770.70 & 10°
Table 4

In., of average colony count of bacteria surviving.

Outer Position
1731.40 x 10°

3695,10 x 10%
1773.20 x 10°

Neutron flux at sample position.

(In neutrons per em?)
Hear Fosition Outer Position
686 x 107 366 x 10°
523 x 10° 279 x 109
273 x 107 146 x 107
Table 5

Sensitive area of bacteria,

4.7 + 1.8 x 10
3e2 £ 443 x 10
2.9 + 4.0 x 10

~-12 cm2
~-12 cm?
~-12 cm2




Table 6

Analysis of variance between exposed and unexposed bacteria.

Source

Run 1
Between Treatments
Within Treatments
Within Tubes

P 25 (2,28) = 1.46
P 10 (2,28) = 2.50

Bun 2
Between Treatments
Within Tresatments
Within Tubes

P 25 (2,30) = 1.45

Run 3

Between Treatments
¥ithin Treatments
Within Tubes

F 10 (2,32) = 2.48
P 5 (2,32) = 3.32

827.566
7537.650
114.335

602.01
8960.527
212.96

460.6258
2399.0221
131.922

Degrees

2

63

30
67

32
11

of
Sum_Squares Freedom Mean Squares P

413.783 1.54
269.202
1.815

301.01 1.008
298.68
3.03

230.3129 3.072
T4.97
1.86




SUMMARY

Experiments were performed to determine the sensitive

cross section of & lyophilized bacterium, Escherichia goli,

to fast (l4iMev.) neutrons. The neutrons were obtained from

the H?(d,n)He? resction and the source strength determined

by means of a long counter. The total flux at the site of

irradiation was determined by numerical integration and

found to be in the neighborhood of 1012 neutrons/cm.

PTarget theory and a least squeres determination gave a value

of approximately 10"'12 om2 for the sensitive cross section.

This value is in agreement with those obtained by others

for this bacterium irradiated in aqueous solution and on agar

plates.
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An Bxperiment was performed to determine the sensitive
area of a lyophilized bacterium, Zsgcherichis coll, to fast

(14Mev.) neutrons. The neutrons were obtained from the

HB(d,n)He4 reaction produced in the Cockcroft-walton accel-
erator at Virginia Polytechnic Institute., The reaction
provides a neutron source which is alwost monvenergetic,
symmetrical, hes & low level of associated gamme rays, and
gives a large number of neutrons per unit time. To insure
that the maximum number of neutrons per cm2 per unit tine
pass through the samples, s special target holder, and sample
holder were constructed to position the eamples close to the
target's center. Source strength was determined with a long
counter. The flux at the site of irradiation was determined
by numerical integration.

One half of the lyophilized culture tubes were held for
controls, the others were irradisted. After the latter had
been irradiated, all were opened aseptically, plated on agar,
and cclonies counted. Because of the extreme variation be-
tween colony counte of lyophilized samples, & weighted least
squares analysis was performed to eastimate the sensitive
area.

The total flux to which the bacteria were subjected

vas approximately 1012 neutrone/cm2 and the sensitive area




vas estimated to be 10'12 cma. This agrees with values

obteined by others for this bacterium irradieted in aqueous

solution and on ager plates.

Since the average size of Escherichia coli is

.5 x 1.5 microns, the sensitive area is approximately 0.01%

of the total cell area.




