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Introduction

At many conferences, Including a succession of the Department of Energy
contractors' meetings, numerous papers have been presented by radiation
chemists and also by physicists who model systems closely related to those
treated by chemists. An observer, unfamiliar with the topic, might have
believed that physicists and chemists were talking about two entirely
different branches of radiation research.
At a recent DOE contractors' meeting in Gettysburg (Ref. 1 ) , there
evolved the idea of a meeting devoted to areas of interest common to both
radiation chemistry and radiation physics. The proposed conference became the
Workshop on the Interface Between Radiation Chemistry and Radiation Physics,
held at Argonne National Laboratory on 9-10 September 1982. We are very
grateful to Dr. Robert W. Wood and Dr. Frank P. Hudson of the Office of Health
and Environmental Research of DOE for providing us with funds on short
notice. The list of participants is attached as Appendix A.
The workshop proved to be both timely and enlightening. It demonstrated
that, except for a difference in emphasis, physicists and chemists share a
fairly common view of gas and liquid phase radiolysis. Thus, chemists tend to
operate in a time domain where chemical reactions can be observed and to
deduce therefrom initial G values. Meanwhile, physicists naturally focus
considerable attention on initial energy deposition events and perform
calculations which should predict the same initial yields.
Formal presentations at the workshop were kept to a minimum to allow
sufficient time for short, informal presentations and subsequent
discussions. All participants were encouraged to submit written
contributions, comments, and even afterthoughts. As is clear from the
contributions Included in this report, the topics of interest to the workshop
participants are diverse, reflecting the nature of radiation research. Yet,
there is a unifying theme underneath; we are all trying to understand the
interaction of radiation with matter in terms of basic physical and chemical
processes.
We grouped the contributed papers and remarks according to the subjects
discussed only in a very broad sense. We strongly urge you to browse through
the contributions because they contain many candid ideas and comments that can
be found only in informal documents as this report. The program of the
workshop is reproduced in Appendix B, and the author index is included as
Appendix C.
The workshop answered some questions, raised more, and pointed to future
possibilities. We will attempt to enumerate some of these here.

I.

Main Issues and Accomplishments of Workshop

a. Theorists and experimentalists became more aware of each other's
accomplishments. The instances available for comparison of theory with
experiment in aqueous systems became clear. The need to identify adjustable
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parameters in the theory and test the effects of variations in such was also
suggested. Also, the ability to simulate energy deposition evente brought up
the question as to whether the older, more intuitive concepts of spurs are
still valuable in guiding our thinking. Discussions at the workshop and some
contributions included in this report clearly indicate that, in track
structure modeling, the quality of input cross section data is a more crucial
problem than the bookkeeping of the energy transport processes. Further
effort is needed, however, to develop theory to predict more diverse,
experimentally verifiable results.
b. There were presentations to indicate that the gas-liquid difference
is becoming better understood, particularly with respect to the initial energy
deposition. At present, however, no general theoretical methods exist to
correlate gas phase data with liquid phase data and vice versa. Although
primary events that involve large energy transfers, such as the production
(but not the fate) of delta rays, should be independent of target phase, more
study is desirable on the utility of gas-phase data in simulating condensedphase events.
c. Many comments were directed to,the lack of knowledge concerning
events occurring in the time range 10
to 10
second. The study of
physico-chemical events during this time range should get more attention,
particularly in the radiation chemistry of condensed media.

11.

Suggestions for Future Efforts

Discussions both formal and informal converged to the following
suggestions:
a. Choose some molecule (other than water) and measure yields and
kinetics over a large pressure range for the gas (including the critical
region, if possible) and also for the liquid. Both the validity of various
modeling codes and the use of gas phase data can then be properly assessed.
b. Although the energy deposition events are calculable given the
necessary cross sections, the exact nature of the primary chemical species and
how they change at early times is still unknown. Workshop participants were
undecided as to whether new experimental techniques in the near future (10
years) will allow time resolution in the 10~
- 10" second range to see,
for example, how the solvated electron in water forms.
c. Can theory be useful in this time range? For example, in the case of
condensed media there is a need to know about the motion and reactivity of
collective excitations. Initial yields and spatial distributions of reactants
derived from such knowledge can then be used as initial input for calculating
time-dependent kinetics.
d. The degradation of slow electrons «10eV) undoubtedly depends on the
phase of the target medium as well as the shape of target molecules, because
slow electrons have long de Broglie wavelengths extending over many
molecules. For instance, the formation of transient negative ion states may
substantially alter the diffusion and localization characteristics of these
electrons. Host of the modeling codes currently available do not treat the
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degradation of slow electrons In sufficient detail. More theoretical studies
on the fate of slow electrons may lead to a better understanding of the
transition from the physical to the chemical stage.
e. More attention should be paid to nonpolar solvents, particularly with
respect to the process of geminate-ion-recombination and its relationship to
the energy deposition events.
f. Some theoretical and experimental effort should be invested in the
radiation chemistry of mixtures. Investigations of this sort provide an
opportunity to observe reactions between radiolytically produced transients of
mixture components. Also, important questions about the partition of initial
energy deposition in liquid mixtures have yet to be answered. For example,
how valid is it to assume that energy deposited in a mixture component is
proportional to its electron fraction?
g. Complete sets of energy loss cross sections (for elastic and
inelastic scattering of projectiles and secondary electrons generated by them)
should be measured and compiled for a few selected substances. These should
be used initially to calculate track structure in order to determine whether
such detailed knowledge is required in predicting important consequences in
radiation chemistry. A secondary objective would be to utilize the
systematics of the measurements and use them to interpolate for molecular
systems where complete data are not available.
h. In general, cross sections for the interaction of photons with media
are better known than those for the interactions of charged particles such as
electrons and heavy ions. Under certain conditions, the two types of
interactions are related. Yet no systematic method has been developed to
correlate cross sections for charged particle interactions with those for
photon interactions except for the cases where the first Born approximation is
applicable. Further exploration of this possibility is desirable to make use
of more abundant, and often more reliable photoionization and photoexcitation
data. Success in this direction, coupled with the success in relating gas
phase data to liquid phase data described earlier, will open up new horizons
in radiation physics and chemistry.
i. Photoionization of liquids should be further investigated to
elucidate the mechanism of ion pair formation and separation. In this area,
development of high-repetition rate picosecond lasers with photon energies 5
eV and higher should allow substantial progress to be made in the area of
photoionization in liquids. The observation of ions and their reactions on
shorter time scales than was generally possible previously will be feasible.
Reference
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SUMMARY:

RADIATION CHEMISTRY

Edwin J. Hart

Elegant tools, but mainly electron accelerators, computers and a vast
array of instruments useful for detecting transient species have aided the
radiation chemist in basic studies of the chemical changes induced in solids,
liquids and gases by ionizing radiations. The present status of these
accomplishments were expertly summarized by Dr. Freeman. He placed special
emphasis on primary events such as non-homogenous spur reactions, primary and
secondary recombination of ions and electron solvation. The problems are far
from being solved but considerable progress has been made in understanding the
nature of these initial reactions and in establishing yields of the primary
species. Now, with picosecond pulse radiolysis and flash photolysis, the
chemist is able to identify and measure products formed at times in the range
of 10
s in aqueous solutions and possibly to shorter times in non-polar
liquids, solids and gases. It was recognized that a gap in our knowledge of
the processes occurring exists between 10~ 1 6 s, the time for energy deposition,
and 10
s, the time for electron solvation. Hopefully, theoretical and
experimental physicists will be able to contribute significantly to our
knowledge of phenomena occurring in this sub-picosecond time zone.
Liquid water, because of its biological importance, was widely discussed
in all sessions. Chemical reactions taking place in irradiated aqueous
solutions have been investigated extensively for the last 50 years. As a
result primary yields of H, e
, OH, H2 and H2O2 have been documented for a
variety of radiations by scavenger techniques; initial yields of e ~ and OH
have also been measured for electrons by picosecond pulse radiolysis. These
results have been fruitfully applied by the physicist in modelling energy loss
parameters in liquid water and in calculations of chemical yield for electrons
and heavy ions. Gratifying agreement has been obtained between observed and
experimental G(Fe ) for "*H20« This work could be profitably extended to "^Co
γ-rays, a widely used radiation with a well known yield.
+

A shortcoming of the use of G(Fe^ ) in these studies is that it measures
only the total effect of free radicals and molecular products. A more
critical test of the assumptions made in these modelling experiments would be
to match the products formed in the HCOOH + Oo dosimeter. In this system the
primary yields, g(H), g(OH), g(H 2 ) and g(H 2 O 2 ) are independently obtained by
separate measurements of H 2 , H 2 O 2 and C0 2 formed and by the 0 2 decrease.
These yields are known for a variety of radiations.
Everyone seems to have their own definition of a spur. However, one
exists in liquid water since there is unquestionably an initial heterogenous
distribution of radiolysis products. No one disagreed with the Magee concept
of spur, blob and short track. In the average spur with an initial diameter

* Consultant, Chemistry Division, Argonne National Laboratory

of 2 * 10~° cm, 40 eV of energy has been deposited. Experimentally this
heterogenous distribution of primary species manifests itself by the
"molecular products," H 2 and H 2 O 2 in irradiated water. G(mp) increases with
increasing density of ionization and approaches a maximum for fission
particles where remaining free radicals are practically zero.
At best, the radiation chemist's concept of molecular product formation
in liquid water is vague. It is usually assumed that H 2 and H 2 O 2 form by the
pairwise recombination of H and/or e ~ and by two OH radicals,
respectively. However, from the singlet and triplet excited states of the
water molecule, H 2 and H 2 O 2 may form by the following reactions:
MO

Mode of Decomposition

3h

H + OH*

b

l

3

H +

2°

ai

lb

hot H + OH or H 2 + 0*.

Molecular H 2 and H 2 O 2 may then form as follows:
hot H + H 2 0 •»• H 2 + OH

OH* + H 2 0 > H 2 O 2 + H
0* + H 2 0 + H 2 O 2 .
A theoretical treatment of water vapor has been made. Help from the
physicist is needed in assessing the importance and validity of these
reactions in irradiated liquid water. In alkaline solutions, H 2 O 2 forms by
the reaction:
OH + 0" • H 0 2 "
But diversion of some of the OH radicals to 0( P) formation is possible by the
reaction:
3

OH + 0~ •*> 0( P) + 0H~
The important question of the ratio of cross-section (o) for ionization
a
+
w a s
to excitation (o±on)/( ion
°exc^
calculated theoretically. For high
energy electrons this ratio is 0.95. Useful for the chemist would be a
knowledge of this ratio for commonly used radiations such as γ-rays, 2-, 4-,
and 16-MeV electrons. Excitation cross-sections of solute molecules relative
to that for water are of great importance as the concentration of solute
becomes of the order of one molar. Under these conditions the product yields
from excitation processes may approach those of the ionization processes. And
since the excitation products differ appreciably from those induced by
ionization, there is a need for continued research in this field. In
biological systems that are outside the dilute solution range, excitation
processes are probably important and should be studied. Chemical
investigations of excitation processes will apply to biological effects just

as chemical studies of ionization processes have.
Should the radiation chemist select other systems for study? This
question was raised since a preponderant amount of the research discussed
dealt with theoretical and experimental studies on aqueous systems. Because
of its polar nature, the water molecule might not be the ideal one for studies
designed to understand the processes taking place at times shorter than
lCT^s. Would a molecule with a low molecular weight such as ethane or
propane be better suited for this study? Possibly so for this limited goal,
but over the long run, much still must be learned about the water molecule
including D 2 0. Because of its applications in power reactors, in chemical and
biological systems and in atmospheric chemistry, much research with aqueous
systems is still required. As discussed above, H 2 is a decomposition product
of water radiolysis. Since H 2 is viewed by many as the ideal non-polluting
fuel of the future, methods of increasing G(H 2 ) has been sought by radiation
chemists for many years. And since G(H 9 ) Increases with incrasing density of
ionization, it is possible that the intense irradiation conditions available
from fusion reactors might be useful for the production of H 2 by the
decomposition of water. Thus a study of the behavior of D2O and 3H2O by high
fluxes of epithermal neutrons, ultraviolet light, γ-rays and electrons at high
temperature water vapor should be considered. Environmental chemistry, too,
would benefit by further studies of the effects of ionizing radiations on
water vapor containing pollutants such as S0 2 , H2SO^, NO, N0 2 and organic
compounds.

CONCLUDING REMARKS*

Mitio Inokuti
Argonne National Laboratory, Argonne, Illinois

60439

I was literally pleased to listen to the discuesion in the past two days
and to participate in it. When I say "literally pleased" I really mean it,
rather than using a cliche" of empty pleasantry. I was pleased because I
recognized a great deal of progress since the late 1950's, when I began
working on some of the topics treated here such as electron collision cross
sections, electron-degradation spectra and the total ionization yield. At
that time I felt severely hampered by the lack of ba?ic data and also was
depressed with the scarcity of colleagues with whom I could share interest.
To take an example, in the 1950 Oberlin Symposium (about which I know through
the published proceedings1 only), Platzman stressed the need for mapping out
the oscillator-strength spectra of molecules over the vacuum-ultraviolet and
x-ray regions as the most fundamental data in radiation physics. In the early
1960's, when I joined him in the effort toward analyzing primary physical
events in radiation action, there was no single measurement of a secondaryelectron spectrum for an ionizing collision of any particle with any atom; all
the data I could find in books such as the book2 by Mott and Massey were
theoretical and were dubious in reliability.
In part owing to a continued campaign-* led by Platzman, Fano, and others,
a large volume of data on the oscillator-strength spectra and on the
secondary-electron spectra came along. This was largely attributable to the
progress in experimental techniques and instrumentation including vacuum
technology, electron optics and analysis, and development of light sources
such as electron synchrotrons and storage rings; at the same time, there were
advances in atomic-collision studies including theoretical work. By the 1972
Airlie Conference* the impact of the progress in physics on radiation research
began to be visible, but remained somewhat limited in scope. Now after a
decade, I witness in the present Workshop discussion on the same general topic
but more advanced, more detailed, and richer in substance than ever before.
The progress in the understanding of early physical and chemical stages
of radiation action owes much to support for over three decades by certain
branches of AEC, later ERDA, and now DOE. In particular, the offices of
R. W. Wood and R. J. Kandel are the most important in this respect. I am
pointing this out not merely as an expression of my personal appreciation but
also as an excellent example of a major role played by government agencies in
certain special areas of science. Let me paraphrase this below. The primary
beneficiary of radiation research, especially as it relates to the health
effects of radiation, is the general public, although radiation research also
contributes materially to nuclear industry and to some areas of chemical and
materials industry. The benefit to the general public is a good reason for
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support by the government. In addition, there is another reason related to
the nature of work in radiation research. It is multldisciplinary, ranging
from physics and chemistry to biology and medicine, and it is addressed to a
unifying goal, i.e., the full elucidation of radiation actions on matter
including the man and his environment. Research of this kind goes beyond the
traditional scope of academic institutions, and may not appear attractive to
those whose interest is purely academic; it also requires sustained efforts
over a long period. Therefore, it is best done in government laboratories or
in universities under government support. It is indeed a result of great
wisdom and penetrating foresight that continued government support has been
given to our areas of research, i.e., to the most fundamental part of
radiation science; as a consequence, the U.S. maintains a leading position in
these areas.
Let me turn to the heart of our business. As I see, the elucidation of
the earliest physical and chemical stages demands good knowledge in the
following four major categories.
1.

Spectroscopic data, i.e., the knowledge of energy levels of atoms,
molecules, and condensed matter.

2.

Cross-section data for initial processes,

3.

Rates of reactions among initially produced species.

4.

Analysis of cumulative consequences of elementary processes, i.e.,
transport theory and kinetics.

Following are some connnentaries on the four categories. The importance
of category 1 is all too obvious; without that, no serious analysis can
begin. The only reason I have listed it above is to remind you that our
current knowledge of excited states of polyatomic molecules, even of simpler
ones such as H^O, is f.ar from satisfactory.
Category 2 refers to tha knowledge of the probability of each elementary
process in which radiation energy is delivered to matter. The most typical of
the data of this kind concern cross sections for electron collisions with a
given molecule resulting in specified values of energy transfer and in
specified set of products, e.g.,
e + H 2 0 + e + H 2 O*(E),

(1)

H2O*(E) •• H 2 O + (v) + e,

(2)

or H + + OH(v) + e,

(3)

or H + OH(v),

(4)

and so onv where UnO (E) means an excited state of the water molecule
characterized by excitation energy E, H2O (v) represents a vibrationally
excited state of the H2O ion, which is stable in isolation, but rapidly
hydrates in the liquid. Likewise OH(v) signifies a vibrationally excited
state of OH. The above exposition is extremely sketchy; to be completely

precise, one must specify the kinetic energies and the internal energies of
all the product species« On an earlier occasion, I discussed the status of
the cross-section data from a reasonably wide perspective; a more general
discussion about the role of physics in radiation chemistry and biology wil be
seen in a forthcoming article.
In category 2, the first, task is the mapping of the distribution of the
probability of each energy transfer E, viz., the energy-loss spectrum for the
process (1). The mapping has been carried out for many molecules and
solids. Moreover, the same spectrum for fast charged particles is intimately
related to the photoabsorption spectrum, which has been extensively studied.
Thus, the probability distribution has been fairly well documentd. In
addition, we have now begun to understand the influence of the molecular
aggregation in condensed phases on that probability distribution, as we heard
here from L. R. Painter. In sharp contrast, the relative probabilities of
alternative processes that an excited species, say t^0 , at a fixed £ may
undergo have been poorly mapped out so far. These relative probabilites,
which may be called branching ratios, for processes (2)-(A) are known as
functions for E only for high-energy electron collisions and for
photoabsorption, even for an isolated water molecule in the gas phase.
Corresponding information is unavailable tor condensed phases in general, and
is an object of educated guesses at best with an aid of scanty and fragmentary
indications. Here at the present Workshop we saw in the work by L. Sanche the
beginning of efforts toward the understanding of the branching ratios in
solids; however, we await for a breakthrough in both experiment and theory in
this area.
Category 3 concerns the central theme of the present Workshop, i.e., the
bridge between chemistry and physics. None of the products (i.e., the primary
species) on the right hand sides of Eqs. (2)-(4) is stable unless left in
vacuum. For example, the electrons slow down through multitudes of collisions
with medium molecules (in both gas and liquid phases, though at radically
different rates), and eventually become solvated in the liquid phase or
recombine with a parent ion or a foreign ion. Other product species also
collide with medium molecules and often undergo chemical reactions. It is the
primary concern of radiation chemists to elucidate the chain of processes
sketched above by use of various kinetic techniques. Certainly a large volume
of rate-constant data has been amassed, and their systematics seem to be
fairly well understood. For instance, in the joint work of the Oak Ridge and
Lawrence Berkeley groups on liquid water, which J. E. Turner and R. N. Hamm
describei, I was most impressed at that part which concern chemistry and
diffusion of the primary species. The results of the work appear to agree
well with experimentally measured chemical yields, and seem to indicate that
the major part of the chemistry in the particular case of that treatment is
understood.
We have also heard about several other aspects of the chemistry work from
G. Freeman, C. Trumbore, E. J. Hart, and G. Meisels (listed in the temporal
order of their presentations). Perhaps, the matter of the greatest interest
is the behavior of slow electrons in liquids, i.e., the subject Freeman
treated. As M. C. Sauer pointed out, non-polar liquids present especially
challenging problems because one cannot simply interpret data in terms of
hydration or solvation as one does in polar liquids. It happens that slowelectron Interactions with individual molecules is a topic in which physicists

have accomplished major advances in the past decade, and it is probably timely
for some of us to devote efforts toward systematic interpretation of those
phenomena of the kind discussed by Freeman.
Work in category 4 presumes sufficient knowledge and data of categories
1-3, and aims at theorizing full consequences of many elementary processes.
In the present Workshop, topics of category 4 were treated by J. H. Miller, W.
E. Wilson, H. A. Wright, M. A. Zaider, D. J. Brenner, J. E. Turner, and R. N.
Hamm (listed in the temporal order of their presentations), A crucial
question here is, "Does one have sufficient knowledge and data about
elementary processes?" What is sufficient depends on what specific purpose
one sets out to fulfill. For instance, to predict the total ionization yield
to a given certainty, one must know the cross sections for ionization and
excitation to some accuracy. Because our knowledge of elementary processes
will never be absolutely complete, this question will remain with us forever,
and its answer is a matter of strategy and priority requiring mature
judgement.
To take an example, the Monte-Carlo simulation work on the electron
degradation in liquid water by the Oak Ridge group is certainly impressive in
the degree of details of treatment. Yet, as the workers certainly know, many
of the input data are provisional; in particular, the branching ratios for
alternative products resulting from a fixed energy transfer are not really
known from direct experimental evidence, and are assumed on the basis of data
on gases and of certain theoretical ideas. I fully recognize that the workers
probably do the best anyone can do at present. At the same time, it remains
debatable whether the present status of the cross-section data justifies the
detailed treatment of the Oak Ridge group, and how much of the results are
truly realistic. In this respect, I want to make a plea to all workers in the
kinetics or transport studies: they should document in their report all the
input data in all the possible details and with utmost clarity, so that future
workers may know precisely how to reproduce the results and to build up on
them. Without full documentation of the input data, it is often difficult to
assess the significance of the work.
Here in the Workshop we heard much about the Monte-Carlo simulation.
However, there is another approach to the transport analysis, i.e., methods of
transport equations as exemplified by the Spencer-Fano theory of electron
slowing-down. Sometimes, the two approaches, viz., Monte-Carlo methods and
transport-equation methods, are viewed as mutually exclusive competitors. I
strongly disagree with this view; I believe that the two approaches are
mutually complementary and they jointly contribute to the eventual full
understanding of transport and kinetics. On one hand, Monte-Carlo methods are
applicable to complicated situations, for example, those which involve
detailed spatial distributions of various events (viz., track structures).
But results of Monte-Carlo calculations are in the form of large amounts of
numbers, and require some suitable summary for interpretation of the physical
significance. On the other hand, transport equations are solvable only for
simplified situations, and even then often approximately. Nevertheless,
analytic results derived from transport equations are much more amenable to
physical interpretations and generalizations, and often provide an important
guide for analyzing Monte-Carlo results. Perhaps, an eventual optimal
approach to transport problems will be some hybrid of analytic methods and
Monte-Carlo methods.

Finally, I want to point out an important problem in electron
transport. Most of the results we have heard about concern electron
degradation in a chemically pure medium. In almost every problem of practical
significance, the medium contains more than one chemical species. An extreme
example is the biological cell, which contains water and a multitude of
organic molecules and has spatially inhomogeneous structures. Even a liquid
sample used in a radiation-chemistry experiment is often a chemical mixture,
which may be deliberately prepared or may have resulted from incomplete
purification. In any case, one wishes to know how a quantity describing
electron slowing-down, e.g., the electron degradation spectrum as defined by
Spencer and Fano, depends upon the chemical composition of a mixture medium.
In general, the dependence of such a quantity on the composition must be
nonlinear. How large the nonlinearity is and under what circumstances it is
so are extremely important questions in many contexts, e.g., in the evaluation
of intermolecular energy-transfer effects and of scavenging or quenching of
chemically reactive species. As far as I know, questions of this kind have
been left unanswered.
It is my impression that the Workshop has helped us all in seeing clearly
the gaps in our knowledge. One of the most obvious gaps concerns the physicochemical stage involving events that take place between 10
sec and 10
sec, as we have heard many times. I am hopeful that coming years, perhaps in
a dacade, will see considerable progress in this matter, although I cannot
predict it precisely. In experiment, some new technique of following the
early events in condensed phases will be crucial. In theory, the central
object of consideration will be the coupling of electronic motion with
rotational and vibrational degrees of freedom and the resulting relaxation of
electronic energies. Some of the key elements of the understanding are coming
along in certain specialized contexts, e.g., predissociation and preionization near an ionization threshold contexts, e.g., in simpler molecules,
relaxation of inner-shell hole states of atoms, and dissipation of electronic
energies in simple semiconductors.
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Several Interfaces Between Radiation Physics and Chemistry That Could
Pleasure Each Other More
Gordon R. Freeman
Chemistry Dept., University of Alberta, Edmonton, T6G 2G2, Canada
INTRODUCTION
Myran Sauer has kindly asked me to give an overview of currently active
areas in Radiation Chemistry that may be pertinent to what Radiation Physicists
can calculate. I am not clear about what can be calculated, but there are certain things that it would be highly desirable to try to calculate. Measurements
provide a superficial understanding of a system, and modeling is needed to seek
more deeply into it.
To give an extensive overview would take longer than an hour. It seems
best to largely avoid areas to be covered by Miller and Turner. There are major
omissions of works by Magee, Mozumder, Chatterjae, and others. However, I will
begin with an overlapping topic, the nonnomogeneous kinetics of reactions in
spurs. I will then speak about electron thermalization distances and thermal
electron mobilities in fluids, electron scattering in gases, and finally,
a possible new approach to calculating the energies and shapes of the optical
absorption bands of solvated electrons.
The problems I will discuss have been around a long time. It would be a
happy event to learn during this meeting that some of them have been solved already.
Those of you who look up the references will find that the mathematics
in our early work was clumsy, though effective. Much of the math has since
been made more elegant by theoreticians, and the rest probably could be improved
with a little effort.
NONHOMOGENEOUS KINETICS OF REACTIONS IN SPURS
Experimental studies in this area are of three types: product yields
measured as functions of scavenger concentration, free ion yield measured as a
function of applied electric field strength, and the yield of an intermediate
species measured as a function of time. Relatively little experimental work is
being done on the first two types these days, but a great deal remains to be done
with their modeling. Track structure calculations, such as those by Paretzke
(1,2) are relevant to the modeling of radiolysis reactions in dense fluids (3-6).
They could be used to improve the models for the work I will report. They give
information about the initial spacial distribution of energy deposited in the
system. They do not, however, give information about the spacial distribution
of thermalized electrons in spurs, because thermalization ranges of electrons
are largely dependent on the scattering behavior at energies below 1 eV. Scattering
at these low energies is strongly affected by subtleties of the liquid structure,
in ways that are only partly understood.
The word spur is not used in a uniform manner by all workers in our field.
I find it simplest to let the one word spur represent all sizes and shapes of
zones of reactivity, including what some others call blobs and short tracks. In
our terminology a spur is a grouping of reactive intermediates in which there is
a significant probability that some of the intermediates will react with each other
before they can diffuse into the bulk medium. A spur might be a single radical

pair or ton-electron pair, or it might be the entire track of a heavy particle.
In a given radiolysis system there is a distribution of spur population numbers
and densities. For example, in the v radiolysis of a liquid about 60% of all
spurs initially contain only one ion-electron pair and about 13% contain more
than two pairs (7,8).
a) Product Yields as Functions of Scavenger Concentration
The compound that has been studied most is water, which is characterized
by a high dielectric constant. As a consequence of the high dielectric constant,
most of the spurs that initially contain only one ion-electron pair are dissipated by diffusion, without reaction. Essentially all of the reaction between primary
intermediates in irradiated water occurs in spurs that contain more than one
pair. Extensive kinetics modeling has been done for the radiolysis of water and
it continues at a relatively sophisticated level. I would like to briefly discuss modeling for low dielectric constant liquids, for which the coulombic interaction between the ion and electron tends to dominate their behavior even in
single pair spurs. Calculations have mainly been done with single pair spur
models, which are in great need of improvement (9-11).
Consider the radiolysis of a pure compound in the liquid state:
(1)

M - A A / ^ - ^ [M+ +

e"]

(2)

[M+ + e"3 —*- M* (geminate neutralization)

(3)

[M + + e~] —*• M + + e" (free ions)

(4)

M + e" —*- M* (random neutralization)

The square brackets indicate that the species inside them exert an appreciable
coulombic force on each other, that is, they are in a spur. The coulombic
attraction tends to draw the ion and electron back together to undergo geminate
neutralization. Random thermal motion tends to separate the ion and electron
to make them freely diffusing species. The free ions, usually at a much later
time, undergo neutralization with free ions that originated in other spurs.
Now consider a liquid that contains a certain concentration of electron
scavenger S. The free ions are long-lived at usual radiolysis dose rates and
are scavenged by very low concentrations of scavengers. Thus all the free ions
are usually scavenged under conditions where scavenging in the spurs is important.
The concentration dependence of electron scavenging in spurs is described below.
As the ion and electron drift towards each other in the solution, there
is a finite probability that the electron will encounter and react with a solute
molecule before encountering the positive ion. The task is to calculate the
probability.
(5)
(6)

[e"+S]—•* [S]"
[S"(+M+)] —*• products

To calculate the scavenging probability one must estimate the number of molecules
that an electron encounters after its energy has been reduced to near thermal and
before it becomes neutralized.
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The number of molecules met by an electron before it undergoes geminate
neutralization is equal to the product of the number n of diffusive jumps made
by the electron and the number b of new molecules that it meets per jump. The
number of diffusive jumps is taken as the ratio of the geminate neutralization
time to the time required for one jump, which are related to the initial separation distance y between the thermalized electron and ion, and to the diffusion
coefficients 0 and jump distances \ of the various species. After a number of
approximations and manipulations one may obtain the following expression for the
probability <t>e that an electron will be scavenged by S before being neutralized
by the counter ion (9):
(7)

*e = l-(l-fN s ) S v

where f is the encounter efficiency of the e" + S reaction, Ns is the mol fraction
of S and
(8)
where the subscripts e, s and p refer to the electron, scavenger and positive ion,
respectively, and u is the mobility, while
(9)

v = 1.39 x 10 7 ey 3

where c is the dielectric constant of the medium. The value of e is time dependent
in alcohols and other polar systems and has been taken into consideration ( 1]).
The scavenging probability is strongly dependent on y, other things such as f in
equation 7 being equal.
The values of b and A in equation 8 are related but are not known, so 6
is used as an adjustable parameter in the calculations.
By adding the fraction of free ions $,. one obtains the total probability
• that an electron will react with a solute molecule:
(10)

v

=

where

V X * T \ J " T X " /

?

(11)

<f>°fi = exp(-eVckTy)

where l, is the electronic charge, k is Bcltzmann's constant and T is the temperature.
In any given system there is a distribution of thermalization distances.
The final scavenging yield G(S") is obtained by averaging
* over the distribution
F(y)dy and multiplying by the total ionization yield G ( O * 0 t *
(12)

G(S-)

If a physicist, or almost anybody, looked through the details of what I
have presented he could find many places to improve.
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The form of the distribution function F(y) is not exactly known, so
approximate functions have been devised. Two functions that each give the
correct free ion yield in liquid ethane at 183K are shown in Figure 1 (9,12).
Nitrous oxide scavenges electrons to form nitrogen:
(13)
e" + N 2 0 —*• N 2 + 0"
Nitrogen yields from the y radiolysis of nitrous oxide solutions in ethane at
183K (12) are shown in Figure 2. Yields calculated from equation 12 using
the delta distribution function YD did not agree with the experimental results.
The distribution that gave best agreement with the measured yields was the
power function YP:
(14a)

F(y) = 0

,

y _< 42 x 1(T 8 cm

(14b)

F(y) = 4.1 x 1 0 - 1 0 y " 2 , 5 ,

y >. 42 x 10" 8 cm

Equation (14b) is of the form
(14c)

F<,)• xy;.,/'-,!

.

y>

A single parameter, three dimensional Gaussian distribution function
did not provide as good agreement as did YP between between equation 12 and
the experimental yields (9).
The foregoing model contains the assumption that there is only one
ion-electron pair per spur. Inclusion of multipair spurs would increase the
estimated values of the thermalization ranges y at the low range end of the
distribution.
A fresh approach to stochastic and Monte Carlo treatments of spur reaction kinetics has been made recently by Pilling and coworkers (13). So far
they have only treated neutral radicals, but they hope to try ions in the
near future. The project is still some distance from comparison with experiment.
b) Electric Field Effect on Free Ion Yields
Free ion yields in irradiated liquids are often measured by sweeping
the charges out of the liquid with an applied electric field and collecting
them on a capacitor. The yields measured in this way increase with increasing
field strength (Figure 3) (14). The field dependence of the free ion yield
G|. is a function of the electron thermalization range distribution F(y). In
the single pair spur model the field dependence may Be represented by the modified
Onsager equation 15 (15):

where

,

n-1

e

5

(
where ^

is given by equation 11, r - S2/ekT and 6 = (CE/600 kT).
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If the field effect model and the previously described charge
scavenging model were exact, the same F(y) distribution would be used in
both systems. However, exact models would include multipair spurs, among
other things, so the same F(y) distribution will not fit in the two kinds
of single pair spur model. When YP distributions of form 14c were used in
scavenging yield calculations the best value of x was 1.5, whereas in these
field effect calculations the best value of x was 2.5.
A crude multipair spur model of the electric field effect on free
ion yields in X irradiated liquids was tested briefly (16), but much remains
to be done. It was found that when the properties of the liquid and field
are such that more than about 10% of the total ions become free ions, the
multipair spur model requires a larger mean thermalization range than does
the single pair spur model to provide agreement with experimental yields.
When less than 10% of the ions escape the spurs the effect of the multipairs
is buried so deeply that it is not noticeable in the calculations. However,
a systematic study has not been made to find the effect on the best value
of x in a YP distribution.
A valuable project would be to improve the scavenging and field
effect models to the extent that similar F(y) distributions would give satisfactory results in both. Comparison of the two models should give insight
about each. Track structure calculations would provide information for the
project.
A problem that cannot be convincingly solved until the preceding project has been completed is the calculation of the lifetime distribution of the
species that react in the spurs. In the meantime, valuable experiments are
being made with time resolution in the picosecond range.
ELECTRON THERMALIZATION DISTANCES
Secondary electron thermalization distances in many liquids have been
estimated by fitting equation 15 to experimental free ion yields (14-18). The
calculated temperature and field dependences of the free ion yields are
dependent on the form of the distance distribution function F(y). With a single
form of F(y) in the single pair spur model it has been possible to fit both
the field and temperature dependences of the experimental free ion yields in
dozens of dielectric liquids (15). The function has a Gaussian body and a
power tail, and is designated by Y6P (Figure 4 ) :
(17a)

F ^ y ) = (3.84y 2 /A^ p )exp(-y 2 /b2 p )

,

y < 2.4b Qp

(17b)

F 2 (y) = F^y) + 0.48(b^p/y3)

,

y > 2.4bGf)

where b G p is the dispersion parameter and is alsothemost probable value of y.
The deviation from the simple Gaussian occurs only for the outermost 7% of the
electrons. The power tail presumably refers to the ion-electron separation distance in the last surviving pair in a multipair spur. The tail is therefore
an artifact of the single pair spur model.
Other things being equal, electron ranges b- p are inversely proportional
to the liquid density d. We therefore normalize the ranges by using the
product bg p d.
The density normalized ranges of the secondary electrons in
liquids
are dependent on the molecular structure. The range Increases with increasing
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degree of sphericity of the molecules (Figure 5). The range varies inversely
with the rate of transfer of energy from the electrons to the molecules of the
liquid. For C^ to C 3 hydrocarbons the rate of energy loss by the electrons
correlates roughly with the anisotropy of polarizability of the molecules. This
indicates that rotational modes of the molecules are a major energy sink for
the electrons in the energy range that governs their thermalization range (15).
Mozumder and Magee (19) had come to the same conclusion earlier on theoretical
grounds. Most of the range is attained when the electron energy is below the
vibrational threshold, -0.2 eV, because the magnitudes of excitation cross
sections generally increase in the order rotational « vibrational « electronic.
For hydrocarbons containing more than three carbon atoms correlations
are more complex (15), because the electron interaction with a molecule apparently penetrates effectively only two carbon-carbon bonds in series (20).
There is no time to do much more than point out that molecular structure effects
are large and only partially explained. One outstanding example is the effect
of substituting the hydrogens on acetylene by methyl groups (Figure 5). The C-H
bonds in acetylene are rather polar, with the H being positive. Replacing the
polar C-H groups
by C-CH3 groups increases brjpd from 21 x 10 g/cm in acetylene
to 67 x 10" 8 g/cnr in dimethyl acetylene (15), a factor of 3. The triple bond
in dimethyl acetylene appears to be an almost inert sphere to the epithermal
electron, whereas we had expected it to show an affinity for the electrons and
therefore be an efficient energy sink by way of transient anion states.
The problem of thermalization ranges is related to that of mobilities,
which will be discussed next.
THERMAL ELECTRON MOBILITIES IN DIELECTRIC LIQUIDS
There is a loose correlation between the previously discussed thermalization ranges of secondary electrons and the mobilities of thermal electrons in
liquids (21,22). It is not surprizing that the behavior of thermal electrons
(-0.03 eV) is more sensitive to properties of the liquid than is that of epitherrnal electrons (-0.1 eV). Thermal electron mobilities in dielectric liquids
may differ by factors up to 10?, while thermalization distances in the same set
of liquids differ by factors up to about only 1O^ (Figure 6 ) . The correlation is
somewhat dependent on molecular structure (23). For example, in liquid hydrocarbons at 294K a thermal electron mobility- 8of 0.10 cnr/Vs correlates with
a thermalizatign distance of about 44 x 10 cm in the alkyl benzenes, and to
about 72 x 10 cm in the n-alkanes (Figure 7 ) . Enerqy is transferred from
electrons to benzenes more readily than to alkanes, presumably by way of
transient anion states.
The reason for the approximate correlation between thermalization range and
thermal electron mobility is that the potential fluctuations represented schematically in Figure 8 affect both (23). The magnitude of the potential fluctuations
depends on the nature of the liquid and can be a few meV up to a few tenths of an eV.
The magnitudes of the energy loss steps in Figure 9 are apparently related to
the magnitudes of the potential fluctuations. Furthermore, the energy loss
cross sections (cm -1 ) are probably
related to the magnitudes of the
potential fluctuations. Since most secondary electrons begin with energies of
the order of 10 eV, the thermalization range bgp is inversely related to the
magnitude of the potential fluctuations. Now, the mobility u of thermal electrons
is also inversely related to the magnitude of the potential fluctuations. If
the fluctuations are small compared to kT the electrons remain quasi free and have
a high mobility. If the fluctuations have magnitudes AV > kT the electrons spend
part of their time in localized states and have u * exp(-AV/2kT). The 2 in the
exponent indicates that the electron cannot sit in the bottom of the well. If the
relaxed, solvated state has AV > » 2kT, as it does in hydroxy!ic solvents, the
electron has a low mobility similar to that of a heavy ion.
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A theoretical problem 1s to calculate a realistic potential fluctuation
curve such as that in Figure 8 for an electron in a real liquid. The path
would be three dimensional, energy dependent, and momentum transfer (direction
change) collisions would probably occur more frequently than energy loss collisions. Energy loss calculations would lead to curves similar to those in
Figure 9.
Electron localization occurs when an energy loss collision allows the
electron to drop into a potential well from which it lacks the energy to escape
(end of path in Figure 9 ) . Once the localized state is formed it relaxes to
the solvated state on a timescale similar to that of the librational motions
of the molecules in the liquid (24 and Figure 10). The dipole orientation is
assisted by the torque of the charge-dipole interaction. The settling of the
state into deeper levels causes a shift in the optical absorption spectrum to
lower wavelengths.
Thermal electron states can be partially characterized by the average
mobility displayed by the electrons. Quasifree electrons have u >10 cnr/Vs. In
liquids that have a viscosity near 1 cP localized electrons have u ~ 10""^ c ^
similar to that of an anion. Mobilities intermediate between quasifree and anionic
values are usually interpreted through transitions between localized and delocalized
states or through a hopping mechanism.
The mobility of quasifree electrons in dense media is usually interpreted
by way of the Cohen-Lekner model or some modification of it (25-28). The model
still needs work, for example to refine the interpretation of the change of sign
of the electron-molecule scattering length on increasing the fluid density in the
liquid range (29). The liquids to which the model applies are composed of
spherelike, nonpolar molecules that do not capture electrons to form anions.
A larger problem is the interpretation of mobilities intermediate between
those of quasifree electrons and those of anions. There are hopping models and
percolation models, but those most commonly used involve transitions between
localized and delocalized states.
e

deloc

The distribution of excitation energies E is usually taken to be a Gaussian
centered about E o and with a dispersion a:

N(E) = v~h c f W - U - E ^ / o 2 ]

(19)

The measured mobility is the average of the mobilities in the two states, taken
over the respective residence times.
(20)

w = Xwdel

+

O-X)n l o c

where x 1S the fraction of electrons in the delocalized state at a given instant,
(21)

N(E)[1 + exp(-EAT)]"1 dE

X- f
-00

and
(22)

*i10C

= lJ

locexp(-Eloc/kT>

where v? and E, are the pre-exponential factor and activation energy for mobility
of the localized state (30).
Equation 21 involves the assumption that localized states can exist both
above and below the delocalized level. This assumption might be poor and could
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easily be changed. Both E o and o in equation 19 are temperature sensitive and more
theoretical work is needed to determine the best way of handling the variations
with temperature. The model we use was built by analogy with optical absorption
spectra of solvated electrons:
(23)

E Q = E(0) - aT

(24)

o = o(0) + bT

If the model were reworked it might be better to tie o to E in some way. To proceed
with the model at hand, the mobility in the delocalized state is taken to be
sensitive to the fluid density n and temperature:
(25)

del

\n T
Mobilities measured in the isomeric butenes at temperatures from their
melting points to their critical points have been fitted by equations 19-25
(30 and Figure 11). The parameter values are listed in Table 1. The greatly
different behavior in cis- and trans-butene-2 shows up mostly in the temperature
dependence of o, within the restrictions of the model. A possible interpretation
of the temperature independence of o in trans-butene-2 might be that the localized
state in this liquid is an anion, rather than a solvated electron. However, more
modeling should be dons, for example by using E 0 /o as a parameter rather than
allowing the two to vary independently. In the present model the magnitude of o
and its variation with temperature are not basically understood. We tried relating
o to the thermal energy fluctuations, through the heat capacity of the liquid in
the Schiller and Jortner fashion (23), but it did not withstand the test of
temperature variation from the melting point to the critical.
P The mobility of electrors in each of the butene critical fluids is near
10 cm /Vs (Figure 11), which is in the quasilocalization regime. Near the normal
boiling points, -270K, the mobilities differ by up to 70 fold. The greatest
difference is between c_is_- and trans-butene-2; the difference is in the direction
opposite to expectation from the molecular dipole moments (Table 1). The behavior
correlates with the physical shape of the molecules; the mobility near the normal
boiling point is greater when the molecules are more spherelike. The liquid
structure has a great influence on the magnitude and dynamics of the potential
fluctuations shown schematically in Figure 8.
When a mobility model has been devised that rationalizes, in more detail
than presently enjoyed, the differences in behavior of electrons in the Ci to C3
hydrocarbons, it can be fine tuned through treatment of the c_[s_- and trans-butene-2
systems.
MOLECULAR SHAPE AND DENSITY EFFECTS ON ELECTRON SCATTERING IN GASES
In a low density gas, where an electron interacts with one molecule at
a time, thermal electron mobility u is inversely proportional to the gas density
n. The product un is therefore independent of n, but it depends on the nature
of the gas and on the temperature. This has been known for 60 years or more, but
what is new is that there is a molecular shape effect that is the inverse of the
one in the liquid phase. In the liquid phase, the electron mobility is greater
when the molecules are more spherelike, as shown by the values of yn in the
isomeric pentanes at n > n (31 and Figure 12). Although a good theory remains
to be developed, the behavior has been rationalized in terms of molecular
orientational disorder and anisotropies of polarizabilities, and the effects of
these on the potentials depicted in Figures 8 and 10. In the low density gas, the
electron mobility is lower when the molecules are more spherelike (Figure 12). The
cause is that the momentum transfer cross sections at electron energies below 100
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meV are larger for the more spherelike isomer (32 and Figure 13). The reason
for this is not yet known. One may speculate about transient anion states
that involve spherical Rydberg type orbitals, but nothing quantitative has
been done. Several theoreticians have been consulted, all of whom thought the
problem to be trivial at first sight. One at Cal Tech said he'd give the
problem as an assignment in his undergraduate course! But the shape effect
turns out to be a tricky problem for reasons that none have explained to me.
(Backlash from their early overconfidence?). Perhaps multipoles are involved.
The molecular models have to be severely simplified (a base ball, a tennis
ball can and a hockey puck). Perhaps someone here will have a helpful idea
about the problem.
Now let us briefly examine the behavior in dense gases. In n- and
j_s_q-pentane at densities greater than about 10% of the critical the value of
pn decreases (Figure 1?). There would be a similar effect in neopentane but
it is compensated by the beginnings of conduction band formation, which dominates
electron behavior at n > n (Figure 12). In all of the gases, including neopentane,
the temperature coefficient of mobility at constant density increases with increasing density at n > 0.1 n c (Figure 14). Similar behavior has been observed in
every substance studied, including argon, methane, ethane, dimethyl ether (33) and
ammonia (34). The Arrhenius temperature coefficient increases to about 60 kJ/mol
in the critical region, then decreases again in the liquid phase (Figure 15). The
large temperature coefficient exists only close to the vapor liquid coexistence
curve; it decreases quite rapidly as the vapor is heated away from the curve
(Figure 14). The effect is attributed to quasilocalization of electrons by the
relatively large density fluctuations (van der Waals quasidroplets) that exist
in the dense coexistence vapor. Heating the vapor at constant density decreases
the magnitude of the fluctuations (increases the compressibility factor).
The proposed mechanism is:
(26)
(27)

medium -—*•
e- q f + site ^

site
e" q l

where "site" represents a density fluctuation of sufficient amplitude and
appropriate breadth, while e" ^ and e"q , represent the quasifree and quasilocalized
electron, respectively.
Heating the vapor to remove it from the coexistence region decreases the
concentration of sites. The overall enthalpy and entropy of activation of
processes 26 and 27 are large and negative (35). Most of the enthalpy and
entropy changes have been attributed to the quasicondensation equilibrium 26.
However, within the 10"' s time resolution of the apparatus the enthalpy change
of process 27 in ethane could be as,much 1 2as 30 kJ/mol, which would be 30% of the
total at the critical density. (10'VIO- = exp(30,000/8.3 x 300)).
Theoretical calculations could be done that test the reasonableness
of the quasilocalization model and to work out details. It has also been suggested
that the large temperature coefficient of mobility in the dense vapor near the
coexistence curve is simply due to enhanced scattering by the clusters and the
temperature dependence of the cluster sizes. One could make theoretical estimates
of the cluster populations and see in what way the larger scattering cross
sections differ conceptually from quasilocalization*
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NEW APPROACH TO OPTICAL ABSORPTION SPECTRUM OF SOLVATED ELECTRONS
Solvated electrons have a broad, asymmetric optical absorption spectrum,
without fine structure. The spectrum shifts strongly in energy and width on
going from one type of solvent to another (Figure 16). Values of the ratio
W /E A
range from 0.5 to 1.0 on going from water or ammonia to 2-butanol. The
asymmetry factor W D /W r ranges from 1.4 to 2.3 in the same solvents (36-38). Thus
a greater band width is caused mainly by increasing the width of the high
energy side (Figure 16).
Theoretical interpretations of the energies of the optical absorption
maxima have employed many models over the past fifty years. In 1933 Ogg used
a particle in a bubble box (39). In 1962 Jortner did an SCF treatment of an
electron in a bubble in a polarizable continuous dielectric medium (40). Semicontinuum models employed short range interactions with a first shell of
polarized solvent molecules arranged symmetrically around the edge of a spherical
cavity, and a long range polarization interaction with a continuum beyond the
first shell (41,42). The molecules in the first shell were assumed to have
point dipoles and to have isotropic polarizabilities. Medium rearrangement
energies (dipole-dipole repulsion in the first shell, cavity creation, long
range orientation of the permanent dipoles, and so on) are estimated to determine
whether the model can provide a stable localized state of the electron. It
usually can, but it is difficult to see a pattern in the change in parameter
values from one type of solvent to another. The main shortcoming is that
the calculated band shape, obtained by introducing Boltzman distributions of
dipole orientations and cavity radii, is too narrow.
Inclusion of molecular vibrations, and both localized bound-bound and
hopping transitions provides a better band shape (43,44). The calculations
possess so many parameters that one cannot assess them. Furthermore, it has
been shown experimentally that the absorption energy is dominated by the detailed
structure of the liquid, and it has not been possible to take this into account
in any model so far. Another major shortcoming might be that multibody interactions are handled as sums of pair interactions.
Evidence for the effect of liquid structure on the optical absorption
energy of solvated electrons is obtained by comparing optical absorption
energies with the Kirkwood structure parameter g^. The Kirkwood parameter is
related to the way in which polar molecules orient relative to each other in
the liquid (45 and Ficure 17). If the molecules line up in such a way that
their dipole moments tend to counteract each other, g^ < 1.0. If the structure
is random, g^ = 1.0. If the alignment tends to enhance the dipole moment, g^ > 1.0.
The values are calculated from those of the static dielectric constant D s , the
molecular polarizability a and the liquid phase molecular dipole moment y
(Onsager cavity model, neglects spacial and optical anisotropics of molecules,
could be refined). Oster and Kirkwood suggested that as a basis for classification
of liquids according to their thermodynamic behavior, the correlation parameter
gK is more significant that the molecular dipole moment (45).
The values of g« for water and a series of ni-alcohols at 296K are in the
range 2.7 - 3.3 (Table 2 ) . The dielectric constants vary four fold, from 79 to
20. The optical absorption energies E A m , x are similar, 1.7 - 1.9 eV. By
contrast the values of g« for ammonia and n-amines are 1.3 - 1.6, half of the
hydroxy compound values; the EAmax for soTvated electrons in these liquids are
about 0.65 eV, about a third of the values in the hydroxy solvents (Table 2 ) .
The correlation of E^ax with gi<, and the lack of correlation with dielectric
constant and dipole moment, indicate that the details of liquid structure have a
dominating influence on the energy levels of solvated electrons.
In theoretical treatments of electrons in liquids the spacial and optical
anisotropics of the molecules have largely been ignored. The ground state of a

solvated electron is not s-like, because the volume occupied by the electron
is not spherical in shape; it is many-branched and irregular (Figure 18).
Fluctuations in molecular density and orientation about the electron sites can
be envisioned to have a great influence on the energies of the electron states,
and therefore on the optical and transport properties of electrons in dielectric
liquids.
I would like to suggest a different quantum statistical mechanical approach
than that made by Simons (43), although a great deal can be learned from his
work.
One could begin by a consideration of the liquid structure in the
--k: -c? of the electron. One could perhaps calculate the g« factor by
statistical mechanical methods and adjust the model parameters until the correct
value of g|( was obtained. (The manner in which the molecules orient with respec .
to each other in the liquid depends strongly on the external shape of the
molecules). One could then insert an electron at a site that seemed suitable, due
to accidentally favorably oriented and spaced molecules, and allow the charge
to perturb the liquid structure in its vicinity. The perturbation would probably
extend about three molecular layers into the liquid, beyond which it would have
faded into the normal liquid structure. One could then use this relaxed electron
site and the thermal (translational, rotational and vibrational) fluctuations
in it to calculate the optical and transport properties of the electron. The
differences between optical and transport transition energies might be largely
due to the Franck-Condon restriction on the former.
A test of the new model would be to have rationalizable changes in
parameter values on going from one solvent to another. A disadvantage of it is
that the number of parameters that can be adjusted is likely to be large.
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TABLE 1

Parameter values
Solvent
c-ti-butene-2
-t-io-butene
butene-1

a.

h
(meV/K)
1.08

<T(0)
(meV/K) (meV)
0
0.98
8
0.86
0.96
49

ia«4-butene-2

11.°

for equations 19-25 and Figure

a

1.08

Eo/oat 300K
0.9

A&70K
(cnrVVs)
1.6

*b
(D)
0.3

0.97
0.35

1.2
2.0

0.89
0.038

0.50
0.34

0

2.4

0.025

0.00

117

= 30 cm 2 /Vs at T r e f = 295K, E(0) = 600 meV, ju
juoolQC
lQC

= 0.12 cm 2 /Vs,

rpf
rpf

E j o c = 65 meV. The values of U^\ and E(0) are not unique, but have
been placed at slightly larger than the minimum required for butene-1
Reference 30.
b. Electric dipole moment.

TABLE 2
Solvent Properties and Electron Excitation Energies, 296K
Solvent

n(D)

a

Dsb

g C

K

H20
CH30H
C2H50H
n-C3H70H

2.32
2.14
2.16
2.15

79
33.4
24.5
20.1

2.7
2.9
3.0
3.3

NH.

1.81
1.61
1.48
1.42

17.3
9.4
6.5
5.3

1.3
1.5
1.6
1.6

CoHqNHo

EA

(eV)

1.72
1.95
1.80

1.95
0.68
0.65
0.64
0.65

a. electric dipole moment, liauid phase, Onsager
formula
b. static dielectric constant
c. Kirkwood molecular correlation factor.
21

1000

100

-

co
O

100
-8

y (10
FIGURE 1
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Two different thermalization range distributions that would give the correct
free ion yield in y irradiated liquid ethane at 183K. The delta function YD
corresponds to y = 150 x 10~° cm. The power function YP represents equation
14. Data from references 9 and 12.
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FIGURE 2.

Nitrogen yields 6(N2) from y irradiated solutions of nitrous oxide in ethane
at 183K, plotted against the mol fraction of nitrous oxide N N 9 O - T n e curves
were calculated from equation 12, using the indicated F(y) distributions from
Fig. 1. The experimental points are from reference 12.
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E (kV/cm)
FIGURE 3.

Electric field dependence of the free ion yield in liquid propane at 183K.
A, experimental, reference 14. The curves were calculated from equation 15.
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y/b GP
FIGURE 4.

Thermalization range distribution function YGP of secondary electrons in v
irradiated liquids. F(>y/bGP) -fyF(y/b G P )d(y/b G p); bGp Is the dispersion
parameter. The simple Gaussiarf"*, function YG1 1s shown for comparison.
Reference 15.

23

oA-

120 •

0

•

too

-

I X

8-AS 60

oOA

-

ht

OA

FIGURE 5. Effect of molecular structure on the
density normalized thermalization
ranges of secondary electrons in liquid
hydrocarbons. O , alkane or cyclo
alkane;A, alkene;O, diene; D , alkyne.
Reference 15.
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FIGURE 6. Correlation between thermal electron
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in irradiated liquids. References 21 and
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FIGURE 7.

(a) Correlations between thermal electron mobilities p e and secondary electron
thermalization distances bgp in organic liquids at 294 + 2K. • , unsaturated
hydrocarbons; o , saturated hydrocarbon; A t ether. Reference 23a. (b) Correlations between temperature effects on the density normalized ranyss bgpd
(filled points) and thermal electron mobilities y (open points) in ne.ipentane
(circles) and n-pentane (squares). The vertical dashed lines mark the
critical temperatures. Reference 23b.
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Fluctuattons of V in space due to
fluctuations in molecular
density and orientation.

V

DISTANCE ALONG PATH

FIGURE 8.

Qualitative representation of the variation of the potential energy V of an
epithermal quasifree electron near the end of its thermalization path. The
heights of the potential fluctuations range from a few meV to a few tenths
of an eV, depending on the liquid. Reference 24.

E decreases through
inelastic scattering
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DISTANCE ALONG PATH

FIGURE 9.

Qualitative representation of the variation of the potential energy V,
kinetic energy T and of E * (T + V) of an electron along the last part of its
thermalization path. The heights of the potential fluctuations and the sizes of
the steps in E range from about a meV to about an eV, depending on the nature
cf the liquid. If the potential fluctuations are small relative to kT the
electron does not become localized. Reference 24.
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FIGURE 10. Qualitative representation of the variation of the potential energy V of an
electron as a function of time after the localization event. Reference 24.
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FIGURE 11. Mobilities of electrons in liquid <?£e-butene-2 ( o ) , isobutene ( g ) , butene-1
( O ) and *ra«e-butene-2 (•). The lines were calculated from equations 19-23
using the parameter values listed in Table 1.
, approximate mobilities of
anions in each of the liquids, taken as 0.7 (u. + u + ) averaged for the four
liquids. Reference 30.
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102,

n(molecules/cm )
FIGURE 12. Effect of density on the density normalized mobilities of thermal electrons
in the coexistence vapor and liquid of the pentane isomers. n c = critical
density. A thermal electron feels the shape of an alkane molecule.
Reference 31.
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FIGURE 13. Electron momentum scattering cross sections o u for the isomeric pentane
molecules, as functions of electron velocity v and energy E
10 10 X Maxwellian
E and v distribution at 400K,
F - (1.36 x lO"7 vz/T'.5)exp{-3.3 x 10" 1 2 v 2 /T). The Maxwellian has been
multiplied by 10'0 to fit the scale. Reference 32. X,M«6rklc««- J-PBH
28

1000/TlK)
FIGURE 14. Arrhenius plots 19of thermal electron
mobilities in w-pentane vapor at different
densities. n(10 molecule/cm,3): v » 2.25; A , 9.93; V , 29.8; • , 81.0;
O > 116; ± , 156; O» 198 (critical). 9 , coexistence vapor. Reference 31.

FIGURE 15. Arrhenius temperature coefficients of electron mobility In vapors at constant
density, a few degrees from the vapor/liquid coexistence curve. The eighteen
compounds Include methane (A,O), n-butane (A,D), <ns-butene-2 (B,D),
n-hexane (B,A), dimethyl ether (C,A) and xenon (C, X). Reference 33.
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FIGURE 16. Optical absorption spectra of solvated electrons in n-propanol, water and
tetrahydrofuran. Data of F.-Y. Jou , this laboratory.
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FIGURE 17.
Kirkwood structure parameters g K for
polar liquids.

FIGURE 18.
Schematic of a solvated electron,
illustrating that the volume
occupied by the charge distribution is many-branched and
irregular.
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Friday, September 10, 1982, PM
G. R. Freeman (communicated):
It was encouraging to hear of the progress that has been made in the
Monte Carlo treatment of radiolysis track structures in water, and in the
application of those structures to the calculation of product yields.
Differences in yields for different types of radiation having the same
L.E.T. have been successfully interpreted. More detailed information about
the solvated electron distribution will require input from an independent
source. A Monte Carlo treatment of 1 MeV electron track structures in liquid
hydrocarbons could be used to develop a multipair spur model for those
liquids. By fitting the model to measured product yields as a function of
electron scavenger concentration, and to measured free ion yields as a
function of applied electric field strength, more accurate information
about electron thermalization distances could be obtained. Experimental
data are abundantly available. The model could then be extrapolated to
alcohols and water through scavenging yield data alone to obtain better
information about the solvated electron distributions in spurs in those
liquids.
Following the remarks this afternoon it might be worthwhile to give a
reminder that electron thermalization distances are strongly affected by the
structure of the fluid. In general, the dynamics of processes that occur in
a system are strongly influenced by the structure of the system (Figure 1
is a slide from my talk that is not in the manuscript). That statement might
seem trivial at first sight, but its full significance is not yet widely
appreciated. The significance is illustrated by the fact that the mobilities
of thermal electrons in two isomeric pentane liquids at 295K, the spherelike
neopentane and the zigzag rv-pentane, differ by 500 fold; the mobilities in
the isomeric cis- and trans-butene-2 at 278K differ by 50 fold. The mobilities
are larger in the liquids of the more spherelike molecules. The molecular
shapes govern the way in which the molecules pack together in the liquid and
strongly influence the polarizability tensor.
The radiolytic response of dilute aqueous solutions will be quite different
from that of highly structured biological cells. The response of concentrated
aqueous solutions will be at least quantitatively different from both. The
study of mi cellar and vesicular systems seems to be a more fruitful approach
to modelling the radiolytic response of biological cells.

Structured
systems

FIGURE 1

...have
special
dynamics
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INELASTIC CROSS SECTIONS FOR ELECTRON INTERACTIONS IN LIQUID WATER
R. N. Hamm, R. H. Ritchie, J. E. Turner, and H. A. Wright
Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37849

Our task is to develop a set of cross sections for electron inelastic
processes in water in the liquid phase suitable for use in a Monte Carlo
transport calculation. This has been described in much more detail
elsewhere1 and will only be summarized here. Very little of the experimental
data available pertain to liquid water, and it is thus necessary to use
some vapor data in arriving at consistent cross sections for the liquid. One
of the basic differences between gaseous and condensed media is the
existence of collective electronic modes in the latter. We take collective
excitations into account implicitly by starting with -Im(l/e) = E2/(el + z\} >
the so-called energy loss function for charged particles. For a gas,
-Im(l/£) and z^ are essentially identical. However, for the condensed
phase, the -Im(l/e) peak shifts to higher energies.
This is illustrated
by the model calculation shown in Fig. 1.
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Fig. 1. Dielectric functions z (
)
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and e 2 (
)
* energy-loss function
-Im(l/e)(
) for a single oscillator
having hw 1 = 8 eV, h-y^ = 2 eV, and f± =
1.0 for various densities p.
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The total differential inverse mean free path (DIMFP) for any kind
of inelastic interaction may be written
q

djj.e _1
HΜ

r

TTF

(1)

Im

J n~

where E is the primary electron energy, 10 the energy loss, and q~ are
the kinematic limits on momentum transfer (all quantities are in atomic
units).
Optical measurements on liquid water by Heller et at. ^ have determined
e(tu,o) up to en = 26 eV. These data are combined with those on the
1
5
molecule, *' constrained by sum rules on the total oscillator strength.
These data are shown in Fig. 2. In order to extend e into the co-q
plane, we make use of the fact that for large q the electron should
behave as if initially free and at rest (the Bethe ridge). We fit the
optical data using a sum of derivative Drude functions in the form

2

E
)
n t < n - u>

(2)

2

Y

where the "resonance energies" E n , the damping energies yn, and the oscillator strengths f n are taken to be fitting parameters. The plasma energy,
co = 21.5 eV for liquid water. We then let E n -> E n + q2/2 for the part
or £2 corresponding to ionization. We assume the part of £2 which
corresponds to excitations does not disperse, but varies with q in a
manner similar to the variation of the generalized oscillator strength
of the witer molecule.6 Figure 3 shows a plot of Im(-l/e:) versus to for
several values of q. Figure 4 displays the quantity oj2dy/doj versus cu
for various values of electron energy as computed from Eq. (1). Theory
shows that for large u, the quantity dp/dw should approach Zu)2/4Eco2
asymptotically, corresponding to the response of nearly free electrons.
2
For water this asymptotic value is given by 0.1556/Eco in atomic units.
OMl-OM 71-10)40
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1

Fig. 2. Optical constants of
water as a function of photon
energy u>.

1

OIELECTMC FUNCTIONS Or UOUID WATER

\k

w I

10

20

30

40

CNCKf TMJMSFEft

90
u-(M

33

OMk-Htt n-«IM

OKHL DWO 7 » - t 0 M »

to".
NCSPONSC FUNCTION
Of LKMO WATtR

CHFFtWNTIlU. INVUOi MEAN fMl
MIX OF ClICTMNS M L"0m0 M T H
10-'

Kf1

.0-'-

Kf,to- .
200
-ENCHGT LOSS («V>
10

I0,

I0,

K),

w K V I • ENERGY TRANSFER

Fig. 3.
Im[ £ /

The energy loss function,

Fig. 4. Energy transfer squared
times the DIMFP for all processes
versus energy transfer OJ for three
different primary electron energies,
The horizontal arrows mark the
asymptotic value for each energy.

%] plotted against o> for

three different values of q.

The partitioning of e 2 into the e 2 J (w,o) fractions is accomplished
by using data on the molecule1* together with information on the way in
which threshold energies for various excitations and ionizations shift
from those for the isolated molecule to those for the condensed state.
Vacuum UV photoemission experiments with amorphous ice7 and with H 2 0
multilayers adsorbed on gold surfaces at low temperatures8 indicate that
the threshold energy for exciting an electron from the least tightly
bound state to the vacuum level is 8.7 ± 1 eV, corresponding to a band
gap of approximately 8 eV. This corresponds well with measured ESCA
spectra from ice,9 which show a broad threshold at ^7-8 eV. For the
present purposes we take the lowest energy required to ionize electrons
in water to be ^8 eV. We take partitioning of the ionization probability
among the various interband transitions in the liquid to be similar to
measured partitioning between the four molecular orbitals in the molecule4
which merge to make up the valence bands of the liquid.
Figure 5 shows the partial IMFPs, y ^ (E), which are obtained from
Eq. (1) by replacing e2(cu,q) by e2^J)(cu,q) in the numerator of the integrand and then by integrating the resultant d u ^ / d w over to after making
approximate allowance for exchange and relativistic effects. In obtaining
the breakdown shown in Fig. 5, we initially made the assumption that
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fragmentation is similar to that which occurs in the molecule. At present
+
we assume that all the ionization channels give H 2 0 , since in the condensed
phase the vibrational energy is shared with neighboring molecules before
dissociation can occur.
Figure 6 shows the total IMFP, y(E), plotted as a function of E.
On the same plot we have shown the stopping power of water, -dE/dx, as
a function of primary electron energy. The open squares show values of
10
-dE/dx recommended by the ICRU.
The cross sections developed here,
'.-.'Mch obviously contain many uncertainties, are subject to continued
revision as new data become available.
o»m.-Bwe ri-to»ro
PARTIAL IMFP'l OF ELECTRONS
IN LIQUID V'ATER

Fig. 5. Partial IMFPs
versus electron energy.
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EXCITATION PROCESSES IN IRRADIATED AQUEOUS SOLUTIONS
Edwin J. Hart
Experimental differentiation between chemical effects resulting from
ionization and excitation of the water molecule is difficult to assess in
dilute aqueous solutions since e a ~ and/or H and OH are the dominant
intermediate free radical species of both processes. However, in many
molecules and ions the reaction products of these species with solutes are
different from those of excitation.
Excitation processes are revealed, however, as the concentration of
solute increases to a point where "direct action effects" may be detected.
The bromate, perchlorate and formate ions are examples of species that
dissociate into products not obtained by their reaction with e a ~, H or OH.
In the case of BrOo" the free radical reactions are*:
+ e a q "(H) + H 2 0 + BrO 2 + 20H"
BrO 3 ~ + OH * BrO 3 + OH".

(1)
(2)

Whereas the excitation reactions are:
BrO 3 ~ + hv * BrO 2 ~ + 0( 3 P)

(3)

BrO 3 ~ + hv + BrO 2 + 0".

(4)

The perchiorate ion, C£0/~, is completely inert toward e a a ~» H and OH, but
does dissociate on irradiation at 184.9 nm and by "direct effects" in γ-ray
irradiated solutions.2 One of the reactions is:
( a o 4 ~ ) + hv -»• c£0 3 ~ + o( 3 p)

(5)

0( P) also forms in small yields in irradiated water. And in the pH range
11.0 to 12.5, G(0( 3 P)) doubles in value. Formic acid (HCOOH) and the formate
ion (HC00~) are additional examples. Their free radical reactions
produce H 2 and CQ 2/ whereas the excitation processes yield CO as one
of the products. •
HCOOH + H, OH •*•

H 2 + C0 2 + H 2 0

HC00H(HC00~) + hv + CO + H 2 O(OH~).

(6)
(7)

The results of these studies are summarized in Tables I and II. These
data have been useful in assessing the relative importance of ionization and
excitation processes in irradiated solutions. In Table 1, f(e~) gives the
fraction of γ-ray energy directly absorbed by the solute at Cone.(M);

Consultant, Chemistry Division, Argonne National Laboratory,
Permanent address: 2115 Hart Road, Port Angeles, WA 98362
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G(Prod.)/f(e~) measures the effectivenese of the "direct" action effect.
Table 2 gives the quantum efficiencies for the production of 0( 3 P) atoms or
CO. Note that this yield is zero for water and the 0H~. From these results
we conclude:
(1) The effect of water subexcitation electrons is negligible if not zero
even in concentrated aqueous solutions. A number of papers dealing with
concentrated solutions attributes part or all of the yields observed
to participation by the sub-excitation electron ( e s e ~ ) . (See literature
cited in Ref. 1 ) . For example, the high yield of 0( 3 P) from OH" in alkaline
solutions (22.2 of Table 1) was originally attributed5 to e s e ~. Later,
however, it was found that this high yield exceeded by a factor of 13 the
yield of O( 3 Pl observed in the efficient excitation process of BrO«j~.
Therefore, 0( P) must form by a different mechanism at pH's above 11.
Subsequent work" on the formate ion confirmed this conclusion. Formate
solutions irradiated in the presence and absence of I~, display identical
G(CO)'s.
This result faults the e o ~ mechanism since G(CO) should vanish 1,
in the presence of I .
(2) Energy rich secondary electrons directly excite the BrOo - , C£0^~ and
HCOO - ions to states producing the dissociation products, o' 3 P) and CO. The
results supporting this conclusion appear in Tables 1 and 2. Table 2 shows
that 0( 3 P) forms on photolysis of the BrO3~ and CJIO^-. And CO forms on
photolysis of HCOO - . As noted above, these excitation products are not formed
by H, e ~ or OH. Details of the method of 0( 3 P) measurement and the
mechanism of 0( P) formation may be found in the references cited.
(3) 0( 3 P) formed in alkaline solutions is produced by a non-excitation
process, very possibly by the reaction:
0" + OH -K)(3P) + OH"

(8)

Reaction 8, if it took place in only 10% of the OH and 0~ encounters,
would explain the high yield of 22.2 in Table 1. Work is in progress to test
the validity of this reaction.
Radiation chemists have thoroughly investigated the roles played by the
free radicals, e a q ~, H and OH, dominant in the irradiation of dilute
solutions. Now the time is ripe to identify the excitation products formed in
concentrated solutions. These products generally differ from those found in
dilute solutions. Such a study will provide sound basic research for the
chemist and also furnish a more realistic picture of actual processes
occurring in biological media where "direct" effects may be dominant.
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Table 1.
Species
H

3

0( P) and CO Yields In γ-ray Irradiated Solutions

Conc.(M)

Product
3

55.5

2°

G(Prod.)

0( P)
3

f(e")

G(Prod.)/f(e

0.006
0.004

1.00
0.00018

0.006

OH"

0.01

O( P)

B r 0

0.01

O( P)

3

0.017

0.01075

1.63

3

3~

22.2

3~
CAO 4 "

2.00

0( P)

0.252

0.183

1.38

1.00

3

O( P)

0.236

0.0845

0.28

HCOO"

0.50

CO

0.052

0.02045

2.54

HCOO"

1.00

CO

0.078

0.0409

1.91

HCOO"

1.50

CO

0.109

0.06135

1.78

B r 0

Table 2.
Species
H20

Quantum Yields in Photolyzed Aqueous Solutions
Cone. (Jf)
55.5

(nm)

Product

<}) (Product)

184.9

O( 3 P)

0.00

3

OH"

0.001

184.9

O( P)

0.00

OH"

0.010

184.9

0( P)

3

0.00

253.7

o< P )

0.35

BrO

0.100

3

184.9

3

0( P)

0.50

184.9

3

0( P)

0.96

2.00

184.9

3

0( P)

1.04

HCOO"

0.010

184.9

CO

0.126

HCOO"

0.100

184.9

CO

0.126

BrO-

0.010
1.00
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RANGE AND LINEAR IONIZATION RATES OF LOW ENERGY ELECTRONS
G. G. Meisels and T. Fujii
University of Nebraska, Lincoln, NE 68588-0312

Abstract. A semiempirical method for estimating the range of low energy
electrons (100 to 600 eV) in water vapor using measurements in other gam s has
been developed and suggests that ranges are near the upper limit of earlier
theoretical estimates.
Low energy electrons (less than 1 keV) lead to most radiation chemical
change. For heavy particles the range of these electrons determines the
initial spatial distributions of reactive intermediates or "track
structure."* Yet few experimental measurements of range and ionizing
properties of low energy electrons have been reported, and theoretical
calculations are uncertain. An alternate approach, presented here, is the
measurement of the spatial distribution of ion formation for a collimated
electron beam. Such measurements yield "linear ionization rates" di/dx. The
distance within which 97% of the ionization occurs gives the "ionization
range" R(i), which is formally similar to the usual range.
We have previously reported on the design and use of an ion source whose
main features are the coaxial electron entrance and ion exit apertures.
The
electron gun is pulsed for ca. 100 nsec and the arrival time distribution
(ATD) of the mass analyzed ions is determined by delayed coincidence
techniques. At very low electron energies (Eej < 20 eV) all ions are formed
at the electron entrance aperture. The resulting drift time distribution
(RTD), obtained from the ATD by subtraction of the flight time through the
mass analyzer, can be fitted by drift-diffusion equations of the appropriate
geometry with the diffusion coefficient as the only adjustable parameter. As
the electron energy increases the distribution becomes broader and is shifted
to shorter times, reflecting the deeper penetration of electrons into the
source and the formation of ions nearer the exit slit.
To obtain di/dx, 10
equally spaced RTDs, calculated for zero-dimensional ion formation points, are
convoluted with trial spatial distributions until the best fit is obtained.
Integration of each curve to 97% of total ionization leads to the ionization
range. Measured ionization ranges for the rare gases and nitrogen are
comparable to those reported for air and plastics.
Of greater practical interest to radiation chemists are the electron
ranges in materials where chemistry follows ion formation. Figure 1
summarizes experimentally observed arrival time distributions for CH5 in
methane at two electron energies, while Fig. 2 shows the linear ionization
rates di/dx which are derived from such data for two representative energies
using the fitting process described above. The curves for di/dx are
characterized by a nearly linear decrease with penetration and a long tail
extending to about twice the range one would estimate by extrapolation of the
linear segment. The ionization ranges derived from such curves for nitrogen,
methane and lsobutane are shown in Fig. 3. It is clear that these ranges are
nearly linearly dependent on electron energies and are precisely inversely
proportional to density (Fig. 4) for these simple gases.
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There is extensive interest in the stopping properties of water, however,
the present method cannot readily be applied because RTDs show a complex
dependence on temperature and pressure for this substance. This is a result
of ion clustering reactions which make the effective diffusion constants and
mobilities for each ion dependent on the extent to which equilibrium has been
approached.
However, the range of electrons in water can be estimated from
data on other gases on the basis of the following approach.
The linear ionization rate is proportional to the ionization cross
section o(E) at energy E and to the gas density n:
di/dx = o(E).n

(1)

It is clear that the energy loss dE/dx is related to di/dx through W(E), the
energy required to form an ion pair. Thus
dE/dx = W(E).di/dx = W(E).a(E).n

(2)

and range is given by the integral over iE/[W(E).a(E)]. If the integral can
be separated into an energy dependent component which is the same for all
substrates, and a proportionality factor which is charateristic of the gas,
then ranges can be estimated for other substrates from those in which
measurements have been made. The proportionality factor can be estimated by
the product of o(E) at a given energy, such as 70 eV, and W(E) at energies > 5
keV where W is independent of E.
Figure 5 shows the result of this semi-empirical approach for water.
Also shown is a comparison with calculated range-energy relationships by Lea,
Mozumder et al., and Seitz.
The ionization range appears to agree best with
the largest range calculated on the basis of various models.
This may well be a result of the experimental arrangement which must give
a maximum for the ionization range. Our measurements provide not di/dx, but a
quantity which is related to it by a geometry function peculiar to our
instrumentation which must taka into account that ions produced off-axis are
collected with reduced efficiency. Thus we obtain something which is between
range and path length, the furthest distance an undeflected electron would
penetrate (i.e., the straightened path length of the electron). Instrumental
modifications which will eliminate this complication are underway. It should
be noted that the use of W(E) in applying Eq. (2) and developing Fig. 5 is
only an approximation since one should really use the differential dW(E)/dE
rather than W(E) measured for complete stopping of an electron of energy E.
Acknowledgements. This investigation was supported in part by the U.S.
Department of Energy under contract DE-AS02-76ER02567, for which we are deeply
grateful.
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Fig. 2,
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Fig. 3. Ionization range (distance within which 97% of ionization occurs) for nitrogen,
methane, and isobutane at several electron energies; ranges
normalized to a pressure of one
torr at 298 K.

100

200

300
400
Electron Energy.eV

500

600

CH 4

1.0
A 0.3 Torr,298K
o 0.5 Torr.298K
Fig. 4. Effect of temperature
and density on the ionization
range of low energy electrons
in methane.

a 0.7 Torr,298K
o 0.5 Torr,410K

a>
a
ttO.4
0.2
0

200

100

200
300
400
Electron Energy.eV

500

Fig. 5. Range-energy relationship in
water estimated from ionization ranges
in hydrocarbon gases.
This estimate;
I Lea, Ref, 6; II Mozumder et al., Ref. 7;
III Seitz, Ref. 8.

100

200
300
400
Electron Energy, eV

500

43

Optical Properties of Molecular Liquids*
Linda R. Painter and R. D. Birkhoff
Department of Physics
University of Tennessee
Knoxville, Tennessee 37996-1200
INTRODUCTION
At the time studies were Initiated on molecular liquids 1n the late
60's, considerable data had been accumulated on the vacuum UV electronic
properties of solids but comparable data on liquids was scarce. Useful
theories had been formulated 1n the fields of solid state and molecular
physics to describe both the electronic structure of solids, which in
many cases have long range order, and gases, which are completely disordered. Because liquids have only short range order and no rigid structure, i t is d i f f i c u l t to specify the interaction of the molecules In
order to describe the liquid state. Over the last decade we have
studied some 20 liquids. There 1s s t i l l no existing liquid theory for
interpretation of experimental results.
In spite of t h i s , there 1s considerable interest in the optical properties of liquids, particularly in the vacuum ultraviolet region, which is
the region of maximum absorption for molecular liquids. Such knowledge
has direct biological application to understanding radiation damage to
living material, radiotherapy, radiodosimetry, problems in cell biology,
to the calculation of adhesive interactions between cells and between
cells and a r t i f i c i a l material. Several groups have done modified
Liftshitz calculations on forces between biological cells. Most of the
studies we have done have been on pure insulating liquids of biological
Interest. The interaction of radiation with these liquids provides a
close simulation to the Interaction of radiation with biological systems
as far as primary processes are concerned1. This paper will focus on
liquid work performed at the University of Tennessee 1n collaboration
with H. Wright's group in HSRD of ORNL.
•Research sponsored 1n part by the Office of Health and Environmental
Research, Office of Environment, U.S. Department of Energy, under
contract D0E-DE-AS05-77EV03861.
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The o p t i c a l properties of l i q u i d are s p e c i f i e d when n and k, the real
imayinary p a r t s , r e s p e c t i v e l y , of the complex Index of r e f r a c t i o n , n ,
known as a function of frequency. We examine the absorption spectrum
a l i q u i d over an extended energy range. This y i e l d s the energies of
s i n g l e - e l e c t r o n e x c i t a t i o n s . We i n t e r p r e t these as Interband t r a n s i t i o n s I f we apply s o l i d state theory or as molecular e x c i t a t i o n s i f
consider each molecule as only s l i g h t l y perturbed by the surrounding
molecules 1n the l i q u i d .

and
are
of

we

From n and k, the real and imaginary parts of the complex d i e l e c t r i c
c o n s t a n t , E , and the energy loss f u n c t i o n , - I m ( l / e ) , can be c a l c u l a t e d .
This f u n c t i o n is proportional to the spectrum of energy losses suffered
by a f a s t charged p a r t i c l e which experiences no angular d e f l e c t i o n in
i n t e r a c t i n g w i t h the l i q u i d . That i s , o p t i c a l measurements in the
vacuum UV give information s i m i l a r to that obtained by measuring the
d i s t r i b u t i o n of energy losses experienced by a f a s t electron 1n going
through a t h i n layer of matter. So the calculated loss function can be
compared with the c h a r a c t e r i s t i c electron-energy-loss spectrum f o r the
l i q u i d . Furthermore, analysis of the o p t i c a l data enables the modes of
energy deposition in the l i q u i d to be i d e n t i f i e d for the electron-energy
loss-spectrum in terms of s i n g l e and c o l l e c t i v e electron e x c i t a t i o n s . 1
For the molecular s t a t e , n -»• 1 , e? 2k, and, for small k, - I m ( l / e ) •»• 2k
= k'/2Tr. Thus, s t r u c t u r e in - I m ( l / e ) i s associated with s t r u c t u r e in k
or k ' .
There i s no s t r u c t u r e due to c o l l e c t i v e e f f e c t in a gas.

METHODS

Several methods have been developed for studying liquids. Basically,
optical properties are determined from reflectance and transmission
measurements. The energy region of interest to us extends from the
visible well into the vacuum UV, generally to ~25 eV. In the
transmission method a cell is formed of thick planar slabs separated by
as little as 500 A of liquid, with sample thickness limited by polish on
the window.2 This method cannot be used beyond «10 eV, the limit of window transparency. A second closed cell technique, also limited to the
region below «10 eV, is the semi cylinder method.3 This method features
the possibility of employing reflection at angles around the critical
angle and of avoiding optical absorption in the vapor.
In the open-dish method1* light reflected from the surface of a liquid is
measured while the liquid is in equilibrium with its vapor. For high
vapor pressure liquids, it 1s difficult to maintain the liquid in a
quiescent state under near vacuum conditions. Even for HMPT, a low
vapor pressure organic solvent, the surface was observed to be going
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down at the rate of 3000 A/sec. Although the partial absorption of the
light by the vapor 1s a problem, the open-dish method is the only one
capable of being used at energies beyond «10 eV. Unfortunately, low
vapor pressure liquids amenable to open dish studies are very viscous
and difficult to admit to the transmission cell by capillary action. A
more recently developed open-dish method is the double Ionization
chamber method. 5,6 In open-dish methods, absorption in the vapor 1s a
problem. In the photoionization method, use is made of this absorption.
The ionization 1n the vapor or added gas adjacent to the liquid is used
to monitor the photon beam strenct^. before and after reflection. The
ratio of 1on currents Is related to the reflectance. Measurements are
limited to energies above the ionization potential of tl.e gas 1n the
chamber. Argon, nitrogen, oxygen and benzene are used as added gas.
Benzene has a low ionization potential (9.3 eV) which is comparable to
the upper energy limit of closed cell techniques.
Supplementing techniques for studying liquids through measurement of
reflectance and transmission is the photoemission method.7 All liquids
we have studied to 25 eV have been shown to have broad maxima in the
energy-loss function at about 21 eV. Although the optical data indicated collective oscillations should occur, it does not provide direct
observation of their existence, for photons cannot directly stimulate
these oscillations. There is no maximum in k, the absorptive
(imaginary) part of the index of refraction at this energy. The absolute photoemission yield of the liquid provides a more direct indication
of their existence. Photoemission studies have been useful 1n revealing
details of electronic structure for many metals, semiconductors and
insulators. Prior to our measurements, no photoemission data existed on
liquids in the energy region from 10-25 eV where collective oscillations
can be excited. The apparatus for measuring reflectance by photoionization was modified so that electrons ejected from the liquid by UV photons could be observed. It uses the double ionization principle of
Samson. The choice of argon for filling gas was based on the essential
assumptions of Samson's method that in argon every photon lost to the
beam In the gas produces an argon ion. Argon has an Ionization
potential of 15.68 eV, which limits photoemission measurements to
energies above 16 eV.
The photoemission results are actually Indirect evidence for existence
of collective effects since the photon must first produce a photoelectron before the latter loses energy to stimulation of collective
oscillation. For direct evidence of collective oscillation in an organic liquid, electron bombardment measurements are made. C. J. Powell
has published a series of papers on the reflectance of electrons from
liquid metals. His experiments showed that reflected electrons had
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generally lost energy to both the surface plasmon excitations described
by Ritchie9 and to volume plasmons, with the proportion allocated to
each being a strong function of the angle between the Incident and
reflected electrons. We have directed a beam of low energy electrons at
a liquid surface and measured the energy loss distributions of the
electrons reemerging.

Linuins STUDIED
The spectra of several liquids representative of those we have studied
using these techniques are examined along with the rationale for their
selection. The first reported measurement of the reflectance of a nonmetallic liquid beyond 10 eV was on water. 10 All biological materials
absorb energy most strongly in the vacuum UV region. Since water 1s
present 1n all living matter, an understanding of the properties of
water in this region is important. Analysis of these reflectance data
yielded the optical and dielectric functions (Figs. 1 and 2 ) .
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Fig. 1. Normal incidence reflectance
and optical functions of liquid water.
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Fig. 2. Dielectric functions and
energy-loss function for liquid water.

Structure in e2 is seen at tio)j=8.2 eV, 1^=9.8 and 1^=13.5 eV. The
structure at 8.2 eV has been attributed to n+a* (observed in the vapor
at 7.5 eV) and that at 9.8 eV to o+o* excitations. Structures in the
energy loss function, -Im(l/e), at 8.8 and 10.0 eV have been interpreted
as due to the corresponding molecular excitations at 8.2 and 9.8 eV,
respectively, while structure in -Im(l/e) at 21 eV is associated with
the maximum in e2 at 13.5 eV. This displacement was cited as evidence
for the existence of collective absorption at the higher energy in this
l i q u i d . In a paper by Williams et a l . on Collective Electron Effects in
Molecular Liquids1 there 1s a discussion on conditions necessary for the
existence of collective electron effects in molecular liquids and the
collective behavior associated with a single oscillator and with a
collection of oscillators 1s compared with the behavior of a freeelectron gas. The separation 1n the energy between the peak 1n e2 at
•fliDj, and the calculated peak 1n -Im(l/e) 1s shown to be a measure of the
degree of collective behavior that the system exhibits. Except In the
free-electron-Uke limit this collective behavior should not rightly be
termed a plasma resonance.
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The liquid spectra of water are compared with those of gas 11 and
solid 12 in F1g. 3. In the gas phase, where k 1s small, e 2 •*• 2k and -Im
(l/e) + 2k. The peak 1n e 2 at 8.2 eV 1n liquid corresponds to the n +
o* excitation observed in the vapor at 7.5 eV. This peak is shifted to
lower energies in going from solid to liquid to gas. In -Im(l/e), there
1s no structure for the vapor at 21 eV (plotted as 2k 1n e 2 )
corresponding to structure for the condensed state at this energy and
associated with the maximum in e2 at 13.5 eV.
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Fig. 3. Comparison of dielectric functions
and energy-loss functions for water in
solid, liquid and vapor state.
Over a dozen organic liquids have since been studied beyond 10 eV and
all liquids exhibit a broad maxima in the loss function similar to the
one in water displaced from the peak in E 2or k. The loss function for
several of these are compared in Fig. 4. Two widely used silicone pump
oils, DC-704 and DC-705, tetramethyltetraphenyltrisiloxane and trimethylpentaphenyltrisiloxane, respectively,were studied not only to
investigate the effects of these surface contaminants on optical components but to see if the properties could be understood in terms of the
response of the individual molecular groups, i.e. methyl, phenyl, and
trisiloxane backbone. 13,11. Glycerol, 5 like the silicone oils, is low
vapor pressure and more amenable to open dish studies than water. It 1s
an essential Ingredient of animal and vegetable oils. Since its presence In a number of biological systems had been shown to give con-
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ENERGY
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F1g. 4. Energy-loss functions of DC-7O4
and DC-705, glycerol, water and the
alkanes, tetradecane and heptadecane.
siderable protection against the effects of ionizing radiation, it was
felt that knowledge of the electronic properties may be important 1n
determining mechanisms responsible for this radioprotective capacity.
Glycerol has only a electrons and thus shows no absorption until »7.5
eV. Similarly, the linear alkanes, C l l 4 H 3 0 , normal tetradecane, and
C 1 7 H 3 6 , normal heptadecane are low vapor pressure at room temperature.
The structure 1n these α-electron systems is compared to other alkanes
for systematic shifts and Intensity changes in absorption peaks. In
Fig. 5, liquid tetradecane of this study is shown with spectra of liquid
hexane, vapor octane and a solid paraffin for an Indication of phase
effects.
Recently we have determined the optical properties of four polycyclic
hydrocarbons, benzene, toluene, xylene, and tr1 methyl benzene in the ?. to
in.2 eV region to characterize the spectra 17and investigate the effect of
substitution on these methylated benzenes. The electronic spectrum of
the benzene molecule has been extensively studied. Inagaki has reported
the absorption spectra of pure liquid benzene 1n the 4.1 to 7.4 eV
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Fig. 5. Comparison of imaginary part of
complex dielectric function for alkanes in
the solid, liquid and vapor state.
region at several temperatures. 18 Absorption bands in this region are
associated with v •*• n* singlet excitations. The absorption spectra of
liquid benzene were found similar to those of the solid phase at low
temperature but differed from that of the vapor phase. This has been
attributed to a perturbation effect on the liquid molecule by neighboring identical molecules. The effect of methyl substitution on the
IT + TT* molecular excitation of benzene as determined from our reflectance
measurements is not appreciable (Fig. 6). There is evidence of a slight
shift in peak value to lower energy in the k-spectra with an increasing
number of methyl groups consistent with gas-phase spectra. The
broadening of bands with methylation reported for gas-phase data is
contrary to that observed in the TT -• TT* transition associated with the
k-peak near 6.4 eV for the liquids studied. The absorption starting in
the region of 8 to 9 eV is associated with excitation of a electrons.
The increase 1n absorption with addition of α-electron methyl functional
group is 1n agreement with the general observation that 1n nonconjugated
molecules the effects of addtional functional groups are additive.
The spectra of liquid D20 and H2O have been compared for 1sotop1c
e f f e c t s . 1 9 The principal difference observed was the contraction of the
0.0 spectra due to the mass effect of the heavier isotope. There is a
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Fig. 6. Optical functions of benzene,
toluene, xylene, and trimethylbenzene
as a function of photon energy.
contraction of the D 2 0 spectra corresponding to a blue shift of «0.2 eV
at the low energy onset of absorption consistent with threshold electron
impact excitation spectra of molecular H2O and D 2 0.
The first photoemission measurements for molecular liquids beyond 10 eV
were made on two low vapor pressure organic solvents, formamide, ' and
hexamethylphosphorictriamide (HMPT). 2 1 , 2 2 Typical of a yield curve for
an insulating liquid is that shown 1n Fig. 7 for HMPT. The number of
photoelectrons per incident photon is given versus the photon energy.
The points represent experimental values and the lower curve was calculated using theoretical values for electron mean free paths and a threestep model for the photoemission process. The upper curve was
calculated similarly but with electron mean free paths three times the
theoretical mean free paths. The yield falls from 9% at 16 eV to 5% at
25 eV. Such a fall off with Increasing photon energy 1s expected from
theory. Plasmon formation is 1n competition with photoemission; with an
Increase 1n one there must be a corresponding decrease in the other.
Conversely, electron mean free paths can be calculated from experimental
yields. For HMPT these data range from about 935 A at 16 eV to about
80 A at 24 eV. Tetraglyme shows photoemission comparable to formamide
and HMPT. However, squalane, squalene, and DC-705 show no photoemission.
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Electron bombardment measurements have been made on a single organic
l i q u i d . A beam of low energy electrons was directed at the surface of
DC-705 and the energy-loss distributions of the electrons re-emerging
was measured. Fig. 8 shows the energy d i s t r i b u t i o n for 50 eV electrons
reflected from the o i l . A sharp, e l a s t i c a l l y scattered peak at 50 eV is
followed by an energy-loss maximum at about 37 eV with a shoulder about
43 eV. These energy losses of « 7 and 13 eV are in reasonable agreement
with the optical data for DC-705 i d e n t i f i e d as due to ir- and α-electron
e x c i t a t i o n , respectively.
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Hopefully, application of
these basic physical techniques to studies of pure
liquids and solutions w i l l
lead to some understanding of
electronic energy levels 1n
liquids which are excited by
the passage of ionizing
radiation.
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INTERACTION OF 0-20 EV ELECTRONS WITH THIN
SOLID FILMS AT CRYOGENIC TEMPERATURES
L. Sanche, MRC Group on Radiation Sciences
C.H.U., University of Sherbrooke
Sherbrooke, Que., Canada

Part of our program in the Radiation Sciences at the University of Sherbrooke involves the study of the interaction of low-energy electrons (0-20 eV)
with condensed matter; more particularly, organic and molecular solids, and
simple solids of biological interest (e.g., H2O, O 2 ) . The main objective is
to obtain a better understanding of how, in irradiated systems, the ener7y is
transfered from the high-energy primary particles to ionic, electronic and vibrational states through the action of transient intermediate species, the
most important of which is the electron. We are particularly interested to
determine the mechanisms of slow-electron scattering in condensed phases and
the absolute values of the elastic and inelastic mean free paths (MFP).
To date, interesting results have been obtained from ETS (electron transmission spectroscopy) and HREELS (high-resolution electron-energy-loss spectroscopy) . These experiments can be briefly described as follows. A wellcollimated monochromatic electron beam (.01 to .04 eV FWHM) impinges on a film
(10-3000S) grown from a gas or a vapor on a metallic substrate attached to the
cold end of a variable temperature cryostat (17-300K). In ETS, the total current which traverses the film is measured on the metal substrate as a function
of electron energy (1). The structures in the current-vs-voltage curves are
interpreted in terms of electron interactions occurring in the film (1-8).
Furthermore, measurements of the absolute value of the transmitted current as
a function of thickness can be used to determine elastic and certain inelastic
MFP (8). In HREELS, electrons emerging from the film are analysed in energy
and angle with respective resolutions of 5 meV and ~2° FWHM. Energy-loss measurements can be performed either in the constant-final-energy or constant-initial-energy mode. Measurements of excitation functions are also possible. Absolute values of the cross sections cannot be determine with this system but
relative amplitudes of energy-loss processes can be calibrated on the transmission data. The substances studied to date include aliphatic and alicyclic hydrocarbon films (1-5), diatomic molecular solids (9-11) (e.g., N 2 , O2, NO, C O ) ,
triatomic solids (H2O, C O 2 ) , rare gas solids (7,8) and DNA basis (6).
Specific advances which resulted frcm experiments with these systems may
be summarized as follows:
1) Measurement of vibrational (10,11), vibronic (9) and electronic
energy losses (5,8,9) in solid films;
2) Derivation of a theoretical model to extract from ETS the elastic
and inelastic MFP (9);
3) Observation of structural and thermal disorder effects in thin films
(1,4,9);
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4) Observation of shapes resonances in diatomic molecular solids (10,11);
5) Observation of sharp features in ETS which can be explained by the
existence of electron-exciton complexes (1-5).

1.

L. Sanche, J. Chem. Phys. 7^, 4860 (1979).

2.

L. Sanche, Chem. Phys. Letters 65^, 61 (1979).

3.

L. Sanche, J. Phys. C 13, L677 (1980).

4.

G. Bader, L. Caron, and L. Sanche, Sol. State Comm. _38.» 849 (1981).

5.

L. Sanche, G. Bader, and L. Caron, J. Chem. Phys. 76.' 4 0 1 6

6.

L. Sanche and G. Leclerc, "Transmission of 0-20 eV electrons through
the DNA basis" (in preparation).

7.

L. Sanche, G. Perluzzo, G. Bader, and L. Caron, J. Chem. Phys. (to appear
in September 1982 issue),

8.

G. Bader, G. Perluzzo, L. Caron, and L. Sanche, Phys. Rev. (in press).

9.

L. Sanche and M. Michaud, Chem. Phys. Letters 80_, 184 (1981).

(1982).

10. L. Sanche and M. Michaud, Chem. Phys. Letters 8£, 497 (1981).
11. L. Sanche and M. Michaud, Phys. Rev. Letters 47, 1008 (1981).

57

v\
SOME ANALYSIS TECHNIQUES AND RESULTS OF THE MONTE CARLO SIMULATION
OF PROTON AND ELECTRON TRACKS

D. J. Brenner
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

and
M. Zaider
Radiological Research Laboratory
Columbia University
New York, New York 10032

1.

Introduction
As described in a companion

response

to

paper

(Zaider

and

Brenner,

in

the nsed for detailed data on energy deposition in micron and

sub-micron sites, the code PROTON has been developed to

transport

and electrons on an event-by-event basis in water vapor.
currently

1982),

transported

down

to

sub-electron-volt

protons

The electrons are

energies, making

the

results a suitable starting point for radiation chemistry studies.
This report describes the details of some techniques we use to analyze
the large amount of data produced by the code.
concerned

here

divided

by

volume

by

a

passing

particle

and

the mean path length through that volume).

distributions are used as input to theories of radiation
present

be

with lineal energy distributions (lineal energy, y, is the

energy deposited in a specified
secondaries,

In particular, we shall

context, however,

the

fact

that

lineal

action.

In

its
Such
the

energy spectra can be

measured using microdosimetric techniques offers a useful

opportunity

for

comparing Monte-Carlo-based predictions with experimental data.

2.

Techniques For Calculating Lineal Energy Distributions
The

follows:

calculation
consider a

non-elastic

of

lineal

track,

interactions

energy

i.e.,

the

(hereafter

"throw" repeatedly spheres (or other

positions

referred
volumes)
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distributions

to
of

and

proceeds

energies

of

as
all

as events), we need to
the

size

of

interest

randomly

onto

the

track

and

after each throw tally the total amount of

energy or, to compare with experiment, the number of Ionizations Inside the
volume.

Crucial to this Iβ Lea's concept of associated volume (A.V.) (Lea,

1940): If we consider spheres of the size of
event

in

the

interest
of

all

every

the

spheres,

have at least one event inside, and if we throw a sphere outside the

associated volume, it has zero probability of having an
For

on

track, the union of these spheres is the A.V. of the track.

The A.V. is thus the geometric locus of the centers
which

centered

event

inside

it.

efficient computation, particularly for small volumes, it is necessary

to take advantage of this idea rather than the alternate "box" technique in
which

spheres

are

thrown

into a cuboid containing all the points in the

track as, in this latter case, many
situation

of

no

interest.

randomly choosing a point

throws

will

Computationally,

in

the

track,

yield

the

zero

A.V. is

considering

a

events, a

simulated by

sphere

of

the

diameter of interest centered at this point, then choosing a point randomly
within this sphere to be the center of the sphere in which events are to be
tallied.

This procedure gives a biased estimate of the distribution and it

is thus necessary to assign a statistical weight to each value so
inversely

proportional

because each sphere

has

to

the

a

number of events in that sphere.

selection

probability

proportional

obtained
This is
to

this

number.
Thus

in

terms

of

successful throws, the A.V. method will always be

mors efficient than the box method, by a factor "a"(>l), which is the ratio
of

the

box

volume

to

the

A.V.

However, in a stochastic computational

problem of this nature the ultimate aim is to
2

"figure of merit" (FOM » l/a t, where o

2

achieve

the

best

possible

is the variance of the mean of the

calculated quantity and t is the computer time).

To clarify this idea, we

consider, as an example, a calculation of y, the mean number of events in a
sphere.

We let x be a random variable denoting the number

of

ionizations

in a sphere and f(x) its probability density function with variance a 2 .
In
x

the

"box" method,

following

analysis

of

n

x n , we obtain an estimator of y, which is simply

1
x - —
n
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spheres

yielding

with
, V(x) - o2/n

E(x) - M

,

(1)

where E and V respectively denote expectation value and variance.
The A.V. method results in a biased or weighted

density

function

of

x-values:

fw(x) - xf(x)/y

and here, after analyzing n spheres, we obtain a different estimator of \i'.

n

n

1

i=i

Xi

1

^7 i=i T-

n

1
n/ I (J_)

i=1 xj
and one can show, for this estimator

E(J_) = I ,
*w

V(_L) =±.\L

"

J^

n v

To first order, the variance is then

* i 4 f-E<-> - —1 •
n

Thus,

T

x

'y

Eqs. (1) and

(2)

g2

(2) can, in principle, be used to determine the

relative number of spheres, N, to be thrown, using each method,
equal accuracy in the estimation of p.

a

factor

of

obtain

While no general solution exists to

this problem, a few examples were worked out and typically the
required

to

A.V. method

N • 3 more throws for equal variances of the mean.

Hence, our relative FOM for the two techniques may
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be

estimated

by

a/N,

where

a

is the ratio of the volumes, defined above*

nanometer, volumes, a » N and the A.V. calculation is

Typically for small,
much

preferred, but

for large site sizes this may no longer be the case.

3.

Results For Protons
Fig. 1 illustrates the results of our calculations for 1.5-MeV protons

for three different site sizes. The representation of

the

data

is

such

that the ratio of the area between any two values of y to the total area is
the fraction of the dose deposited in that range of y.

In

each

case

the

dashed histrogram represents the lineal energy distribution due to ionizing
events only, while the full histograms are the results
all

excitation

events.

(Experimentally,

only

of

also

ionization events can be

detected; however, the role of excitation events in biological
currently

not

including

systems

is

known.) From the results it is clear that at the very small

site sizes that are believed to be of importance in radiobiology (< 10 nm,
e.g.,

Brenner

significant

and Zaider, 1982 and Goodhead and Brenner, 1982) there is a

difference

considered.

This

depending

difference

is

on

whether

even

or

not

excitations

are

more marked for x rays (not shown

here).

4.

Techniques For Combining Lineal Energy-Spectra
Photons artd neutrons

secondary

charged

deposit

particles.

their

energy

through

a

spectrum

Given calculated lineal energy spectra for

any possible given secondary, we demonstrate how to combine them
the

lineal

of

to

yield

energy spectrum of the primary radiation. The problem is also

frequently complicated by the

incident

radiation

having

a

spectrum

of

energies.
We

consider

photons

(though

the analysis also applies to neutrons)

with energy fluen-e N (E ), then the number of events in the detector

will

be

where

the

numerator

is

the total doee deposited (y(E)/p being the mass
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energy absorption coefficient) and the denominator,
moment

of

the

the

normalized

lineal energy distribution for photons of energy E

f (y,E )], is the average dose deposited per event.

first
[i.e.,

Thus the lineal energy

distribution will be

f

<

y W

^_-

f(y> :

•

v

Using similar reasoning it can be shown that

f(y,Ev) =

where

N

:__^,Ey)

(E ,E ) is

the

(5)

normalized

distribution

of secondary electron

energies, E&, for a given value of E , and f(y,E ) is the normalized lineal
energy

spectrum

for

a

monoenergetic

beam

of

electrons, energy E

quantity that can be calculated with the track structure code.

- a

Thus it can

be shown that

f(y) = /EN(E )y(E )/p

c

—l

/N(Ee,EY)EedEe

As
Fig.

dE

.

(6)

T

an example some calculated spectra for 250 kVp x rays are shown in

2, together with some results for monoenergetic low

for a variety of site sizes.
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energy

x

rays,

5.
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Spatial Aspects of Radiological Physics and Chemistry

Alex E. S. Green and Daniel E. Rio
Departments of Nuclear Engineering Sciences and Physics
University of Florida
Gainesville, Florida 32611

ABSTRACT
The spatial distributions of the early time yields of electrons, ions,
excited atoms and molecules which follow deposition of low energy electrons in
tUO vapor are first calculated using the spatial yield spectra methodology.
These are used as source functions for the calculation of the effects of
diffusion and kinetics upon the final distributions of neutral products.

1.

Introduction and Background

Our work on electron energy deposition in H~Q dates back to a paper ,
entitled "Microdosimetry of Low Energy Electrons , presented at the
International Atomic Energy Agency meeting on Biophysical Aspects of Radiation
Quality, held in Lucas Heights, Australia in 1971. In this work, we assembled
from the literature a detailed l^0 energy level - process diagram shown in
Figure 1. Then using certain semi-empirical modifications of the Born
approximation developed in pursuit of auroral and airglow studies we
generated a rather comprehensive set of electron impact cross-sections for the
excitations, ionizations, dissociations, and the other process illustrated in
Figure 1.
We utilized reasonable extrapolations of high energy cross sections into
the low energy region characteristic of secondary electrons ' for all types
of primary particles. These individual cross sections together with a
modified form of continuous slowing-down approximation (MCSDA) enabled us to
apportion the energy loss in a medium to all of the individual processes. In
contrast, sum rules for all cross sections together are used in Bethe's theory
of stopping.
The final output of the Lucas Heights paper is given in Figure
2. The ordinates give the efficiencies or the percentage of the total energy
loss going into these individual processes for electrons starting at various
primary energies. For example, 10% of a 1000eV electron's energy goes into
the production of 0H + , 27% into the production H 2 0 + , etc.
My group has also developed a simple model for electron energy deposition
in liquid water.
Figure 3 illustrates some of the results of this work.
After one allows for the decay of the plasmon the results are not very
different from those for water vapor. We have also calculated efficiencies
for proton deposition in l^0 vapor using a MCSDA and the results appear quite
reasonable.
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Efficiencies for electron energy
deposition in lUO.

Fig. 3.

Efficiencies for electron energy
deposition in liquid water. Plasmon
yield is predecay while all others are
post plasmon decay.

At the University of Florida we have also given attention to the discrete
nature of the slow-down process using a variety of calculational
techniques. > ^ We finally found it most fruitful to systematize the discrete
electron energy loss in various substances in terms of their yield
spectra. *
These quantities U(E ,E) are physically equivalent to the
degradation spectra of Spencer and Fano, and Douthat, but have somewhat
simpler systematics with respect to the incident electron energy E and the
target atomic number.
11.

Spatial Aspects of Electron Deposition

The Monte Carlo technique ' which is one of the techniques utilized in
our discrete energy loss studies, appears to be essential to the
generalization of yield spectra to incorporate spatial information. Before
such calculations can be carried out, it is essential to systematize the
differential elastic scattering cross sections for low energy electrons
striking the target medium. In our first works ' we used simple analytic
forms to characterize the systematics of such cross sections. These
calculations led to a numerical four dimensional spatial yield function
U(r,z,E ,E) which is the spatial generalization of our two dimensional yield
spectra U(E ,E). This spatial yield spectra has the general features of a
plume and can, to a reasonable degree, be represented analytically.
The
four dimensional function can be used to generate the spatial yield of any of
the products or spectral emissions. Figure 4 gives examples of two spatial
yields in Uly obtained by such calculation. *

(t>
\

0.3 KeV

5.0 KeV

\\\

/
Fig. 4.

Isocontours for E^ • 0.3 and 5 KeV„for (a) vibrational excitation
of N 2 ; (b) ionization leading to X J state of the N 2 + ion.
68

III.

Kinetics and Diffusion Following Initial Events

In our current work on kinetics and diffusion following electron energy
deposition in l^0 we were initially updating our 1971 lUO cross-section set.
but we are now using the recently updated set of Zaider, Brenner and Wilson .
We are now generating the spatial yield spectra for electrons in ^ 0 using
Monte Carlo. At very low energies we incorporate the condensed history
techniques pioneered by Berger et al.
and developed for our purpose by
Kutcher and Green.
From the spatial yield spectra, we generate the spatial
yields of all of the initial products and spectral emissions illustrated in
Figures 1 and 2. In the case of water vapor we have no experiments to check
these results on initial yields. However, we have checked our results for
emissions in the case of N2 against measurements of fluorescent yields
by GrUn , Cohn and Caledonia , and Barrett and Hayes . The agreement gives
us some confidence as to the correctness of our overall procedures.
Having obtained an initial set of yields for the important processes, we
are treating the diffusion/kinetics problem using continuum procedures. In
this, the poor man's approach, the early time spatial yield distributions are
inserted into a partial differential equation formulation somewhat similar to
that of Kupperman and Belford.
We are using, however, a steady state
approach so that we seek the solutions of the set of partial differential
equations

ac

7

where D. is the diffusion constant of the i
species. C* is the
concentration of the i
species, Y. is the direct product of the i
species
produced by incoming electrons and 1L, is the bimolecular reaction rate. We
are treating this multispecies kinetic/diffusion problem in cylindrical
symmetry and apply suitable boundary conditions. The reactions that we are
considering involve early time products e, ^ 0 , H-jO , H and others
illustrated in Figures 1 and 2. In addition, following earlier work on
radiation chemistry
and studies of H2-O2 flames
we include the neutral
species H 2 , OH, C^, HOo, 0. Based upon preliminary calculations we expect
final steady state yields to be something like that illustrated schematically
for H 2 0 in Figure 5. Because of the mathematical complexity of this twodimensional diffusion kinetics problem, my group is pursuing two mathematical
paths of solutions. Daniel Rio has built up a diffusion and kinetic code
starting with an International Mathematical Scientific Library (IMSL) 31 twodimensional partial different equation solver.
As a second, back-up approach, Paul Schippnick is attempting to adapt a
highly sophisticated hydrodynamic-combustion code
to this problem. As an
intermediate step this combusion code will be applied to the prediction of thu
temperature distribution and emission distribution of hydrogen-air diffusion
flames* Here my group has experimental spatial and spectral data which, if it
can be explained by the model and code we are adapting would provide a
convincing basis for our further adaptation of the calculation to radiological
problems.
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Illustrative example of concentration
profiles of e~, H 2 0 + , H, H 3 0 + at
y = 0(z=0) for an illustrative electron
beam after allowing for diffusion and
kinetics. The x coordinate is saled by
tan-1(r/roA) where r = 088 x 10 - 6 cm
and A = 3 and for Ce(0,0) = C 1 x 10 - 2 2 .

It is also our hope to adapt this poor man*s approach to the liquid
phase. Here we would use the Kutcher-Green method of relating liquid phase
3
cross-sections to gas phase cross-sections. Of course, if the Oak Ridge
effort is completed before then, we will undoubtedly be guided by their
results in our future work.
To adapt our work, to positive ions, we are following the Battelle,
LRL35
ORNL and the Los. Alamos-Columbia
efforts. The path which we are taking
will involve independent computing machinery and it would be encouraging if we
all come up with similar answers.
This work was supported in part by the U.S. Department of Energy under
Contract DE-AS-5-76 EV03798.
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MODELING EARLY EVENTS IN THE RADIATION
CHEMISTRY OF DILUTE AQUEOUS SOLUTIONS*
J. H. Miller and W. E. Wilson
Pacific Northwest Laboratory
Richland, Washington
99352
ABSTRACT
The "beads on a string" model proposed by Ganguly and
Magee (1) was generalized to allow Monte Carlo techniques
to be used in calculating the influence of track structure
on the yield of free radicals at early times following energy deposition by ionizing radiation in aqueous solutions.
The results of the Monto Carlo calculations can be interpreted in terms of an effective linear energy transfer (LET)
that is significantly less than the stopping power of the
radiation when the track structure has a diffuse radial
distribution due to energy transport by delta-rays. By
incorporating this effective LET for deuterons and alpha
particles into a one radical approximation, the model can
account for the effect of track structure on the yield of
hydrated electrons measured by Sauer and co-workers (2).
INTRODUCTION
We have developed a stochastic model of track
structure effects in radiation chemistry that allows us
to use detailed information on the pattern of energy
deposition events made available by Monte Carlo calculations (3). Application of this model to liquid scintillators showed that fluorescence from dilute solutions of
benzene in cyclohexane excited by alpha particles would be
quenched significantly less than fluorescence excited by
protons of the same stopping power (4,5). In this paper
we describe how the model can be used to predict the
effect of track structure on the yield of radicals in
aqueous solutions.
Figure 1 illustrates a segment of the track of a
high energy charged particle at various times after energy has been transferred to the medium (6). Our model
of the track at lO""-^ sec, is a collection of ions and
excited water molecules represented by the dots in the
panel labeled A. The spatial distribution of these excitations and ionizations is calculated from cross sections
*Work supported by United States Department of Energy
Contract DE-AC06-76PLO-1830.
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Figure 1.

Schematic illustration taken from Ref. (6) of
a particle track at various times after energy
transfer to the medium.

that describe the interaction of radiation with isolated
water molecules in gas phase (i.e. no collective modes of
excitation are included).
Panel B represents our model of the track at 1 0 - H
sec, the boundary condition for the chemical stage of
radiation action. At this time the rapid solvation
phenomena that precede material diffusion have modified
the initial products of energy deposition to yield hydrated
electro-s and proton, OH radicals and hydrogen atom as well
as other minor constituents. We do not attempt to model
the development of the track between 10~lk and 10~H seconds.
Rather we assume that the yield at lO'H sec. of reactive
species that develop from an initial energy deposition event
is proportional to the amount of energy transferred to the
medium at that point. Ihe spatial distribution of reactants
relative to the initial inelastic collision is assumed to be
a Gaussian with a width that will be referred to as the
"initial cluster radius". We also assume that the

— 16
—11
relaxation phenomena that occur between 10
and 10
seconds are independent of radiation quality so that the
primaiy yields and initial cluster radii obtained from
analysis of picosecond pulsed radiolysis with electrons
can also be used for high LET radiation.
Panel C represents our model of the track at some
time during the diffusive relaxation of the medium. The
goal of our research has been to investigate this phase
of the track evolution with a minimum number of assumptions
concerning the spatial distribution of reactants at 10"^^
seconds. For example we do not introduce quantities like
blobs and short tracks that are designed to approximate
coi.monly occurring groups of inelastic collisions (7) .
The first section of this paper develops the model
for the simple case of a single radical species undergoing
binolecular recombination while reacting with a homogeneous
scavenger. Generalization to the multi-radical system is
obvious from the structure of our results. The next section
describes the track structure calculations and compares results for protons and alpha particles of equal stopping
power. The final section compares the predictions of the
model with measurements of the yield of hydrated electrons
in pulsed radiolysis with deuterons and alpha particles (2).
MODEL DEVELOPMENT
The concentration C(r, t) at position r and time t of
radicals undergoing simultaneous diffusion and reaction is
assumed to satisfy the equation

|C

=

DV

2C _

where D is the diffusion coefficient, k
is the radical
recombination rate constant and k „ is the rate constant
for reaction with a homogeneous scavenger present in concentration C s . Integration of Eq. (1) over space coordinates and division by the total energy E absorbed in the
liquid gives the result

dt

"RR £ I" ~- ~ k R S C S 9
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(2)

where

g(t) = I Jc(r,t)dr

(3)

is the mean radical yield per unit of energy absorbed.
To evaluate the recombination term in Eq. (2) we assume
that the concentration of radicals is a sum of Gaussian
distribution functions
rT
^
N
ge.
C(r,t) = I
exp
i=1 (/27 a ) 3
L

-»• . 22(r-r.)2-i
(r-r,
) ~1
2

-->

(4)

2o J

where e. is the energy transferred to the medium in the
inelastic collision at position r"^ and a2 is the variance
of the Gaussian that increases with time due to diffusion.
In the prescribed diffusion approximation a2 is assumed
to increase linearly with time; however, this approximation can be improved by the definition (8)

jr2C(r,t)dr
— •
02(t) = \ L ^
2
fc(r,t)dr
n

(5)

Ganguly and Magee proposed an expression similar to
Eq. (4) for the concentration of radicals in the track of
a heavy ion.

expr

(p2+(z-2.)2)~J

I.' ^ J

This approximation is a sum of Gaussian distribution
functions centered on the trajectory of the primary ion,
that is assumed to be a straight line. Hence the Ganguly
and Magee model has cylindrical symmetry. We relax this
cylindrical symmetry and allow the distribution functions
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to be centered at the points r. where significant energy
transfer to the medium has occurred resulting in electronic excitation or ionization. This allows us to account for the transport of energy away from the trajectory
of the primary ion by high energy secondary electrons
(i.e., delta-rays).
When Eq. (4) is used in Eq. (2), the integral over
space coordinates in the recombination term can be
evaluated analytically to yield the result

If " -k RR9 2 S "k RS
where

d(t) = <T i

^4

exp - ' V r i

r

I /

(8)

8TT

is the mean density of energy near a radical at time t
after energy has been transferred from radiation to the
medium. The angular brackets < > in Eq. (B) denote an
average with respect to r , the position of radicals in
the track structure.
In this discussion each term in the sum over i of
Eq. (8) will be referred to as a cluster and the width
parameter a will be called the cluster radius. As the
cluster radius increases due to diffusion the number of
terms that make a significant contribution to the sum
in Eq. (8) for a given r also increases. This partially
compensates for the decrease in energy density of each
cluster as the radius increases. When the number of
clusters that overlap is large and their displacement
from the trajectory of the primary ion is small, the
density of energy near a radical reduces to

<e>
_J3 / 2 a 3
8ir

j.
•

1_
4ira2

dE
dx

where <e> is the average energy transferred to the
medium in an inelastic collision and dE/dx is the
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(9)

stopping power of the primary ion. This result suggest
that it would be useful to plot energy density times the
cube of the cluster radius as a function of the radius.
TRACK STRUCTURE CALCULATIONS
Monte Carlo computer codes developed by Wilson and
Paretzke (3) were used to calculate the position of inelastic collisions in the slowing down of primary ions
and all generations of secondary electrons. These results were used in Eq. (8) to obtain the average density
of energy near a radical as a function of time after
irradiation. Figure 2 compares the average density of
energy near a radical produced in water by energy transferred from ions with equal stopping power but different
velocity and charge. As expected from the Ganguly and
Magee model, our Monte Carlo results for the mean energy
density tines the cube of the cluster radius are approximately a lanear function of the radius. Our results for
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Figure 2.

Density of energy near radicals produced in
water by protons and alpha particles with
stopping power of 19 keV/ym.
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1.5 MeV protons in water plotted in this manner yield a
line with a slope equal to the stopping power, but for
alpha particles with the same stopping power as the
1.5 MeV protons, this slope is significantly smaller.
Alpha particles have a greater velocity than protons of
the same stopping power. Hence they produce a more
energetic delta-ray spectrum and a greater fraction of
the energy deposited in the liquid is transported away
from the trajectory of the primary ion. The slope of our
Monte Carlo results when plotted in this manner will be
referred to as the "effective LET" of the radiation.
We have carried out this
—
50 type of track structure analysis for protons and alpha
particles at various stopping
40 powers between 5 and 50 keV/ym
in both water and cyclohexane.
These calculations are summa- * 30 -rized in Fig. 3 were the open
and closed symbols show the
results in water and cycloP 20
hexane respectively. In all
o
cases we found that the effective LET for protons is
10 nearly equal to the stopping
power and the effective LET
for alpha particles is about
75% of the stopping power.
Figure 3.

/

H+

N

i

He+ +

I

10
20
30
STOPPING POWER.

40

50

Effective LET of protons and alpha particles in
water (open symbols) and cyclohexane (closed
symbols).

COMPARISON WITH EXPERIMENT
The results shown in Fig. 3 provide a basis for calculating the effect of track structure on the yield of free
radicals produced by high LET radiation. Figure 4 shows
the data of Sauer and co-workers on the yield of hydrated
electrons at about 10 \i sec after a pulse of deuterons or
alpha particles (2). These data were obtained by probing
the beam at different penetration depths in the sample so
that the yield can be plotted as a function of the stopping
power of the ions in different track segments. The
deuterons in this experiment have velocity and charge in
the same range as the protons for which we have carried
out our track structure analysis. Hence we expect their
effective LET to be nearly equal to their stopping power.
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Figure 4.

Yield of hydrated electrons in pulse radiolysis
with deuterons and alpha particles of various
stopping powers.

The solid curve in Fig. 4 that passes through the deuteron
data is a fit obtained by varying the recombination rate
constant in the one radical model. The best fit was obtained with a recombination rate constant of 2 x 1 0 1 0 1/
mole sec. The solid line through the alpha particle data
is the result predicted by the model with no additional
adjustment of parameters. The model predicts a higher
yield of hydrated electrons for alpha particles than for
deuterons of the same stopping power because the effective
LET of the alpha particles is only 75% of their stopping
power.
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We do not mean to suggest by these results that a
one radical model adequately explains the chemical kinetics
in pulsed radiolysis of water. The data of Sauer, et al.
(2) should be analyzed by a multi-radical model making use
of all the available data on diffusion and reaction rates
in dilute aqueous systems. Work in this direction is in
progress using computer codes that were kindly provided
to us by Dr. William Burns at Harwell. The results obtained with the one radical model do show that the track
structure effects that cause the yield of hydrated electron
to be higher for alpha particles than deuterons of equal
stopping power are the same order of magnitude as that
predicted by our track structure analysis.
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"Recent Calculations Modeling Data from the Pulse
Radiolysis and Gamma Radiolysis of Water and Aqueous Solutions"

Conrad N. Trumbore and Walter Youngblade
Department of Chemistry, University of Delaware, Newark, DE

19711

Abstract
A model employing a spur overlap feature, an electron probability distribution which is displaced away from the center of the spur, and high and low
spur density regions has been used to fit, within experimental error, hydrated
electron decay data and the Fricke dosimeter GCFe^",") value from studies on the
pulse radiolysis of pure water and aqueous solutions. The radiation source
employed to obtain the pulse radiolysis electron decay data used in these
studies was the Argonne 14 MeV Linac Accelerator. When the same model is used
to predict yields from cobalt 60 gamma radiolysis experiments, there is quantitative agreement at low solute concentrations. At high solute concentrations,
molecular product yields are not predicted as accurately.

At a workshop similar to the present one, Kuppermann made an attempt to
reconcile the classical spur model with experimental results of subnanosecond
pulse radiolysis.-'- Alterations in the model were necessary because the observed
hydrated electron decay rate during the time period 10
to 10
seconds
following the pulse was much slower than predicted by the classical spur model.
We consider Kuppermann , s alteration unsatisfactory because the average
spur energy was increased from 100 ev to 172 ev which is an adjustment away
from the 40 ev figure predicted by Mozumder and Magee.
We believe the aspect
of the classical model responsible for the problem is having the maximum in
the probability distribution of all reactive intermediates in the center of
the spur. Our proposed solution to this was to move the maximum of the hydrated electron probability density function away from the center of the spur.
This change in the model created more of an induction period for the hydrated
electron decay, and we were able to model within experimental error the data
of Jonah and coworkers on the early decay (10"*" to 10
seconds) of both the
hydrated electron^ and the hydroxyl radical-* following exposure of pure water
to pulsed 14 MeV electrons from the Argonne Linac.
Using this new model, we attempted to fit the pulse radiolysis data for
pure water obtained by Fanning" using the same Argonne-pulsed electron source at
times greater than tens of nanoseconds. In order to fit these data, which gave
indications of a pulse dose dependence, we incorporated a spur overlap feature
into cur model. Our first-order approximation" to such overlap was to treat
the average spur of interest as being surrounded by a spherically symmetric
smear of radiolytic intermediates from other spurs overlapping at a spherical
shell (enclosing the spur of interest) with a shell radius half the calculated
average distance between spurs for the given pulse dose. The boundary condition
was that the flux of material diffusing out through this spherical shell was
equal to the flux entering through the shell surface from ocher spurs. Using this
82

approximation, we were successful^ in fitting within experimental error pulse
radiolysis data at fairly high dose rates (ca 80 Grays pulse--*-) as illustrated
in Figure 1. However, as the pulse dose decreased, the agreement between
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experimental and calculated results became increasingly poor. At pulse doses
of on the order of one Gray, preliminary calculations indicated there should be
little or no hydrated electron decay in the time period between 10
and 10
seconds. This was clearly contrary to experimental results in which there was
a significant decay during this time period.
An analysis of both computed and experimental data convinced us this
continued electron decay at low pulse dose at late times was not due to random
placement of isolated spurs, with resulting early overlap of the closest spurs,
or to electron scavenging impurities. Instead, it was assumed^ that the decay
was due to spur overlap in regions of high spur density such as might be found
in region,, designated "blobs" and "short tracks" by Mozumder and M a g e e . H We
made the approximation that these high LET regions were composed of high spur
density regions and, following the idea.5 of Mozumder and Magee, incorporated a
fixed fraction of the total energy expended into these high spur density regions
in our calculations. Further, we assumed that the spur density in these high
LET regions was equal to or greater than those created locally by an 80 Gray
pulse from the Argonne Linac. In other words, a constant fraction of the pulse
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energy was used to create high spur density regions with a fixed spur density
and the rest of the energy was channeled into regions with a lower spur density
which varied with the pulse dose. Our calculations for the Argonne data predicted that for all doses used in the Argonne Linac experiments, the low spur
density regions could still be treated as randomly placed spurs since the
estimated spur spacing along the high energy electron tracks were larger than
the estimated average distance between tracks. Using this model, we then
performed two separate calculations (for high and low spur density regions)
for the hydrated electron decay kinetics and weighted the results of each
calculation in terms of its energy fraction.
We have recently completed modeling nearly within experimental error all
the Argonne Linac pulse radiolysis data of James Fanning" using the parameters
listed in Table 1. Typical fits between experiments and calculations are shown
TABLE 1
Values of Spur Model Parameters Chosen for Optimum Fit with Pulse
Radiolysis Data of Fanning

Average energy per spur - 60 ev

= 4.7 a

G°
e

Radius (1/e) for «OH and H + distr. - 30 A

aq

G°
=6.0
Un
G°H = 1.3 - 2xb

o

Maximum in e~
acj
acj

distr. - 40 A

G H

= x
2

G°H 2 O 2 = 0
Avg interspur distance (high spur density region) - 300 A
Avg interspur distance (low spur density region) ^ (Pulse dose)

,_

Fraction of energy deposited in high spur density region =0.20
a
-12
G values assumed at t = 10
seconds.
For most work x = 0.25; results relatively insensitive to value of x chosen
between 0 and 0.25.
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a range of two orders of magnitude in pulse dose, four orders of magnitude in
time, and include studies of pure water as well as solutions containing high
and low concentrations of scavengers of the precursors of the chief reactive
intermediates in the spur; namely the hydrated electron, the hydroxyl radical,
and the hydronium ion. Thus, while there are in our model a number of adjustable
parameters (listed in Table 1 ) , we believe the model has been tested against a
very wide range of experimental data. The adjustable parameters used to fit the
Jonah et.al. data^»^ for hydrated electron and hydroxyl radical decay have not
been altered to fit the Fanning data at later times. At these later times only
two parameters were altered; namely, spur density of the high spur density
regions and the fraction of energy deposited in these regions. It should be
noted also that both the average spur energy (60 ev) and the fraction of energy
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(0.20) deposited in high LET regions (e.g., spurs and blobs) are in surprisingly
good agreement with the calculations of Mozumder and Magee.2 Furthermore, data
are fit through time domains of intra-spur reaction and expansion, spur overlap
at different times in both high and low spur density regions and, finally,
during a period of homogeneous reaction. Additionally, it is gratifying to
obtain a calculated ferric ion G value of 16.3 for the Fricke dosimeter since
this is well within the experimental error of the value expected (15.7 ± 0.6)
for 14 MeV electrons.
In preliminary studies we have applied our model, using the same parameters
listed in Table 1, to published data obtained from cobalt 60 gamma radiolysis
experiments. Since our model is based upon data from 14 MeV electron pulse
radiolysis hydrated electron decay kinetics, it is of interest to see if radiation yields from cobalt 60 can be predicted with this two spur density model.
Gamma ray data modeled are primarily studies of the sensitivity of various
product yields to varying concentrations of dissolved scavengers of reactive
spur intermediates. Our preliminary calculations demonstrate similar trends in
the data to those found experimentally. However, the quantitative differences
observed between calculated and experimental radiation chemical yields imply
that for gamma radiation our model may be underestimating the fraction of energy
being expended in high spur density regions. According to the calculations of
Mozumder and Magee, there should be an increase (from 0.2 to ^.38) in the
fraction of the total energy assigned to the formation of blobs and short tracks
when changing from 14 MeV electrons to secondary electrons expected from cobalt
60 gamma radiation.
Our model is based upon the roughly spherical symmetry for the Argonne
Linac experiments, whereas the cobalt 60 data may depend more on a cylindrical
track geometry, even in the lower spur density regions. Most cobalt 60 sources
are surrounded by a dense shielding material. Therefore, contributions from
backscattered radiation are bound to be more important with gamma ray experiments l\an with pulse radiolysis. We believe a reappraisal of the experimental
data f on gamma studies may be in order, especially in view of the higher cross
sections for higher LET backscattered radiation, again resulting in a higher
proportion of the energy going into short tracks and blobs.
One of the supposed failures of the classical spur model is its inability
to fit the scavenging curves of the molecular products H2 and H2O2. Calculations,-^ including our O*TI, generally err on the side of overly efficient scavenging of the molecular p. duct precursors, implying that these precursors are
more closely spaced than anticipated in the model. Yet hydrated electrons and OH
radicals cannot be too closely spaced on the average or the initial hydrated
electron decay in the picosecond pulse radiolysis would be faster at early times.
A possible solution to the molecular product problem may lie in more closely
spaced spurs in the lower spur density regions, which are, at least in parL, in
regions of cylindrical geometry. Schwarz has included in his calculations
regions of cylindrical geometry, using the prescribed diffusion approximation. °
His success in modeling molecular product yields, however, was dependent upon
assuming an initial yield of H2. This yield is almost the same as that found
in the track calculations from the Oak Ridge/Berkeley groups (a G value of 0.3
for H2 and 0 atoms formed from excitation processes).
We are programming a cylindrical track model and will attempt to mix contributions from cylindrical high spur density regions with lower spur density
regions which are either spherically or cylindrically symmetrical. While very
86

-12
9
early (^10
-10 s) radiolytic reactions in pure water are probably taking
place in a local geometry with a roughly spherical symmetry, later reactions
undoubtedly assume a more cylindrical geometry for lower energy electrons in
low doses delivered in gamma ray experiments.
Figure 3 illustrates the various time domains in a pulse radiolysis
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experiment and their relation to the spur processes we have postulated.
The
region around 10~° seconds is where our model appears to give the least satisfactory agreement (see Figure 2c). This is also part of the time region in
which we propose the overlap of spurs in the higher LET regions takes place.
Figure 4 applies the qualitative features of our model to the type of
typical experimental results obtained in gamma radiolysis. We believe the
shapes of these type curves contain the subtle details necessary to test any
theoretical spur or track model. Because of the possible gamma ray backscatter
problem raised above, we believe more experiments designed with this effect in
mind should be performed to see whether different mixes of gamma ray source
primary and backscattered radiation give qualitatively different scavenger curves
similar to Figure 4. It should be noted in Figure 4 that following the "plateau,"
the initial rise generally attributed to "spur scavenging" instead is attributed by us to a scavenging of the back reactions caused by overlapping spurs
in the high spur density region. The importance of scavenger concentration
variation can be seen in Figure 5 where our computer calculations for 14 MeVpulsed electrons are applied to variable concentrations of an OH radical
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scavenger. In this figure it can be seen thtt above about 10"^ M [S] radicals
escaping the widely spaced spurs are nearly completely scavenged whereas the
radicals in the closely spaced spurs are only beginning to react with the radical
scavenger above 10~5 M [S].
It is clear that some modifications will have to be made in applying our
model to data from gamma radiolysis studies. The nature of the modifications
which result in agreement between calculations and experiments should help
reveal differences in the nature of the primary physical events occurring in
radiations which have been generally thought to be fairly similar in their
effective LET.
It would appear that our present model has the most difficulty in predicting
the proper spacing of the spurs in the high spur density region. This may be a
geometry problem or a problem of fine tuning of the adjustable parameters of the
spur model, itself. The concept of displacement of the hydrated electron from
the center of the spur appears to explain successfully the delay in the hydrated
electron decay in the picosecond region. However, there are also other aspects
of the model which may be refined. We may also need to energy average in the
same manner that Schwarz did in his spur calculations,2b but this will be only
possible in our model at high solute concentrations where spur overlap in the
high spur density regions is not important. Otherwise, the permutations and
combinations of allowing overlap of spurs of varying energies becomes excessively
complex.
However, despite possible future refinements, our current model is conveniently and quickly able to explain a large body of data from a number of
different systems. We believe that because of the relatively complex nature
of the Oak Ridge/Berkeley track calculations, our simpler model serves to complement these track calculations rather than to compete with them. The calculations of higher energy electron tracks are necessary before any direct comparisons can be made between the two sets of calculations.
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EFFECTS OF PHASE ON ELECTRON TRANSPORT IN WATER*
J. E. Turner, H. G. Paretzke, R. N. Hamm
H. A. Wright and R. H. Ritchie
Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830
Abstract. Dual sets of Monte
performed of electron slowing
water in the liquid and vapor
tra, stopping powers, yields,
other quantities are compared
1.

Carlo calculations were
down and transport in
phases. Collision specdepth-dose curves, and
for the two phases.

Introduction

Dual sets of Monte Carlo calculations were carried out for electron
energy loss and transport in water. The code developed at CPNL for
liquid water and that developed at GSF for water vapor were used. In
general, two basic differences characterize energy loss in the liquid
compared with the vapor. At energies i. 100 eV, ionization accounts for
85-95% of the inelastic cross section for the liquid, as contrasted with
50-75% for the vapor. In addition, the spectrum of energy losses for
the liquid is shifted upward due to collective effects, which do not
exist in the vapor.
The following sections compare a number of quantities for the two
phases, some that depend on electron transport and some that do not.
The final section sur.imarizes the major differences found and their
physical bases. Details of this work are given in Refs. 1 and 2.
2.

Ionization and Excitation Probabilities

Figure 1 shows some basic input data for the liquid and the vapor
codes for electron transport in water. The mean free paths (g/cm^)
are displayed for ionizations and excitations in the two phases as
functions of electron energy. The ionization mean free paths are comparable above several hundred electron volts, but the excitation mean
free path is considerably larger in the liquid. These data give for the
relative ionization probabilities the curves shown in Fig. 2 for the
liquid and vapor. The ordinate represents the fraction of the total
inelastic cross section due to ionization (as opposed to excitation).
As already mentioned, the partitioning of the energy loss into ionization is considerably greater in the liquid than in the vapor at energies
above about 50 eV.

Research sponsored by the Office of Health and Environmental
Research, U. S. Department of Energy, under contract W-7405-eng-26
with Union Carbide Corporation.
Gesellschaft fur Strahlen- und Umweltfo£i.-7hung, D-8042 Neuherberg,
West Germany.

91

omtL-owe K-cwo

r

in

VAPOR

tooil.

,-e
10'

i

i i i mil

i

i i i mil

i

i i i nil

i

to*

ENERGY U V )

i

i

i

i
10*

ENERGY («V)

Fig. 2. Relative probabilities
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Fig. 1. Mean ^-ee paths for
excitation and ionization in the
vapor and liquid phases of water
as functions of electron energy.

3.

i i I

10 s

Single-Collision Spectra

Normalized single-collision spectra in liquid water for electrons
of energy 30, 50, 150, and 10,000 eV are presented in Fig. 3. Excitation dominates at the lowest energy, where the curve shows resonance
structure. The collision spectra for electrons with energies above
about 100 eV are remarkedly similar. The curves for 150 eV and 10,000 eV
almost coincide except for the low-lying tail at the higher energy. The
spectra of secondary electrons at energies 4. 80 eV are thus very similar.
In addition, however, a 10,000 eV electron occasionally gives rise to a
high-energy secondary.
Figure 4 shows the average and median energy transfer as a function
of electron energy in liquid water. The general structure of these
curves can be expected on the basis of Fig. 3. The average energy
transferred in a collision increases steadily with electron energy due
to the increasing length of the tail on the single-collision spectrum.
The median energy transferred, however, changes little for electrons
with energies above 100 eV.
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4. Average and median energy transfer as
a function of electron energy in liquid water.

The normalized single-collision spectra for 1-keV electrons in the
liquid and in the vapor are compared in Fig. 5. The harder spectrum in
the liquid is due to the upward shift in the oscillator-strength distribution for this phase relative to the vapor.
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Stopping Power

Mass stopping powers in the liquid and vapor are compared in Fig.
6. The larger values in the liquid at energies £ 100 eV are due to the
harder collision spectrum. Our peak value of 310 MeV cm2/g is larger
than that of 260 MeV cm2/g found by J. C. Ashley3 in a more recent
calculation for the liquid. The difference might arise from different
handling of electron exchange. This point is still being investigated.
One effect of the existence of the long tails on the single-collision
spectra on the stopping power is illustrated in Fig. 7. It shows the
relative number of the hardest collisions that contribute 10% to the
stopping power as a function of electron energy for liquid water. For
example, at 1 keV, about 1% of the collisions contribute 10% of -dE/pdx.
In these collisions, 336 eV or more energy is transferred. At lu 5 aV,
a small fraction of 1% of the collisions transfer 6650 eV or more to
make up 10% of the stopping power.
5.

Fano Factor

The Fano factors for the two phases are compared in Fig. 8 for
electrons of a given initial energy. The smaller value in the liquid
reflects the greater number of ionizations (lower W-value) for the condensed phase.
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Fig. 8. Fano factor for
electrons in liquid water and
water vapor,
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6.

Slowing-Down Spectra

The slcwing-down spectra for 10 3 eV and 10 eV electrons in water
in the two phases are shown in Fig. 9. The curves for 10^ eV virtually
coincide with the ones for 10 eV electrons below 100 eV, and so the
curves for the higher energy are not shown. The step in the functions
around 500 eV is due to Auger electrons that are produced following the
creation of a vacancy in the K shell of the oxygen atom.
The curves for the liquid lie below those for the vapor at the
highest energies, because the harder collision spectra for the liquid
more efficiently degrade the electron energies. Because of the lower
W-value, the number of low-energy electrons is larger in the liquid.
7.

Yields

Ionization and excitation yields are plotted in Fig. 10 as functions
of electron energy. The ionization G-values at 10 eV are 4.07 and 3,33
per 100 eV for the liquid and vapor, respectively. The corresponding
calculated W-values for the liquid and vapor are 24.6 and 30.0 eV per
ion pair. The value for water vapor agrees with experiment. While W
for liquid water has never been measured, the value found here is consistent with measured G-values of the order of 4.4 to 4.8 for the hydrated
electron at
10-10 s.
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Fig. 9. Slowing-down spectra for
3 eV and 10^ eV electrons in water
in the liquid and vapor phases.
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Fig. 10. Excitation and ionization
G-values for electrons in the liquid
and vapor as functions of energy.

The open circles in Fig. 10 show G-values for ionization obtained
by modifying the vapor code crudely to try to approximate the liquid.
Specifically, the Lyman-a, - 3 , -y, H( ,
, and diffuse-band excitations
a
in the vapor code were all changed to ionizations. One sees that the
results are not very satisfactory.
The ionization yield has been formulated in a special way by
Inokuti, who discusses its physical significance. A plot of specific
yield — the number of electrons N(E) as a function of 1/E, where E is
the primary electron energy — is presented in Fig. 11. The high-energy
limit Wro on the W-value can be found by extrapolation to 1/E = 0.
Yields for ionizations from different shells produced by complete
slowing down of 10-keV electrons and all of their secondaries are
compared in Table 1.
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Fig. 11. Specific ionization yields as a function
of initial electron energy in water in the liquid
and vapor phases.

Table 1. Ionization yields for complete slowing down
of 10-keV electrons in water in the liquid and vapor phases
Yields (per 100 eV)
Vapor
Liquid

Shell
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1.418

1.77

0.964

1.20

0.717

0.929

0.186

0.116

0.00596

0.00683

8.

Depth-Dose Calculations

The calculated quantities presented thus far do not involve electron
transport explicitly. We now compare the spatial distributions of dose,
which do depend on transport. Figure 12 shows a comparison of depth-dose
curves for 1-keV electrons in the liquid and the vapor. A broad beam of
electrons originates at zero depth traveling toward the right. The
ordinate gives energy deposition in eV/A at depths in units of 10
g/cm , equivalent to 1 A in unit density water. The depth-dose curve in
the liquid peaks at a lesser depth and is somewhat higher, reflecting
the harder collision spectrum. In addition, more electron energy is
deposited in the liquid by backscattering. This may be due, in part, to
the harder collision spectrum, but it is likely that elastic scattering
differences are more significant. This point was not investigated
further.

ORNL-DWO 81-1062
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DEPTH (10"eo/cm2)
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Fig. 12. Depth-dose curves for a broad beam
of 1-keV electrons in water in the liquid and
vapor phases. The electrons originate at depth
0 traveling initially toward the right.

The radial dose distributions around a pencil beam of 1-keV electrons
at a depth of 285xlO~ 8 g/cm 2 are compared in Fig. 13. The distribution
in the vapoj., falls off rapidly at small distances. The function in the
liquid falls off less rapidly near the origin because of the collective
sharing of energy close to the original direction of the electron beam.
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Fig. 13. Comparison of radial-dose distributions
around a pencil beam of 1-keV electrons in liquid
water and water vapor. These radial profiles are
calculated at a depth corresponding to 285xlO~ 8
g/cirr in Fig. 12.

9.

Summary

These studies were undertaken to quantitatively assess differences
in electron energy loss, yields, and dose deposition in water in the
vapor and liquid phases. The following statements summarize the principal
phase effects found and their apparent physical bases.
a.

Ionization yield is greater in liquid: due to close neighbors
in liquid and to upward shift of oscillator strengths, favoring
ionization.

b.

Single-collision spectrum is harder in the liquid:
upward shift of oscillator strengths.

c.

Stopping power is greater in liquid than in vapor at energies
> 50 eV: a result of b.

d.

Fano factor is smaller in liquid, except at lowest energies:
due to greater ionization yield in liquid.

e.

slowing-down spectra at higher energies are lower in liquid
than in vapor: liquid more efficient in degrading higherenergy electrons.

f.

Slowing-down spectra at lower energies are higher in liquid:
liquid produces more secondary electrons.
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due to

g.

Average energy needed to produce the ion pair, W-^ ^ d =
24.6 eV/ip and W
ionization yield is
o r = 30.0 eV/ip:
greater in liquid; calculated value is reasonable for
liquid water.

h.

Depth-dose curves rise higher and peak earlier in liquid compared
with vapor: due to harder collision spectrum in liquid.

i.

Somewhat more backscattering is present in liquid depth-dose
curve: possibly due to harder energy-loss spectrum for the
liquid, but is undoubtedly affected also by elastic scattering
(not investigated here).

j.

Falloff of radial dose distribution is much mere qradual in
liquid over first 20x10
g/cnr: due to delocalization of
energy transferred to the liquid because of collective sharing
by many molecules in the condensed phase.
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TRACK MODELING BY MONTE CARLO TECHNIQUES*
W. E. Wilson
Pacific Northwest Laboratory
Richland, Washington
99352
These brief comments will survey the several efforts
in modeling charged particle tracks by Monte Carlo techniques, point out some of their similarities and also some
of the limitations of the technique.
All three active efforts (ORNL, Columbia/LASL, PNL/GSF)
derived out of a need for microscopic dosimetry to support
the interpretation of radiobiological effects. Because of
this origin these efforts are all specific to the radiobiologically important water molecule.
The significant increase in our ability to model
charged particle tracks via Monte Carlo arises in large
part out of the invention of the channeltron, a detector
of charged particles whose efficiency is stable upon repeated exposure to air. Its availability opened the way
to a variety of collision experiments not previously possible, or possible only with large uncertainties. Since the
primary interaction of fast charged particles with matter
is the creation of ionization in the medium by ejecting
valence electrons, one important class of measurements is
the cross section for electron emission by charged particles
differential in electron energy and angle of emission. Opal
and collaborators at JILA pioneered this area for incident
fast electrons (1); Professor M. E. Rudd (University of
Nebraska) has done the same with fast ions (2). N. Stoltsrfoht
(Berlin) and especially L. H. Toburen (PNL) have added considerable radiologically important data (3).
The doubly differential ionization measurements performed at PNL with the apparatus shown in Fig. 1 are
classical single collision experiments which measure the
probability that a secondary electron will be ejected from
an isolated molecule at an angle 0 and with energy e.
These distributions are precisely the functions needed
for the primary source term of energetic secondary electrons (delta-rays) in simulating fast ion tracks.

*Work supported by United States Department of Energy
Contract DE-AC06-76RLO-1830.
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Experimental design for measurements of the
doubly differential cross section for ionization by high energy protons.

A typical result is shown in Fig. 2 for 1 MeV protons
colliding with water molecules. This plot illustrates the
three main features common to this type of data, 1) the
very large, essentially isotropic yield of low energy electrons, 2) the peak in yield of energetic electrons, described
by an almost binary encounter (collision) between the incident ion and the valence electron, and finally 3) an enhanced yield at forward angles of emission for a small range
of electron energies in which the velocity of the ejected
electron is near the velocity of the passing positive ion.
This latter process has been interpreted as a "charge
transfer" to continuum states. The peak occurring at
all angles at ejected electron energies near 540 eV results from Auger electron emission following inner shell
ionization of the oxygen atom of the water molecule.
Electron emission from a large variety of molecules
have been studied (3) , and the spectra all exhibit these
three basic features. Furthermore, they all exhibit
essentially the same relative distributions in angle and
energy for electrons emitted above ^ 3 0 eV. This relative
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Figure 2.

Doubly differential cross sections for
ionization of water molecules by 1 MeV
protons.

insensitivity to the molecular environment encourages
the development of mathematical models of the experimental
data for application to biologically interesting targets
and provides a degree of confidence to their applicability
in condensed phase material.
A second, equally important class of experiments that
has provided important data for track structure modeling
is the photo reflectance measurements on liquids done at
ORNL and the University of Tennessee by Painter and
co-workers (4). Ritchie and his collaborators at ORNL
have used these data to deduce inverse mean free paths
(cross sections) for fast charged particles in liquid
water (5). These cross sections are the basis for the
electron transport code presently being developed by Hamm,
et al. (6) at ORNL.
A collaboration between Columbia University and the
Los Alamos National Laboratory has resulted in a transport
code based on evaluation of considerable experimental
literature on electron elastic and inelastic scattering
in the gas phase (7). Our own electron transport code (8)
uses a Kim analysis (9) of the data of Opal, et al. (1)
for ionization of H 2 0 by electron impact and our ion

transport code employs a semi-theoretical algorithm for
delta-ray generation by positive ions with energy up to
50 MeV/amu.
Monte Carlo calculations, in general, have major
short comings. These efforts directed at track structure
simulation are not exceptional in this regard. The technique is a very inefficient computational method and hence
the practitioner is often tempted to produce huge quantities of "data"; none of which are more reliable than the
cross sections upon which they depend (unfortunately, the
perceived "worth" of such data is often proportional to the
difficulty of producing them).
The cross sections for most of the processes involved
in radiation action are simply not known; our present
efforts are therefore primative and tentative. Two developments indicate hope for the future, however; first,
there is a slowly but steadily growing data base upon
which to draw, second, there is a rapidly increasing
computer hardware capability. Very large volume disc
storage, replacing slow and bulky tapes, will make new
detailed simulations feasible. Track structure simulation
has a bright future.
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EARLY PHYSICAL AND CHEMICAL EVENTS IN ELECTRON TRACKS IN LIQUID WATER*
H. A. Wright, J. E. Turner, R. N. Hamm, and R. H. Ritchie
Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830
and
J. L. Magee and A. Chatterjee
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

During the last few years we have developed a program to transport
an electron and all of its secondaries through liquid water.1*2 The
method used to infer the mean free paths of the electrons from optical
data is discussed by R. N. Hamm in another paper in this workshop. We
have used these mean free paths in a Monte Carlo computer program that
traces the history of each electron and identifies the position and
type of each energy transfer to the medium. The physical electronic
transition events that occur during the passage of an electron through a
local region of matter are complete in a time <10 - 1 5 s. The next big
question that remains is to link these initial physical events to later
chemical events that occur during the diffusion stage of the development
of the track.
It is the purpose of this paper to describe a program which we have
initiated to calculate the details of an electron track from the initial
physical stage at <10~ 15 s through the later chemical stage to ^1 ys
when chemical diffusion is essentially complete.
The first stage in this program is to describe the events that
occur between 10 - 1 ^ s and 10"*1 s, the latter being the time at which
diffusion begins. The. results of this phase of our program were presented
in Oxford, U.K., at the Seventh Symposium on Microdosimetry.3 We assume
that three species are present at 1 0 - 1 5 s—H20 + ions, H2O* excited
molecules, and subexcitation electrons. The Monte Carlo computer code
gives the positions of all such quantities. We assume that the H20 + ion
reacts (in VLO-11, s) with a neighboring H2O molecule by capturing an H
atom, forming a hydronium ion, and leaving an OH radical:
H 2 0 + + H 2 0 •*• H 3 0 + + OH .

(1)

We assume that the decay of an excited neutral molecule, H2O , depends on
the particular mode of excitation. Electronic transitions associated
with Rydberg, diffuse-band, or dissociative excitation in water vapor
are assumed to result, in the liquid, in an electron being lost from the
molecule leaving an H20 + which is treated as described above. Electronic
"Research sponsored by the Office of Health and Environmental Research,
U.S. Department of Energy, under contract W-7405-eng-26 with the Union
Carbide Corporation.
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transitions associated with A ^ excitations are assumed to result in
dissociation of the molecule into H and OH radicals, whereas transitions
associated with VlAl excitations cause dissociation into H 2 and 0 radicals.
A subexcitation electron is assumed to migrate about its original position in
a random-walk fashion until it becomes hydrated. Details of this phase
of our program have been described elsewhere.3'4 The results of this
physico-chemical stage of the development of the track are presented in
Table I and Figs. 1-3. Figure 1 shows the positions of all products in
the track of a 5-keV electron which initially started at the origin and
was directed along the axis to the right. Each point shows the position
of an H 2 0 + ion or H2O* excited molecule at 1 0 - 1 5 s. Figure 2 shows a
20-fold blow-up of the initial portion of this track. Figure 3 shows
the same portion of the track at 10 - 1 1 s and identifies the positions of
individual radicals or ions as well as the hydrated electrons at that
time.

Table I. Species Present Around Track in Liquid Water at
10" 15 s and 1 0 - 1 1 s After Passage of Primary Electron of
Energy 5 keV and Calculated Yields at 10" 1 1 s

10- 15 s

10" 11 s

Species

Species

G-Value

H20+

OH

8.4

H 2 0*

6.3

e~

H30+

6.3

H

2.1

H2

0.3

0

0.3

0«M OWC-IO 11)11

Fig. 1. Location of
inelastic events produced
by a 5-keV electron and
all of its secondaries in
liquid water. Original
5-keV electron started at
the origin, traveling
toward the right along
the horizontal axis.
1000 A*
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Fig. 2. Blow-up view
of initial portion of
track in Fig. 1 showing
location of H2O* (circles)
and H 2 0 + (triangles) at
lCT 15 s.

50 A*

Fig. 3. Same portion of
track from Fig. 2 at 1 0 - 1 1 s.
Legend: o, H;; A , OH; X, e" ;
0, H 3 0 + . There were no a q
H 2 or 0 in this portion of
the track.
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The next stage of our program is the diffusion and chemical reaction
development of the track.1* >5 We assume that the products listed in
Table I at 10" 1 s can undergo thermal motion and react according to
Table II when they diffuse close enough to one another.
We assume that H 2 does not react further and that 0 combines with
H 2 0 to form H 2 0 2 , which is not considered further. The diffusion constants
and reaction radii for the other four reactant species are shown in
Table III.
We simulate the actual diffusive motion by assuming that the
reactant species undergo discrete jumps. Each reactant is jumped once
and then those that are separated by less than the sum of their reaction
radii are assumed to react according to Table II. Those that react are
removed and tabulated and the remainder are jumped again. A more complete
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description of the jumping scheme is given elsewhere.4,5 Results of
this stage of the track evolution are described in the remaining figures
and tables.

Table II. Chemical Reactions at Times >10
OH + OH

-»•

OH + e

-*• O H "

aq

OH + H
H3O+ + e

•+•

•+

aq

n

s

H202

H20

H + H20

e~ + e~ + 2H20
aq
aq

•* H 2 + 20H"

e~ + H + H 2 0
aq

•+ H 2 + 0H~

H + H

•*•

H2

Table III. Diffusion Constants, D, and Reaction Radii,
R, for Chemical Reactants
Species

D(10"5 cm2 s -1 )

R (A)

OH

2

2.41

e"
aq

5

2.14

H30+

8

0.30

H

8

0.42

Figure 4 shows three examples of the tracks of 5-keV electrons.
The points represent positions of the reactants at 1 0 - 1 1 s. Figure 5
shows the subsequent diffusion and development of the top track in
Figure 4. The number of reactants remaining at various times are indicated on the figure and the corresponding positions are shown. It is
seen in the lower right panel that at 0.28 us only 410 of the original
1174 reactants remain and their initial spatial correlations no longer
exist. Figure 6 shows similar development of the track of a 20-keV
electron.
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Fig. 4. Three examples of
the spatial distribution of
chemically active species
present at 1 0 - 1 1 s around
the tracks of 5-keV electrons in liquid water.
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Fig. 5. Example of the chemical evolution
of a 5-keV electron track from 1 0 - 1 1 s to
2.8 x 10" 7 s.
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Fig. 6. Example of the chemical evolution
of a 20-keV electron track from 10" 11 s to
2.8 x 10"7 s.
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It is seen that 1813 of the original A593 reactants remain at 0.28
ys and there remains some indication of the clustering that was present
at earlier times. Table IV shows a breakdown of the numbers of each
reactant species for this 20-keV electron track at 10" 1 1 s and 0.28 ys.
The numbers of hydrated electrons and OH radicals are dramatically
decreased whereas the numbers of H 3 0 + and H only decrease slightly. Gvalues (number per 100 eV) for a number of species at 0.28 ys are shown
in Table V for electrons of various energies from 100 eV to 20 keV. It
can be observed that more chemical reactions occur for electrons of approximately 1-keV energy than for electrons of other energies.
Table IV. Number of Chemical Species Present in the Track
of a 20-keV Electron at Various Times
10" 1 1 s

Species

2.8 x 10" 7 s

e~
aq

1247

205

H30+

1242

1002

431

395

OH

1673

211

H2

72

191

H202

72

383

H

Table V. G-Values (Number Per 100 eV) for Various Species
at 0.28 ys for Selected Electron Energies

100

200

Electron Energy (eV)
1,000
5,000
500
750

e
aq

1.87

1.44

0.82

0.71

0.62

H30+

4.97

5.01

4.88

4.97

H

2.52

2.12

1.96

OH

1.17

0.72

H2

0.74

H202

OH"

Species

Fe+3

10,000

20,000

0.89

1.18

1.13

4.86

5.03

5.19

5.13

1.91

1.96

1.93

1.90

1.99

0.46

0.39

0.39

0.74

1.05

1.10

0.86

0.99

0.95

0.93

0.84

0.81

0.80

1.84

2.04

2.04

2.00

1.97

1.86

1.81

1.80

3.97

4.07

4.26

4.39

4.34

4.17

4.04

4.03

17.9

15.5

12.7

12.3
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12.6

12.9

13.9

14 .1

No experimental data exist to make direct comparison with experiment
possible. However, experimental data for the Tricke dosimeter are
available so we calculate a G-value by the formula
+ G

0H+ 3 ( G H+ V

> '

(2)

aq
This value is shown in the bottom row of Table V for electrons of each
energy. The measured value for tritium beta rays is 12.9. If we average
the values in Table V over the tritium β-ray spectrum, we obtain the
value 13.3, which is considered very good agreement with experiment.
In conclusion, we have made an attempt to extend our detailed
event-by-event calculations of electron tracks in liquid water forward
in time from the initial deposition of energy through the completion of
the track reactions. We realize that little information is available
for detailed justification of the steps we have had to make in this
program, but we are certainly encouraged by the results that we have
obtained at later times where chemical G-valuer, can be measured. We now
wish to attempt to make other comparisons with experiment, and we welcome
suggestions from chemists as to specific steps that we should take in
our program. This is just the. beginning of our program, and we expect
that some of the assumptions in the present studies will be modified as
new information becomes available.
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COMPUTATIONAL DETAILS OF THE MONTE CARLO SIMULATION
OF PROTON AND ELECTRON TRACKS
M. Zaider

I.

and D. J. Brenner

Introduction

In recent years, as the need for detailed information about energy
deposition in subcellular sites has become apparent (e.g., Kellerer et al.
1980, Cox et al. 1977), considerable effort has been devoted by several groups
(e.g., Wilson and Paretzke 1980, Terrissol et al. 1978, Hamm et al. 1978,
Berger et al. 1970, and Brenner 1982) with the aim of producing realistic
Monte-Carlo "event by event" transport codes for heavy charged particles and
electrons in water.
The code PROTON, developed in our laboratories, simulates the elastic and
non elastic interactions of protons and electrons in water vapor. An effort
was made to incorporate in this code the best available experimental and
theoretical cross sectional data over a wide energy range; in particular
electron interactions are simulated down to sub-electronvolt energies making
the results of the calculation highy relevant as an input to radiation
chemistry studies. The immediate result of a typical calculation with PROTON
is a set of simulated particle tracks containing the spatial coordinates of
all the non-elastic processes together with the energies deposited locally.
Calculated tracks are then analyzed in terms of various distribution functions
such as microdosimetric spectra, radial dose distributions, proximity
functions of energy deposition, etc. A detailed description of the code
PROTON can be found in an article recently submitted for publication (Zaider
et al. 1982).
The application of track structure results to radiation biophysics rests
essentially on two (not necessarily independent) aspects of the energy
deposition in the medium: The primary injury event is determined by the
amount of energy deposited locally (i.e., ionization and excitation
thresholds). The endpoint of interest however, is most probably a function of
the spatial configuration of the primary events. While agreement exists among
calculations concerning the physical treatment of the former aspect,
comparatively little attention has been paid to the most important factor in
determining the spatial distribution of energy deposition, namely the electron
total and angular elastic scattering particularly at low energies. The
importance of this aspect is further enhanced by the fact that, in the absence
of detailed information concerning the angular distribution of non-elastic
scattering, a reasonable approach (Nicoll and Mohr 1933) is to assume that the
angular distributions of these processes are similar to those for elastic

* Columbia University, Radiological Research Laboratories, 630 W. 168th
St., New York, NY 10032.
t Los Alamos National Laboratory, MP-3, MS-809, Los Alamos, NM.
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scattering.
In the first part of this report the treatment of elastic angular
scattering of electrons as utilized in PROTON is described and compared with
alternate formalisms. The sensitivity of the calculation to different
treatments of this process is further examined in terms of proximity functions
of energy deposition.
II.

The Treatment of Electron Elastic Angular Scattering

The elastic angular scattering of electrons is usually described with
either the "screened Rutherford" approach of Bethe (1953) or with the "phaseshift" approach of Mott (1929).
In the Bethe approach the Rutherford cross section is modified by a
screening parameter:
o(T,6)=—
5-°
m v (1 + 2T) -

(1)

where T and v are the kinetic energy and velocity of the electron (mass m,
charge e) and the screening parameter n is determined either from the theory
of Moliere (1947) or semiempirically:
=

n

T(T/inc + 2)
n = a + 3 , lnT
(3)
c
i
1
In Eqs. (2-3) the parameters k, a,, 3i are obtained by fitting the data.
This formalism, Eq. (1), describes satisfactorily the data for electron
energies T > 0.2 keV and is used as such in the code PROTON. Unfortunately at
lower energies the agreement with data is very poor as can be seen for
instance in Fig. 1 where the strong forward and backward peaks are not
reproduced adequately.
In the phase-shift approach, the phase shifts for scattering off the
water molecule are frequently calculated in a static central potential (e.g.,
Terrissol 1978). Such an approach is also inadequate at low energies, even
for the simpler case of scattering off atoms. Fig. 2 shows the results of
such a calculation by Terrissol (1978) foratomic oxygen - one of the two
atomic constituents of water - compared with the experimental data of Dehmel
et al. (1976).
In view of these problems low energy (T < 0.2 keV) electron elastic
scattering was treated in PROTON using a semietnpirical approach suitable for
Monte Carlo simulation. Among several such formalisms available in the
literature, that of Porter and Jump (1978) was found to have the greatest
flexibility in reproducing the data. Thus the angular distribution is
represented as:
o(T,6)

+
(1 + 2y - cose)"1

(1 + 26 + cos6)
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where 0, y, and 6 are parameters dependent on the energy, T, of the
electron. The values of these parameters at selected energies were obtained
by fitting Eq. (4) to the data of Seng (1975) (0.35 - 10 eV, 20° - 108°),
Trajmar et al. (1973) (15 - 53 eV, 10° - 90°), Nishimura (1979, and private
communication) (30 - 200 eV, 10° - 140°), Hilgner et al. (1969) (60 - 300 eV,
35° - 150°), and Bromberg (1975) (300 - 500 eV, 2° - 160°). The resulting
values of 3, y, and 6 were further fitted as a function of electron energy to
polynomials or exponential jf polynomials as follows:
4

3(T) = expfj^ ^ T 1 ]

(5)

4

6(T) = expt^Q 6^]
5
7(T) = exp[ i | 0 Y i T 1 ]

= exp[ | 0 YiT ]

=

i=0 Y i T l

(6)
0.35 < T < 10 eV

(7)

10 < T < 100 eV

100 < T < 200 eV

Typical fits (Fig. 3) are in very good agreement with the experimental data.

III.

Sensitivity Study

The three formalisms described above vary greatly in both their agreement
with the data and computational complexity. It is by no means obvious however
if the average quantities normally calculated from simulated particle tracks
are actually sensitive to a very precise description of the elastic
scattering, if at all. In order to investigate this aspect proximity
functions of energy deposition have been calculated for 1-keV electrons in
water vapor using modified versions of PROTON with various treatments of the
elastic scattering. The proximity function, t(x)dx, is defined (Kellerer and
Chmelevski 1975) as the average energy deposited in a spherical shell of
radius x and thickness dx centered at a randomly chosen interaction point.
The term "random" in this definition refers to selection probabilities
proportional to the energy deposited at the interaction point. Equivalently,
the proximity function can be thought of as an energy-weighted distance
distribution between random pairs of energy deposition events in the track.
It is, a fortiori, the quantity most related to the spatial distribution of
primary injuries mentioned at the beginning.
A selection of proximity functions is shown in Fig. 4. The calculations
were performed with: (D) the code PROTON, (E) screened Rutherford cross
section, (F) phase-shift approach, (A) ionization cross sections decreased by
25% and excitation cross sections increased by the same amount, (C) excitation
angular scattering identical to elastic scattering, and (B) ionization cross
sections increased by 25% and excitation cross sections decreased by the same
amount.
The significance of the differences between various proximity function
calculations can be appreciated with respect to Fig. 5 where the proximity
functions for the three soft x-ray beams are displayed (C 0.27 keV; Al 1.5
keV; Ti 4.5 keV): while the variations in Figs. 4 and 5 are of the same order
115

of magnitude, radiobiological experiments (Cox et al. 1977) indicate
pronounced differences in the effectiveness of the three soft x-ray beams. It
appears therefore that, at least for biological models which employ proximity
functions, an accurate treatment of the elastic scattering processes is
essential.
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Fig. 1

Comparison of experimental elastic differential cross sections for 30eV electrons (Nishimura, 1979) with the "screened Rutherford"
prediction of Eq. (1), for water vapor. The data have been normalized
to the theoretical cross section at 15°.
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Fig. 2

Comparison of experimental elastic differential cross sections for 5eV ( O ) and 15-eV ( ° ) electrons (Dehmel et al. 1976) on atomic
oxygen with the static potential "phase-shift" calculations of
Terrissol (1978) at 10 eV. All the data have been arbitrarily
normalized at 45°.
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SCATTER I tiC ANGLE
Comparison of angular distributions for electron elastic scattering on
watei as calculatd with our semiempiricai formalism with experimental
data at various electron energies: 0.6 eV ( o , Seng 1975), 15 eV (o,
Trajmar et al. 1973), 40 eV (A, Nishimura 1979) and 100 eV (A,
Nisbimura 1979, +, Hilgner et ale 1969)

ELECTRON ENERGY= 1.00 keV. PROXIMITY FUNCTION
35-

id.

10

Fig. 4. Proximity functions of energy deposition calculated with different
theoretical cross sections: A (long dash) ionization cross section
decreased by 25% and excitation cross section increased by the same
amount, B (dot-dash) ionization cross section increased by 25% and
excitation cross section decreased by the same amount, C (short dashlong dash) excitation angular distribution identical to elastic
scattering, D (short dash) "screened Rutherford" scattering, and F
(dots) "phase-shift" scattering.
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Fig. 5

Proximity functions for thre^ soft x-ray beams: C (0.27 keV), Al (1.5
keV), and Ti (4.5 keV).
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COMMENTS ON TRACKS AND DELTA RAYS
Robert Katz, University of Nebraska, Lincoln NE

68588

TRACK: The locus of "observable events" clustered about the path of an
energetic charged particle, and caused by its passage.
The character of a track depends both qualitatively and quantitatively on
the "end-point" used to define the "observable event".
The term "end-point" encompasses a variety of historical and procedural
detail. For example, the array of developed grains in a nuclear emulsion
after passage of a heavy ion depends on manufacturing and doping conditions,
on fading of the latent image, on the details of development, and even on
observation conditions (for the observation of a developed grain may depend on
its size in relation to the resolving power of the observing instrument). All
of these, as well as the charge and speed of the particle, serve to modify the
character of the track. Similar considerations, such as the pre- and postirradiation culture conditions play a role in biological track structure.
Indeed this is the case for all except the most primitive of track structures,
the array of initial excitation and ionization events.

DELTA RAYS: All secondary electrons arising from the primary ionizations
generated by the passage of an energetic charged particle.
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TRACKS, SPURS, BLOBS AND DELTA-RAYS
J. L. Magee and A. Chatterjee
Biomedical Division, Lawrence Berkeley Laboratory
University of California, Berkeley, California 94720

The track of a high energy particle is the collection of all transient
species created by the particle in the total degradation of Its energy. Such
transient species change their character with time and so tracks evolve in
time. At first excited states and ion pairs predominate; at later times
radicals and radiation product molecules are prominent; at all times the
spatial inhomogeneties of the species created in the track are being smoothed
by diffusion and ultimately all radiation products are homogeneously
distributed. A description of charged particle tracks from the point of view
of radiation chemistry has been presented by Mozumder.
A heavy particle has a track which is generally in the form of a straight
line with deviations produced by scattering and with branch tracks created by
knocked-out electrons. Such electron tracks, if they are visible, are called
delta-rays. Radiation chemists have found that a microscopic description of
the track with all its knocked-out electrons is useful for radiation chemical
models, and such a description leads to spurs, blobs and short tracks.
Mozumder and Magee^ - have described these track entities and shown how they
can be applied in radiation chemical models.
The average energy loss -dE/dx by a charged particle is given by the
Bethe formula which depends on a spectrum of energy losses which in turn
depends on the oscillator strength distribution of the stopping medium. The
track entities are best understood in terms of a particle with a small linear
energy transfer (LET); consider an electron or proton with
-dE/dx ~ 0.02 eV/A penetrating in liquid water. In low-Z media almost all
oscillator strength except that pertaining to K-electrons can be assumed to be
contained within 100 eV. Therefore, an arbitrary but useful demarcation
between glancing and knock-on collisions may be made at 100 eV. For this
demarcation about half the energy loss is due to glancing collisions with an
average energy loss of about 40 eV and the other half is due to knock-on
collisions with an average energy loss of perhaps 1000 eV. the average
separation of the glancing losses is ~ 40/0.01 » 4000 A and the
average separation of the knock-on losses is *- 10/0.01 » 10 A. We see that
the track is a string of beads with widely spaced track entities. Most of the
oscillator strength is contained in the region 0 - 100 eV in water and this is
where the glancing or "resonant" losses occur; we have defined the track
entities arising from these losses as "spurs."
Let us consider some of the chemical significance of a spur in water. In
the early, prethermal processes (t < 1 0 - 1 1 sec) the energy loss (~ 40 eV) is
used in the creation of (on the average) 5 radicals located in a spherical
region with radius 20-30 A. A period of diffusive expansion occurs in which
these radicals react with or escape their siblings. The spur expansion is
usually terminated by a scavenger reaction in, typically, 10
sec, at which
time the radius of the spur is ~ /4Dt ~ 900 A.
We see that spurs initially
separated by 4000 A are very much isolated for the entire time.
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The knocked-out electrons form track entitles which in the case of lowLET radiations normally develop in isolation. Clearly we can make general
statements about the radiation chemistry of such systems and this situation
has been considered by Magee and Chatterjee.°»' It is also clear that the
knocked-out electrons which have a range of energy from 100 eV to a maximum
value of perhaps 1 MeV form tracks which have widely varied natures. If the
energy is not much over 100 eV, single track entities are formed and although
they behave very much like spurs they are different from spurs and we have
called them "blobs." According to the definition, »2 a "blob" is generated by
a knocked-out electron which has insufficient energy to escape the attraction
of its sibling hole despite some screening offered by intermediate ionization
processes. It is estimated from the Onsager relation that in water at room
temperature the distance for an e - 1 probability of escape is 180 A. The
energy of an electron with this range in water is ~ 625 eV; however, Mozumder
and Magee • round off the maximum energy in a blob at 500 eV.
Knocked-out electrons with energies above 500 eV form tracks, and we call
them "short tracks." We do not use "delta rays" in this microscopic
description of the track. We have considered the upper energy limit for a
short track »^ and on the basis that at 5 keV such a short track is perhaps
beginning to have isolated spurs near its origin, we took this value (5 keV)
as the upper limit. Of course knocked-out electrons with energy greater than
5 keV form branch tracks which, in turn, are composed of spurs, blobs and
short tracks.
In summary, the following energy deposition criteria for the 3 track
entities can be given: spur, ~ 6 - 100 eV; blob, ~ 100 - 500 eV; short track,
~ 500 eV - 5 keV. Of course, it is clear that demarcations are not sharp and
that there is in fact a continuous distribution in energy of ejected
electrons. The most important entity is the spur; about half of the energy is
used up in creating spurs. The short track is perhaps the entity next in
importance. All low-LET radiations are recognized to contain high-LET regions
and the short tracks are responsible for them. The blob is a transition
entity defined as we have indicated because there are energy losses between
those responsible for spur and for short track. Little use has actually been
made of blobs in track models.
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What Is a Spur?
C. N. Trumbore

In the first session of this Workshop I described our approach to fitting
experimental radiation chemical data to a "spur" model. My own definition of a
spur is an operational one, namely that arising from the unique shape of a radiation chemical yield TTS. log scavenger concentration curve. In a typical curve,
illustrated schematically in Fig. 1,
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the solid line represents typical experimental results and clearly demonstrates
that, the precursors are distributed in a nonhomogeneous fashion. These and
other curves, illustrating the sensitivity of various radiation yields to the
concentration of solutes which react with track or spur intermediates, are the
raw data which must be fit by any track or spur modelling effort. Such concentration dependence curves and the hydrated electron decay curves we showed in
our paper are examples of data which contain information regarding "fine grain"
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details of track structure. Low reactive solute concentration (e.g. "10
M
or less) or late time (~10~8 sec. and beyond) pulse radiolysis studies lack
the resolution necassary to model or even predict relatively early physical or
chemical processes in the track or spur.
I was interested to note that the three-dimensional track structure
calculations shown by the Oak Ridge and Berkeley groups in this workshop were
on a relatively large scale. In their previously published work (Proceed, of
VII Syrap. on Microdosimetry, Sept. 8-12, 1980, Oxford, U. K.; Ed., J. Booz,
H. G. Ebert and H. Hartfield, Harwood Academic Publishers, N. Y. p. 507) there
is a Figure 2 reproduced below which is on a much smaller scale than those shown
in this Workshop. The following observations regarding this Figure have some
relevance to the discussions of this Workshop: (1) The spurs in this figure
can be seen as localized clusters of intermediates. In the center of this figure
there is one large cluster representing approximately six to seven ionizations
and a number of smaller clusters, representing one or two ionizations. (2) In
the large cluster in the center of Figure 2 it appears as though the hydrated
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electron density is on the periphery of the center of the cluster and is
outwardly displaced with respect to the density of hydroxyl and hydrogen
ions in agreement with our model. Many more such regions from electron
tracks of this energy (5 keV) and higher energy must be examined before any
conclusions may be drawn regarding average behavior. However, the results
shown in Figure 2 when added to less highly magnified details of the calculations shown in this Workshop by Wright, Turner and their colleagues lead me
to believe that the basic ideas of Mozumder and Magee are at least in good
qualitative agreement with these track calculations. This is illustrated
especially clearly in Figure 3 of the paper in this Workshop (Wright et al.).
At 10""ll seconds the short tracks and branch tracks are clearly visible. At
2.8 x 10
seconds expanding blobs are visible and there are clearly discernable
regions of high and low spur density. More detail at higher resolution and in
stereoprojection is needed to clarify the nature of the spatial distribution of
the radiation chemical intermediates.
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THE PHYSICO-CHEMICAL STAGE:

10" 16 - 10" 12 SECOND

J. L. Magee and A. Chatterjee
Biomedical Division, Lawrence Berkeley Laboratory
University of California, Berkeley, California 94720
At the present time the only information on the physico-chemical stage
comes from theoretical considerations and speculations and from interpretation
of chemical experiments which are not time-resolved. It would appear to be
impossible to penetrate the pico-second barrier using pulse radiolysis or
laser techniques. This situation has been discussed by Mozumder and Magee.
The radiation physicist can help the radiation chemist by trying his hand
at giving the initial conditions for the chemical species at 10~
sec. The
nature of the problem can be seen from examination of the papers by Turner et
al. • and Wright et al.
It is clear that space, time, energy and species
are involved in very complicated ways, and there are many hierarchies of
problems. The attempt has been made by Turner, Wright et al. to bull their
way through the problem to look at it as a whole. Physicists are invited to
reexamine all the assumptions and to make improvements wherever they can. It
appears that we may have a roughly valid description of the physico-chemical
stage, but this may be an illusion.
One thing we learn from the Monte Carlo treatment is that tracks (of a 5keV electron, for example) may have widely varied shapes. Most track model
calculations use simple forms for tracks (see Ref. 5). One important problem
is to understand the statistical properties of tracks and how chemical yields
depend on them.
Physicists have studied electron impact processes in the gas phase and
have tried to predict the changes to be expected for the same processes in
condensed phases. We are interested in things which are more difficult to
obtain. We want to know the locations of all species created by an energetic
particle (electron, say) which is stopped in a condensed phase. There are
three parts of the problem; excited states and their behavior; ionized
electrons; and ions.
All states created by a fast particle in the condensed phase are wavepacket states. An excited molecular state M , for example, is not
localized. If it dissociates, M* + A + B, the products A and B are
localized. The problem is to say what kinds of dissociations occur and what
the distribution in space of the products is.
An ionized electron becomes a subexcitation electron in 1 0 ~ " sec or less
time. How does it get thermalized and hydrated? Of course some of them are
recaptured by positive ions. Magee6 has concluded that in water the hydration
time must be the same as the longitudinal relaxation time, 4 * 10
sec. He
also says that the most important parameter in determining the spatial
distribution of hydrated electrons is the transport mean free path of the
subexcitation electron.
Positive ion states are important and very little has been done in this
field. Such states, of course, are not localized. On general theoretical
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grounds we expect that many excited positive ions should be formed.
Dissociation processes and ion molecule reactions should usually occur. In
water, for example, we say that the reaction of ^ 0 + HoO + H^O + OH occurs
in the vibration time of a water molecule. Some theoretical considerations
have been made by Kalarickal and Lorquet" and they support the assumptions we
usually make, but we cannot claim any real progress here. After rigorous
calculations of potential functions of gaseous ions are available, effects of
the condensed state must be incorporated into the considerations.
Turner et al. have made a coherent picture of the physico-chemical stage
and presented a set of recipes to use with a Monte Carlo calculation and
obtain a distribution of radiation products at 10~ 1 2 sec. Radiation
physicists are invited to improve this picture at any point.
A systematic method for studying the prethermal period (time < 10
sec)
is the use of experimental radiation chemical results obtained at long times
and an interpretation in terms of theoretical concepts of the physico-chemical
time period. Hamill and associates""^ and Hunt and associates^ have made
very interesting studies using this technique. For example, small
concentrations of molecules which will accept a positive charge from H2O o r
capture a prethermal electron, change the course of the early reactions and
thus cause changes which can be measured without time resolved techniques.
(Actually Hunt used pulse radiolysis, but his observations were only in the
t > 10~H sec time scale and time resolution was not the important point).
These experiments are interpreted in the framework of track formation by means
of a series of processes in the physico-chemical stage which have prethermal
species undergoing reactions which can be altered by additives.
A kind of theoretical framework for the physico-chemical stage which has
been more or less static for ten years or more exists. Physicists can dig in
anywhere and give the chemists a hand.
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COMMENT ON THE POSSIBILITY OF SECURING EXPERIMENTAL DATA FOR
VERY SHORT TIMES AND THE DETERMINATION OF INITIAL YIELDS*
William Primak, C. J. Delbecq, and D. Y. Smith
Argonne National Laboratory

The shortest time resolution of effects of ionization based on chemical
techniques reported here was from about 10
sec. The mobility of the
chemical systems studied limited the shortest observable times to those which
could be seen in pulsed radiation experiments. In solids there is the
possibility that a state resulting from the action of radiation may be fixed
in the system and then studied at some time thereafter; or, alternatively,
that the subsequent changes may be slow enough that, through an investigation
of their kinetics, an extrapolation can be made to determine primary yields.
The possibility of doing this for the passage of a heavy particle is limited
because of the intense disorder along its path and the confusion of effects
caused by energetic secondary displacements. However, for the lightest
particles, protons, deuterons, and helium ions, for electrons, and for
electromagnetic radiation, it should be possible to establish primary yields
in suitable systems. Although it is usually believed that initial electron
events are concluded by about 10
sec and events involving the slowing down
of atomic particles in a fraction of 10 - 1 sec, the shortest times which are
usually considered for solids are of the order of magnitude 10 - 1 ^ sec. Thus,
if initial products are truly frozen in, it should be possible to obtain
information for times two orders of magnitude shorter than those reported for
chemical systems.
Per the number of displaced atoms, among materials which might be used to
establish yields, the first which comes to mind are the simple covalent
crystals like graphite and diamond.1,2 For ionizing events, perhaps more is
known about centers formed in alkali halides than for any other material.
However, most of the work in this field has been directed toward determining
configurations rather than yields, a failing in most of the studies of
radiation effects in solids. It is known that even at very low temperatures,
a problem which would arise in any attempt to determine yields would be the
recombination of close pairs. Then, as the temperature is raised, subsequent
events occur along different paths resulting in the formation of a multiplicity of centers through complex mechanisms.
However, when certain
impurities are present in relatively high concentration (particularly Pb"*-," or
Ag , ~0.2 mole % ) , these will capture the emitted electron, and at temperatures below 80 K the complementary positive hole will be trapped in the order
of lattice vibration times as a Vk center (e.g., C ^ - in KCl:AgCl).
The
resultant impurity centers, namely Ag°, or the hole centers, can be counted
without concern for the complications which in pure alkali halides would arife
from the formation of other centers. The number of centers can be determined
by paramagnetic resonance measurements. There is an experimental complication
in that the magnetic measurements can be made only on small samples for which
the concentration of centers required may be so large that the yield will have

*Wbrk supported by the U. S. Department of Energy.
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begun to decrease because of recombination. However, it should be possible to
calibrate optical absorption measurements with the magnetic resonance
measurements; and then, by using other, much larger samples, for optical
measurements, obtain the greater sensitivity which would be required to extend
the measurements to lower concentrations for the determination of initial
yields*
At temperatures and in systems for which radiation-induced defects are
not frozen in for long times, the temporary trapping of radiation products can
be studied optically using pulsed techniques. Time-resolved luminescence and
absorption measurements have been employed for some time to follow radiationinduced processes in alkali-halide phosphors^," and defect formation in ionic
solids.
Recently, lattice configuration relaxation about defects has been
investigated on the picosecond time scale using laser techniques, and optical
pulses in the femtosecond regime (30-90 fs) have been achieved.
In the pure alkali halides, it appears that (see Ref. 5, 6, 10, 11)
electron-hole pairs are produced either directly by processes such as Compton
scattering or indirectly by the decay of plasma excitations. The hole is
trapped in the order of lattice vibration times by the formation of V^ centers
while the electron moves in conduction band states losing kinetic energy by
scattering. At low temperatures, the V k center is immobile and in pure
materials electron-hole recombination occurs by the capture of the mobile
electron from near the bottom of the conduction band by V^ centers. This
yields bound excif.ons which subsequently decay radiatively. At least in the
alkali iodides this recombination process appears to take place with nearly
unit quantum efficiency.
In samples doped with heavy-metal impurities, the electrons, or holes (at
temperatures for which V^ centers are mobile) are trapped at the
impurity*,*°»** and the radiative recombination occurs at the metal
ion.^>14 However, the quantum efficiency of this process is strongly
dependent on the ion in question.
In the ca&e of the alkali halides where specific centers have been
identified, and their quantities can be measured, it is possible to perform
kinetic studies for the particular species, just as in the case of chemical
systems. In the case of other solids in which the radiation damage is
mearured by a change in a physical property, it is still possible to study the
kinetics, but here contributions to the change are made by many different
configurations, and thus there is no discrete activation energy, ^ and in many
cases no discrete frequency factor. »
However, the kinetics can yet be
investigated, and hence an extrapolation can be made to initial conditions.
Thus, even when configurations are not frozen in, it may be possible to
estimate initial yields.
Chemical changes in solids irradiated at low temperatures could be used
to establish initial yields. Both inorganic and organic glasses have been
investigated.
Other possibilities are nitrates, chromates, carbonates, and
other crystalline materials. At one time it was thought that initial species
could be "frozen in" in glasses at temperatures as high as liquid nitrogen
temperatures, but it is now understood that even at very low temperatures,
changes occur by tunnelling, and (as in alkali halides) the stabilization of
initial products requires the presence of strong trapping sites. »
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Comments on Subexcitation Electrons
Robert J. Hanrahan
Chemistry Department
University of Florida
Gainesville, FL 32611

The topic, or concept, of subexcitation electrons was mentioned several
times during the conference. This concept also came in for discussion at the
Gordon Conference on Radiation Chemistry, held in the summer of 1982. Certainly
one can have no objection if the term "subexcitation electrons" merely serves to
identify a portion of the secondary electron population distribution,
specifically the population of electrons with energies less than ca. 4-6 eV in
typical systems. It is suggested, however, that the term is usually used in the
sense or from the viewpoint introduced some years ago by Dr. Robert Platztnan that is, there is an implicit assumption that such electrons are of special
importance because of a presumed long lifetime in the medium. This viewpoint
has been challenged vigorously by L.G. Christophorou, particularly in his book
"Atomic and Molecular Radiation Physics" published some twelve years ago (Wiley
- Interscience, London, 1971).
Relying on theoretical arguments as well as
experimental data from the Radiation Physics group at Oak Ridge Laboratory
(taken by Compton and others), Christophorou argues (cf. for example pp 189-190)
that the assumed inefficiency of energy loss for subexcitation electrons in most
typical systems (including, for example, water or hydrocarbons) is nonexistent.
The reason is that there is an efficient energy loss channel involving transient
negative ion states, which operates for large classes of molecules of
experimental interest, with a few exceptions, notably the rare gases. If
Christophorou is right, then the selective tunneling of substantial amounts of
energy (and subsequent radiation effect) into a minor constituent in a mixture
will generally occur only if the major constituent is something of special
properties, such as a rare gas.
The above comments do not argue against the possibility of a low-yield
process involving low energy electrons, particularly if the process involves the
substrate itself. In view of the special importance of water in much of the
work described at this Conference, it is of interest that there may indeed be
such a process which is of significance in water radiolysis. In particular, it
has been known for many y°ars that the dissociative electron attachment process
occurs in water vapor with reasonable efficiency, and with an energy threshold
of only 5.6 eV.
e~ + H 2 0

H~ + OH*

(1)

(A good discussion is given by R.I. Reed in "Ion Production by Electron Impact",
Academic Press, 1962. The existence of this reaction is noted in Fig. 1 of the
paper by A.E.S. Green and D.E. Rio in these Proceedings.) It is of interest that
the products of Reaction (1) are not hydrogen atom plus hydroxide ion; ?eed
makes a considerable point of the fact that the latter process is not seen under
gas phase electron impact conditions.
If hydride ion is formed via Reaction (1) in either the liquid or gas
phase, it would presumably be precursor to molecular hydrogen via the very fast
proton transfer process
H* + H 2 0

H 2 + OH"

(2)
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The maximam contribution of t h i s process would presumably be limited by the
value of the "molecular" HL yield in liquid water, which has been assigned a
value of about 0.4 (Spinks and Woods, 1964). I t s actual yield would appear to
be e v e n l o w e r , s i n c e t h e r e a r e o t h e r known r o u t e s t o H. f o r m a t i o n .
N e v e r t h e l e s s , a t a n t a l i z i n g h i n t t h a t p r o c e s s e s (1) and (21 may indeed
contribute to the r a d i o l y s i s of liquid (and presumably a l s o gaseous) water i s
found in the paper on water r a d i o l y s i s modeling c a l c u l a t i o n s given by Trumbore
and Youngblade a t t h i s conference. They note that
"One of the supposed f a i l u r e s of the c l a s s i c a l spur model i s i t s i n a b i l i t y
to f i t the scavenging curves of the molecular p r o d u c t s H? and H_0_.
Calculations . . . . generally e r r on the side of overly e f f i c i e n t scavenging
of the m o l e c u l a r product p r e c u r s o r s . . . " " . . . s u c c e s s (by Schwartz) i n
modeling molecular product y i e l d s ...was dependent on assuming an i n i t i a l
yield of H 2 ."
I t i s suggested that the mechanism of the " i n i t i a l
Schwattz i s , in f a c t , Reactions (1) and ( 2 ) .
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of H^" assumed by

A SELECTION OF PROBLEMS IN RADIATION PHYSICS AND CHEMISTRY
Daryl A. Douthat, Departments of Physics and Chemistry, The University of
Alaska, Anchorage, 3221 Providence Drive, Anchorage, Alaska 99508
In the spirit of the discussions of the ANL 1982 Workshop on the
Interface Between Radiation Chemistry and Physics, I wish to comment briefly
on some problems in radiation physics and chemistry that I feel merit
attention in the near future. These problems are familiar to many Workshop
participants and I am indebted to several attendees for sharing their own
perspectives over the past several years.
While the eventual aim of radiation physics and chemistry is to
elucidate the response of complex systems—including those in the condensed
phase--to ionizing radiation, I think there is still much to be gained by
studying gases. For the gas phase a large body of cross-section data now
exists. Furthermore, there are apparently no ambiguities for gases such as
the definition of ionization in condensed matter. Hence, gas phase studies
are especially appropriate for the development of new theoretical methods as
well as for sensitivity analysis and serve to emphasize areas where theory
and experiment require improvement. Gas-phase calculations have already
provided some guidelines. It is now known, for example, that precise
knowledge of the total ionization cross section Q-j(T) is more important than
precise knowledge of the shape of the secondary electron ejection
cross-section in the calculation of primary yields*. Since measured values
of Q-j(T) differ by about 20%, remeasurement of Qj(T) would be very desirable.
At the same time, it is important to confirm the existing cross-section data
for secondary electron ejection and to extend the data over a wider range of
incident and ejected energies with simultaneous determination of the state of
the remaining ion.
Only limited contact now exists between transport theory and
experiment. Calculations usually provide some initial
yields, including the
mean energy per ion pair W. Gas-phase calculations1 have shown that
calculated values of W are rather sensitive to cross-section input. However,
most calculations employ data that are refined only until calculated and
observed W values agree. Consequently comparison of theory and experiment
can be misleading even for the gas phase if, e.g., collateral ionization is
significant. As Inokuti has emphasized^, comparison of calculated and
experimental ion yields for condensed materials requires knowledge of the
decay process of collective excitations. The measurements of degradation
spectra in solids performed by Birkhoff and co-workers^ are important, but
extension to other phases has not been achieved, and the difference between
theory and experiment at spectral energies of a few hundred eV remains to be
resolved.
One means of testing the primary yields from transport calculations
is that of resonant ionization spectroscopy (RIS). Although RIS was
developed initially4>5 to measure primary yields in irradiated atomic gases,
initial yield data apparently exists only for helium gas bombarded by
protons. Theoretical yields can now be calculated for excited states of
other irradiated noble gases, and comparison with experiment would be very
useful.
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While calculations of primary yields are a first step, knowledge of
their spatial distribution may also be required for many problems**, and track
structure theory has attempted to provide an appropriate vocabulary. In view
of the considerable debate over the utility of the usual terminology—blobs,
spurs, etc.,--it may be worthwhile to emphasize (following Fano?) that
eventually one would like as the starting point for further calculation the
correlation function for the formation of reactive species. In view of the
detailed results emerging from Monte-Carlo codes^-lO, this seems to be a more
accessible goal today than it was when proposed a decade ago.
Another unsolved problem is that of mixtures. Detailed calculations
exist for air 11 as well as for instellar molecular clouds^. We are now
capable of performing calculations of primary yields in irradiated mixtures
of simple gases and investigating the consequences of varying mole fractions.
Okazaki and co-workers 13 have employed binary collision cross-sections in a
pilot study of noble gas mixtures. A calculation should be done with more
reliable cross-sections for a benchmark mixture such as He and H2.
Several calculations now exist for water vapor and liquid
It seems to be generally agreed that, expecially for the liquid, further
sensitivity testing is required to establish the predictive ability of the
calculations. Gas-phase studies indicate that sensitivity testing should
include: (1) variation of the shape of the cross-section for secondary
electron ejection at incident energies below a few hundred eV, (2) variation
of the ratio of the total ionization cross section to the total inelastic
cross-section, (3) the effect of extrapolating the Born approximation to low
energies, (4) the effect of uncertainty in the lowest ionization potential,
(5) exploration of the consequences of various plasmon decay modes. It would
also be very helpful if additional constraints were available for condensed
phase scattering data. In this respect, the studies of Sanche^ and
co-workers on the transmission of low energy electrons through thin films are
useful. Another approach is that of charged-particle scattering by clusters
of molecules. This second approach has not yet produced decisive data.
Further exploitation of optical data is also possible for liquids.
For example, the subexcitation electron stopping power is important in
determining the spatial distribution of ions and hydrated electrons in liquid
water. Frolich and Platzman 15 obtained an estimate of the contribution of
dipolar relaxation to the subexcitation stopping power but the contribution
of the vibrational modes apparently has not been determined for liquid water.
The infrared data of Bayly et al16 can be used in the context of the
Frolich-Platzman method to estimate this contribution.
I wish also to comment on the question of time scales. It often
seems implicit in discussion that the various temporal stages in Platzman's
classification are sharply separated. In fact, as Platzman emphasized, there
is likely to be considerable overlap of at least the physical and
physico-chemical stage. This implies that the time dependence of initial
yields is likely to be important. As an example, calculation of the time
dependence of the yields of vibrational and rotational excitations in H2 gas
would be useful. This calculation is now possible and such information may
prove more useful than related quantities such as the time required for
electron thermalization.
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Tuesday, October 26, 1982, AM
G. R. Freeman (communicated):
Dr. Inokuti and Prof. Fano have commented that the schematic energy
diagrams in Figures 8 and 9 seem to ignore the de Broglie parameter X/2TT,
which would be 0.6 nm for a 0.1 eV electron and too large to correlate with
an interstitial cavity in a liquid. A low energy electron would sense
fluctuations over such short distances only by wave mechanical averaging.
That is the basis of the pseudopotential treatment (Cohen & Lekner, Rice &
co.) of thermal electrons in liquids. However, the general nature of the
energy diagrams in Figures 8 and 9 would not be altered. Electron mobility
and thermalization range data (Figs. 5-7) indicate that the magnitudes of
the potential fluctuations increase with decreasing degree of sphericity
of nonpolar molecules, and the fluctuations increase further for strongly
polar molecules. Figure 9 provides a useful visualization of the approach
of an electron to the localized state. Figure 18 is a less schematic
representation of the charge distribution in a localized state.
It would be helpful if theoreticians would attack the problems depicted
in Figures 8 and 9 by calculating electron potential fluctuations as a
function of position in liquids. The fluctuations would be functions of
electron energy and molecular shape (one could begin with the anisotropy of
polarizability). A next step would be to estimate electron-medium energy
exchange parameters that would permit the estimation of electron thermalization
ranges, say from 1.0 eV to the localization event, and thermal electron
mobilities in different liquids.
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HOW RADIATION CHEMISTRY CAN HELP UNDERSTAND PRIMARY
PROCESSES IN THE ENERGY DEPOSITION PROCESS
Charles D. Jonah
Argonne National Laboratory, Argonne, Illinois 60439
By definition, radiation chemistry is only concerned with and only
measures events on a chemical time scale; however, the state of the system
at times greater than a picosecond depends on what has occurred at earlier
times. It is because of this fact one can extract information about earlier processes from radiation-chemical experiments.
One of the major uncertainties in the pre-chemical period is the
travel of the electron prior to thermalization. The motion requires an
understanding of the sub-eV scattering processes in a liquid; a non-trivial
undertaking. The "initial" distribution of ions (at the beginning of
chemical times) will depend on the motion of the electron in the thermalization processes. While the distribution cannot be determined directly,
chemical kinetics can provide tests. For instance, Schwarz1 derived a
diffusion-kinetic Drocess and assumed spatial distribution functions of
approximately 6.2 A and 18 A 2 for the OH and3 electron respectively, in
water. Measurements by Hunt and ourselves showed that the decay of the
hydrated electron was an order of magnitude slower than that predicted by
the model. In polar media, there is little effect of the coulombic attraction, and the dominant process is diffusion. Diffusion is not sensitive io
the exact form of the distribution function. In non-polar media, recombination kinetics depend much more on the distribution function as can be
seen in figure 1 from Van den Ende et. al."

From: Van den Ende, Nvltos Mα man, ( HiiTtnel
tod lot. Phvs Chen. 15, 273 (1980)

20

3

*
/

Figure 1. Theoretical dependence of the time dependence
of a geminate ion pair
(W(T)/W(°°)) as a function of
dimensionless
time x. T =
2
Dt/r c where D is the diffusion constant, t is time and
r c is Onsager capture radius.
Gauss is for a gaussian distribution of ions, exp for an
exponential distribution of
ions, and .33 and .50 are for
delta function distributions
of .33 and .50 of r c .

SWISS

t

/
15 -

/

/

wen

#

10

'

/
5 —

..•"'

'+*

/

y
0

0.50

S

i

|

10

15

T-l/2

138

Figure 2 shows an experimental determination of recombination times
(Jonah). It is clear, then, that radiation chemistry, while unable to
determine the distribution of ions, can act as a sensitive test for distributions. Similarly, the experimental data also act as a test for any
theory which will attempt to predict the spatial evolution of the electron.
Chemical evolution in the "pre-chemical" times may also be inferred.
The reactions 5-7
of the precursor of the solvated electron in polar media have
been observed . The form of the kinetics, and the temperature and solvent
dependence may be interpreted to fjUe information about the state of the
electron which is reacting. This, therefore, would mean that such a state
does exist in the energy degradation chain. Unfortunately, while much data
have been collected, little have been analyzed with this goal.
In the next several years I see radiation chemistry rediscovering and
reanalyzing much of the data on electron precursor reactions. From these
experiments, information about the states of the electron can be inferred.
The major studies in hydrocarbons will be concerned with ion recombination
lifetimes and from those lifetimes, inferring information about thermalization distances. The role of excited states in the energy deposition process will be explored with aromatic hydrocarbons. One important new technique will be photoionization using far UV lasers. This will allow welldefined electron energies and thus more specific thermalization distances
may be obtainable. In addition, shorter pulses will be possible with these
lasers.
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Figure 2: Experimental data for the
decay of the positive
ion in n-hexane
measured at 600 nm.
The X's and 0's are
for two different
experiments, one 1
nsec full scale, the
other 4 nsec full
scale. The data on
the two runs were
not normalized to
each other.
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Is t h e F r i c k e D o s i m e t e r a 1 - H i t

Detector

R o b e r t K a t z , U n i v e r s i t y of N e b r a s k a , L i n c o l n NE

68588

To a non-chemist the e x p l a n a t i o n s of radiation chemistry are
s o m e w h a t D a f f i i n g . T h e r e is e v i d e n t l y a s e t o f a g r e e m e n t s a n d c o n v e n t i o n s w e l l a c c e p t e d b y c h e m i s t s b u t n o t k n o w n to o t h e r s .
There
is a n a r r a y o f r e a c t i o n s , r e a c t i o n r a t e s , d i f f u s i o n c o e f f i c i e n t s ,
b l o b s , s p u r s , short t r a c k s , c o r e s , and c l o u d s . One does not know
what has been n e g l e c t e d and with what j u s t i f i c a t i o n .
I recall some
s k e p t i c a l r e m a r k s by P l a t z m a n (1) so t h a t the d i f f i c u l t i e s are not
o n l y f o r n o n - c h e m i s t s . N e v e r t h e l e s s t h e a p p r o a c h is a d e t a i l e d
e l e c t r o n by e l e c t r o n , s t e p by s t e p , a n a l y s i s of t h e p r o b l e m
This
is a d i f f e r e n t a p p r o a c h t h a n t h a t o f t r a c k p h y s i c s , in w h i c h a d e t e c t o r is p a r a m e t e r i z e d in a d e l i b e r a t e a t t e m p t t o a v o i d d e t a i l .
In d e a l i n g w i t h t h e r e s p o n s e o f t h e F r i c k e d o s i m e t e r t o h e a v y
ions we s h o u l d c o n s i d e r the a p p r o a c h of t r a c k t h e o r y , a t t e m p t i n g to
m a k e s o m e o r d e r o u t o f an o t h e r w i s e c o n f u s i n g p i c t u r e w i t h a m i n i m a l n u m b e r o f c o n c e p t s a n d p a r a m e t e r s , a l l c l e a r l y e x p r e s s e d in o p e r a t i o n a l t e r m s t h o u g h u s u a l l y not well c o n n e c t e d to the m i c r o s c o p i c
detail of electron interaction with the m o l e c u l e s of the d e t e c t o r .
It w o u l d b e u s e f u l t o t h e n o n - c h e m i s t i f c h e m i c a l m o d e l s o f r a d i a t i o n
c h e m i s t r y e n u m e r a t e d c l e a r l y the n u m b e r of fitted p a r a m e t e r s .
One
g e t s t h e i m p r e s s i o n t h a t t h e r e a r e m a n y m o r e t h a n t w o , b u t it h a s
b e e n d i f f i c u l t to get a c l e a r l y e n u m e r a t e d s t a t e m e n t . T h e t r a c k
theory model of the 1-hit d e t e c t o r requires 2 fitted p a r a m e t e r s , Eo
t h e d o s e a t w h i c h t h e r e s p o n s e is r e d u c e d b y 1 / e , a n d a o > t h e r a d i u s
of the s e n s i t i v e t a r g e t . We r e q u i r e that the r e s p o n s e of the d e t e c t o r
to d o s e be e x p o n e n t i a l . T h e F r i c k e d o s i m e t e r s a t i s f i e s t h i s c o n d i t i o n .
W e r e q u i r e t h a t t h e r e s p o n s e d e c l i n e s w i t h a n i n c r e a s e in z 2 / 6 2 o f
the bombarding ions. The Fricke dosimeter satisfies this condition.
We e x p e c t that r e s p o n s e p l o t s m o r e s m o o t h l y as a f u n c t i o n of z 2 / 6 2
t h a n as a f u n c t i o n of L E T . T h e F r i c k e d o s i m e t e r m e e t s t h i s e x p e c t a t i o n . We s h a l l s e e t h a t at l e a s t s o m e of t h e a v a i l a b l e d a t a a r e
r e a s o n a b l y w e l l f i t t e d by t h e m o d e l . For the p r e s e n t we m a k e no
a t t e m p t t o f i t t h e d e c l i n e in y i e l d w i t h a d e c l i n e in i n i t i a l e n e r g y
of b o n b a r d i n g e l e c t r o n s and p h o t o n s , b e l o w 100 k e V , t a k i n g t h i s to
b e a s m a l l e f f e c t in c o m p a r i s o n w i t h t h e d e c l i n e in y i e l d w i t h L E T .
A c c o r d i n g to track theory we may take the p r o b a b i l i t y for a f f e c t ing a s e n s i t i v e e l e m e n t ( l e a d i n g to t h e o b s e r v e d e n d - p o i n t ) as
P = ( 1 - e x p D / E o ) w h e r e D is t h e d o s e o f g a m m a r a y s ( o r d e l t a r a y s )
a n d Eo is t h e c h a r a c t e r i s t i c d o s e a t w h i c h t h e r e is a n a v e r a g e o f
1 hit per s e n s i t i v e e l e m e n t . We take the r a d i u s of the e l e m e n t to
be a o . a c c e p t i n g t h a t s i z e m a y r e f l e c t d i f f u s i o n d i s t a n c e . To find
the action c r o s s - s e c t i o n we make use of the radial d i s t r i b u t i o n of
l o c a l d o s e f r o m d e l t a r a y s t o f i n d t h e r a d i a l d i s t r i b u t i o n in a c t i v a tion p r o b a b i l i t y , and then i n t e g r a t e r a d i a l l y a b o u t the ions path to
find the action cross-section.
For gamma-rays the r a d i o s e n s i t i v i t y
is 1 / E o .
F o r h e a v y i o n s t h e r a d i o s e n s i t i v i t y is L E T / a . T h e y i e l d
is t a k e n t o b e p r o p o r t i o n a l t o t h e r a d i o s e n s i t i v i t y .
Then a single
set of p a r a m e t e r s , and a single constant of p r o p o r t i o n a l i t y , must
y i e l d a g r e e m e n t w i t h all e x p e r i m e n t a l d a t a , i n c l u d i n g F e b e t r o n p u l s e s ,
heavy i o n s , and neutrons ( 2 ) . When irradiated with e l e c t r o n pulses
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for times short compared t o the " c h a r a c t e r i s t i c t i m e " o f the s e n s i t i v e
e l e m e n t t h e yield must d e c l i Kn e e x p o n e n t i a l l y with dose per pulse with
the same v a l u e o f E o as has e e n fitted t o the high LET d a t a . Shown
in F 1 g . 1 1s a plot o f the ratio o f G values for normal a n d pulsed i r r a d i a t i o n s ( 3 » 4 ) plotted a g a i n s t t h e d o s e per p u l s e , as c o m p a r e d t o
the p r e d i c t i o n o f the 1-hit m o d e l . T h e d e c l i n e in yield is e x p o n e n t i a l
with d o s e , as c h a r a c t e r i z e d b y the numerical values o f Eo for the a e r a ted and d e a e r a t e d F M c k e d o s i m e t e r s found for high L E T d a t a . In Fig.2
we show the yield o f t h e aerated Fricke d o s i m e t e r , with t h e fitted
curves from track t h e o r y s u p e r i m p o s e d on t h e e x p e r i m e n t a l data o f
S h u l e r and A l l e n , plotted as a f u n c t i o n o f t h e initial kinetic e n e r g y
of D , H e , a n d C ions used in t h e b o m b a r d m e n t . For the c a l c u l a t i o n
the c r o s s - s e c t i o n s have been i n t e g r a t e d along t h e ion's p a t h .
T h e s e fits w e r e m a d e some y e a r s a g o . W e have not t a k e n t h e
o p p o r t u n i t y to e x a m i n e the newer d a t a . B u t based on these fits t o
a r e a s o n a b l y well e s t a b l i s h e d model o f d e t e c t o r r e s p o n s e , it seems
that an attempt should be m a d e to c o n n e c t the track s t r u c t u r e model
w i t h that o f r a d i a t i o n c h e m i s t r y . C a n r a d i a t i o n c h e m i s t r y p r o v i d e
an e x p l a n a t i o n for the fact that the 1-hit d e t e c t o r c o n c e p t p r o v i d e s
a good fit to t h e e x p e r i m e n t a l data ? C a n it e x p l a i n the n u m e r i c a l
values o f its p a r a m e t e r s ? Can r a d i a t i o n c h e m i s t r y tell u s what t r a c k
theory m e a n s , in the Fricke d o s i m e t e r , b y the s e n s i t i v e e l e m e n t o f
60A r a d i u s ? O r by a c h a r a c t e r i s t i c t i m e ?
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The Special Nature of Water
C. N. Trumbore

A number of comments have been made during the Workshop regarding the
desperate attention paid to liquid water. Appropriately, the defense has been
made that water is an obviously important biological fluid. However, I would
like to add that water is also a liquid with a unique structure in that each
water molecule is capable of forming two relatively strong hydrogen bonds to
two other water molecules. Presumably because of its three-dimensional structure water has a number of unique physical properties besides the well-known
maximum density at 4°C.1
Therefore I believe that radiation physicists and chemists need to take
into account the possibly unique quantum mechanical nature of liquid water
which has just been exposed to the passage of a high energy electron. It is
not a single water molecule which is ionized at lO'^-^s but is probably a group
of quantum mechanically coupled water solutions which during this time period
may have a relatively ordered structure, at least in certain regions. The
physical problem is: what is the fate of the newly created electron and hole
pair? Could the "dry" electron move in conduction bands formed through the
quantum mechanical coupling of many water molecules? What is the effect of a
dopant (solute) at low and high concentrations on the fate of the electron and
hole pair. It has been postulated that there are structure-making and structurebreaking solutes.1 Little is known about the effects of these solutes on the
long range order of water during the critical time period from 10~ 1 & to 10~^
second. The known scavenging of the precursors of the hydrated electron at high
solute concentrations might be attributable to alteration of the local water
structure. It is possible that at concentrations of solutes where the activity
coefficient of water is different from unity the nature of the primary radiation
physical process may be different from dilute aqueous solutions because of
alterations in the nature of the quantum mechanical binding of water molecules.
For example, in biopolymers the nature of the water hydration layer on the surface of the biopolymers in apparently different from that of bulk water.
Since the structure of pure liquid water itself is far from settled1
there would appear to be many unsolved problems in the theoretical treatment of
the interaction of radiation with this interesting liquid. For example, is it
appropriate to apply to the liquid phase the very large cross section in the
gas phase for proton transfer from l^O* to H2O to give the hydrated proton and
the OH radical? Does the positive hole in liquid water perhaps have a longer
lifetime in the liquid thcin in the gas phase? The application of new data from
liquid water reported by Painter in this Workshop is certainly a welcome addition for the above stated reasons.

1.

F. Franks, Water: A Comprehensive Treatise, Plenum Press, New York, 1972.

143

144

List of Participants In the Workshop on the
Interface Between Radiation Chemistry and Radiation Physics
Argonne National Laboratory, 9-10 September 1982

Dr. Pierre Ausloos
National Bureau of Standards
Washington, D.C. 20234

Dr. Daryl Douthat
Departments of Chemistry and Physics
Univerity of Alaska at Anchorage
3221 Providence Drive
Anchorage, Alaska 99054

Dr. Dave Bartels
Chemistry Division
Argonne National Laboratory
Argonne, IL 60439

Dr. Gilles DuPlatre
Chemistry Division
Argonne National Laboratory
Argonne, IL 60439

Dr. Martin J. Berger
National Bureau of Standards
Washington, D.C. 20234

Dr. Ugo Fano
Department of Physics
The University of Chicago
Chicago, IL 60637

Dr. David J. Brenner
Los Alamos Scientific Laboratory
Mail Stop 809
Los Alamos, NM 87545

Dr. Richard Firestone
Department of Chemistry
Ohio State University
Columbus, OH 43210

Dr. Aloke Chatterjee
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

Dr. Gordon Freeman
Chemistry Department
University of Alberta
Edmonton, Canada T6G 2G2

Dr. Joseph L. Dehmer
Radiological and Environmental
Research Division
Argonne National Laboratory
Argonne, IL 60439

Dr. Alexander E. Green
Department of Physics
University of Florida
Gainesville, FL 32611

Dr. Patricia M. Dehmer
Radiological and Environmental
Research Division
Argonne National Laboratory
Argonne, IL 60439

Dr. Robert N. Hamm
Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, TN 37830

Dr. Michael A. Dillon
Radiological and Environmental
Research Division
Argonne National Laboratory
Argonne, IL 60439

Dr. Robert Hanrahan
Chemistry Department
University of Florida
Gainesville, FL 32611

145

Dr. Cornelius E. Klote
Health and Safety Research
Division
Oak Ridge National Laboratory
Oak Ridge, TK 37830

Dr. Edwin J. Hart
2115 Hart Rd.
Port Angeles, WA 98362
Dr. Richard Holroyd
Department of Chemistry
Brookhaven National Laboratory
Upton, NY 11973

Dr. Steven Lefkowitz
Chemistry Division
Argonne National Laboratory
Argonne, IL 60439

Dr. Keh-Nlng Huang
Radiological and Environmental
Research Division
Argoni.e National Laboratory
Argonne, IL 60439

Dr. Sanford Lipsky
Department, of Chemistry
University of Minnesota
Minneapolis, MN 55455

Dr. Frank P. Hudson
Office of Health and
Environmental Research
Office of Energy Research
Department of Energy
Washington, D.C. 20545

Dr. Daniel Meisel
Chemistry Division
Argonne National Laboratory
Argonne, IL 60439

Dr. Gerhard Meisels
Department of Chemistry
University of Nebraska
Lincoln, NB 68588

Dr. Mitio Inokuti
Radiological and Environmental
Research Division
Argonne National Laboratory
Argonne, IL 60439

Dr. John H. Miller
Pacific Northwest Laboratory
Richland, WA 99352

Dr. Charles Jonah
Chemistry Division
Argonne National Laboratory
Argonne, IL 60439

Dr. William Mulac
Chemistry Division
Argonne National Laboratory
Argonne, IL 60439

Dr. Robert Katz
University of Nebraska
364 Behlen Laboratory
Lincoln, NE 68588

Dr. Conrad Naleway
Division of Chemistry
American Dental Assoc.
211 E. Chicago Ave.
Chicago, IL 60611

Dr. Yong-Kl Kim
Radiological and Environmental
Research Division
Argonne National Laboratory
Argonne, IL 60439

Dr. Anthony Pagnamenta
Radiological and Environmental
Research Division
Argonne National Laboratory
Argonne, IL 60439

146

Dr. Linda R. Painter
Department of Physics
University of Tennessee
Knoxville, TN 37916

Dr. James E. Turner
Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, TN 37830

Dr. William Primak
Solid State Science Division
Argonne National Laboratory
Argonne, IL 60439

Dr. John Unik
Chemistry Division
Argonne National Laboratory
Argonne, IL 50439

Dr. Leon Sanche
Faculty of Medicine
University of Sherbrooke
Sherbrooke, Quebec
Canada J1H 5N4

Dr. Ren-Guang Wang
Radiological and Environmental
Research Division
Argonne National Laboratory
Argonne, IL 60439

Dr. Myran Sauer
Chemistry Division
Argonne National Laboratory
Argonne, IL 60439

Dr. Walter E. Wilson
Pacific Northwest Laboratory
Richland, WA 99352

Dr. Harvel A. Wright
Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, TN 37830

Dr. Klaus Schmidt
Chemistry Division
Argonne National Laboratory
Argonne, IL
60439

Dr. Marco A. Zaider
Radiological Research Laboratories
Department of Radiology
Columbia University
New York, NY 10032

Dr. David Spence
Radiological and Environmental
Research Division
Argonne National Laboratory
Argonne, IL 60439
Dr. Larry H. Toburen
Pacific Northwest Laboratory
Richland, WA 99352

Dr. Alexander Trifunac
Chemistry Division
Argonne National Laboratory
Argonne, IL 60439
Dr. Conrad Trumbore
Chemistry Department
University of Delaware
Newark, DE 19711

147

148

Workshop on the Interface Between
Radiation Chemistry and Radiation Physics

All scientific sessions will be held in Bldg. 221, Rm. A216

Thursday, 9 September 1982
0830

Bus to Argonne leaves Holiday Inn, Willowbrook

0900 - 0915

Welcoming Remarks, Walter Massey (Argonne National Laboratory)

0915 - 1230

Radiation Chemistry
Chairman: Gerhard Meisels (University of Nebraska)
Introductory Speaker: Gordon Freeman (University of Alberta)

1230 - 1400

Lunch

1400 - 1730

Radiation Physics and Modeling
Chairman: Martin Berger (National Bureau of Standards)
Introductory Speaker: John Miller (Battelle Northwest)

1730 - 1830

Cocktail Hour (Cafeteria, cash bar)

1830 - 2100

Dinner (Cafeteria, included in the Registration Fee of $25)

2100

Bus to Holiday Inn leaves Argonne

Friday, 10 September 1982
0830

Bus to Argonne leaves Holiday Inn

0900 - 1200

Gas-Liquid Phase Effects
Chairman: Aloke Chatterjee (Lawrence Berkeley Laboratory)
Introductory Speaker: James Turner (Oak Ridge National Laboratory)

1200 - 1300

Lunch

1300 - 1530

Summary
Chairman: Sanford Lipsky (University of Minnesota)
Introductory Speaker: Mitio Inokuti (Argonne National Laboratory)

1545

Bus to O'Hare Airport leaves Argonne.
The bus will stop briefly at Holiday Inn, Willowbrook, to pick up
luggage, and arrive at the airport around 1700 hours
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