
• Radiation Dosimetry and Radiation Biophysics 

Radiation dosimetry and radiation hiophysics are two closely integrated programs ltihose joint 

purpose is to explore the connections between the primary physical events produced by radiation 

and their biological consequences in cellular systems. The radiation c10simetry program in

cludes the theoretical description of primary events and their connection with the observable 

biological effects. This program also is concerned with c1esign and measurement of those physi

cal parameters used in the theory or to support biological experiments. The radiation bio

physics program tests and makes use of the theoretical developments for experimental design. 

Also, this program provides information for further theoretical development through experiments 

on cellular systems. 

Dose-Rate and Fractionation Theory 

W. C. Roesch 

Radiobiological experiments at the low 
doses and dose rates applicable to radiation 
protection are seldom possible because of the 
large number of subjects that are required. 
Thus, the theory of radiobiological phenomena 
at conventional laboratory doses and dose 
rates is important because it can enable con
fident extrapolation to the low doses and 
rates. We have been studying how changes in 
dose rate and fractionation of the low-LET 
radiations affect this extrapolation. This 
is important for the protection of workers 
and the public during energy generation by 
fission or fusion. Last year we reported 
studies of the effects of multiple biologi
cal repair processes that may strongly in
fluence how radiation hazards are estimated. 
Much of the theoretical work this year was 
aimed at enlarging our understanding of the 
multiple processes. 

When repair processes occur simultaneously, 
they can interact in different ways depending 
on what is being repaired and in what sequence 
the repair takes place. Last year's initial 
study (Roesch 1978a and 1978b) treated each 
possibility separately. This year, a general 
formulation of the theory was worked out that 
carries out as much of the event-time aver
aging as possible before introducing the char
acteristics of specific processes. This makes 
the theory much more compact and makes it eas
ier to understand how the processes manifest 
themselves. 

The general formulation also makes the 
study of new combinations of processes eas
ier. One combination that was studied be-

fore, the two-step kinetic process, was ex
tended this way to multiple-step kinetics. 
Investigation of these processes is important 
because for very high dose rates, the two
step model gives survival curves in which 
the logarithm of the surviving fraction is 
the sum of a quantity proportional to the 
first power of the dose and one proportional 
to the dose cubed. This is the only model 
known to do this. N-step models give a first 
power term plus an (N + l)-th power term. 
These models may be helpful in understanding 
very radio-resistant organisms where such 
curves are typical. Figure 2.11 shows sur
vival curves of such an organism, three of 
the strains of the slime mold Dicytostelium 
discoideum studied by Deering et a1. (1970). 
The curve functions are square, cubic, and 
quartic, respectively. 

Another combination of processes was sug
gested by our studies with Chlamydomonas 
reinhardi (Nelson, Braby and Roesch 1978). 
In split-dose (two fractions) experiments, 
In(Sm/S) for the shortest interfraction 
time is consistently lower than for those 
times greater than 15 s. According to the 
models, it should not be lower. So far, we 
have not found any experimental factor that 
makes it lower; therefore, we have explored 
the possibility that it is due to a third 
fast repair process. The lower point implies 
a two-step kinetic, or similar, model. 
Figure 2.12 shows split-dose results calcu
lated for C. reinhardi on the assumptions 
that either one of the recognized repair 
processes is two-step kinetic. Three pos-
5ible values for the third mean repair time 
were used. The range of possible values is 
limited if the points <15 s are to be lower 
than the value expected for the simultaneous 
2-min plus 25-min repair processes but higher 
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FIGURE 2.11. Survival Data for Three Strains of Dicyto
ste/ium discoidem, Presumed One-, Two-, and Three
Step Model Systems. 
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FIGURE 2.12. A Hypothetical, Third, Very Fast Repair 
Phenomenon in Chlamydomonas reinhardi. 

than for a 25-min process alone; the range 
is about 5 to 30 s. These calculations in
dicate the feasibility of an pxperiment to 
demonstrate and measure a third repair pro
cess; we are modifying the electron acceler
ator to provide interfraction times in the 
required range of 1 to 30 s. Calculations 
of the survival at a given dose as a function 
of dose rate show the third process, after 
reaching a minimum, increases the survival 
with increasing dose rate, the reverse dose
rate effect. Detection of the increase would 
be another way to demonstrate the third pro
cess, ~ut we believe the split-dose experi
ment "!ould be easier and '",ould provide a 
better determination of the third repair 
time. 

The theory was also extended to split-
dose experiments in which the dose is split 
into n fractions (where n is any integer) 
rather than just two fractions. This exten
sion ~as application when interpreting very 
high dose-rate experiments in which many of 
the radiation machines operate with short 
radiation pulses. Trains of these pulses are 
used to give adequate total doses. The in
terval between pulses is much longer than 
the pulse length. Some radiation phenomena 
are so short lived that they disappear com
pletely in the intervals between pulses. 
However, these phenomena are expected to give 
survival curves that are simple-exponential 
functions of the dose when analyzed with the 
theory extension. Most measured curves are 
not simple exponentials and, therefore, in
dicate the presence of longer-lived phenomena. 
Equations were derived for processes or com
binations of processes of any repair rate. 

The pulse-train theory gave an explanation 
for some previously puzzling data. Purdie 
et a1. (1974) measured survival of Bacillus 
megaterium spores as a function of dose rate 
and pulse length. The inactivation constants 
(k) which they measured, shown in Figure 2.13a 
as a function of dose rate, were difficult to 
interpret. The theory predicts k should be a 
linear function of the dose (01) per pulse. 
Figure 2.13b shows this is indeed the case for 
all but one point. Other evidence suggests 
this point, at the highest dose per pulse, may 
be low because of the influence of radiolysis 
products. 

A portion of our work was unrelated to 
multiple processes and dealt with the Laurie
Orr-Foster (LOF) model (Laurie, Orr, and 
Foster 1974). We were interested in the model 
for two reasons. First, it prompted us to 
measure the mean repair time for C. reinhardi 
by both split-dose and dose-rate methods 
(Nelson, Braby, and Roesch 1977) to seek 
evidence against the LOF pool model. We 
showed that the two methods give the same 
repair time, but we could not use this as 
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FIGURE 2.13. Theory of Pulse-Train Irradiation applied to Bacillus 
megaterium Spores. (a) unanalyzed data; (b) theoretically analyzed data. 

evidence either for or against the LOF model. 
Consequently, we began a search for other 
conclusions of the model better suited to 
experimental test. We found that LOF sur
vival curves show peculiar shapes at low 
doses but limited accuracy in survival mea
surements and interference by other repair 
modes make use of this fact difficult. How
ever, we finally found a way to use the LOF 
survival curves that may work. According to 
the accumulation model, in a split-~ose ex
periment, the quantity (In(SmS))/(D e- bt ) is 
a constant for a single 2epair process, which 
is about 2.6 x 10-8 rad- for the slow repair 

process in C. reinhardi. The solid line in 
Figure 2.14-shows this quantity calculated 
from the LOF model. At low survival, it is 
nearly constant and the right value; at high 
survival, however, it decreases. We think 
that improvements in our cell scanning and 
counting system will permit measurements of 
sufficient accuracy to show if the decrease 
actually takes place. The slow repair com
ponent can be isolated for this study by us
ing interfraction times of about 5 min or 
more. The dotted lines are extreme estimates 
of the uncertainty in the calculation be
cause of uncertainties in the choice of model 
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FIGURE 2.14. Prediction of the Laurie-Orr-Foster Model for Split-Dose 
Experiments with Chlamydomonas reinhardi. 

parameters. These estimates do not change 
the conclusion of feasibility. 

We were also interested in the LOF model 
because we used it in our dose-rate study 
(Brady and Roesch, in press). We showed in 
this study that data for C. reinhardi fall 
on a single curve for all-dose rates as 
suggested by the accumulation model but not 
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by other models. The LOF model reduces to 
coupled nonlinear differential equations 
that have not been solved numerically; thus, 
we ~ad to use estimates of the model's be
havior under limiting conditions to conclude 
that it did not produce a single curve. 
Further study convinced us that we could 
make better estimates for the model; the 
results are shown in Figure 2.15. The solid 
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FIGURE 2.15. Prediction of the Laurie-Orr-Foster Model for a Dose-Rate Experiment with Chlamydomonas 
reinhardi. 
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lines are reliable estimates for very long 
and very short irradiation times. The dot
ted lines connect them in what we think is a 
reasonable way. At low dose rates, the esti
mates are so close, little uncertainty exists 
in the dotted lines. At high dose rates, the 
curves are more complex, Qut the shape must 
be like that shown for very high dose rates 
(the lO-5 rad/min curve). The figure shows 
that theoretically no single curve suffices 
for all dose rates, but that the practical 
choice of irradiation times and survival 
values has led to data points where the dif
ferent curves are indistinguishable. There
fore, our argument for rejection of the LOF 
model is weakened. We still feel that de
tailed comparison of the model and the data 
will be unsatisfactory. We intend to calcu
late the actual curve of dotted lines so that 
we can make the comparison. 

Cell-Cycle Modeling 

W. C. Roesch 

In 1976, we reported an n-step cyclic 
model of the cell cycle that proved useful 
for modeling the mitotic selection technique 
and the radiosensitivity changes during the 
cell cycle, as well as for investigating 
mathematical approximations for cell-cycle 
calculations. However, the model was based 
on a sequence of biochemical reaction steps 

to which all other occurrences in the cell 
cycle are related. While this is a reason
able foundation for a model, radiation or 
drug- induced changes in the ce ll-cyc 1 e may 
not be related to these fundamental steps. 

The whole model, therefore, was revamped 
along the line suggested by von Foerster 
(Manson et al. 1975). The revision permits 
us to divide the cycle into any number of 
parts according to distinguishable features 
of the cells and to derive the density in age 
for each part from the distribution in tran
sit times through that part of the cycle. 
Figure 2.16 shows an example calculated with 
the model: the densities in age for cells 
in Gl, S, G2, and M for exponentially grow
ing cells (age and time measured in units 
that make the mean cycle time unity). The 
dotted lines show the common "water-in-a
pipe" approximation. The disappearance of 
the discontinuities in the present model is 
due to the distribution in transit times. 
These distributions introduce the desynchroni
zation lacking in the "water-in-a-pipe" model. 

This model can be applied to theories ex
plaining departure from the normal cell cycle. 
The only application of the model so far has 
been to our division delay experiments, where 
it is proving quite fruitful (Schneiderman, 
Braby, and Roesch 1977). 

o 0. 5 0 0.5 o 0.3 0 0.2 

AGE, a 

FIGURE 2.16. Example of the Densities in Age for Cells in the G1, S, G, and M Phases of the Cell 
Cycle. 
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Rapid Repair Processes in Irradiated 
Chlamydomonas reinhardi 

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

The modeling of various combinations of 
two or more different repair processes and 
an extensive dose-rate and LET effects analy
sis of other models have been used to evalu
ate the effects of combined repair processes 
on the interpretation of split-dose and dose
rate experiments. The LET phenomena may, in 
fact, represent dose-rate effects where re
pair is very fast relative to the nose rates 

5.0 

and radiation times typically employed for 
these ~inds of studies. 

A modeling prediction was that if the 
irradiation time for each dose in a split
dose experiment were comparable to the mean 
repair time, the survival after a single 
dose would be significantly less than that 
indicated by extrapolation from split-dose 
data. Such behavior was frequently observed 
in our experiments with Chlamydomonas rein
hardi. This is shown in the upper part 
of Figure 2.17. Survival in terms of the 
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FIGURE 2.17. Results of a Typical Split-Dose Experiment Analyzed in Terms 
of the Accumulation of Damage Model and Plotted with the logarithm of 
In(Sm/S) as a Function of Time Between Doses. Sm is the square of the survival 
after a single fraction and represents the hypothetical maximum after two 
doses separated by an infinitely long interval. The two-event factor, A, and the 
mean repair time, T, are parameters used in the accumulation model; see text. 

The upper curve is fitted to those data points for intervals of 10 minutes or 
greater and corresponds to the conventional Elkind-Sutton repair process. 
The lower curve is fitted to points representing the net differences between 
the short interval data and the corresponding values extrapolated from the 
upper curve, and represents the rapid repair component. 
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logarithm of In(Sm/S) has been plotted as a 
function of the time hetween doses, where Sm 
is the product of the survival after each of 
the single exposures in a split-dose experi
ment, which represents the hypothetical max
imum survival after two doses that are sepa
rated by an infinitely long interval. 

The suggestion of a second and more rapid 
repair process was investigated by conven
tional split-dose irradiation techniques 
using two equal doses, given at 100 Krad/min, 
separated by intervals as short as 15 s (see 
also Nelson, Braby, and Roesch 1975a). Sur
viving fractions of irradiated organisms were 
determined by a clonogenic cell assay method. 
The nonsurvivors were enumerated along with 
those cells that had retained their capacity 
for unlimited proliferation. Survival data 
were then analyzed with an accumulation of 
damage model (Roesch 1978b). With this 
model, the two-event factor, A (a measure of 
the probability of producing and expressing 
sublethal damage), and the mean repair time, 
T (a measure of the average time required 
for repair of a sublethal lesion), may be 
estimated and analyzed independently. The 
model also makes it easier to separate the 

information corresponding to each process. 
Figure 2.17 illustrates the two concurrent 
repair processes, which have been separated. 

Our experiments have demonstrated the ex
istence of at least two independent repair 
components in exponentially growing cultures 
of this eukaryote. Futhermore, our experi
ments suggest that each process probably rep
resents repair of a distinctly different kind 
of damage. As shown in Figure 2.1S, the rapid 
process is characterized by a 2 to 4 min mean 
repair time, contrasted to 30 to 40 min for 
the slower Elkind-Sutton type repair at the 
same temperatures. 

The existence of multiple processes that 
are associated with repair of sublethal dam
age and directly associated with reproductive 
integrity has been suggested by other workers. 
These studies have been thoroughly summarized 
by Nelson, Braby, and Roesch (197Sb). Repair 
rates, however, had not previously been mea
sured. Furthermore, a rapid component had 
been suggested only for noncycling plateau 
phase cultures of mammalian cells and had 
never been indicated before in a prolifera
ting eukaryotic cell system. 

TEMPERATURE, TloC 

40 35 30 25 20 15 10 

RAPID REPAIR COMPONENT 0.25 

6100kradimin 0.5 

0 SLOW REPA I R COMPONENT 

----~ • 100 kradlmin 2 t: 

;S -1 
==-:="-6-k: - 6-6- 'E 

C 
---6 6---_ 0 5 kradlmin 4 .... ... u..i 

~- -2 ::;;: 
<: l-
e>:: • 15 e>:: 
e>:: -3 - - - -.- -.- - - - - <: 

.-'*:-.~--~- "-ct --.--.-,- --~=- 30 u.J 

u.J e>:: 
e>:: 

-4 z 
<..:> 60 <: -..-... u.J 0 ::;;: -' 

o~ -5 
120 

~-~ 240 

-6 480 

3.2 3.3 3.4 3.5 3.6xl0-3 

RECIPROCAL TEMPERATURE, r 1'K-1 

FIGURE 2.18. Arrhenius Plot of the Mean Repair Time (7) for Both the Fast and Slow 
Components Where the Logarithm of the Repair Rate has been Plotted as a Function 
of Reciprocal Absolute Temperatures Above 25°C and Surrounded by the Standard 
Error of Estimation (dashed lines), a Regression Statistic Analogous to the Standard 
Deviation. Evidence for rapid repair has not been observed at temperatures below 
about 25°C. 
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Inactivation and Repair of Chlamydomonas 
reinhardi as a Function of Temperature 

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

As reported last year (Braby, Nelson, and 
Roesch 1978), we are measuring the radiosen
sitivity and repair rate of damage in C. rein
hardi as a function of temperature. Thes-e
measurements are necessary for comparing our 
results with those of other experiments that 
have been performed at different tempera
tures. These experiments also provide valu
able information about the nature of the cel
lular response to radiation. Some of this 
work has been reported by Braby, Roesch, and 
Nelson (1977). 

Last year's work provided good values for 
the parameters A and T (the two-event factor 
and mean repair time, respectively) from 50 
to 25 0C; however above 25 0, substantial dif
ferences between results were obtained with 
dose rates of 5 and 100 Krad/min. These mea
surements have now been extended and we find 
that there is no reproducible difference in 
the value of T for the normal repair process 
when measured using these two dose rates. 
Figure 2. 18 shows the temperature dependence 
of A and T for two repair processes over the 
range of 50 to 400C. Above 250, values of 
T become nearly temperature independent. The 
fast repair process has not been detected be
low 250 C. The values of A, which essentially 
indicate radiation sensitivity, show more 
scatter than those of T, suggesting a strong 
dependence of A on the cell's physiological 
condition. However, the radiation sensitiv
ity of the cells appears to become less tem
perature dependent above 250 . 

Survival of Mitotic Mammalian Cells 

J. M. Nelson and L. A. Braby 

Roesch reported in a previous article in 
this report, "Cell-Cycle Modeling," that one 
aspect of the cell-cycle modeling has been 
directed toward the changes in radiosensi
tivity of mammalian cells during their cycle, 
and the study is intended to explore specific 
applications to 

• synchronized populations 

• exponentially growing populations 

• noncycling plateau phase populations of 
mammalian cells. 

Our experiments with fast repair processes 
in eukaryotes are intended to determine if 
there are processes in Chinese hamster ovary 

(CHO) cells similar to those found in Chlamy
domonas reinhardi. Also, we are measuring 
survival of CHO cells irradiated during mito
sis in order to test parts of the cell cycle 
mode 1. 

We have designed and assembled the neces
sary apparatus to aseptically select mitotic 
mammalian cells and establish synchronized 
populations of Chinese hamster ovary (CHO) 
cells that have been irradiated while in 
mitosis. We have also developed a computer
controlled video-microscope scanning appara
tus that is needed to assess the viability 
and reproductive integrity of these treated 
cells. We can now select large numbers of 
mammalian cells at a very specific age with
in their cycle, irradi ate them, and evaluate 
survival. 

We are concerned only with cells that are 
of the same age at the time of treatment. 
Therefore, only those cells that have been 
irradiated in early mitosis are mechanically 
selected and transferred to a clean culture 
vessel. Although this selection process is 
relatively effective, it is not 100% effi
cient, and the small contamination by non
mitotic cells is not tolerable because it 
effectively invalidates the data. Conse
quently, a further selection process is per
formed with the scanning video-microscope. 
Cells passing through mitosis produce two 
daughter cells (doublets or twins) within a 
few minutes. This characteristic makes them 
morphologically identifiable from all other 
cells that have been transferred. By scan
ning the culture dish shortly after the mi
totic cells have been plated, each doublet 
or twin can be clearly identified and the 
images of selected cells meeting this crite
rion are recorded on video tape. These re
corded images are used as a reference when 
the cells' progeny are viewed later on. 
Only cells that have retained their capacity 
for unlimited proliferation and have demon
strated this fact by growing into clones of 
50 or more viable cells within a period of 
five days are considered to be survivors. 

Preliminary experiments using x-ray doses 
ranging from 37 rad to 250 rad indicate that 
mitotic CHO cells are a relatively sensitive 
population yielding survival parameters con
sistent with published values. These results 
are illustrated in Figure 2.19. They are 
plotted as survival in the conventional man
ner on the left and as negative In(S)/D ac
cording to the accumulation of damage model 
on the right. Further mammalian cell experi
ments are currently underway to determine the 
existence of a rapid repair component of sub
lethal damage that would be analogous to that 
found in Chlamydomonas reinhardi. 
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FIGURE 2.19. X-Ray Dose Survival Curves for Mitotic Chinese Hamster Ovary (CHO) Cells Selected 
Immediately After Irradiation and Identified as a Pure Population of Cells of Known Age. These results 
of a preliminary experiment have been Illustrated both in the conventional manner (left) where sur
vival is plotted (on a logarithmic scale) as a function of dose and as indicated by the accumulation of 
damage model (right) where -In(S)/D is plotted as a function of dose. 

Noncycling Plateau Phase Mammalian Cells 

J. M. Nelson 

As reported last year (Nelson 1978a) the 
algal eukaryote Chlamydomonas reinhardi has 
been used as a test organism in experiments 
performed to test models or to obtain model
ing information. These cells are used be
cause their radiation sensitivity does not 
change significantly as a function of time 
over an extended period. This feature per
mits the long exposures and interfraction 
intervals necessary in dose-rate or split
dose experiments. Also, the study of sub
lethal damage repair is possible. 

In contrast, the radiosensitivity of pro
liferating mammalian cells changes rapidly. 
This prohibits their satisfactory application 
to these kinds of experiments. However, nor
mal passage of mammalian cells through the 
phases of their cycle may be prevented and the 
cells can be arrested or synchronized in var
ious ways. We believe we can use noncycling 
stationary populations of Chinese hamster 
ovary (CHO) cells in the same way as we have 
used C. reinhardi to study repair of sublethal 
damage. Although cells may be arrested at 
various positions in the cycle, we intend to 
use noncycling plateau phase cells. These 
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cells are preferable to cells blocked in other 
ways that may cause extraneous or deleterious 
side effects from the blocking agents. 

Techniques to stop logarithmic growth and 
establish a parasynchronous nonproliferating 
population of otherwise normal mammalian 
cells have been developed (see also Nelson 
1978). These noncycling plateau-phase cul
ture conditions may be induced either by 
nutritional deficiencies or by density and/or 
contact inhibition and, in fact, may repre
sent a natural environmental state common to 
the normal physiology. Unfortunately, the 
existence of such a population density pla
teau is not in itself evidence of the non
cycling or resting status or even of greatly 
attenuated growth. Some cell systems can 
maintain an equilibrium density in the pres
ence of relatively high cellular turnover 
and a near normal renewal rate (Nelson 1978b). 
Therefore, much of our effort has been di
rected at determining growth parameters of 
plateau-phase CHO cells so that we can be 
sure we have induced a truly noncycling pop
ulation. 

Earlier experiments had shown that both 
density or contact-inhibition culture tech
niques as well as nutritional-inhibition 
culture techniques could result in true 



noncycling stationary populations. These 
populations represented kinetically inactive 
equilibrium plateau states, their status 
having been determined by iodinated uridine 
(125I-UdR) uptakes following appropriate 
labeling periods. These procedures give us 
a direct measure of DNA synthetic activity, 
a cellular function required for prolifera
tion. Both culture techniques were found to 
yield a significantly depressed uptake of the 
uridine analog in the presence of large num
bers of viable, metabolizing cells. 

When comparing the two inhibition methods, 
however, one feature became apparent. Al
though DNA synthetic activity is equally sup
pressed in each case, the numbers of viable 
cells are considerably greater in density
inhibition cultures than they are in nutrition
inhibition cultures. In both case, the pop
ulations had been labeled for a 24-hr period. 
This gave us an index of participation in the 
DNA synthesis and an estimate of the fraction 
of cells that had incorporated the analog 
within the 24-hr period. This cell fraction 
is the cycling cells, and the relative values 
of these indices may be used to estimate the 
growth fraction of cycling cells in the pop
ulation. We are aware of the complications 
associated with attempting to label noncy
cling populations, but we feel that a 24-hr 
uptake can be used to advantage to monitor 
this growth fraction. 

Nutritional inhibition has some serious 
complications. In addition to lower cell 
numbers in this case, large variations were 
found in the 125I-UdR uptakes, which makes 
prediction of kinetic status extremely risky. 
Furthermore, although these cells remained 
viable (as determined by dye-exclusion tech
niques), their ability to resume exponential 
growth behavior when replated after an ex
tended period was greatly impaired. In con
trast, density-inhibited cultures not only 
gave more definitive indications of cycling 
activity, but these cells readily entered 
exponential growth when replated at even 
lower densities. Unfortunately, data from 
these experiments were not sufficient to 
indicate the true extent of kinetic suppres
sion nor the length of time that the popula
tion could persist under these conditions. 

Further experiments that dealt only with 
density-inhibited plateau phase cells were 
performed to clarify these points. The me
dium was exchanged every other day, which is 
a realistic approach, but one that led to the 
sawtooth characteristics of the 24-hr label 
curve seen in the upper panel of Figure 2.20. 
Each point in this experiment represents a 
mean plus or minus one standard deviation 
with several replicate plates. The upper 
panel 9f Figure 2.20 shows that the relative 
24-hr 25I-UdR uptake had fallen to less 
than 0.1 to 0.2 percent of that measured 

during exponential growth. This implies that 
only 0.1 to 0.2 percent of the population had 
been labeled during a 24-hr period or that 
the uptake per cell had been reduced to 1 or 
2 thousandths of that found in a normal cy
cling cell. The latter implication, of 
course, is not consistent with our current 
understanding of DNA replication. Similarly, 
2-hr pulse labeling experiments, illustrated 
in the lower panel of Figure 2.20, indicate 
that DNA synthetic activity had been supressed 
to less than 1/2 of 1 percent. This would 
imply that either 0.5 percent of the popula
tion was going through S-phase or that the 
uptake per cell during DNA synthesis had been 
reduced to less than 0.5 percent of its nor
mal value; again, the latter implication is 
not consistent with current understanding. 
Near the end of these experiments, the lZ5I-UdR 
uptake in each case began to rise and became 
extremely variable. This can be seen in both 
the Z-hr and 24-hr labeled data curves in 
Figure 2.20. One explanation for this phe
nomenon is that the cell density is falling 
because of decreasing viability; such a cell 
loss situation would permit other cells to 
be recruited back into the proliferative cy
cle. Even at 32 days, most of the cells 
remain viable and actively metabolizing, 
determined by erythrocin-B dye-exclusion 
viability techniques. These cells rapidly 
resume logarithmic growth when replated. 

Our experiments have conclusively shown 
that this population density plateau corres
ponds to a noncycling cell population, and 
these characteristics persist under condi
tions of high density contact inhibition for 
extended periods. The noncycling state is 
induced around the 14th day and persists for 
another two weeks. At the end of this inter
val, cells either die or lose their noncy
cling status and again synthesize DNA. It 
is during this two-week noncycling period 
that we will perform experiments to investi
gate phenomena associated with radiation 
repair processes. 

The Oxygen Effect as a Tool for the Study of 
Repair Processes 

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

Two articles in this report "Dose-Rate 
and Fractionation Theory," and "Rapid Repair 
Processes In Irradiated Chlamydomonas rein
hardi," have already discussed the relative 
values of the two-event factor, A, which is 
associated with the repair processes. These 
values provide information about the types 
of damage being repaired. However, the dif
ference in the values of A are small under 
normal conditions for the two repair proces
ses in Chlamydomonas reinhardi. Therefore, 
it is difficult to be certain that there is 
a difference in the values, and to determine 
the magnitude of the difference we have shown 
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that the values of A measured in split-dose 
experiments seem to depend strongly on the 
physiological condition of the cells at the 
time of irradiation (see the article, "Inac
tivation and Repair of Chlamydomonas reinhardi 
as a Function of Temperature.") This obser
vation suggests a possible method for deter
mining the relative values of A for two or 
more types of damage. Oxygen concentration 
alters radiation sensitivity, hence values 
of A, but it does not affect the repair rate 
(Bryant 1970). Therefore, altering the oxy
gen concentration during irradiation may 
heighten the effect of one type of damage so 
that it can be studied with less interference 
from another. 

Split-dose experiments are probably the 
most efficient and accurate way to determine 
values of A for two simultaneous processes; 
however, in anoxic irradiation, this method 
presents some complications. One problem is 
that a large number of dishes must be irradi
ated individually while all of the dishes are 
held at controlled oxygen concentration and 
temperature throughout the experiment. We 
have been able to do this by using a group 
of double-windowed nylon chambers each hold
ing one 35 mm petri dish. These chambers are 
fitted with self-sealing serum bottle caps 
so that nitrogen inlet and outlet connections 
can be made with hypodermic needles without 
introducing significant air into the chamber. 
Oxygen in the exhaust is monitored using a 
fuel cell detector with 0.05 ppm oxygen sen
sitivity. Oxygen concentration in the ex
haust gas was kept below 50 ppm during an 
electron beam irradiation of Chlamydomonas 
reinhardi in prototype chambers. This trial 
experiment resulted in an oxygen enhancement 
ratio of approximately 2.5 at 8 rad, which 
is about what would be expected based on 
data in. the literature. 

A Noise-free Determination of zl 

L. A. Braby and W. C. Roesch 

Currently evolving theories about the 
dependence of cellular radiation sensitivity 
on the energy transfer characteristics of 
charged particles generally employ microdosi
metric concepts. A reasonable expectation 
is that some aspect of the energy absorbed 
in sites roughly the size and shape of the 
nucleus of a cell will be related to biologi
cal effectiveness. One such quantity is the 
mean energy deposited in single events, (zl) 
(Roesch 1978b, Booz 1978, and Kellerer and 
Rossi 1972). Unfortunately, zl is diffi
cult to measure for low stopping power radia
tion because the individual events may be as 
small as a single ionization and thus cannot 
be distinguished from the detector system 
noise. This leads to an unrealistic number 
of small events in measured single event 
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distributions. We have developed a way to 
determine zl that is essentially free of 
this noise. Related work has also been re
cently reported (Braby and Roesch 1978a and 
Braby and Roesch 1978b). 

A common way of removing the noise in the 
fl(z) distribution when calculating zl is to 
extrapolate the function linearly when plot
ted as ln zfl(z) versus ln z (Booz 1978). 
Details of this extrapolation have little 
effect on the value of the dose mean, zD, 
because the events that are involved contri
bute little energy. However, because there 
may be many small events in the observed 
frequency distribution, the frequency me~n, 
zl, can be affected significantly. 

The function f(z) may be measured directly 
by using the pulsing capability of the elec
tron accelerator. Independent determination 
of the mean number of events, m, can be made 
so that the val~ of zl results from the re
lationship zl = m. The function f(z) is 
measured directly by making the accelerator 
pulse shorter than the resolving time of the 
wall-less proportional counter system. All 
of the ionizations in the detector that are 
produced by an accelerator pulse then contrib
ute to a single detector pulse. If all of 
the accelerator pulses are of the same charge 
(Q), the f(z) for the corresponding m is mea
sured the same way that the distribution for 
single events is normally measured. Because 
m is the mean of a Poisson distribution, the 
mean number of events in the site, m, for a 
given size accelerator pulse can be deter
mined by making the reasonable assumption 
that m is proportional to Q. 

One way of testing for data consistency and 
for adequacy of the convolution technique is 
to measure f(z) and Q at different values of 
Q and then perform the non-integral convolu
tion of the distribution for the lower Q by 
the ratio of the Qs. Figure 2.21 illustrates 
the results of this for two spectra where z 
values were larger; that is, excessively small 
events were not encountered. The calculated 
spectrum was derived from one with m = 4.9 
and calculated for m = 30 using a technique 
developed by Roesch (1971). The other spec
trum was measured directly for m = 30. Small 
errors in the measurement of Q and limited 
statistics for the rare larqe events in indi
vidual spectra would be exp~cted to result in 
increasing discrepancies between directly mea
sured and folded spectra as the ratio of the 
involved Qs becomes larger. 

The single event distribution can be calcu
lated from the multiple event distribution 
using a Fourier transform deconvolution tech
nique. This is practical only if a spectrum 
for m ~ 1 is used as a starting point because 
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of the decrease in information in f(z) as m 
increases. Figure 2.22 shows a comparison 

The approximation to fl(Z) was obtained by 
renormalizing f{z) for m = 0.12. Even for 
this small value of m, the effects of multiple of the results of a single event calculation. 
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events can be seen in the f(z) calculated for 
m = 8.6. 

The best estimate for zl is the quotient 
of the average of several values of z for 
large values of Q. The value of m is deter
mined from a plot of a versus Q (a = e-KQ) 
for a in the range of 0.9 to 0.1. Table 2.2 
presents values of Zl for the site sizes and 
energies that were measured. 

TABLE 2.2. 

Site Diameter. /Jg/mm.' 
I nitial Electron 
Energy, MeV 

COCo )-RJY Energy 

lalGoppoia, et ai., 1976 

(bIBraby, et ai., 1971 

1.5 

1.8 

1.253 

1.2 1.9 2.8 

z,120A d' keY'pm 

0.174 

0.121 0.151 0.171 

0.191 

The values of Zl that we obtained for 
electrons are substantially lower than have 
been obtained in the past for 60Co Y-rays 
(Braby and Ellott 1971). This should be ex
pected because the electrons reaching the 
detector are essentially monoenergetic while 
the electrons from 60Co irradiation have a 
broad spectrum with a mean initial energy of 
approximately 0.6 MeV. The measured zl is 
somewhat lower than the stopping power of 
electrons of the corresponding energy prob
ably because of the relatively narrow beam 
irradiation geometry. The beam diameter is 
limited by the detector geometry to about 
four times the detector diameter. Thus, some 
delta rays (slowed electrons) that would nor
mally produce larger events escape the detec
tor and a compensating number of events are 
not produced by tracks outs i de the si te. 
This may also account for the observed in
crease in Zl with increasing site size. 

Calculation of Energy Deposition and 
Ionization in Very Small Volumes 

W. E. Wi 1 son and H. G. Paretzke 

The randomness that is due to the spatial 
distribution of the radiation interactions 
within a medium in the deposited energy in a 
microscopic absorber is of current interest 
in explaining radiobiological phenomena. 
Experimental methods for measuring energy 
deposition distributions have concentrated 
on the use of proportional counters to mag
nify the microscopic site dimensions to 
experimental dimensions by lowering the 
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molecular density. Physical limitations ef
fectively restrict the experimental technique 
to equivalent volumes of greater than about 
0.1 fjm dia; therefore, it is attractive to 
consider calculating the statistical distri
butions for very small sites «0.1 fjm dial. 
Presently, the only tractable method that re
tains the inherent stochastics for handling 
particle transport in charged particle track 
structure is the Monte Carlo method. 

Accurate secondary electron data is re
quired if the Monte Carlo method is to be 
useful in a quantitative sense. The most 
abundant and most accurate data for source 
terms come from experimental measurements in 
a gaseous phase. Therefore, the validity of 
calculations for condensed phase based on 
such source terms must be carefully estah
lisherl. 

A new Monte Carlo code (MOCA13) has been 
developed. The code makes extensive use of 
experimental ionization cross sections and 
recent improvements in electron transport 
that are based on the critical evaluation of 
data on electron interactions (see the arti
cle, "Calculation of Ionization Distributions 
in Condensed Phase"). 

We have used the code to calculate energy 
deposition and ionization frequency distri
butions in spherical sites ranging from 1 to 
200 nm dia for 0.25 to 3 MeV protons. The 
distributions are obtained for individual 
proton tracks intersecting spherical sites 
at specific impact parameters. Figure 2.23 
presents a typical resul~ for the mean energy 
imparted for a site of 100 nm dia for 1 MeV 
protons. 

The quotient of the mean imparted energy 
and the site dia (mean event size) is plot
ted as a function of the position of the 
proton path and is compared with the product 
of expected LET energy deposition and the 
path length through the site. 

For tracks passing through the site, the 
mean event size is less than the product of 
LET and path length because some energy is 
transported beyond the site boundary for 
energetic 8-rays. Likewise, 8-rays trans
port energy into the site from proton tracks 
passing outside the site; hence, the mean 
event size is not zero for impact parameters 
greater than the site radius. The quotient 
of the mean number of ionizations and the 
site diameter uses the ordinate scale at the 
right. The quotient of imparted energy and 
ionization is plotted as open circles in the 
lower part of the figure. A constant value 
of about 32 eV/ion pair is observed for 
tracks through the site. The value abruptly 
increases near the site boundary to over 
36 eV/ion pair and then decreases slowly for 
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tracks passing beyond the site. The value 
of 32 is reasonable for tracks inside the 
site because it is close to typical W-va1ues. 
The somewhat larger value outside the site 
but near its boundaries is attributed to the 
energy distribution of delta rays that are 
dominated by the large number of sub-ioniza
tion electrons. These electrons are able to 
contribute their energy to the site but do 
not themselves create much additional ioni
zation. 

Another interesting quantity is the quo
tient of mean event size and the LET-path 
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product, (the ratio of the solid curve to the 
dashed curve). That ratio as a function of 
impact parameter is indicated in the upper 
portion of Figure 2.23. The ratio is almost 
constant at approximately 0.94 for the 100 
nm site. It decreases slightly with increas
ing impact parameter out to about 0.8 of the 
site radius and then increases because the 
mean event size remains positive but the path 
length goes to zero at the site boundary. 

These methods are providing us with quan
titative data for energy deposition and ion
ization for sites too small « 0.1 lJm dia) 
for actual experimental determinations. 


