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RADIOBIOLOGICAL EXPERIMENTS
USING ACCELERATED HEAVY IONS AT THE BEVATRON

INTRODUCTION

This report describes work in progress using accelerated heavy-
ion beams at the Berkeley Bevatron; in particular it contains prelim-
inary results in a series of exposures performed in September 1972
and February 1973. In addition to reports from the Donner Laboratdry,
work from the USAF School of Aerospace Medicine, San Antonio, Texas;
the University of San Francisco; NASA-Ames Research Laboratory,
Moffett Field; and Mount Zion Hospital, San Francisco, isalso presented.

The authors are grateful to the staff of the Bevatron: Herman A.
Gi'under, Walter D. Hartsough, Richard E. Morgado and Don M. Evans,
under the leadership of Edward J. Lofgren, for their assistance.

“Radiological physics measurements for most of the experiments
were performed by John T. Lyman, Jerfy Howard, Graeme P. Welch,
Walter Schimmerling, Howard D. Maccabee and Stanley B. Curtis: o

We are pleased to acknowledge support of the US Atomic Energy

Commission, NASA and the National Cancer Institute.

September 1973 The Authors
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A NEW METHOD FOR HEAVY-PARTICLE RADIOGRAPHY
' Eugehe V. Benton and Richard P. Henke

; Phys1cs Department, Un1vers1ty of San Francisco
: San Francisco,"’ CA 94417

‘ and
Cornelius - A. Tobias

- Donner Laboratory—Lawrence Berkeley Laboratory
University of California, Berkeley, CA 94720
Abstract:-

Energetlc heavy ions may be used to produce high resolution, high con-
trast radlographs. A uniform, monoenergetic beam of particles, such as 250
MeV/nuc:EIeto‘,n 160 ions, passes threugh the object under investigation and slight
differences in the internal ‘struc‘:.kture ,p'ro,duce differences in particle stopping
power. "’I‘he"stopping point dist_ribution as recorded in plastic nuclear track
detectors reflects the internal struc/;tulre of the object. It is found that den-
sity differences as small as 0.03 g/c:m2 or about 0.3% of the total thickness,
in regions‘of relatively small size (< 1 cm in diameter) can be detected with
ease, making possible radiography of objects not detectable using conventional,
"x-ray" 'tecfmiques. The method has potential applications in diagnostic
localization of tumors in cases where the density difference between tumor
tissue ‘a_n‘c‘_lﬂnor_mal tissue is too small to be detected by conventional methods.
The use of plastic detectors also lends itself to quantitative three-dimensional

reconstruction of tissue architecture.



Introductvijc').'n.ﬁ
Previously, it was suggested that a number of problems existing in di-

agnostic roentgenology might be solved through the use of energetic, heavy-
particle beams such as those presently available at the LBL Bevatron:(1)

) 1) Adipose-tissue or soft-tissue tumors are often not detectable with
x-rays or other conventional techniques. The tumor is detected by x-rays
generally only when it has grown to a rather large size. »

2) It is difficult to detect and localize air pockets which sometimes occur
in parts of the body such as the brain. .

3) It is well known that diagnostic x-rays are relatively insensitive in
the detection of small metastatic lesions invading the bone.

It has also been pointed out that heavy-particle beams can be used as a
more sensitive " thickness gauge' than either x-rays or electrons. (1) Also,
it was realized that the measurement of the particle residual range after they
-cross an object can be used in determining the density distribution inside of
the object, which is often not possible with x-ray roentgenography. (2) We
have recently carried out experiments which clearly show that high resolution,
high contrast radiographs can be produced utilizing heavy-particle beams in
conjunction with either photographic film or plastic nﬁclear track detectors. (3)
The emphasis has been on using plastics in that they offer some unique advan-
tages over the photographic film. For this purpose, the main limitations of
the photographic emulsions consist of the following: emulsions have a loga-
rithmic response, they record electrons producing an unwanted "halo'' effect,
and they record all charged secondaries. On the other hand, plastic detectors
are insensitive to electrons and being effectively' threshold' type detectors
. will record only the heavy component of the secondaries. Also, since they
record tracks only at the end of the particle range, it is possible to detect
very small variations in the stopping power of the object. Since each layer
of a stack of exposed plastics may have unique information recorded on it, it
then becomes possible to reconstruct the three-dimensional structure of the
target object.

The terms '' radiography' or '"roentgenography' usually refer to pro-
ducing a record of the internal structure of an object by passing short wave-
length electromagnetic radiation through it. This radiation is selectively
absorbed by internal regions of different composition and therefore (hopefully)

different absorption coefficients for the radiation in question. Thus a ' shadow'

[
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is produced by regions which may often have an absorption coefficient only
slightly different from the rest of the object. In some cases the region can-
not be detected at all even though it is quite well biologically differentiated ‘
because of its small size or because of the similarity of its absorption co-
efficient to that of the rest of the object. This is illustrated by the three cases
previously mentioned. _

In many cases a much more sensitive detection of slight differences in
specimen‘_composition is afforded by using the particle stopping power variation
of the specimen produced by these differences rather than the variation in the
absorption coefficient. The increased resolution derives from the fact that
the ionization produced by a heavy ion beam varies from a small value to its
maximum value for a displacement of the beam stopping point of only the order
of 1% of the range of the beam, where the range of the beam must only slightly
exceed the thickness of the specimen. For an attenuated beam radiogram
(x-ray), the electrofnagnetic radiation must be able to penetrate the entire
specimen and still retain adequate intensity to sufficiently expose the film
without unduly exposing the entrance side of the specimen. Thus, the dis-
tance scale for a large variation in the radiation intensity is of the order of

the thickness of the specimen. This yields a sensitivity increase of the order

~of 100 fold for a specimen where the percentage change in the stopping power.

is the same as the percentage change in the absorption coefficient.

The contrast between conventional, "x-ray' radiography and hea\}y ion
radiography with plastic detectors is illustrated in Figure 1. Here the x-ray
mean free path length and the heavy particle range are the same. The x-ray
intensity (the processed film reproduces this intensity) and the Lexan response
to the heavy ion beam are normalized to one at their peak values. As the tis-
sue composition changes the water equivalent path length for either absorption
or stopping varies with lateral position in the beam. As can be seen from the
figure the resulting fractional change in Lexan response, AR,I,/RT is much
greater than the fractional change in the x-ray intensity, AIX/IX. The '"'noise'!
with plastic detectors is generally very low and typically represents the de-
velopment of a small density of background etch pits as well as the fragment
induced tracks.

Previously, protons have been used succeésfully to produce radio-

(3-6)

is smaller allowing better resolution of both thickness differences and spatial

graphs. However, for heavy ions, the range straggling and scattering
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features. Also, since with plastics a considerable magnification of tracks is
achieved during processing, considerably lower doses can be used to achieve

good radiographs. .

Basic considerations.

A. Th@article beam. _

The idealized beam for particle range radiographjr is a parallel beam of
monoenergetic, heavy particles of uniform intensity over the entire area to _ )
be radiographed. Preferably, the energy of the beam should be adjustable at &
the source, rather than through the use of degrading material. This is desir-~
able to provide for the minimum longitudinal spread in the particle stopping
points due to range straggling. The idealized beam is assumed to have a
Gaussian distribution in particle range, R, about a nominal range Ro =R.

Thus, " if the x,y plane is perpendicular to the beam direction (z axis) and the

fluence of particles is F', the stopping density, Py is given by

. 1<F(z)- R0)2
3 "2 0,
d™N _ F dR e R / . 1)

Py = = dz
s dxdydz O'R'\[Z? dz

Here R and Ro are the ranges in water, z is the physical longitudinal position
in the beam, and on is the standard deviation in particle range (H,O equiva-
lent) due to range straggling. The approximate values of the range straggling
for water, given as a function of the particle

(‘7)]

Since the straggling

are given in Table I. Here Or

type, and the particle range, R, is the emulsion result [ after Barkas,
scaled to other materials using Eqn. 5.66 of Burcham. (8)
goes as A,—i/z, heavy particles provide a much narrower stopping point dis-
tribution than protons and result in greater resolution. This situation can be
illustrated as follows.

In critical cases where very small changes in the specimen are to be
resolved, particles heavier thanliH or 4He are necessary. For example, a

1 cm diameter, 5% density difference soft-tissue tumor provides a relative

o

beam displacement of only 0.5 mm of water. If this tumor occurs somewhere
within a body, the particle range may be somewhere between 20 and 30 cm.
In Table I, it is shown that for this range partiéles at least as heavy as 160:
must be used if the range straggling is to be 0.5 mm or smaller.

The particle beam (of the LBL Bevatron) deviates significantly from the

idealized beam in several respects. 1) The intensity is generally not uniform
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over the area of interest. 2) Although at a given point in the beam a single
beam pulse is fairly monoenergetic (most of the spread in the stopping points
is due to range straggle), the energy may vary somewhat with lateral position.
Therefore, the stopping point surface is not a plane perpendicular to the beam
direction but is a slightly curved surface, typically convex downstream.
3) The beam energy may vary slightly from pulse to pulse. The evidence
for this is that the width of the stopping point distribution is greater for multi-
pulse exposures, and subsidiary peaks appear at different longitudinal posi-
tions. 4) Initial contamination of the beam and nuclear interactions with the
stopping material alter the charge composition of the beam by producing
lighter particles. These particles stop over a much greater longitudinal dis-
tance than the idealized beam. v

A beam pattern profile for stopping 16O particles in a 30-layer (10-mil
thick each) stack of Lexan plastic is shown in Figure 2. Each white dot rep-
resents a track of a particle which stopped in that layer. Dark regions rep-
resent the absence of stopping particles. The particle beam enters layer
No. 1; the particle stopping point distribution can be observed in layers
10-16 with the center of the Bragg peak in layers Nos. 13 and 14. The inci-
dent beam first passes through 7.20 cm pf HZO before entering the detecgor
stack. A 10-pulse exposure representing a total of approximately 5X 10
particles was used. This exposure should be compared with that shown in’
Figure 4. Here a single pulse of 4X 105 particles was used yielding a standard
deviation for the stopping particle distribution of approximately a single layer
(250 um). The stopping particles in Figure 2 are distributed over a some-
what larger distance. .

B. Eiffect of specimen on the particle beam.

In the following discussion it will be assumed that the beam is idealized.
The motivation behind this is that: 1) the idealized beam is in a mathemati-
cally tractable form, 2) the departures from the idealized beam due to physi-
cally insurmountable causes (nuclear disintegration, etc.) are small, and
3) future improvements in the accelerator technique will probably significantly
improve characteristics such as uniformity in intensity, constancy of energy,
etc.

The fundamental equation expressing the displacement of the nominal

beam stopping point is



s..tOpping point :
Ro = fpdz = fpdz -+ fpdz +/ fpdz (2)
Bevatron auxiliary equipment specimen /detector

The quantity p(x,y, z) is the physical density (g/cm3), f(x,vy,z) is the water
equivalence factor correcting the range in g/cna2 to a range in water, and

R (x,y) is the nominal (not affected by straggling) particle range in water. It
iAso assumed that f is independent of particle energy. Although this is not
strictly true, it is a good approximation. For the idealized beam Ro is
constant and since the auxiliary equipment, including air, is plane parallel,
the first term in the right side of Eqn. (2) is a constant. Therefore, if z

is the z of the entrance surface of the detector stack, and fd and Pq are
constant values of f and p for the detector, Eqn. {2) can be written

fdpd(zo- ze) +j fpz-iz Co= Re _ (3)
a specimen . '

where z (x,y) is the nominal stopping z, and
0

RezRo-j lf!:)c.iz o
auxiliary equipment
is a constant.

The preceding discussion of the derivation of the relatively simple op-
erational Eqn. (3) was included to indicate its various elements, and the
assumptions and requirements of the method. From Eqn. (3) it can be seen
that either a change in chemical composition (through f}) or a change in the
density of a region of the specimen can displace the nominal stopping point

z . The distribution in the stopping point given in Eqgn. (1) is now given as
’ [ tgpa(z-2o)]
20 p2

aPa 5 o.N2m

PgrH0 = 7

where ps,HZO is the water equivalent stopping density.

S
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As an example, a displaced particle stopping point distribution is shown
in Figure 3. Here, a Lucite block with a 1 cm diameter spherical cavity filled
with a sucrose solution of 5% lower stopping power served as a tumor model.

The shaded region in the detector stack of Figure 3 is the ¢ _ region of the

vst0pping, idealized beam as displaced by the model tumor mo%el. This
"tumor' which probably would not be detectable with x-rays (particularly

if it were located inside a larger '"body'') causes an approximately ZGR dis-
placement in the stopping point and is readily detectable using heavy-ion
radiography. This can be seen in Figure 4 (the central circular feature)

which shows the response of a Lexan detector stack exposed to the 250 MeV /nuc
16O beam. The "negative' character of the image produced in, for example
layer No. 10 as comp.ared with that in layer No. 14, results from their being
located on the opposite side of the peak of the stopping-particle distribution.
Two small air bubbles located almost diagonally with respect'to the square
plastic can also be readily observed. The bubbles are about 5 mm in diameter
and are approximately 0.3 mm thick. The outline of a paper gasket (~ 0.3 mm
thick) used in between the two halfs of the Lucite block is also clearly visible.
The air bubbles represent a change of about 0.03 g./cm2 or about 0.3% change
in total thickness. The gasket produces a lesser change because its density

is only slightly smaller than that of the sucrose solution. Clearly, even . |
smaller density changes can be observed, however, some improvement in

the beam characteristics is definitely desirable.

C. Detector characteristics.

The objeét here is to compute the detector response curve as a function
of the distance from the nominal stopping point. This is accomplished by
folding the stopping point distribution with the detector response as a function
of residual range. For example, the familiér Bragg curve results when the
detector is an ionization chamber. Here, the detector response is the total
particle ionization.

The plastic nuclear track detector response can be characterized by the

chemical etch rate along the particle trajectory, V

(9)

T as a function.of the

particle restricted energy loss rate (LET). For normally incident tracks,
a very good approximation to the Lexan detector response and a reasonably

good approximation to the Cellulose Nitrate, (CN) detector response is



( . .
Ve LET,, < LET__,,
Vo = | | (5)
LET, .\ ¥
Vo TET__, LET350 =BT 144
- |

where VG is the bulk etch rate of the detector surface. For Lexan (without
UV sensitization), LET . 300 keV/|.L (HZO) and ¢ = 2. For CN, LETcrit
~ 80 keV/p (HZO) and ¢ = 4. It can be seen the CN is much more sensitive

than Lexan.

cri

Two significant aspects of the plastic response canbe seen from Egn. (5).
1) The threshold nature of the detection implies that no particle tracks will
be produced if the particle range is greater than a registration range. Rreg'

derived from the values of LETc 2) The track etch rate, hence the track

size and the macroscopically obsl;::vable response, increases rapidly as the
stopping point is approached and LET350 increases. This places the effective
response point very close to the stopping point, particularly in the case of
Liexan. In fact, it occurs ai; a residual range of somewhat less than Rre'g/z’
the effective response range for detectors with constant response in the
region LET350 > LETcrit' For example, Rreg = 0.015 cm (HZO) in Lexan;

In Figures 5 and 6 are shown the normalized Lexan and CN response
curves as a function of the water equivalent distance downstream from the
nominal stopping point. Here the Lexan response is taken to be the total
track 6pen—in area on both surfaces of the detector. This should approximate
the macroscopic response given by observing the layers with scattered light
(dark field illumination).

In Figure 5, two response curves are shown for the CN detector. One
gives the response as seen by light transmitted through the central opeéning
areas of tracks etched completely through the plastic. The other gives the
response that would be obtained by counting the tracks (which is a large task
for large numbers of detector layers or particle radiographs with much de-
tail). The assumed amount of surface bulk etch for the central opening area
response is only 8.6 n. For longer etch times, the central opening curve will
approach the track count curve in appearance.

It can be seen that the Lexan response curve approximates the stopping

point distribution quite well. The track hole opening area CN response curve

&)
o e
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has approximately the same width as the stopping point distribution, even
though it is shifted slightly upstream. These threshold detectors can there-
fore be assumed to be measuring the stopping point distribution without intro-
ducing aﬁy more than a negligible amount of longitudinal spread.

Radiography methods and results.

The basic approach is to interpose thé specimen to be radiographed be-
tween the accelerator and the detector stack. The beam energy is adjusted
either internally or externally by a variable degrader to place the beam
stopping point approximately in the center of the detector stack. Also, an
important requirement is that the specimen be placed in a bath of liquid with
volume stopping power approximately equal to the average specimen stopping
power. This procedure is necessary to remove as much of the external speci-
men geometry effect as possible. ‘

Several quite different types of radiographs can be obtained depending on
the detector type and processing. One is the conventional ''picture'' type of
radiographs in which the density of the radiograph monotonically increases
with the nominal stopping point displacement, [fpdz. This type of radiograph
can only be achieved by having a detector response curve with a width greater
than the displacement variation over the region of interest,- Only one detector
layer could be used--the one placed on the side of the response peak (as a func-
tion of z) for.particles passing through this specimen region (x,y). A shift in
the displacement from point to point in the x,y plane would cause a corre-
sponding change in the detector response. To meet the above requirement,
either the displacement variation must be quite small or the response curve
must be broadened. The most reasonable ways to broaden the peak are:

1) to use a more sensitive detector with a response which varies with ioni-
zation rate and position the stopping point somewhat downstream from the
detector or 2) to increase oRr by \using a fine porous degrader placed some
distance from the specimen to ' scramble' the details of the degrader. The
second approach is the better one because contrast is retained without
sacrificing linéarity in the response. That is, the detector can still be placed
at the inflection point of the re sponse curve.

The second type of radiograph is a ' contour radiograph'. This is the
natural form to be used with narrow response curves. In this case, a '"re-
sponse band' is seen on a given detector layer. The line through the center

of this band is the contour line corresponding to the displacement consistent
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with the z of this layer [see'Eqn. 3]. Combining the contour lines from
different coletector layers then gives a contour map of the displacement.

Using the stopping 1.60 beam with cellulose nitrate and Lexan as detec-
tors, a series of radiographs were made which are shown in Figures 7-14.

In all cases, the radiographs were obtained using a single beam pulsé of about
106 particles, corresponding to an absorbed dose of about 1 rad. All detectors
were processed in an aqueous solution of 6.25 N NaOH. The corresponding
temperatures and etch times were: Lexan—70°C, 8.0 hr; CN—40°C, 4.0 hr.

In Figure 7 is shown a radiogram of an unfertilized chicken egg using the
CN detector. The photograph was made by shining transmitted light through
the etched-through tracks onto a photographic plate. An outline of the yolk
is clearly visible. The samé egg can be observed in Figure 8. Here, a
stack of 30, 10-mil thick Lexan sheets was used. Layer No. 10 is upstream
of the others. The photograph was made using light scattered by particle
tracks.

Radiographs of a fourteen-day-old, fertilized chicken egg are shown in
Figures 9 and 10, with an x-ray of the same egg shown on the right-hand side
of Figure 9. A four-layer sequence of the egg using the CN detector is shown
in Figure 9, while Figure 10 is an eight-layer sequence using Lexan. In
both cases considerable detail of the distribution of the soft tissue can be._ob-.
served. The head of the embryo is on the left. The dots which appear on
these radiographs, particularly near the edges of the egg are air bubbles
trapped iﬁ the foam rubber that was used to position the egg in the water con-
tainer.

A small (4 cm. long) tropical fish was also radiographed. In Figure 11
is shown a four-layer sequence using CN while in Figure 12 the same fish is
observed in a seven-layer sequence in Lexan. An x-ray of the fish taken in-
side the water box appears on the bottom right-hand side of Figure 12. The
two black dots appearing in the x-ray of the head of the fish, Figure 12, can
also be seen in layer No. 9 of Figure 11. Since no effort was made to remove
air bubbles, several appear. A sharp, high contrast image of the air bladder
is observed, however the skeletal bone structure is not recorded. This
illustrates the complimentary nature of the technique to x-ray radiography.

In Figures 13 and 14 are observed four-layer sequences of the bottom
portion of a live mouse in the CN and Lexan detectors, respectively. The

water level is observed near the top of each picture. A variety of detail can
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be observed in each picture. Of particular interest is the large tumor that

is observed just to the left of the lower hind leg.

Conclusion.

Of the two detectors used, the CN detector is more sensitive and there-
fore offers a broader response, i.e., a greater latitude. Therefore, the
radiographs produced with this -detector have the more standard appearance
of conventional pictures. The response of Lexan, however, is much narrower,
i.e., the detector has a very narrow latitude. It is expected that this detec-
tor will be quite useful in situations requiring the three-dimensional recon-
struction of radiographed objects. Of course, it should be noted that other
detector types are also available, and that it is possible to significantly alter
the response of any of the detectors through a variation in processing. Thus,
a wide spectrum of techniques can be achieved. '

Although many experimental details remain yet to be worked out, heavy-
ion radiography shows great promise for revealing previously undetectable
internal regions of only slightly varying chemical composition or structure.
Plastic nuclear track detectors arrayed in stacks can be conveniently utilized
in permanently storing this information. Both particle radiographs and
laminar roentgenographs can be made in this manner. Since ''exposure'' times
for radiographs can be very short, of the order of a millisecond or even .-
shorter, the techrﬁque is also applicable in obtaining ''blur-free' radiographs

of biological specimens in motion.
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TABLE I |

Range Straggle in Water

(mm)

Range/Particle 1H 4He 16O : 40Ar
1 cm 0.120 0.0599 0.0282 0.0172
2 : 0.232 0.116 0.0546 0.0333
5 0.558 0.540 0.130 0.0792

10 1.08 0.540 0.251 0.152

20 2.08 1.04 0.481 0.292

50 4.95 2.48 1.14 0.692
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FIGURE CAPTIONS

Illustration of the different situations in the depth re solution capability
between x-rays and stopping heavy ions.

A beam pattern profile for stopping 16O particles in a 30-layer stack of
Lexan. Each plastic is approximately 3 inches on the side.

Scale diagram of exposed model tumor. The Lucite block cavity contains
a sucrose solution of 5% lower stopping power than the Lucite. - The
shaded region shows the *op portion of the stopping point distribution.
The contour radiogram of the model tumor diagrammed in Figure 3. The
10-mil L.exan detector layers wer‘e exposed to a single pulse (~ 105 of
160 ions cm—z), etched in 6.25 N NaOH with'0.5% Benax at 70.4°C, and
photographed with dark field illumination. Each small white dot represents
a track. Two small air bubbles are also present. The holes in the
corners of each detector were used for supporting the layers during
processing. Numbers correspond to adjacent detector layers.
Normalized Lexan and CN detector response curves. Thé normalized
stopping distribution producing these curves is also shown. The Lexan
response is the total track opening area on both detector surfaces. The
CN responses are the track count on the downstream surface and the
total area of the central openings of etched-through tracks. All laye“r‘
positions are for the center of the layer. '
Expanded response curve for Lexan. The shaded areas are the portions
of the stopping point distribution that contribute to the response for the
indicated layer .position.

"Picture' radiograph of a fertilized egg using light transmitted by etched-
through tracks in CN. Some detail of the embryo can be seen at the edge
of the response band. The detector was etched for 20 hours in a 40°C,
6.25 N NaOH solution. The expoéure consisted of two pulses.

Contour radiogram of the egg shown in Figure 7. Successive layers of a
stack of 10-mil thick Lexan layers show the response bands corresponding
to contours for various nominal stopping point displacements.

A four-layer sequence of a 14-day-old fertilized chicken egg in CN: The
layer thickness used was 10 mil; individual layer numbers appear on the
left. The picture on the right is a x-ray of the same egg taken using
optimum conditions: 21 cm focus to Cronex film, 35-kv potential, 50 ma,

24 sec with 0.8 inherent filtration.

w
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Same egg as in Figure 9 except Lexan detector was used. Several air
bubbles é_an also be seen. _

A foui'—layer sequence of a small tropicél fish in CN.

A seven-layer sequence of the same fish asin Figure 11 in Lexan. The
bottomvright—hand photograph is an x-ray of the fish taken inside the
water box used in these experiments; conditions are same as for

Figure 9 except 1.5 sec exposure.

A four-layer CN sequence of the bottom portioh of a live mouse, partially
submerged in water. Note the large tumor just to the left and slightly
above the hind leg.

A four-layer Lexan sequence of the same mouse as in Figure 13.
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RELATIONSHIPS BETWEEN TRACK STRUCTURE AND
BIOLOGICAL EFFECTS OF HEAVY CHARGED PARTICLES

Aloke Chatterjee and Cornelius A, Tobias

Donner Laboratory—Lawrence Berkeley Laboratory
University of California, Berkeley, CA 94720

Abstract.

During the last two years, with availability of high-energy, heavy-
ion beams at the Berkeley Bevatron, numerous experiments have been
performed on the effects of high-speed (about 260 MeV/nucleon) oxygen and
nitrogen ions on the survival of T-41 human kidney cells, Preliminary data

from these experiments are now available (13).

An analysis of these data shows that the cross-section expressed in
Equation 1 (in the text) with constants used at 6.6 MeV/nucleon does not fit
the higher-energy data. It seems necessary to augment the model by dem-
onstrating how the cross-section depends on the kinetic energy per nucleon
of the bombarding particles explicitly, besides being dependent on LET.
Our initial approach has provided such a modification. At the same time,
it has become apparent that modification is closely related to high-LET

radiation chemistry of aqueous systems,



Introduction.

With the availability of high velocity and high Z particles in the lab-
oratory, Quantitative understanding of their effects on living cells is of péra-
mount importance. Of particular interest is the effect of heavy particles on
normal cells and cancer cells. It has been proposed that heavy ions such as
neon (Z = 10) c‘o.uld be used in cancer therapy and that such heavy ions might,
in large measure, eliminate the oxygen effect (1).

Up until now, data on mammalian cell radiobiology were available
only at low energies. The most complete set of such data is given by Paul
Todd (2). His study involx.fes "Reversible and Irreversible Effects of Ionizing
Radiations on the Reproductive Integrity of T-1 Human Kidney Cells" with par-
ticles studied ranging from deuterons to argon, all of them having the same
velocity corresponding to an energy of 6.6 MeV/nucleon. In order to explain
such data, specifically, the shape of survival curves, oxygen effect and RBE
and also some additional data on bacteria (3) and phage (4), Tobias et al. (5)
have suggested that a poftion of the cross-section for inacfivation is propor- -
tional to the square of linear energy transfer. The other portion of the cross-
section, which relates to effects modifiable by presence of oxygen and chem-
ical protection, is proportional to linear energy transfer. At the same time,
 Kondo (6) independently suggested that biological effects were possibly ré;
lated to higher powers of LET, A detailed model has been worked out (7)
particularly suitable for the effects of monoenergetic ions. In this model,
the probabilities for producing two types of lesions are expressed in terms of

cross-section:

2
— Y€ _ﬁie
o, =05 [pi(i—e )+ q;(1-e ) ] (1)

i
where 0 "limiting" cross-section at very large LET, ¢, p; and q; are
the probability factors so that p; tq =1. a, is a constant relating to repair-
~able lesion, which can be modified by the presence of chemical sensitizers
or protectors. f, is a constant relating to '"co-operative effects' usually
not chemically modifiable. i takes the value of 1 and 2 for two kinds of
damge: the exponenti'al region of the survival curve and the sigmoidal re-

gion of the survival curve.
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With the above cross-sections, the effects on reproductive integrity

of human T-1 kidney cells in asynchronous mode can be bexpres sed by:

o, Fm o,F
N=N[t--c ') ]z % (2)

where F is the flux density of monoenergetic -particles of LET, €. m is a
constant for each system and usually varies from 3 to 6, depending upon the
system.: | |

By comparing data of Todd (2) and Barendsen (8) at various energies
less than 10 MeV/nucleon, Curtis (9) came to the conclusion that the oxygen
effect cannot be described adequately by using LET as a parameter. The re-
sults should probably b