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A new method to simulate single electron tracks, from 0 to 100eV, in water vapour is described. In
this method we employ as input parameters the experimental and theoretical electron interaction cross
sections and also relevant experimental energy loss distribution functions. Most of the open inelastic pro-
cesses (ionization, neutral dissociation, electronic, vibrational and rotational excitation) are considered in
this energy range, as well as the elastic scattering channel. Angular distributions of the scattered electrons
have been related to the momentum transfer, indicating some analytical regularity which allows us to
greatly simplify the computational procedures. The determined simulated track structure has then been
used to derive energy deposition profiles, and thus the induced radiation damage.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Water is one of the most relevant molecular components in liv-
ing organisms. It therefore has been the subject of a large number
of experimental and theoretical studies, in order to determine col-
lisional data for photons, electrons and other particles related to
radiation physics and chemistry. In particular electrons, being the
mainresultant secondary particle, are present in most of these stud-
ies. Comprehensive reviews on electron interactions with water,
over a broad energy range, have been recently published [1,2].
However, due to inherent properties of the water molecule such
as its strong permanent dipole moment, important discrepancies
between theory and experiment remain below 10eV. This is true
even for essential parameters like the total scattering cross section.
Above 10 eV, remarkable contradictions between the measured ion-
ization cross sections and the latest calculation [3] also remain
as an example for these discrepancies. Although in the last few
years an important effort has been made to develop energy depo-
sition models, to be used in biomedical applications of radiation
[4-6], this fundamental data inconsistency is affecting the reliabil-
ity of those models. In this study we therefore present a critical
review of existing experimental and theoretical data below 100 eV.
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By combining previous measurements with our model potential
calculations, we propose a partition of elastic and inelastic chan-
nel cross sections which is consistent with the most accurate total
cross section measurements and representative low energy elastic
as well as rotational excitation calculations. The complete set of dif-
ferential and integral cross section data derived from this analysis, is
subsequently employed to simulate single electron tracks in water
vapour by using a step by step Monte Carlo simulation procedure
[7,8]. Track structure given by this simulation provides relevant
information of biomedical interest, such as energy deposition maps
and radiation damage in terms of molecular alterations.

2. Cross sectional data
2.1. Total electron scattering cross sections

The difficulties which are encountered in measuring total elec-
tron scattering cross sections for low energy electrons in water have
been discussed elsewhere [3]. Essentially this arises because elastic
and rotational excitation cross sections increase rapidly as the elec-
tron energy decreases. In particular their differential cross section
values are strongly peaked in the forward scattering angle direction.
In addition, as the energy gap between rotational levels is only a few
meV [9], extremely good energy and angular resolution is required
to distinguish between scattered and non-scattered electrons in
typical total cross section transmission beam experiments. Early
examples of these measurements [10,11] did not achieve those con-
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Fig. 1. Integral cross sections for electron scattering in H,O (see text for data
sources): (¢) Cho et al. [31]; (wmmmmmm ) total electron scattering (reference val-
ues); () integral elastic; (= ==== ) rotational excitation; ( ) integral
inelastic (excluding rotational excitation); (mmm== == ) integral inelastic (model poten-
tial calculations); ( ) vibrational excitation; (s ) electron attachment;
(@) ionization; (+ ) experimental electronic excitation; (s ) extrapolated
electronic excitation; (- --) remainder inelastic channels (neutral dissociation); (+)
experimental neutral fragmentation.

ditions, so that the observed total cross sections tended to be much
lower than the calculated values [12]. However recent measure-
ments from Jones and co-workers [13], using an energy resolution
better than 2 meV, gave results only slightly higher than the previ-
ous experiments but still far away from the theoretical predictions.
Obviously those new results still require a correction for the angular
acceptance of the detector, but all else seems to indicate that other
factors need to be taken into consideration for a proper comparison
between the theoretical and experimental data. As one example of
those additional factors we note that the experimental molecular
targets are not actually in the ground state, as assumed in the calcu-
lations. In fact they present a rotational level distribution, according
to their temperature, and therefore direct comparison between the-
ory and experiment is not strictly viable. As the systems we are
going to simulate are closer to the experimental conditions, than
to the ideal situation of the calculations, we are thus employing
the experimental values as our reference for the total cross section
data. With respect to the best experimental energy and angular
resolution, relative to the incident energy and from data available
in the literature, we chose three set of measurements to deter-
mine our reference values: the results of Jones and co-workers [13]
for the lower energy domain (0.03-5.4eV), those of Szmytkowski
[11] for low and intermediate energies (5-80eV) and our recent
measurements [3] for higher energies (50-100eV). Total electron
scattering cross sections for incident energies from 0.03 to 100 eV,
derived from these experimental data, are hence shown in Fig. 1.
Taking into account the quoted experimental errors and the statis-
tical deviations in the overlapping energy intervals, the estimated
uncertainties for these data remain within 6%.

2.2. lonization cross sections

Ionization of water molecules by electron impact has been
studied since the early years [14-17] of scattering measurements.
Discrepancies due to systematic errors in those measurements

were, however, overcome by the accurate measurements of Straub
et al. [18]. Although recent calculations [19] showed discrepancies
with those experimental results, our current measurements from
50eV impact energy corroborate the data in Ref. [18]. We there-
fore use the experimental ionization cross sections of [18] from
threshold to 100eV, as shown in Fig. 1, in our simulations. Note
the uncertainty on these data is ~7% which is in accord with our
confirmation measurements [3].

2.3. Electronic excitation cross sections

Integral electronic excitation cross sections have been derived
from the electron energy loss analysis carried out by Thorn and
Brunger [20], from 15 to 50 eV. Differential cross sections for indi-
vidual and unresolved excited states, accessible for each incident
energy, have been integrated and added together. As shown in Fig. 1,
those summed experimental values have been extrapolated up to
100eV and down to the threshold excitation energy by assuming
a simple double logarithmic energy dependence of the cross sec-
tions with energy. Considering the quoted experimental errors and
errors associated with the extrapolation procedures, an accuracy of
20-40% can be assigned to these values.

2.4. Vibrational excitation and electron attachment

Values recommended by Itikawa and Mason [1] have been con-
sidered for these two inelastic channels. Vibrational excitation data
are based on available experiments [10,21-23], but giving more
weight to the most recent results [22,23]. Concerning dissociative
electron attachment to water molecules, no recent measurements
have been found beyond the recommended experimental data from
[24].

2.5. Remaining scattering channels

As we have already mentioned, our model potential proce-
dure [25-27] has been used to calculate differential and integral
elastic scattering cross sections, as well as integral inelastic scat-
tering of electrons in H,O from 1 to 100eV. In a similar manner
to that proposed in [3], the ratio of the inelastic to total cross
sections, given by the calculations, can be used to derive the
remaining integral inelastic cross sections from the reference val-
ues we determined in Section 2.1. Since that model approach
considers inelastic scattering as electron—electron interactions, in
those integral inelastic cross sections both vibrational excitation
and electron attachment are excluded. Therefore, by subtract-
ing the ionization and the electronic excitation cross sections
from the model integral inelastic cross sections, the resulting
data represent the remaining inelastic channels which should be
related to neutral dissociation. The reliability of this procedure
can be subsequently checked, by comparing this “remaining” cross
section with the available neutral dissociation cross section mea-
surements given in [28,29]. As shown in Fig. 1, those neutral
dissociation cross section values generally agree with our corre-
sponding “remaining” cross section although they do tend to be
a little higher at low energies. This tendency can be explained
by noting that some of the neutral fragments observed in [28,29]
come from electronically excited states, which we have already
included in the electronic excitation cross sections of Section 2.3.
By adding all the inelastic channels considered in 1.2-1.5, total
inelastic cross sections can be obtained and their consistency with
measurements and calculations is demonstrated in the above dis-
cussion.
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2.6. Elastic scattering and rotational excitation

From the experimental point of view, it is difficult to discrim-
inate against rotational excitation of molecules, particularly for
molecules with an important permanent dipole moment, as is the
case with water, from the elastic processes. In addition, at small
scattering angles it is difficult to distinguish between unscattered
and elastically scattered electrons. To some extent, depending on
the angular and energy resolution of the experiment, most elastic
measurements include some contamination from these effects. The
procedure we are thus proposing here, to determine elastic scatter-
ing cross sections and rotational excitation from our cross section
database, is the following:

By subtracting the total inelastic cross sections derived in Sec-
tion 2.5 from our reference total cross section of Section 2.1, we
obtain a sum of the elastic and the rotational excitation cross
sections. The rotational excitation of a species with a permanent
dipole, by electron impact, can be easily calculated in the Born
approximation, with formulae as given in [30]. As shown in Fig. 1,
the energy dependence of the integral rotational cross section cal-
culated with these formulae follow a straight line on a logarithmic
plot. As expected, at 50 eV incident energy our calculated integral
elastic cross sections, which exclude rotational excitations, and the
experimental values of Cho et al. [31], for which rotational con-
tamination should be negligible at this energy, show agreement to
within 10%. By fitting the amplitude of this straight line, to obtain at
this energy an elastic cross section value in agreement with those
both calculated and measured, we could separate the rotational
excitation process cross sections from those for elastic scattering
over the entire considered energy range (0-100 eV). The accuracy of
this procedure is linked to the suitability of the Born approximation
and is therefore difficult to quantify. However, the self-consistency
between the theoretical and experimental total cross section data
suggests that uncertainties related to the average rotational excita-
tion cross section should be less than 15%. Integral elastic scattering
cross sections obtained with this procedure are also shown in Fig. 1.
As can be seen from this figure, these elastic values agree with the
measurement given in [31] (from 4 eV) and give results consistent
with our reference TCS values.

3. Angular distribution functions

In previous studies [7,8] we demonstrated how the differential
cross sections, calculated with the above mentioned model poten-
tial procedure, can be used to simulate the angular distribution of
electrons after a collision process. In this case we are introducing
an improvement to that approach by using these differential values
as a function of the momentum transfer. For elastic processes, by
neglecting the recoil velocity of the molecular target, momentum
transfer implies a simple change in the direction of the scattered
electron with respect to the incident one. In Fig. 2, elastic differ-
ential cross sections as a function of the momentum transfer are
shown for the present calculation and for the experimental data of
Cho et al. [31], at different energies. As can be seen, they all agree
well in shape thereby providing a straightforward dependence
which simplifies the way of introducing the data in the simula-
tion procedure. Moreover, considering inelastic collisions we note
that their momentum transfer includes the momentum magnitude
decrease corresponding to the energy transferred to the target. Tak-
ing this energy from the experimental energy loss spectra, Fig. 3
represents the momentum transfer dependence for the differential
cross sections of the elastic and inelastic processes at 40 eV, derived
from the energy loss spectra from [20], at three different scattering
angles, 10°, 50° and 80°, respectively. Also shown in Fig. 3 are least
squares fits to these respective elastic and inelastic data, in order
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Fig. 2. Elastic differential cross sections for electron scattering from H,O as a func-
tion of the momentum transfer: (—) present calculations; (A) measurements from
[31].
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Fig. 3. Comparison of elastic and inelastic differential cross sections, derived from
the experimental energy loss spectra of [20], as a function of the momentum transfer.
The incident electron energy is 40 eV in each case.

to assist the reader to visualize how similar the shapes of these
cross section dependencies are. Given that the behaviour in Fig. 4,
at40 eV, isrepresentative forallincident energies from 10 to 100 eV,
we can assume that having introduced the appropriate momentum
transfer, including the energy loss for the inelastic collisions, the
inelastic angular distribution of the scattered electrons can be sim-
ply determined from that for the elastic case. This further simplifies
the assimilation of the inelastic data into the simulation code.

4. Energy loss distribution functions

As has already been mentioned, the energy distribution func-
tions assumed in this study for the scattered electrons are based on
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Fig. 4. Average energy loss distribution function for high energy electrons in H,O.
This applies for incident electrons with energies in the range 40-100eV.

experimental energy loss spectra. We have recently shown [3] that,
for high enough energies, a reasonably unique energy loss distri-
bution function can be achieved by averaging energy loss spectra
over those for different energies and different scattering angles.
This average energy loss function is shown in Fig. 4 and it will be
used here to determine the energy transferred by electrons in sin-
gle collisions when their incident energy is between 40 and 100 eV.
Below 40 eV, as larger scattering angles tend to be more important,
the angular range has been divided into four regions delineated
by 10°, 50° and 80°. By averaging the energy loss for each angular
region, the accuracy of the energy loss distribution function for the
low energy electrons can be maintained to better than 10%. In Fig. 5
the energy loss spectra for 40 eV incident electrons at the relevant
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Fig. 5. Energy loss spectra of 40 eV electrons in H,0, as a function of the scattering
angle: (—) 10°; (—) 50°; (m——) 80°. Data are from reference [20].

different scattering angles is plotted, showing the angular depen-
dence of the scattered intensity. It is from those data that the low
energy (<40eV) energy loss distribution function is calculated.

5. Modeling electron tracks

The cross section data and energy loss distribution functions
described above, have been integrated in a Monte Carlo code to
simulate single electron tracks. Technical details of that code have
been published in previous papers [7,8], so we will give here only
a brief description. Total cross sections define the mean free path
and, therefore, when a collision event takes place. From the integral
cross section data the program next decides if the collision is elas-
tic or inelastic. In an elastic collision no energy deposition occurs
and the scattering angle is decided from the angular distribution
functions, as a function of the incident energy and the momen-
tum transfer. However, if the collision is inelastic, the energy loss
distribution function determines the amount of energy transferred
to the medium and the momentum transfer. From the probabil-
ity distribution of the different accessible inelastic channels, the
program now decides which type of inelastic process has taken
place and finally the direction of the inelastically scattered elec-
tron. Note that when an ionization collision occurs, this implies
that a secondary electron is automatically generated. The energy
distribution of the secondary electrons is given by the energy loss
distribution function, by assuming that the energy deposited inion-
izing events is just the ionization energy and the rest is entirely
transmitted to the ejected electron. The angular distribution of the
secondary electrons is derived from the momentum transferred by
the incident electron in combination with the momentum conser-
vation law. Figs. 6 and 7 represent typical electron tracks, showing
the energy loss that occurs in single collisions and the type of pro-
cess which is taking place, respectively. As shown in Fig. 8, this
track structure subsequently allows a detailed evaluation of the
energy deposition as a function of the electron penetration in the
medium.

We have not found any other available simulation code results
for electron energies below 100 eV, to compare with the single track
structure given in this study. Concerning other potentially available
quantities, such as the stopping power, to derive energy deposition
profiles to compare with the present, important inconsistencies of

Fig. 6. Single tracks corresponding to five 100 eV electrons in 500 mTorr of water
vapour. Colour scale indicates the energy loss in each collision process from red
(more than 40 eV) to deep blue (0 eV which corresponds to elastic scattering).
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Fig. 7. Same electron tracks as in Fig. 6 but now indicating with colour codes the
type of collision process as follows: 0, elastic scattering; 1, rotational excitation; 2,
vibrational excitation; 3, electronic excitation; 4, electron attachment; 5, neutral
dissociation; 6, ionization.
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Fig. 8. Energy deposition of 100eV electrons in 500 mTorr of water vapour, as a
function of length.

these parameters found in previous studies (see e.g., [3]) make it
not a recommended course of action. At this point, future exper-
imental validation of the present results would be desirable and
more profitable.

6. Conclusions

A complete set of differential and integral electron scattering
cross section data for H,0, based on our previous measurements,
calculations and some data available in the literature, has been
provided. The consistency of these data for all elastic and inelas-
tic channels, including rotational excitation, has been established.

These data were subsequently used as input parameters for a Monte
Carlo simulation code, which provides information on energy depo-
sition and induced damage at the molecular level. Since no previous
results from simulation codes, operating at the energy range con-
sidered here, have been found an experimental validation of the
present results is required.
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