
• Radiation Dosimetry and Radiation Biophysics 

Radiation dosimetry and radiation biophysics are two closely integrated programs whose joint 
purpose is to explore the connections between the primary physical events produced by radiation·and 

their biological consequences in cellular systems. The radiation dosimetry program includes the theoreti
cal description of primary events and their connection with the observable biological effects. This 
program also is concerned with the design and measurement of physical parameters used in theory or to 
support biological experiments. The radiation biophysics program tests and uses the theoretical develop

ments for experimental design, and provides information for further theoretical development through 

experiments on cellular systems. 

Sublethal Damage Repair in Plateau-Phase 
Mamma 1 ian Ce 11 s 

J. M. Nelson, L. A. Braby, and W. C. Roesch 

The repair of sublethal damage produced 
by ionizing radiation is difficult if not 
impossible to quantify in exponentially 
growing cells because their radiosensitiv
ity changes rapidly as a function of their 
age in the cell cycle. However, sublethal 
damage and its repair can be studied in 
noncycling, stationary-phase cells because 
their r-adiosensitivity is not expected to 
vary with time. 

We have previously described techniques 
to stop exponential growth in Chinese ham
ster ovary (CHO) cells and to establish 
monolayer cultures of noncycling, station
ary-phase populations (Nelson 1978, Nelson 
1979). These cultures were induced by both 
density-contact inhibition (fed cells) and 
nutritional deprivation (starved cells). 
During the past few years, we have evalu
ated the resultant stationary-phase popula
tions with respect to both cell viability 
(as defined by erythrosin-B dye exclusion 
techniques) and their ability to incorpo
rate a labeled deoxyribonucleic acid (DNA) 
precursor. Labeling with tritiated thymi
dine (3H-TdR) provides a means of deter
mining both the duration of the DNA
synthetic phase and the fraction of cycling 
cells remaining in the plateau-phase popu
lation (Nelson 1979). We have also con
trasted the radiosensitivity of each of 
these stationary-phase populations with 
that of exponentially growing cells in 
terms of their clonogenic cell survival as 
a function of dose (Nelson and Braby 1980). 
The survival curves for cells from the same 
CHO line maintained in these different 

53 

metabolic states are surprisingly similar. 
They differ primarily in the magnitude of 
the shoulder that corresponds to different 
values for Dq (the width of the shoulder); 
the values of Do (the radiation sensitiv
ity) in each case are not significantly 
different. 

Split-dose experiments were performed 
using monolayers grown to plateau phase by 
the techniques described last year (Nelson 
1979). The culture vessels in which cells 
were grown to plateau contain between 105 
and 106 viable cells/cm2 by the fourteenth 
day. Their DNA synthetic activity at this 
time has been suppressed about two orders 
of magnitude and no change in the numbers 
of viable cells or their metabolic activity 
is observable for at least the next seven 
days. Plates containing such noncycling 
stationary-phase populations were carefully 
removed from the incubator and inverted, 
so that the cells were suspended from the 
upper surface of the culture vessel. A 
1.S-MeV electron beam scattered downward 
from a graphite block was used to irradiate 
these cells in situ through the polystyrene 
wall of the culture vessel. Immediately 
after this exposure, the plates were care
fully turned upright, and medium was per
mitted to flow gently over the monolayer 
again. They were maintained at 37°C both 
during and between irradiations. At the 
time of the second exposure, the cells were 
treated in exactly the same manner. How
ever, after this irradiation, they were 
suspended by trypsinization, and cell con
centrations were determined using an elec
tronic particle counter. The suspensions 
were diluted and distributed into addi
tional flasks for the clonogenic cell as
say. Throughout the experiment, plates 
were handled with extreme care so as not 



to mechanically disturb the integrity of 
the dense but relatively fragile monolay
ers. Thermal shock was prevented by main
taining the temperature at 37°C throughout. 

As with other studies of sublethal dam
age, survival data were analyzed according 
to our Accumulation-of-Damage Model 
(Nelson, Braby and Roesch 1979; Nelson, 
Braby and Roesch 1980). The details of 
this model, which considers exponential re
pair of the two-event or sublethal compo
nent of damage, have been described else
where (Roesch 1978; Braby and Roesch 
1978b). The model predicts that when the 
survival data are plotted as the logarithm 
of ln 5152/5 against time between doses 
(where 51 and 52 are survivals after 
two doses given independently, and 5 is the 
net survival after both doses), the data 
will fallon a straight line (Braby and 
Roesch 1978b). The mean repair time is the 
negative reciprocal of the slope of this 
line. Furthermore, if more than one repair 
process exists simultaneously, data for 
each can be separated by subtraction in 
much the same manner as that used for sepa
rating mixed radioisotopes with different 
half-lives. 

5ince the presence of a shoulder on the 
survival curve suggests that plateau cells 
do accumulate sublethal damage (Nelson and 
Braby 1980), a systematic study of their 

repair capability was undertaken. Repair 
might proceed at the conventional rate 
(with a mean repair time of about 30 min 
as observed in exponentially growing cells) 
or might be either faster or slower. 

The technique we used to study repair 
can be demonstrated using exponentially 
growing cells even though, because of 
changing radiosensitivity, they can be ex
pected to give only a qualitative estimate 
of net repair for this mixed population. 
The results of such studies, using two 
equal radiation doses separated by inter
vals as long as 5 h, can be seen in Fig
ure 2.17. The change in the logarithm of 
ln 5152/5, roughly one order of magni-
tude in 5 h, gives a mean repair time some
where between 25 min and 2 h, which is 
consistent with our understanding of the 
conventional Elkind-5utton repair. On the 
other hand, noncycling stationary-phase 
cells appear to repair sublethal damage 
somewhat differently. 

Using very high dose rates and short in
terfraction intervals, we attempted to 
identifty repair processes in plateau-phase 
cells similar to those in exponentially 
growing cells. We found no evidence for 
such repair in stationary-phase CHO cells, 
even though Malcolm and Little (1979) de
scribed a 2-min process in plateau-phase 
10-T1/2 cells (mammalian cells) and we have 
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Figure 2.17. Split-Dose Survival Data for Asynchronous Exponentially Growing Chinese Hamster Ovary Cells 
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identified a similar process in Chlamydo
monas reinhardi (Nelson, Braby and Roesch 
T980T. This difference in findings is 
probably a consequence of intrinsic differ
ences between dissimilar eucaryotic cell 
lines, coupled with great variations in the 
kinetic status of two types of plateau mam
malian cells maintained in different 
laboratories. 

When longer intervals are used, as seen 
in Figure 2.18, the density-inhibited sta
tionary-phase cells demonstrate a repair 
rate about the same as that in exponen
tially growing cells and perhaps analogous 
to that seen in Figure 2.17. However, not 
all of the damage produced is eliminated 
by this process. Damage remaining after 4 
to 5 h persists for a considerable period 
of time or perhaps is not repaired at all. 
As seen in this figure, survival data for 
intervals greater than 5 h fallon a line 
with essentially no slope; if a very slow 
process were to effectively remove suble
thal damage in this case, the mean repair 
time would be greater than 100 h. Similar 
experiments with nutritionally deprived 
cells (starved cells) suggest that a slower 
process (i.e., slower than Elkind-Sutton 
repair) does exist under these conditions. 
As seen in Figure 2.19, nearly all of the 
sublethal damage produced appears to be re
paired by a process with a characteristic 

time of 15 to 20 h. Only a small fraction 
of the damage is removed by the conven
tional process. 

The kinetic status of nutritionally de
prived cultures has been found to be con
siderably different (see the following re
port) from that of the higher-density 
contact-inhibited cells, even though cellu
lar viability and DNA synthetic activity 
are nearly the same. We are continuing our 
studies of slow repair processes in these 
cell systems to gain a better understanding 
of how sublethal radiation damage is pro
duced and repaired in nonproliferating or 
nonrenewing cell systems. 

Kinetics of Chinese Hamster Ovary (CHO) 
Cells After Release from Stationary Phase 

J. M. Nelson and L. A. Braby 

Recent studies with Chlamydomonas rein
hardi (Nelson, Braby and Roesch 1980; 
Braby, Nelson and Roesch 1980b) have re
vealed unexpected results with respect to 
the rates at which cells repair sublethal 
damage from ionizing radiation and the de
pendence of the repair rate on the linear 
energy transfer of the radiation. To de
termine whether similar processes exist in 
mammalian cells and to extend studies of 
sublethal damage repair beyond 
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Figure 2.19. Split-Dose Survival Data for Nutritionally Deprived Stationary-Phase Chinese Hamster Ovary Cells 

Chlamydomonas, a population of mammalian 
cells whose radiation sensitivity does not 
vary with time is needed. We believe that 
stationary-phase cells, that is, cells 
whose proliferative activity has virtually 
ceased, may satisfy this need. 

The two types of noncycling, stationary
phase populations of Chinese hamster ovary 
(CHO) cells currently available in our lab
oratory are characterized by attenuated 
DNA-synthetic activity, relatively constant 
population density, and high cell viability 
(Nelson 1978). Although they are similar 
in these characteristics, they do not ap
pear to repair sublethal radiation damage 
in the same manner or at the same rate 
(Nelson and Braby 1980). 

To properly evaluate repair information 
for noncycling populations, we must clearly 
understand the physiology of these cells. 
Kinetic activity in noncycling cells is not 
directly measurable; we can determine cell 
age distributions and evaluate synchrony 
in such populations only indirectly, by 
studying the kinetic behavior of these 
cells as they enter the plateau phase and 
after they have been released from station
ary phase. 

Interest in plateau-phase cells grew out 
of the assumed correlations between these 
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cells in vitro and the noncycling or slowly 
cycling-populations in solid tissues that 
have low renewal rates. Several attempts 
have been made to describe their physiology 
and kinetic status. Hahn and Bagshaw 
(1966) presented evidence demonstrating a 
disproportionately large fraction of G1 
cells during periods of attenuated growth; 
this finding would help to explain the di
minished radiosensitivity commonly observed 
after a period of serum deprivation. 
Chapman, Todd, and Sturrock (1970) found 
agreement with these earlier findings using 
3- to 6-day starved monolayers. By autora
diographic methods, they observed that DNA
synthesis began at about 12 h after subCI.Jl
turing, following a very long Gl phase. 
They also noted that a highly synchronous 
cohort of cells passed through mitosis at 
about 25 h. From these observations they 
concluded that resting cells, which repre
sented the principal component of their 
plateau-phase populations, had ceased their 
proliferative activity (become noncyclinq) 
sometime after mitosis and were resident 
somewhere in the G1 phase. Since then, it 
has been generally accepted that slowly cy
cling or noncycling plateau-phase cells, 
assumed by many to be analogous to Lajtha's 
Go cells (lajtha 1963), were resting at a 
point in the cell cycle after mitosis but 
prior to DNA synthesis. These conclusions 
were reasonable, particularly considering 



the experimental methods used and the in
strumentation available at the time, al
though other explanations are also 
possible. 

Thymidine labeling studies with p1ateau
phase cells in our laboratory do not sup
port these findings. Rather, our data in
dicate that DNA synthesis begins almost 
immediately after a cell is released from 
the stationary phase and that no remarkable 
increase in activity is observed 12 h 
later. Our preliminary data were obtained 
from 18- to 19-day density-contact
inhibited mono1ayers that showed consider
ably less proliferative activity than the 
plateau cells used by other investigators. 

We have used a relatively novel approach 
to characterize our stationary-phase cells 
and explain some of these discrepancies. 
Using a computer-controlled video
microscope coupled to both a video-disc and 
a tape recorder (Braby 1977), we selected 
large numbers of individual cells and fol
lowed them for periods of up to 36 h start
ing shortly after their release from the 
stationary phase. The microscope used dif
fers from a conventional video-microscope 
only in that the specimen remains motion
less while the optics move. Their motion 
is precisely controlled by a computer via 
stepping motors. 

Populations of cells were released from 
the stati ona,'y phase by gentle trypsiniza
tion. They were then suspended, and repli
cate plated at low densities into plastic 
culture flasks. The flasks were placed 
into the microscope stage assembly where 
the cells were allowed to attach firmly. 
After a period of incubation, we selected 
and recorded the images of a number of i n
dividual microscope fields, each containing 
between 10 and 20 cells. We then in
structed the computer to locate these same 
fi elds at specifi c intervals and automati
cally record the images onto the video
disc. When the entire set had been col
lected, they were transferred individually 
onto the video-tape, with the series of im
ages for each individual field assembled 
together in chronological order. These 
series were then viewed as a progression 
of images in much the same manner as any 
ather time-lapse series. 

By following individual cells, we were 
able to determine which cells divide and 
when they d~ so; we have tabulated these 
mitoses for both the original cells and 
their progeny. Each mitosis was considered 
to have occurred when two daughter cells 
became cl ear ly vi sib 1 e. The actual event 
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had occurred sometime during the preceding 
interval, in this case a period of 1 h. 

In Figure 2.20(A), the mitotic frequency 
in cells originating from starved-cell CUl
tures has been plotted as a function of 
time after release from the stationary 
phase. A significant degree of synchrony 
is apparent. Most of these cells appear 
to pass through mitosis at or around 24 h 
after release; this would correspond to the 
wave of mitoses reported earlier. A large 
number of doublets were also clearly visi
ble at the time of the first scan (3 h af
ter release). Since they were observed 
then, they were included in the 3-h count, 
although there was no way of knowing then 
whether they represented artifacts (cells 
that had not been separated by the trypsin
ization and trituration processes) or the 
progeny of single cells that had divided 
in the first 3 h. 

A sub stant i a 1 number of daughters or 
daughter pairs produced by early mitoses 
were found to undergo mitosis again 12 to 
24 h later. On occasion, everl a third 
generation could be observed within the ex
perimental period. Since the age distribu
tions and kinetic status of the first
generation daughters should not be affected 
by when later divisions occur, information 
relative to any mitosis other than the 
first was eliminated. These results, shown 
in Figure 2.20(B), indicate that most of 
the activity observed as a wave at around 
24 h in Figure 2.20(A) represented mitoses 
after the first. For purposes of illustra
tion, the curve showing frequency of first 
mitosis has been plotted as the fraction of 
total first mitoses observed against time; 
the frequency of all mitoses has been nor
malized to the frequency of first mitosis 
data and plotted on the same relative 
scale. 

In Figure 2.21(A) and (B). density
contact-inhibited cells (fed cells) appear 
to behave in a manner similar to that of 
the nutritionally deprived cells. However, 
they fail to exhibit the dramatic wave of 
mitoses seen at 24 h in Figure 2.20(A) and 
the frequency of doublets found at the time 
of the initial scan is not nearly as re
markable as with the nutritionally deprived 
cell s. 

The presence of multiple-cell clusters, 
particularly doublets, seriously hampers 
our capability to assess mitosis in the 
early hours. However. cell-to-cell contact 
appears to be physiologica.lly beneficial, 
and such clustering, or aggregation, 
whether by active or passive mechanisms, ;s 
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generally present. Even in experiments us
ing high-quality monocellular dispersions, 
clustering can occur after the fact. 

In these experiments, cells are released 
from the stationary phase by conventional 
trypsinization procedures . They are trans
ferred to new culture vessels at relatively 
low densities and permitted to attach prior 
to observation. This process involv~s sep
aration by gravitational sedimentation, and 
mechanical attachment to the substrate. 
Only after such attachment can the plates 
be previewed and the images of cells in se
lected microscope fields be recorded. Un
der optimum conditions, this process re
quires a minimum of 90 min. However, if 
fewer microscope fields and consequently 
fewer cells are considered, it may be expe
dited somewhat. We have been able to as
sess mitotic activity in cells originating 
from both starved-cell and density
inhibited cultures beginning at about 2 h 
after release from the stationary phase. 
The mitotic frequency from each type has 
been plotted in Figure 2.22. The frequency 
of first mitoses rises from zero at the 
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time of the first scan to a peak between I 
and 2 h later. The total absence of dou
blets at 2 h clearly shows that mi tosis oc
curs between the 3rd and 5th h after re
lease and confirms that the doublets 
observed at 3 h in the previous studies 
were indeed first mitoses. 

Recent autoradiographic data support 
these findings and demonstrate an even 
greater difference between these t wo types 
of ce 11 s . Although not 'yet comp 1 et e, these 
studies suggest that, while density
contact-inhibited cells do not commence 
DNA-synthetic activity for several hours 
after release, a large number of the nutri
tionally deprived cells begin to s'ynt hesize 
immediately, indicating that a large frac
tion of these cells was arrested in 
S-phase. Both types of stationary-phase 
cells contain Gl cells, but those derived 
from nutritionally deprived cultures have 
a major component of cells arrested in the 
premitotic G2 phase. These cells pass 
through mitosis within 3 to 5 h after re
lease . Investigations to determine t he ki
netic status of these cells, both during 
and after release from the stationar'y 
phase, are continuing with each of these 
types of cells. 

Modeling the Radiation Response of Chlam
ydomonas reinhardl 

W. C. Roesch, L. A. Braby , and J. M. Nelson 

Experience has failed to show any way 
of evading the use of models for curve fit
ting and for extrapolating high-dose field 
and laboratory estimates of radiation risks 
to the low doses of concern in radiation 
protection. We are therefore stud'ying 
Chlamydomonas reinhardi and Chinese ham
ster cells to develop and strengthen models 
of their radiation response for this use . 

Several years ago, we reported a model 
that successfully described the protraction 
and fractionation effects in C. rei nh ardi 
(Braby and Roesch 197Bb; Braby, Nelson and 
Roesch 1980b). Last year, however , we re
ported new experiments, at hi9her dose 
rates, that appeared inconsistent wi t h the 
model (Roesch, Braby and Nelson 1980b). 
We proposed a revised model that seemed 
capable of explaining the new effects. In
stead of inactivation resulting from cell 
damage caused by two charged radioact i ve 
particles, we postulated a series of st eps 
requiring a total of more than two par ti 
cles . Such multiple steps lead to stron g 
dependence of the number of cel l s ki l led 
on the linear energy transfer of t he r adi a
tion, such as we find experimentally. They 



also provide opportunities for enough reac
tions at different rates to produce the ef
fects we find experimentally. 

This year we prepared a computer program 
for simulating experiments with the multi
step models. Computer calculations are 
necessary because the mathematics of the 
models is too complex to permit analytical 
solutions in any except simple limiting 
cases. The program was written to be 
adaptable to a variety of similar multistep 
models. The only model studied much so far 
can be represented by: 

~B 
B + B t C 
C + C -+ J 

(17) 

where B, C, and J represent biochemical 
products. B is the one product formed di
rectly by the radiation. J is a product 
fatal to the cell. This model gives rise 
to five simultaneous differential equa
tions, one each for individual Bs, Cs, and 
Js and one each for pairs of Bs and pairs 
of Cs. 

Figures 2.23 and 2.24 show the nature 
of the solutions to this mooel and illus
trate their complexity. The mean repair 
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times for Bs and Cs were chosen to be 120 
and 1200 s, respectively, to agree with ex
periment. (Other simulations indicate that 
the Bs are unlikely to recover slowly.) 
When the irradiation covers a period that 
is short compared with either repair time 
(Figure 2.23), the number of Bs and their 
pairs increases quickly and then falls rel
atively rapidly after the irradiation. The 
Cs, C pairs, and Js do not become observ
able until after the irradiation. They 
then build up at rates comparable to the 
disappearance rate of the Bs. Finally, the 
Cs slowly disappear. The Js do not, be
cause they are fatal, leading to irrepar
able damage. When the irradiation covers 
a period comparable to the repair times for 
Bs and Cs (Figure 2.24), all of the prod
ucts build up appreciably during the irra
diation. The number of Cs and C pairs in
creases only slightly more during the post
irradiation period before they start to 
disappear. 

Figure 2.25 shows results from the model 
plotted in a way we popularized earlier 
(Braby and Roesch 1978b). According to our 
first model, survival data plotted as the 
quotient of the logarithm of the surviving 
fraction (S) by the square of the dose (0), 
versus the irradiation time, should lie on 
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Figure 2.23. Number of Products in BCI Model During and After Irradiation for an Irradiation Time Short Compared 
with the Recovery Times 
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a single curve, regardless of the dose or 
dose rate. Because the new model does not 
predict a single curve, it is necessary to 
reconcile the theory with data that do seem 
to give a single curve. Part of the answer 
is that for long irradiation times, all of 
the curves for the new model converge into 
a single curve that is indistinguishable 
from the one curve of the old model. For 
short irradiation times, two kinds of 
curves are shown. One was made with the 
same dose at every point (changing the dose 
rate); the other with same dose rate at ev
ery point (changing the dose). Experimen
tally we use both methods: several points 
are.obtained at a given dose rate over a 
range of doses. The data would thus lie 
on the dashed curves between the solid 
curves. The solid curves shown cover a 
larger range (about a factor of 1000) in 
survival than we ordinarily use. Thus the 
data may lie on different curves that are 
so close together as to be 
indistinguishable. 

Figure 2.26 shows predictions of the 
model for split-dose experiments done at 
different doses (all for the same exposure 
time, 1 s). Surviving fractions (S) are 
plotted as the ratio of S to the fraction 
(Sm) surviving widely separated irradia
tions, a way that demonstrates the exponen
tial recovery kinetics (Braby, Nelson and 
Roesch 1980a). 
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Figure 2.26. Analysis of Split-Dose Experiments for the 
BC] Model 
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One of the objectives of our calcula
tions is to find phenomena that can be com
pared with experimental results. Such a 
comparison is most effective when the model 
disagrees with experiment, because a faulty 
idea can thus be eliminated. The results 
in Figure 2.26 may lead us to reject the 
present model. The figure shows that the 
amount of fast recovery relative to the 
amount of slow recovery decreases with de
creasing dose. Preliminary results from 
experiments to test this prediction show 
exactly the opposite. 

Fast Processes in Chlamydomonas reinhardi 

L. A. Braby, J. M. Nelson and W. C. Roesch 

Last year we reported (Braby, Nelson and 
Roesch 1980b) a reversal of the radiation 
dose-rate effect in Chlamydomonas reinhardi 
for dose rates above 103 rad/s; that is, 
survival decreases with increasing dose 
rate up to 103 rad/s, but above that dose 
rate the survival again increases. One 
possible mode of radiation aamage that 
would lead to this effect is outlined in 
Figure 2.27. A radiation product M' is not 
capable of interacting with other radiation 
products N* to produce lethal damage L un
til it has undergone some chemical change 
requiring the characteristic time T j • This 
model predicts a reverse dose-rate effect 
because at very high dose rates there is 
insufficient time for the chemical change 
to occur. At high dose rates, relatively 
less damage would be available for interac
tion than if the radiation time were long 
compared to T j • A mathematical version of 
this model leads to the curves of survival 
versus dose rate plotted in Figure 2.28. 

M ~ M'~M* 

N 
~ N*~ N • 

M* + M* __ L 

N* + N*--L 

OR 

M* + N*_L 

Figure 2.27. Schematic of Possible Sequence of 
Reactions Leading to a Reverse Dose-Rate Effect for 
Irradiation Times Short Compared with T,. Radiation 
product M' can not react with additional damage N*, but 
some product M* of M' can. 
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Figure 2.28. Survival as a Function of Dose and Dose Rate for the Model in figure 2.27 

To obtain an estimate of the character
istic time T I , one needs to measure sur
vival out to very high dose rates where the 
reversal ceases. Experimental results at 
a single dose were shown last year. We now 
find that the survival curves for different 
dose rates also show the reverse effect, 
as shown in Figure 2.29. However, our ex
perimental results do not show the expected 
leveling even to dose rates of 105 rad/s. 
Attempts to investigate the reverse dose
rate effect at still higher dose rates have 
been unsuccessful. Apparently the proba
bility of producing this type of damage is 
strongly dependent on the radiation quality 
or the physical condition of the cells. 
In order to irradiate at higher dose rates, 
the cells must be concentrated so that a 
number of cells similar to the number used 
in previous experiments can be irradiated 
in a smaller space at a point closer to the 
electron exit window. When these changes 
are made, the two-event parameter becomes 
quite variable from one experiment to the 
next, indicating that unknown variables 
have a significant impact on cell survival. 
Adding a 0.25-mm polyethylene absorber be
tween the electron exit window and the 
cells appears to increase the amount of re
versal. It is possible, therefore, that 
this type of damage may be produced by low
energy electrons. Unfortunately, this 
plastic absorber reduces the dose rate, so 
it is still impossible to investigate sur
vival at dose rates where cell survival is 
expected to level out. 
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Additional work will be necessary to 
clarify the effects of cellular physiology 
on these results and to understand the ef
fect of radiation quality. An electro
static ring lens, which is intended to 
flatten the electron beam distribution in 
order to produce higher dose rates in the 
center of the beam and a more homogeneous 
dose distribution, has been completed and 
will be tested soon. In addition, a scan
ning densitometer intended to read dose 
distributions that are measured with rad
iachromic film is nearly complete. It will 
allow more accurate control of the dose 
distribution in the cells and better esti
mation of dose reproducibility from one ir
radiation to the next. 

Single-Event Distributions for Fast 
Electrons 

L. A. Braby and W. C. Roesch 

We reported last year (Braby, Nelson and 
Roesch 1980b) that when Chlamydomonas rein
hardi cells are irradiated with an electron 
beam (initial energy of 1.5 MeV) through a 
400-mg/cm2 thickness of polymethylmethacry
late, slightly more than half as much dose 
is required for a given survival as for 
cells irradiated without the intervening 
material. Since these irradiations were 
identical in all other respects (tempera
ture, dose rate, cell density, etc.), we 
believe the effect noted must be due to 
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Figure 2.29. Measured Survival of Chlamydomonas reinhardi as a Function of Dose and Dose Rate when Exposed to a 
1.S-MeV Electron Beam 

differences in the spatial distribution of 
the energy deposited for different electron 
distributions. 

In a preceding article in this report, 
"Modeling the Radiation Response of Chlam
ydomonas reinhardi," Roesch, Braby ancr
Nelson described a model relating the re
sponse of C. reinhardi to the quality of 
the radiation (see also Roesch, Braby and 
Nelson 1980a). We have attempted to mea
sure f(y), the probabilitY'density of sin
gle events, for electron beams that approx
imate those used in the biological experi
ment. Measuring the energy deposited by 
electrons is difficult, but the results may 
help clarify the dependence of relative 
biological effect (RBE) on s, the dose mean 
of the specific energy for single events, 
for radiations with low linear energy 
transfer. 

To avoid wall-effect problems, a cylin
drical grid-walled detector 2.5 cm in diam
eter and 2.5 cm high was used. The detec
tor was operated in a plastic-lined tank 
approximately 30 times the dimensions of 
the detector, as described in conjunction 
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with previous electron microdosimetry mea
surements (Braby and Roesch 1978a). The 
single-event spectrum was measured directly 
using a multichannel analyzer with dual 
analog-to-digital converters, as illus
trated in Figure 2.30. The detector was 
calibrated using a 244Cm-powered source 
of aluminum X-rays (1.487 keV). 

An experimental geometry for a microdo
simetry measurement must meet several re
quirements if it is to simulate the condi
tions of the biological measurements we 
have made. It must provide a means of re
ducing the count rate; bring the beam out 
of the lead cave in which the cells are ir
radiated; provide for changing the thick
ness of plastic between the detector and 
the source; and provide delta-ray equilib
rium similar to that produced by the broad
beam geometry used for the cells. Two 
approaches to meeting this set of require
ments have been used, with slightly differ
ent results. In each case, an evacuated 
beam line with a O.0076-cm aluminum en
trance window was placed against the exit 
window of the electron beam line. In one 
case, the beam intensity was reduced by 
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passing it through a O.033-cm-dia hole in 
a graphite beam stop near the entrance win
dow. In the other case, the beam was scat
tered by a O.0013-cm-thick tantalum foil 
placed at 45° to the beam axis about 75 cm 
from the entrance window. In both cases, 
the beam then entered the detector tank 
through a 1.4-mg/cm2 aluminized mylar 
film and through a 0.05-cm polyethylene or 
a 0.15- or O.3-cm methylmethacrylate ab
sorber 60 cm from the detector. 

Neither of these approaches provides a 
perfect simulation of the electron spectrum 
reaching cells irradiated in air 35 cm from 
the electron accelerator exit window, with 
or without 0.33 cm of methylmethacrylate 
covering that window. The collimator is 
limited to electrons of 1 MeV and less be
cause higher-energy electrons penetrate the 
0.25 cm of graphite and add a large compo
nent of low-energy electrons. Since the 
collimator hole's length-to-diameter ratio 
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is 7.5, the spectrum may also contain ex
cess low-energy electrons produced by mul
tiple scattering in the wall of the hole. 
Scattering by the thin, high-Z foil should 
result in little energy loss, but Brems
strahlung and fluorescent X-rays reaching 
the detector may increase. In both cases, 
to assure freedom from pulse coincidence 
problems, the average beam current was in
creased until a coincidence-induced shift 
in the spectrum could be detected, and then 
measurements were limited to less than one
half of that beam current. 

The electron beam profile at the posi
tion of the detector is approximately Gaus
sian and about five detector diameters wide 
at the 50% points. To determine whether 
the requirement of delta-ray equilibrium 
is being met and whether the detector cham
ber is large enough to prevent wall ef
fects, spectra were obtained at various 
positions between the beam axis and the 



tank wall. The density f(y) was nearly in
distinguishable (Y varied ",2.5%) for the 
detector centered in the beam and halfway 
between the beam and the wall, and approxi
mately one event was recorded at the mid
point for every 20 recorded at the center 
of the beam. Thus, no correction of these 
results was needed for delta-ray escape or 
wa 11 effect. 

With a proportional counter gas gain 
limited to 1000 to avoid variations in gas 
gain with initial pulse size, the minimum 
energy depOSition measured was approxi
mately 170 eV. Below this energy, the 
spectrum must be extrapolated to determine 
the moments of the distribution. We used 
the method of directly measuring f(z), the 
density of specific energy for multiple 
events, and applying Fourier transforms to 
unfold the multiple-event spectrum (Roesch 
and Braby 1980) for data obtained with the 
same detector and similar electron spectra. 
Although the results are noisy, especially 
for the first few eV, they suggest that the 
distribution of energy deposition increases 
exponentially with decreasing energy im
parted, at least down to a few eV. Also 
the exponentials for a given site size seem 
to have the same slope, independent of 
energy or depth. Consequently, the data 

presented here are the result of fitting 
an exponential function of fixed slope to 
the data starting at the same channel num
ber for each site size. This approach may 
introduce some small errors in f(y) and y. 
Differences in f(y) are used to illustrate 
the changes in patterns of energy deposi
tion; however, it is d(y), the probability 
density of the absorbed dose in y, that is 
important in biophysics modeling. Fortu
nately YD is relatively insensitive to 
differences in the small-event portion of 
the spectrum. 

Typical single-event densities for I-MeV 
electrons in a 0.94-~m-dia site at differ
ent depths are shown in Figure 2.31 for the 
collimated beam and Figure 2.32 for the 
scattered beam. Although only minor dif
ferences between these two electron distri
butions were expected, the distribution of 
energy deposition changes substantially 
with depth in plastic. The results for the 
collimated beam show a continuous increase 
in y with increasing depth, as one would 
expect. The scattered beam shows a de
crease in y for the 0.05-cm depth and in
creases at depths of 0.15 and 0.3 cm. It 
is not clear at this pOint which result 
more nearly represents the geometry pre
vailing in the cell irradiation, because 
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the collimator may be adding scattered 
electrons and the foil may be adding soft 
X-rays. 

The variations in ~ or Yo with depth 
in plastic can be compared with observed 
biological effects. Table 2.1 gives values 
of YO, using the mean chord length T for 
parallel chords perpendicular to the detec
tor axis. A cell irradiation experiment 
that compared survival at a depth of 
0.043 g/cm2 in air with survival at a depth 
of 0.44 g/cm2 of plastic and air resulted 
in an RBE of 1.6. We compared this with 
the ratio of Yo's for depths of 0.36 and 
0.05 g/cm2• For a 0.94-pg/mm2 site and the 
scattered 1.S-MeV beam, this ratio is 1.3; 
for a 1.BB-pg/mm2 site, it is 1.2. Both 
numbers are substantially lower than the 
observed RBE. For the l-MeV scattered beam 
and the 0.94-pg/rnm2 site, the ratio is 1.5 
and for the l-MeV collimated beam it is 
1.B. The maximum absorber used in the mi
crodosimetry measurements is only BO%of 
that used in the cell experiments and the 
additional absorber would probably raise 
YD. The ratio of YO's for the 1.5-MeV beam 
scattered from a thick graphite absorber 
relative to YO's for the scattered beam at 
O.OS-cm depth (for a O.94-pg/mm2 site) is 
1.5. It is not clear at this point whether 
the beam scattered from the thin foil is 
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Table 2.1. YDat Various Depths in Plastic 

Beam Type 
Site Size, and Energy, Depth in Plastic, g/j.lm2 
j.lg/mm2 MeV 0 0.05 0.18 0.36 -- -- -- --

0.94 Collimated 
0.5 1.10 1.44 2.22 2.82 
1.0 1.102 1.20 1.78 2.11 

0.94 Scattered 
1.0 1.21 0.93 1.02 1.38 
1.5 0.96 0.89 1.03 1.15 
2.0 1.17 1.14 1.53 1.58 

1.88 Scattered 
0.5 1.06 0.84 1.51 1.93 
1.0 0.85 0.70 0.80 1.15 
1.5 0.70 0.65 0.74 0.78 
2.0 0.67 1.39 1.51 1.57 

glvlng the correct initial electron 
spectrum, but the results presented, though 
preliminary, indicate that the mean and 
dose mean of the single-event distribution 
increase significantly with depth in an ab
sorber, and the magnitude of the effect is 
consistent with our understanding of the 
biological results. 



Frequency Distributions for Ionization and 
Energy Imparted to Nanometer Volumes by 
Protons 

W. E. Wilson and H. G. Paretzke(a) 

The spatial dependence of the energy 
depositions and the number of interactions 
produced by a radiation field in macromo
lecular volumes is of continuing interest 
in radiation biology. Experimental methods 
for measuring the distribution of energy 
imparted by energetic heavy ions have con
centrated on the use of proportional count
ers to magnify the microscopic site to ex
perimentally realizable dimensions by 
low"ering the density of molecules. It is 
not, however, technically feasible to use 
this approach to simulate volumes smaller 
than about 0.1 ~m in diameter. Therefore, 
for very small sites it is necessary to 
calculate the statistical distributions of 
interactions. 

At present, the most tractable method 
for solving particle transport problems in
charged-particle track structure, and the 
only one that retains the inherent stochas
tics is the Monte Carlo method. A new 
Monte Carlo computer code (MOCA13) makes 
extensive use of the significant improve
ment in data on primary interactions, espe
cially ionization cross sections, that have 
become available in recent years (see 
Wilson and Toburen, "Systematics of Second
ary Electron Production in Ion-Atom Colli
sions," in this report). We are using this 
code to calculate single-event distribu
tions, that is, frequency distributions for 
the stochastic quantity E, the energy im
parted in submicron spherical volumes that 
are centered a fixed distance b (the eccen
tricity) from individual fast proton 
tracks. Chord length is not a random vari
able in this first calculation but is con
trolled through b. Simultaneously and in
dependently, we obtain the frequency dis
tribution for the number of ionizations, 
l, which is also a stochastic quantity and 
which generally correlates closely with the 
energy imparted. Proportional counters ac
tually measure frequency distribution in l 

rather than E. 

Representative frequency distributions 
for the number of ionizations and for the 
energy imparted are shown in Fig-
ures 2.33(A) and 2.33(B) for 1.0-MeV pro
tons passing through spherical sites with 

(a) GSF-Institut fur Strahlenschutz, 
Neuherberg, Federal Republic of 
Germany. 
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diameters ranging from 1 to 100 nm. For 
the larger sites, the distributions exhibit 
the familiar skewed Gaussian shape similar 
to that of energy-loss straggling distribu
tions. For the smaller sites, the distri
butions decrease monotonically and appear 
to be simple Poisson distributions. For 
the smallest sites, the ionization distri
butiuns become a sequence of delta func
tions at the integer values of the number 
of ionizations. All distributions in Fig
ure 2.33 are normalized on a per track 
basis. 

The shapes of the distributions for ion
ization and energy imparted in the larger 
sites correlate well; for small sites this 
correlation begins to fail. For site sizes 
of 5 nm and smaller, the frequency of zero 
ionization is significantly larger than the 
frequency of zero energy imparted. This 
difference occurs because the cross section 
for energy deposition includes the cross 
section for ionization. Hence, all ioniz
ing events are also energy deposition 
events, but not all energy deposition 
events are ionizing ones. Therefore, un
der appropriate conditions of ion energy 
and site size, some tracks may deposit 
energy without producing ionization, and 
the proportionality between energy imparted 
and ionization changes. 

For the distribution of energy imparted, 
f(E; a, b), for a proton passing through a 
site of diameter d at eccentricity b, we 
define a frequency mean event size as 

(18) 

which is the expected value of the energy 
imparted divided by the site diameter, d. 
We use d for the characteristic length, 
rather than the mean chord length, for eas
ier comparison with linear energy transfer 
(LET) . 

The calculated y for diametric tracks 
(b = 0) as a function of the LET for 0.25-
to 3.0-MeV protons is shown in Figure 2.34. 
The curves for the various site sizes 
asymptotically approach the line Y = Loo as 
the site size increases, as one would ex
pect. For decreasing d, y(d,O) is a de
creasing fraction of Loo' which r~flects 
greater transport of energy outslde the 
smaller sites by energetic delta rays. 

The frequency of zeros in the distribu
tion for energy imparted [Figure 2.33(B)] 
affects the relationship between the dose 
absorbed at the site and the fluence of 
particles through it. The calculated 
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frequencies of zero ionization for diamet
ric tracks are almost exponential functions 
of site size (Figure 2.35). This relation
ship is readily understood in terms of the 
total ionization cross section. The fre
quency of zero ionization for the small ab
sorbers is essentially the probability that 
the ion will travel a distance x equal to 
or greater than the site diameter d between 
successive primary ionizations. This lat
ter probability is given by: 

Px = exp(-n . Qion . x) = exp(-xIT) (19) 

where n is the number of molecules per unit 
volume, Qion is the ionization cross sec
tion, and T is the corresponding mean free 
path. Then for x = T, PA = lIe. The 
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values of T for the respective proton 
energies are indicated by the vertical 
arrows in Figure 2.35. 

These preliminary results indicate that 
with sophisticated algorithms describing 
the basic physical interactions, the Monte 
Carlo method can be an effective technique 
for obtaining quantitative energy and ioni
zation distributions in and around positive 
ion tracks of a few MeV in volumes too 
small for direct experimental measurement. 
A comprehensive analysis of the ionization 
and energy imparted in very small sites by 
discrete tracks of high-LET radiation 
should make it possible to develop an ana
lytical model for calculating single-event 
spectra, f1(£), for broad beams that pro
duce tracks with random eccentricities. 
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