
Energy Transport 

The measurement of primary interaction cross sections and the incorporation of these data into Monte 
Carlo calculations provide detailed information about the initial spatial distribution of absorbed dose. 
Our theoretical energy transport studies have focused on the use of this information to predict the 
evolution of chemical species formed as a result of the energy deposition. This effort has led to a sto
chastic approach to diffusion kinetics that can account for the influence of track structure on the yield 
of free radicals in the radiolysis of water. Fluorescence studies with pulsed alpha particle and proton 
beams provided the first experimental test of our stochastic model of tract structure effects. Our exper
imental studies use time-resolved emission spectroscopy to investigate the mechanism of energy 
transport in nonpolar liquids. These initial experiments showed the need for a new target cell design 
to avoid the build up of stable radio lyses products that modify the fluorescence decay. Studies of the 
concentration dependence of time-resolved emission from solutions of benzene in cyclohexane also 
show the importance of using low benzene concentrations to minimize the influence of benzene 
dimers on the emission kinetics. 

STOCHASTIC APPROACH TO TRACK STRUCTURE 
EFFECTS IN RADIATION CHEMISTRY 

J. H. Miller and M. L. West 

Energy deposited by ionizing radiation pro
duces microscopic regions containing a high 
concentration of reactive species. These 
"spurs" playa fundamental role in the mech
anisms of radiation action in living organ
isms (Ward 1981). The spatial distribution 
of spurs produced in a medium by the passage 
of a fast charged particle is sometimes re
ferred to as the "track structure" of the 
radiation. This track structure influences 
the nature and rate of chemical reactions 
induced in the absorbing medium by ionizing 
radiation. 

We have developed a stochastic model of 
track structure effects in radiation chemis
try that allows us to use detailed informa
tion on the pattern of energy depOSition 
events made available by Monte Carlo calcu
lations. Application of this model to track 
structure effects in the quenching of radio
luminescence is described in a manuscript 
to be published in Radiation Research 
(J. H. Miller 1982). In this section we 
will describe how the model can be used to 
predict the effect of track structure on the 
yield of radicals in aqueous solutions. 

The major difficulty in predicting the ef
fect of track structure on chemical yields 
is to allow for the effect of overlapping 
spurs. Since most secondary electrons 
ejected into a medium by ionizing collisions 
have low energy, overlapping spurs occur in 
the track structure of all types of ionizing 
radiation, even radiation with low linear 
energy transfer (LET). The most common 
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approach for treating overlapping spurs is 
to introduce other track entities such as 
"blobs" and "short track" to approximate the 
average effect of commonly occurring groups 
of spurs. The mathematical basis for this 
type of approximation was demonstrated by 
Ganguly and Magee (1956) who showed that 
diffusion kinetic equations normally asso
ciated with cylindrical tracks could be de
rived from overlapping spurs randomly dis
persed on a line. We generalized the 
Ganguly and Magee model to three dimensions 
and used Monte Carlo methods to calculate 
the pOSition of spurs in the irradiated me
dium. This allowed us to calculate the ef
fect of overlapping spurs on chemical yields 
without making simplifying assumptions about 
the initial spatial distribution of the re
acting species. 

From the Monte Carlo simulation of the slow
ing down of the primary ion and secondary 
electrons, we calculated the average denSity 
of energy deposited near a reactive mole
cule, A. When this energy density was mul
tiplied by the yield of another reactive 
speCies, B, we obtained the mean concentra
tion of molecules B in the neighborhood of 
molecule A. When this concentration was 
multiplied by the biomolecular rate con
stant, we obtained the rate at which 
species B contributes to the decay of 
species A. Finally, by solving a system of 
coupled rate equations, we obtained the 
time dependent yields of all chemical 
species produced by the radiation. 

Figure 1 compares the mean energy density 
near a radical produced in water by the en
ergy transferred from ions with equal stop
ping power but different velocity and charge. 
The ordinate is the mean energy density 
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FIGURE 1. Comparison of the Mean Density of Energy 
Near a Reactive Molecule in the Track Structure of Two 
Ions with Equal Stopping Power in Water 

multiplied by the volume of the spur contain
ing the radical; the abscissa is the radius 
of the spur. The spur radius can be related 
to the time after irradiation because spurs 
expand continuously as a result of diffusion. 
At a given time after irradiation, the mean 
energy density near a radical in the alpha 
track is less than the mean density of en
ergy near a radical in the proton track. It 
is less because the initial spatial distribu
tion of energy transferred from the alpha 
particle to water has a more diffuse radial 
distribution. 

The solid lines in Figure 1 are least 
squares fits to the Monte Carlo results 
shown by the open symbols. If the radial 
displacement of spurs were neglected, the 
slope of these lines would be equal to the 
stopping power of the ions. Hence, we refer 
to the slope of the fit to the Monte Carlo 
results as the "effective" stopping power. 
This effective stopping power is nearly 
equal to true stopping power for the proton 
track, but is only about 75% of the true 
stopping power of the alpha particle because 
of the diffuse radial distribution of energy 
deposited by the latter ions. 

Figure 2 compares the yield of hydrated elec
trons in water at 10 ~sec after irradiation 
by pulsed alpha particle and deuteron beams 
(Sauer et a1. 1977). The yield is plotted 
as a function of the stopping power of the 
ions. The track structure of the deuteron 
radiation has a compact radial distribution 
so that the effective stopping power of 
these ions nearly equals their true stopping 
power. The solid curve through the deuteron 
data is a fit obtained by varying the recom
bination rate constant in a one-radical ap-
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FIGURE 2. Yield of Hydrated Electrons in Segments of 
Deuteron and Alpha Particle Tracks as a Function of the 
Ions Stopping Power. Data from Sauer et al. (1977). 

proximation. The solid curve through the 
alpha particle data is the result predicted 
by the one-radical approximation with the 
same recombination rate constant that gave 
the best fit to the deuteron data. The 
model predicts a greater yield of hydrated 
electrons for alpha particles than for deu
terons of the same stopping power because 
the effective stopping power of the alpha 
particles is only 75% of their true stopping 
power. The effect of track structure on the 
yield of hydrated electrons observed in this 
experiment is in good agreement with the 
predictions of our stochastic model. 
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FLUORESCENCE IN BINARY LIQUID SYSTEMS: 
CONCENTRATION DEPENDENCE 

M. L. West and J. H. Miller 

When dilute solutions of benzene in cyclo
hexane are irradiated with subnanosecond 
bursts of protons and with UV radiation 
there is an observed difference in the fluo
rescence decay (West 1977). For proton 
irradiation, nonexponential decay is ob
served with a rate that is initially much 
greater than that observed for UV excita
tion. As time increases, the rate of pro
ton-induced fluorescence decay approaches 
the UV decay rate. This mode of decay sug
gests the presence of a radiation-induced 
quenching species formed in high concentra
tion along the individual proton tracks. 
The qualitative time dependence of this 
quenching can be interpreted as a decrease 
in the quencher concentration as the react
ing species diffuse and recombine in the 
medium. A quenching model based on diffu
sion kinetics was developed to explain these 
effects and to explain the dependence of the 
fluorescence decay on proton beam energy 
(Miller and West 1979). We do not know the 
exact nature of these radiation-induced 
quenching species that are created along the 
individual proton track. We tentatively 
assumed that they were products of cyclo
hexane radiolysis. In particular, the bi
cyclohexyl radical appeared to be a likely 
candidate as it is a major product of cyclo
hexane radiolysis. However, subsequent con
centration dependent studies (West and 
Miller 1980) over the concentration range of 
0.01 to 0.4 molar suggested that products of 
benzene radiolysis were at least partially 
responsible for the observed quenching. The 
results of these initial measurements are 
shown in Figure 1. Our first attempt at ex
plaining these quenching data was to look 
for products of benzene radiolysis that 
would give this observed concentration depen
dence. On the graph of product yield versus 
benzene concentration in Figure 1, the aver
age triplet yield for a number of aromatic 
solutes in cyclohexane is also plotted. This 
type of concentration dependence is typical 
of ion scavenging reactions where there is 
an initial square root dependence at low con
centrations followed by a limiting value at 
higher concentrations. These first data sug
gested that the radiation-induced quenching 
molecules were totally formed from benzene 
radiolysis via charge-scavenging ion recombi
nation reactions. 

To further test this hypothesis, additional 
measurements were made at extremely low 
benzene concentrations (O.OOOIM) where the 
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FIGURE 1. Radiation-Induced Quencher Yield as a Func
tion of Benzene Concentration in Cyclohexane 

square root dependence is expected to pre
dominate. At these low concentrations, 
background corrections become a serious 
problem because of long data accumulation 
times. A new phototube (Varian Model 162) 
of extremely low background was incorporated 
into our detection system. Also, the tem
perature control and liquid transfer system 
had to be redesigned to handle requirements 
for several hours of precise control of un
interrupted data accumulation. In addition, 
new graphics and data fitting programs were 
incorporated so that on-line analysis could 
be made to determine quenching parameters, 
decay times, and decay shapes. 

The results of these new measurements are 
also shown in Figure 1. The new data do not 
follow the square root dependence at low 
concentrations but instead reach a limiting 
value. At concentrations below about 
0.01 molar, the proton-induced quenchers 
are products of cyclohexane radiolysis. 
The concentration dependent quenching above 
0.01 molar is associated with product yields 
from benzene. Thus, the fluorescence decay 
is affected by quenching contributions from 
both cyclohexane and benzene radiolysis. 

The formation of benzene excimers at higher 
benzene concentrations is presently being 
investigated as a possible cause of the 
observed concentration dependence of fluo
rescence quenching. Previous measurements 
of UV-induced fluorescence at this labora
tory (West and Miller 1980) and as reported 
in the literature (Gregory and Hellman 1972) 
have shown that excimer contributions are 
expected to be negligible at benzene con
centrations below 0.1 molar. However, small 



contributions at these concentrations may 
drastically affect the quenching parameters 
extracted from data analysis. Also, it is 
possible that excimers may have a different 
sensitivity to radiation than do the mono
mers of benzene. If this is true, then ex
cimer contribution may be enhanced under 
proton irradiation. Excimer kinetics have 
been studied for the benzene-cyclohexane 
system for estimated values of the excimer 
formation and dissociation parameters. 

Excimers present a plausible explanation of 
proton-induced quenching at the higher 
concentrations. 

To test this hypothesis, a least squares 
fitting program has been developed that will 
allow us to search for systematic changes in 
the UV lifetime that are expected under ex
cimer influence. Previously, when extract
ing quenching parameters, such variations 
in the UV lifetime were neglected. These 
analyses should provide definite tests of 
the role of excimers in the quenching of 
proton-induced fluorescence. 
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DEVELOPMENT OF A TEMPERATURE CONTROLLED 
LIQUID TRANSFER SYSTEM FOR PULSED RADIO
LUMINESCENCE STUDIES 

M. L. West 

The study of radiation-induced fluorescence 
in binary liquid systems requires a precise 
control of sample temperature and an ade
quate adjustment of sample flow-rate to pre-

38 

vent the build up of radiolysis products. 
Furthermore, samples are sensitive to the 
oxygen quenching of fluorescence and so must 
be adequately purged and kept in an inert 
atmosphere. For our previous experiments, 
a small reservoir of about 50 cc was pre
cooled to the correct temperature and sample 
transfer was controlled via gravity flow. 
This was not a closed system and continuous 
purging was employed to insure the removal 
of oxygen. 

Such a system was adequate for the small 
radiation doses and data accumulation times 
associated with proton irradiation of rela
tively high concentrations (0.01 m) of ben
zene in cyclohexane using our 2 MeV Van de 
Graaff. However, for experiments requiring 
low concentration of solute with data accu
mulation taking several hours, and at the 
University of Washington tandem accelerator 
where high dose-rate experiments use high
energy proton and alpha particles, a more 
sophisticated system is required for han
dling samples. 

We have designed and completed a closed sam
ple handling system that will store, cool, 
purge, and transfer large volumes of liquid 
sample. With this system, sample flow-rates 
can be precisely controlled and adequate 
flow can be obtained for the high dose-rate 
experiments. The procedure is as follows: 
the sample is introduced into a 2 liter 
glass reservoir where it is purged of oxygen 
by bubbling with nitrogen or helium. The 
freeze-thaw technique of deaeration can also 
be used with the vacuum-tight system. The 
deaerated sample is then transferred from 
this reservoir through a cooling coil im
mersed in a precisely controlled temperature 
bath into the irradiation cell and then into 
a waste reservoir. Liquid transfer takes 
place in this closed system under a nitrogen 
atmosphere. A flow gauge in the transfer 
line regulates the sample flow-rate. Under 
normal flow conditions, the reservoir con
tains enough of the sample for several days 
of data accumulation. Hence, the experi
mental condition of sample purity, oxygen 
content, temperature, solute concentrations, 
and flow-rate are the same for all experi
mental runs. Anomalies in some of the pre
vious data, especially at high dose rates, 
have been attributed to a lack of precise 
control of these experimental parameters. 


