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Monte Carlo simulation methods have been used to evaluate the effects of elastic collisions on the transport
of 0.1, 1, 10, and 100 keV energy electrons in water. The simulations show that transport-related phenomena
in the direction axial (parallel) to the initial direction of travel are more dependent on elastic processes than
those in the radial (perpendicular) direction. A decrease in the total elastic cross section to 10% of its gas
phase value increases the mean axial penetration depths and the maximum of the axial energy deposition
gradients by as much as a factor of 2. The most pronounced effects are observed for electrons of 100 eV
energy where even the mean radial penetrations are doubled. Except for these low energies, the mean radial
penetrations and the radial energy deposition gradients are relatively unaffected by elastic processes, implying
that these parameters are mainly determined by inelastic collisions.

Introduction sections. It also does not address the possible effect of phase
on elastic collisions. This work examines the influence of dif-
by energetic electrons in their passage through matter isferent angular dependences of elastic cross sections on electron

fundamental to the assessment of radiation damage Severaffansport as well as effects due to variation in the total elastic
sophisticated Monte Carlo simulation techniques for modeling crcl>ss h;echor:j. M Carlo simulati hni d
the trajectories of electrons in water and in aqueous solutions n this study, Monte Carlo simulation techniques are use

have been developéd® These codes use extensive arrays of for predicting the spatial distribution of the energy loss events

cross sections for which no experimental values are known in along tracks of energetic e!ectrons N wa&eﬂ?h_e simulation .
the condensed phase. Obviously, the success of these code ethodology and cross sections are discussed in the next section.

for predicting the paths of electrons and their energy loss discussipn of the results calculgted for a variety Of.elaStiC
characteristics is strongly dependent on the choice of the cross-CrOss sections then follows. 'I_'he final section summarizes the
sectional data. Most of the discussions on cross sections have?®MMents made and conclusions drawn.
focused on the inelastic processes, especially on the validity OfMethodoIogy
using liquid density gaseous cross sections to model liquid water. ) ) o
While inelastic processes are very important in determining  1rack Structure Simulation. A complete description of the
energy losses and rightly deserve scrutiny, there has been ndnethodology for simulating the trajectory of an electron as it
analysis of the effects of elastic processes on the transport ofl0Ses energy in water has been presented elsewhBréefly,
electrons in water. This work examines the effects of elastic the path of an electron of defined initial energy and direction is
collisions on electron transport in water using Monte Carlo Modeled using a collision by collision approach. The distance
simulations for electrons of 0-1100 keV energy. be_tween two consecutive collisions is determined by using a
A complete analysis of the transport of energetic electrons Uniformly distributed random number to sample from a prob-
and all of the daughters produced by ionizing collisions until ability distribution constructed using Poisson statistics and the
the electrons are sufficiently slowed to the point that further Mean free path. The new electron position is determined from
electronic collisions are not possible involves a wide range of the distance traveled and the original directional coordinates.
energies. There have been a number of experimental studie* Second random number is then used to determine whether

in gaseous water on the elastic scattering cross sections ofthe collision involves an energy transfer by comparing the
electrons from a few electronvolts to about 1 ke%1° Some ratio of the inelastic cross section with the sum of the inelas-

of the experiments provide limited information on differen- tic and elastic cross sections. Inelastic events are treated in a
tial cross sections; however, the Monte Carlo codes require Similar manner to determine whether the collision led to
values over all angles at each energy. Therefore, a commonionization, excitation, or vibration of the medium molecule. The
procedure in modeling is to make use of semiempirical models Magnitude of energy loss in the collision is evaluated, and the
to estimate elastic cross sections. Mozumder used a Themas €nergy of the incident electron is modified accordingly.
Fermi model which is valid for atonid. Spencer modified the Changes in the trajectory of the incident electron are calculated
Rutherford cross section to include screening of the nuclear from the kinematics in inelastic collisions and from the
field by the electrond? The magnitude of the nuclear screen- appropriate angular distribution in elastic collisions. Successive
ing was first estimated by Molie!® and more extensively generations of secondary electrons created with energy greater
studied by Bethé? In practice, it has been found that the than 25 eV are degraded in the same manner until their energy
screening parameter is best varied to fit the experimental valuesfalls below 25 eV, at which point progression of the trajectory
of the total elastic cross sectidhl® All of the Monte Carlo of the primary electron is continued. The simulations proceed
codes use this procedure in one form or other. While this until the energy of the primary electron drops below 25 eV.
approach ensures reasonable values for the total elastic crosd e lower limit of 25 eV was chosen because the inelastic cross

section, it does not necessarily predict correct differential cross S€ction decreases rapidly with energies below this value and
other transport phenomenon, such as isotropic thermalization,

® Abstract published ildvance ACS Abstractgune 1, 1997. become more dominaht.

Knowledge of the spatial distribution of the energy deposited
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Figure 1. Effect of electron energy on the total cross section for elastic

J. Phys. Chem. A, Vol. 101, No. 25, 1994505

10‘14 T T T T T T T T T T

10-15

1016

1017

10-18

Differential cross section ( cm2)

1 0_19 1 1 1
0 30 60 90 120 150 180

Angle

Figure 2. Angular dependence of the cross section for elastic collisions
of 100 eV and 1 keV energy electrons in water: screened Rutherford

collisions of electrons in water: screened Rutherford cross section using.oss section equation 4b (dotted lines): polynomial interpolation of

eq 4a (dotted line), screened Rutherford cross section using eq 4b (soli

line); experiment, M) ref 6, @) ref 7, (a) ref 8, (v) ref 9, and ®) ref

dexperiments, eq 5 (solid lines); experimental, ref@) {00 eV, @) 1

keV.

10. Total electronic cross sections are shown as a dashed line, ref 5,

and experimental elastic cross section in ich, (ef 18.

the total cross section. Both formalisms for the screening
parameter fit the data well and predicte the same angular

Typically, 10*—10P total simulations are performed for a given e al
primary electron energy. All electronic, ionization, and vibra- dependence. The one due to Grosswendt and Waibel is used

tion—rotation cross sections are the same as used previously" this work because it offers a smooth energy dependence for

for the liquid phase of watér.
Elastic Cross Sections Experimental values for the total

the total elastic cross section.
A comparison of the experimental data and the calculated

elastic cross-section for gaseous water are shown in Figure 1differential cross sections is shown Figure 2 for a 100 eV and

as a function of electron ener§y® Also shown in the figure
are the theoretical cross sections obtained by evaluating

Oglastic — ZJtJSTOJ(O, E) sin6 do (]_)

using two different formulations for the Molie screening of
the Rutherford differential cross sectiari(6,E). The angular

dependence of the differential elastic cross sections has the for

d'(0,E) = (Z* + 2)€Y(p**(1 — cosf + 2p)>)  (2)

where p, e, and v are the electron momentum, charge, and

velocity, respectively. In this expressidhis the total number
of electrons per molecule ang is the nuclear screening
parameter given by the following expression:

n=2Z"d(T(T +2)) (3)

Here,T is the kinetic energy of the electron in unitsmaf? and
7 is a fitted parameter.

a 1 keV energy electron. Even though the total elastic cross
sections are similar, the angular dependence of the experimental
data for low-energy electrons does not correspond to that
predicted by eq 2. The modified Rutherford cross section
predicts too little forward scattering and a more isotropic angular
distribution than observed experimentally. In order to fully
exploit the available experimental data, an alternative description
of the angular dependence was developetdhe available

mexperimental data were critically evaluated and fitted using the

polynomial function
d(0.E)=a,+ a0 +af’*+ap’+ an’ (5)

where the coefficientay, a;, a, as, anda, depend on electron
energy. The energy dependence of each of these parameters
was again fit with a fourth-order polynomial. Such a procedure
provides a method that allows for the fast and accurate
computation of the differential cross section as a functiofi of
andE. The differential elastic cross sections interpolated using
this treatment are included in Figure 2. The interpolated cross

Using a formalism originally suggested by Berger, LaVerne sections reproduce the experimental measurements significantly
and Mozumder fitted eq 1 to the available experimental data better than those calculated using the Madiescreening

and found that for water
.= 1.13+ 3.76@/(137p))* (4a)

subject to the condition thaj. < 1.717 Without the added

parameter.

Most of the following discussion will consider the effects
due to elastic processes; however, the magnitude of the elastic
cross section with respect to the total inelastic cross section is
important. For comparison, Figure 1 contains the energy

constraint, the Moliee screening parameter causes the total cross dependence of the electronic contribution to the inelastic cross
section to deviate significantly from the data and quickly section as obtained from the dipole oscillator strength distribu-
decrease to zero at energies less than about 10 keV. Unfortution of liquid water®

nately, it can be seen in Figure 1 that this restriction introduces

The Monte Carlo calculations were performed with four

a cusp in the calculated cross section at about 10 keV. A different assumptions for the elastic cross section:etgeri-
different formalism suggested by Grosswendt and Waibel was menta) the total elastic cross section as obtained from the best

also scaled to the experimental data using

7. = 1.64— 0.0825 InTm¢) (4b)

fits to the experimental data, i.e. using egs 1, 2, 3, and 4b with
the angular dependences determined by eq 5R(iherford

the same total elastic cross section as in (a) but with angular
dependences as determined from the Meligcreening param-

which results in a smooth curve for the energy dependence ofeter, i.e. using eqgs 2, 3, and 4b; ¢educed experimentathe
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total elastic cross sections set to 10% of the experimental valuesTABLE 1. Mean Radial, Axial, and Vector Penetrations for
with the same angular dependences as in (a); anao(d)astic 0-|1, 1, 10, and 100 keV Electron lfn Water Using Different
the total elastic cross sections set to zero. All inelastic cross E/astic Cross Sections (in Units of nm)

sections and other parameters were the same in all of the 100eV  1lkeV 10 keV 100 keV
calculations. Radial
. . Rutherford 2.23 21.0 9.86 1 5.48x 10*
Results and Discussion exptl 2.79 224 98k 1% 550x 10t
Monte Carlo track structure simulations are well-suited for o« =0.1(expt)  5.18 234  10310° 5.62x 10
exploring the effects of elastic collisions because of the detailed ¢~ 0 6.65 ?3'8 9.506<1*  5.28x 10°
spatial information they provide. Simple deterministic modeling Axial
techniques which give only energy loss parameters are not eR)therford 215358 22515’ 9155 ig g-ggi ig
suitable for this task. For instance, the path Ien_gth and stopping 0= 0.1 (exptl) 447 209 182 1° 102x 10F
power are not affected by the elastic collisions since these events 4, = o 5.74 44.8 206 10° 1.12x 10F
do not result in energy loss. Simulations in which the elastic Vector
collisions are ignored, i.@eiasicis Set to zero, do not affectthe  gyherford 3.02 325 158 1 8.44x 10¢
predictions for these parameters. The most noticeable effects exptl 3.88 36.8 1.4& 10® 8.45x 10
of elastic collisions are on those properties that depend on the e = 0.1 (exptl) 7.43 494 218100 1.21x 1P
trajectories of the electron. These parameters include the range, %e =0 9.55 527  23%10° 1.28x10°

the dose, and the energy loss gradients of the electron. Each
of the following sections will look into these areas separately. ~ The mean radial penetration is given in Table 1 for 0.1, 1,
Since the purpose of the present work is to examine the effects10, and 100 keV electrons in liquid water. For electrons of 1
of elastic collisions on electron transport, the elastic cross keV energy and above, elastic processes have very little effect
sections were varied systematically and the changes in the result®n the radial penetration. Radial penetration is determined
recorded. The elastic cross sections obtained by the best fit tomainly by hard inelastic (ionization) events which alter the
the gas phase experimental results for both the total cross sectioparticle trajectory due to the kinematics of the collision. At
and its angular dependence are assumed to be representative 300 eV energy, elastic collisions reduce the mean radical
reality and used as the standard for comparison. This type of Penetration by more than a factor of 2. It can be seen in Figure
cross section will be denoted as “experimental” for the liquid 1 that at this energy the elastic and inelastic cross sections are
even though it is known to be strictly correct only for the gas of similar magnitude. Below 100 eV the inelastic cross section
phase. The effects of the angular distribution on electron decreases very rapidly, and at low electron energies the
transport properties are examined by performing identical setspredominant type of collision is elastic. Therefore, a strong
of calculations with the same total elastic cross section only dependence of the radial penetration on the magnitude of the
using the angular distribution predicted by the Rutherford cross total elastic cross section is expected. Only a minimal
section with the Moliee screening parameter, egs 2, 3, and 4b. dependence of the radial penetration on the angular distribution
The effect of condensation on elastic cross sections is notiS apparent at electron energies greater than 1 keV.
known as no information on elastic cross sections in liquid water ~No phase effect on the radial penetration is expected for
is presently available. It is expected that the effect of condensa-€lectrons above about 1 keV energy. However, since the
tion will be small since these collisions are dominated by the magnitude of the elastic cross section is very important in
interaction of the incident electron with the nuclei of the determining the radial penetration of lower energy electrons,
medium. However, Michaud and Sanéhleave measured total ~ an observable phase effect is possible. This effect may lead to
elastic cross sections in ice and found them to be more than anan increase in the radial penetration by as much as a factor of
order of magnitude lower than in the gas phase; cf. Figure 1. 2 from the gas to the condensed phases. Of course, the
The cross sections in ice represent lower limits because theobservable effect of elastic cross section depends on the relative
experimental technique does not take into account elastic magnitude of the elastic to the inelastic cross section.
processes with small angular deflections. Other models for The mean axial penetration is strongly dependent on elastic
liguid water have assumed a more conservative 60% decreaseollisions at all electron energies. Table 1 shows the calculated
in the total cross section from the gas to liquid ph&%en this mean axial penetrations for the four electron energies using each
work, it was assumed that the maximum effect of condensation of the elastic cross sections. Decreasing the experimental elastic
on the total elastic cross section is to reduce its magnitude tocross sections to 10% doubles the mean axial penetration. A
10% of the value for the gas phase. The angular dependencdurther increase in penetration is observed for the lower energies
was assumed to remain the same as in the gas phase. Finallyif the elastic cross section is completely removed. It appears
an estimate of the total effect due to elastic processes wasthat elastic processes can decrease the penetration by at least a
obtained by setting the elastic cross section to zero. factor of 2 at all of the energies examined here. Consequently,
Range Distributions. Track structure simulations were used condensation is expected to have a rather strong effect on the
to predict four different distances traveled by an electron: (i) axial penetration if the elastic cross section in the liquid phase
the path length, (ii) the vector distanpé; — Xi| between the differs significantly from its gas phase value.
initial position (X;) and final position Xs), (iii) the absolute At energies above 10 keV the angular distribution of the
value of the radial component of the veckr — X; (perpen- elastic cross section has virtually no effect on the axial
dicular to the initial electron trajectory), and (iv) the axial penetration. This result is not too surprising since the angular
component of the vectoft; — X; (parallel to the initial electron dependence of the screened Rutherford cross section is very
trajectory). By definition, elastic processes make no contribu- similar to experimental observations. Even at 1 keV the angular
tion to the total path length. Elastic collisions change the dependences are very similar; cf. Figure 2. However, at
direction of motion, but the distance traversed between inelastic progressively lower energies, the more forward peaked experi-
collisions remains the same. Of course, the calculations showedmental cross sections lead to progressively longer axial penetra-
no effect on path length when the elastic cross section was settions when compared to the results obtained using screened
to zero. Rutherford cross sections. A 100 eV electron exhibits more
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Figure 3. Energy deposition densitf) (eV/nm), contours for 100 eV energy electrons for the various formalisms of elastic cross sections: (a)
experimental gas phase values; (b) same total cross section as in (a) with angular dependence predicted by a screened Rutherford cross section; (c)
total cross sections of (a) reduced to 10% with same angular dependence; (d) elastic cross section set to zero.

than a 30% change in axial penetration for the two angular ionizing radiation and therefore are fundamental in determining
dependences examined compared to a 17% changelfkkeV observable radiation chemical kinetics. If the thermalization
electron and a 4% change for a 10 keV electron. distance of low-energy electrons is small compared to the mean
The mean vector penetration is a composite of both the radial vector penetration, then the physical size of spurs estimated
and axial penetrations. Therefore, its dependence on elasticusing gas phase cross sections may be somewhat smaller than
processes will be strongly affected by which of these compo- reality!® Of course, thermalization distances cannot be ignored,
nents is the dominant one. As seen in Table 1, the magnitudesbut they are not addressed in this work.
of the mean axial and radial penetrations depths are about the The mean vector penetration shows very little angular
same at all energies. It is observed that the mean vectordependence at high electron energies. Even at 100 eV energy,
penetration is dependent on elastic processes, but not quite ashe increase in penetration is only 30% for the more forward
much as the mean axial penetration. At high electron energies,peaked experimental elastic cross sections. For the most part,
the mean vector penetration increases by about 50% onthe dependence of the mean vector penetration on the an-
decreasing the elastic cross section by an order of magnitude gular distribution is the same as found with the mean axial
The complete elimination of the elastic cross section does not penetration.
have much more of an effect. Electrons of 100 eV and lower Energy Deposition Density. The ranges of electrons are
are more profoundly effected by elastic processes. Decreasingmportant for many applications, but in radiolysis the overall
the elastic cross section to 10% of the experimental value shapes of the energy deposition distributions are perhaps more
increases the mean vector range by a factor of 2. Setting thesignificant in determining the chemistry. Previous calculafions
elastic cross section to zero increases the mean vector penetrahave shown that at low electron energies the energy deposition
tion by more than a factor of 3. Low-energy electrons are distribution is nearly spherical centered about the origin. With
mainly responsible for the formation of the nonhomogeneous increasing electron energy the distribution progresses through
distributions of reactive species, spurs, produced by high-energyan ellipsoidal to more of a dumbbell shape. This change in
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Figure 4. Energy deposition gradient as a function of axial penetration for 0.1, 1, 10, and 100 keV electrons using the various formalisms of elastic
cross sections: (@) (solid line) experimental gas phase values; (b) (dashed line) same total cross section as in (a) with angular dependence predicted
by a screened Rutherford cross section; (c) (dot-dash line) total cross sections of (a) reduced to 10% with same angular dependence; (d) (dotted
line) elastic cross section set to zero. The initial stopping powers at each energy are given dyd(the gradients from other work are at 1 keV

(®) ref 20 and at 100 keV&) ref 21 and ) ref 22.

shape is due to the increase in the inelastic cross section withdeposition distributions. Instead of a spherical geometry the
respect to the elastic cross section at higher energies. At verydistributions are more teardrop shaped. The radial penetration
high electron energies, the inelastic cross section is much greateresults suggest that the width of the distribution could increase
than the elastic one, and most of the energy density is locatedby as much as a factor of 2 on the elimination of the elastic
in the forward direction. With low-energy electrons the relative cross section. However, the energy distributions appear to be
magnitudes of the cross sections are reversed, and the track islightly narrower or at least unaffected in the radial direction
much more spherical due to the high number of large-angle on reducing the value of the total elastic cross section. This
scattering processes (both elastic and inelastic). apparent discrepancy is due to the fact that the penetration only
The predicted effects of the various elastic cross sections ondescribes the final position of the attenuated electron, while the
the penetration of an electron are most pronounced at lowerenergy distribution shows the spatial location of energy attenu-
energies. Low-energy electrons are centrally important in ation. A reduction of the elastic cross section values seems to
radiolysis processes so an examination of the effects of elasticstretch the energy distributions more along the axial axis. The
processes on energy deposition density will focus on these main region of energy deposition is close to the origin for all
energies. Figure 3 shows a contour plot of the variation in the elastic cross sections because the rate of energy loss of the
energy deposition using the four formalisms for the elastic cross electron decreases as it slows.
section. Experimental gas phase cross sections predict a Energy Loss Gradient. A quantitative measure of the energy
spherical distribution that is slightly elongated in the forward deposition gradient of an electron in the plane of its initial
axial direction. The relatively forward peaked angular depen- motion can be obtained by integration of the radial dose
dence at low energies may account for this small bias in distribution in the radial direction. A similar summation in the
direction. It is observed that the use of the more isotropic axial direction gives the radial dependence. The results of such
screened Rutherford cross section results in a more sphericakalculations are shown in Figures 4 and 5 where the gradient
distribution. The centers of both distributions are also slightly of energy deposition in the axial and radial directions are plotted
displaced in the forward axial direction. Apparently, the as a function of the respective penetration for 0.1, 1, 10, and
memory of the initial forward direction of the electron is 100 keV electrons. Each figure shows the results due to the
maintained even at these low energies. various formalisms for the elastic cross sections. Figure 4 also
Reducing the elastic cross section by a factor of 10 or setting shows the initial stopping powers for the four electron energies
it to zero appears to have about the same effect on the energyand the energy deposition gradients of Turner et®dbr
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Figure 5. Energy deposition gradient as a function of radial penetration for 0.1, 1, 10, and 100 keV electrons using the various formalisms of
elastic cross sections; line types are the same as in Figure 4.

electrons of 1 keV energy and for electrons of 100 keV energy  Backscattering of electrons due to elastic processes can occur
by Hamm et aP! and Kobetich and KatZ by a succession of small-angle scattering events or a few large
The position of the maximum of the distributions for the angle ones. At energies above 1 keV most of the backscattering
energy loss gradient in the axial direction are very similar for is due to elastic processes. Removal of the elastic processes
the experimental gas phase elastic cross sections, and theesults in almost no backscattering. Generally, the forward
screened Rutherford cross sections at all electron energies. Atmomentum of the electron in the initial part of its path carries
low energies the width of the distribution is smaller for the it sufficiently far from the origin that later collisions after the
Rutherford cross sections, and it gradually increases relative toelectron energy has decreased substantially do not return it to
that predicted using experimental cross sections as the electrorthe origin. At low electron energies back scattering is due to
energy increases. There is virtually no difference between the both elastic and inelastic processes.
two distributions at the highest energies. The energy gradients in the radial direction seem to be
Very little difference in the energy gradient distributions somewnhat independent of the elastic cross section chosen for
in the axial direction is observed by setting the cross section g|| energy electrons; cf. Figure 5. This result is probably
to zero or to 10% of the experimental value, although both of predictable from the variations of the mean radial penetrations
these distributions are very different from that predicted using listed in Table 1. Reduction of the magnitude of the cross
experimental elastic cross sections. At low electron energies section produces an energy gradient with a monotonic decrease
both of the distributions are peaked at about the same posi-with increasing radial penetration. The experimental cross
tion as with the experimental cross sections. With increasing sections show a peak value for the energy gradient at the origin,
electron energy the distributions for the reduced values of put another maximum is displaced from the origin. The cause
the total elastic cross section shift to greater axial penetration of this second maximum is easily explained by considering the
depths than observed with experimental cross sections. Atradial dose distribution. As the distance along the direction of
the highest energies the peak positions of the distributions canthe original trajectory increases, the radial position of greatest
vary by more than a factor of 2. This magnitude corre- density moves away from the origin. The possible effects of
sponds roughly to the variation in the mean axial penetration phase on the energy gradient in the radial direction are expected
observed in Table 1. The large increase in the mean axial to be negligible.
penetration upon reduction of the elastic cross section for 100
eV energy electrons is not as pronounced in the distributions Summary
for the energy loss gradients. The energy loss gradient with
no elastic cross section is slightly skewed to large penetration
values.

Monte Carlo simulation methods have been used to evaluate
the effects of elastic cross sections on the transport of 0.1, 1,



4510 J. Phys. Chem. A, Vol. 101, No. 25, 1997 LaVerne and Pimblott
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