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Evaluated electron scattering cross section
dataset for gaseous benzene in the energy range
0.1–1000 eV†
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In this study, a complete and self-consistent cross section dataset for electron transport simulations through

gaseous benzene in the energy range 0.1–1000 eV has been critically compiled. Its reliability has been evalu-

ated through a joint experimental and computational procedure. To accomplish this, the compiled dataset

has been used as input for event-by-event Monte Carlo simulations of the magnetically confined electron

transport through gaseous benzene, and the simulated transmitted intensity has been compared with the

experimental one for different incident energies and benzene gas pressures.

1. Introduction

Benzene, the simplest aromatic hydrocarbon, is an ideal can-
didate for further understanding the behaviour of more
complex molecules present in living organisms that can be
considered derivatives from the C6H6 ring, including hetero-
cyclic compounds such as pyridine and pyrimidine. From a
technological perspective, this chemical compound holds sig-
nificant importance in petroleum industries1 playing a crucial
role in various fundamental processes, such as its involvement
in alkylation with ethylene to produce ethylbenzene, which
serves as the primary feedstock for the production of styrene
monomers.2 In addition, benzene has attracted the attention of
the astrochemistry research community,3,4 both because of the
difficulty in finding its means of formation5,6 and because of its
role as a building block for polycyclic aromatic hydrocarbons
(PAHs),7 which have been identified in the interstellar
medium8,9 and are considered to play a fundamental role in
carbon astrochemistry.10 As a consequence electron interac-
tions with gaseous benzene have been extensively studied with

both experimental11–19 and theoretical14,20–26 methods (see also
references therein). However, to the best of our knowledge, the
surveyed literature does not account for a complete cross
section dataset for electron scattering from benzene.

One of the main reasons for obtaining these datasets is their
use as input data for event-by-event Monte Carlo simulations,27 in
order to obtain further understanding of the effects induced by
radiation as it passes through matter, which is of great interest in a
wide range of fields such as astrochemistry, biology and the
petrochemical industry. These simulations require a self-
consistent data set of cross-sections as input parameters,28–30

making the compilation of these datasets a major area of research
as the accuracy of the simulations is directly related to the accuracy
of the input data.27 Indeed, the collection of accurate, complete,
and self-consistent cross section datasets represents a challenge as
there is often a lack of reliable results for some of the physical
processes or, even if data are available, significant discrepancies
may exist among them. Specifically, a review of the available
literature for benzene in the gas-phase reveals the lack of complete
vibrational and electronic excitation cross sections, as well as
important discrepancies between experimental31–34 and
calculated20,22,35,36 ionization cross sections.

In this study, we provide a dataset for electron scattering
from benzene in the electron energy range from 0.1 to 1000 eV, to
be used for modelling purposes. To achieve this, we have followed
the same joint experimental and simulated procedure we success-
fully used in our recent studies on para-benzoquinone,37

pyridine38 and tetrahydrofuran39 molecules. Additionally, the
self-consistency of our integral cross sections (ICSs) is evaluated
by comparing the sum of the ICSs assigned to all the scattering
channels with our recently measured total cross section (TCS).11

Furthermore, the accuracy of the proposed dataset is assessed
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through the comparison of the simulated and experimental energy
distribution of electrons transmitted through gaseous benzene at
different incident energies (15 and 90 eV) and target gas pressures
(2.5 and 5.0 mTorr). For this, the present cross section dataset is
used to feed our recently developed Monte Carlo code39 in order to
simulate the transmitted intensity under the same conditions of
the present experiment.

The remaining sections of this paper are organized as
follows. The experimental and computational methods are
described in Section 2. In Section 3, the compiled cross section
dataset is presented. In Section 4, the accuracy of the cross
section dataset is evaluated by comparing the Monte Carlo
simulations with the present experimental transmitted inten-
sity spectra, ending with a discussion about the level of agree-
ment derived from the comparison. Finally, the attained
conclusions are drawn in Section 4.

2. Experimental and
computational details
2.1. Magnetically confined electron beam experiment

Transmitted electron intensity spectra through gaseous ben-
zene were measured in a state-of-the-art magnetically confined
electron beam experiment,40 including some recent improve-
ments as recently discussed in ref. 39 and 41. The working
principle of this setup is based on the axial confinement of the
electron beam by applying a magnetic field of about 0.1 T.
Briefly, a hairpin filament generates the primary electron beam
which is passed through a nitrogen trap where it is cooled, thus
reducing its initial energy spread of 500 meV down to about
100–200 meV. Subsequently, it is pulsed at the exit of the
nitrogen trap and then transported to the scattering chamber,
where gaseous benzene is introduced through a leak valve and
maintained at a constant pressure. Before reaching an electron
multiplier detector (Micro Channel Plate-MCP), the transmitted
electrons traverse a retarding potential analyser (RPA) placed at
the exit of the scattering chamber. Integrated transmission
curves are obtained by recording the transmission intensity
as a function of the retarding voltage which is driven by a
voltage ramp. The whole pulsed electron gun control, retarding
voltage generation, data acquisition and data analysis are
managed by an appropriate custom-designed LabView compu-
ter programme. As detailed before,40 due to the magnetically
confined conditions of the experiment, any scattering event is
translated into momentum, and therefore kinetic energy loss in
the forward scattering direction. This feature allows evaluating
both the integral and differential cross sections by comparing
the measured and simulated spectra.

2.2. Simulation procedure

Our specifically designed event-by-event Monte Carlo code was
fully built in Python39,41 and has been used to simulate the
transmitted intensity of magnetically confined electrons
through gaseous benzene. This code has a modular structure
that allows easy implementation, revision and modification of

each of the physical processes involved in any specific simulation.
When simulating the tracks of charged particles, the code con-
siders the different physical processes by sampling the step length
between collisions, the interaction type, the energy loss, and the
angular deflection of the scattered particles. This sampling is
performed from the probability distributions derived from the
input dataset comprising the total cross sections, the partial
integral cross sections, the energy loss distribution functions
(derived from the experimental energy loss spectra) and the
angular distribution functions (derived from the differential cross
sections). The confinement effect along the axial magnetic field,
which is one of the main distinctive characteristics of the experi-
mental setup, is also considered in the simulation by means of the
procedure described in a previous study.39 Briefly, the axial
magnetic field confines the electron trajectories to a spiral of
small radius, allowing them to pass through collimators with a
minimum diameter of 1.5 mm. Although the perpendicular
component of the momentum rotates, its magnitude remains
constant. To simulate the confining effect of the magnetic field,
we assume that the electron motion between collisions is
restricted to the axial direction and the effect of any scattering
event implies a momentum loss in this direction.

In the present study, we have generated 104 electrons with the
initial energy distribution resulting from the experimental trans-
mission measurements when no gas is introduced (0 mTorr) into
the scattering chamber for the considered initial kinetic ener-
gies. This number of electrons was enough to assure the
reproducibility, within 1%, of the simulated transmission inten-
sity distribution for all the energy and gas pressure conditions
considered in this study. It is also important to note that the
retarding potential analyser of the present experimental setup
affects only the axial component of the electrons momenta. The
simulation output consists of a cumulative distribution of the
number of electrons reaching the detector with kinetic energy
associated with the axial component of the momentum higher
than a given energy between 0 and that of the primary electron
beam. This energy distribution is directly compared to the
experimentally transmitted intensity obtained by varying the
retarding potential within that energy range.

3. Results: input data for Monte Carlo
simulation of electron transport
through gaseous benzene

Our event-by-event Monte Carlo simulation procedure for mod-
elling the transport of electrons through gaseous media
requires the following input data groups: (i) a complete set of
ICSs for all the relevant processes at each considered energy, (ii)
the angular distribution, given by the differential cross sections
(DCSs), of the scattered electron after a process occurs, and (iii)
the transferred energy by the electron to the target for each
collision process, which in this case is obtained from the energy
loss spectra. The data selected for each one of these groups are
presented in the following subsections.
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3.1. Total and elastic integral cross section

The proposed integral cross section data for gaseous benzene
in the energy range from 0.1 to 1000 eV are shown in Fig. 1 and
are also available in the ESI† (Table S1). The TCS represents the
sum of all scattering processes occurring at a given incident
energy; therefore, following the same criterion as in our pre-
vious studies for other polyatomic molecules,37–39,41 we con-
sidered the TCS as benchmarking data to address the self-
consistency of the complete integral cross section dataset. The
TCSs used for this purpose are those presented by Costa et al.11

once corrected by the experimental angular acceptance39 for
energies above 2 eV, and those obtained by Gulley et al.15 down
to 1 eV. Below 1 eV, as benzene is a non-polar molecule, we
simply consider the sum of the elastic and vibrational CSs, as
we will discuss later. The absolute uncertainty for the TCS in
the whole energy range investigated is estimated to be 10%.

For the integral elastic cross sections (IECS), we proposed
those in ref. 11, which include the calculated Schwinger multi-
channel method (SMC) with pseudopotentials for energies up
to 15 eV, and those from the IAM-SCAR + I calculations for
higher energies. Note that for lower energies, we have sub-
tracted the peaks associated with the two shape resonances
from the calculated IECS as they are included in the experi-
mental TCS. A detailed discussion of both the experimental TCS
and the calculations can be found in ref. 11 and 21.

3.2. Ionization cross section

Regarding the ionization cross section, important discrepancies are
observed between the data available in the literature whether they
were either derived from experimental31–34 or theoretical20,22,35,36

methods, as depicted in Fig. 2. Apart from considerable differences
in magnitude, there is also a reasonable shift in the maximum
values of the experimental and theoretical data sets. Considering
the ratios between the production yields of benzene dication
and parent ion to be around 5–10%,42–44 an overestimation of
the experimental CS magnitude can be expected if ion current

measurements are not complemented by a mass/charge analysis of
the produced cations. Accordingly, the measurements obtained by
Bull et al.31 and Zhou et al.34 have been corrected for such
contribution (see Fig. 2). However, as the dication contribution to
the ion current is within the uncertainties associated with both
measurements, this correction is not significant, and these experi-
mentally corrected values are not considered in the following
discussion.

In Fig. 3, we show the available results for the ionization CS
together with the TCS once the elastic contribution has been
subtracted (TCS-IECS). For energies above 60 eV, the difference
between TCS-IECS and the ionization CSs should be attributed
to the electronic excitation CS. Based on this, an overestimation
of both experimental ionization CSs is anticipated, at least, for
energies above 150 eV. Concerning the calculated data, a clear
overestimation of the ionization cross section is noticeable for
those from Prajapati et al.20 and Kim and Irikura.36 In contrast,
we suggest an underestimation of the calculated ionization
cross section by Singh et al.22 This suggestion is based on the
fact that if we consider their ionization CSs, the electronic
excitation would remain almost constant as the energy
increases, which is in contradiction with the first Born approxi-
mation. From all the above considerations, the most realistic
ionization cross sections would be those in the central region,
i.e., those calculated by Hwang et al.,35 those obtained through
the BEB method by Singh et al.22 and those obtained through
the IAM-SCAR + I method.45,46 Nevertheless, and from the
impossibility to elucidate which of these data are the most
reliable, we adopted as ionization cross section, the average of
these with an associated uncertainty of 10%.

In addition, we have estimated the double ionization cross

section for benzene by calculating the ratio, r ¼

P
i

Ii
2þ

P
i; j

Ii; jþ þ Ii2þ
� �,

between the observed double cation (Ii
2+ = C6Hi

2+) and the total

Fig. 1 Proposed ICSs together with the TCS for electron scattering from
gaseous benzene in the energy range 0.1–1000 eV. See also the legend in
the figure.

Fig. 2 Available ionization cross section for electron scattering with
benzene20,22,31–36 together with those obtained through the IAM-SCAR +
I method. See also the legend in the figure.
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cation intensities (Ii, j
+ = CjHi

+). For this purpose, we used two
different mass spectra recorded at 70 eV.44,47 We first estimated
the ratio between the parent ion Ip

+ = C6H6
+ and the total cation

intensities r1 ¼
Ip
þP

i; j

Ii; jþ þ Ii2þ
� �, obtaining the same value for

both spectra, as expected. We then assumed that this ratio
does not strongly depend on either the electron impact energy
or the scattered electron angle.48,49 On the other hand, we

estimated the ratio r2 ¼

P
i

Ii
2þ

Ipþ
as a function of the electron

energy by averaging the data from ref. 43 and 44. Finally, we
calculated the ratio r = r1�r2. The estimated uncertainty of the
double ionization CSs derived from this procedure is
about 30%.

Finally, despite the cross section for the K-shell ionization of
the carbon atom50 being several orders of magnitude lower
than the total ionization cross section of benzenes (being
therefore within the uncertainty limits of the total ionization
CSs), for completeness, we have included it in our proposed
integral cross section dataset for benzene (see Table S1, ESI†).
We have estimated these values by assuming that each carbon
atom scatters independently within the benzene molecule,
which is a good approximation at such high collision energies
(above 277 eV).

3.3. Excitation and attachment cross sections

Vibrational18,19,51–53 and electronic12,20,25,54–62 excitations for
benzene have been widely studied. However, comprehensive
and sufficiently reliable cross sections of data for these

processes are not yet available to serve as valid input for Monte
Carlo simulations. We have faced this challenge by using the
following procedure.37–39 First, we subtracted the proposed
integral elastic cross sections from the TCSs for energies above
1 eV, thus obtaining an inelastic integral cross section from
which, once the ionization cross section is removed, the vibra-
tional and electronic excitation cross sections are attained. Sub-
sequently, both were decomposed by setting the electronic
excitation threshold at 4 eV. Around this energy, we considered
that the available inelastic cross section was progressively trans-
ferred between the vibrational and electronic excitation cross
sections, resulting in a smooth transition between the two pro-
cesses. For energies below 1 eV, we propose that the vibrational
cross section to decay following the behaviour observed in similar
molecules.63,64 According to this procedure, the uncertainty limits
for the electronic and vibrational excitation cross section are
assumed to be around 25%. Finally, for electron attachment
processes, we have simply extracted the resonance peaks found
in the TCS profile up to 7 eV, with the uncertainty associated with
these values to be around 10%.

3.4. Angular distribution functions

The elastic distribution functions have been obtained from
normalized elastic DCSs, as a function of the scattering angle.
The calculated cross sections were obtained with the SMC with
pseudopotentials for energies up to 15 eV21 and with the IAM-
SCAR + I method45,46 above that energy (available in the ESI†).
Regarding the inelastic processes, despite some data on double
and triple differential ionization cross sections,65 as well as for
differential electronic excitation cross sections,12,25 are avail-
able in the literature, they are restricted to some scarce impact

Fig. 3 Comparison between the TCS minus elastic CS (TCS-IECS) and (left) experimental ionization cross section from ref. 31 and 34 (right) available
calculated ionization cross section20,22,35,36 together with those obtained through the IAM-SCAR + I method. See also the legend in the figure.
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energies or reduced angular ranges. Therefore, we have
obtained the angular distribution functions for all inelastic
processes using a semi-empirical formula (eqn (1)), which has
been proven to be accurate enough to reproduce the inelastic
scattering angular distribution dependence for different mole-
cules, including benzene.38,65

d2s Eð Þ
dOdDE

/

ds Eð Þ
dO

� �1�DE=E

el

; DEo 30 eV

ds Eð Þ
dO

� � 1�DE=Eð Þ1:3

el

; DE � 30 eV:

8>>>>><
>>>>>:

(1)

3.5. Energy loss distribution function

The energy loss distribution function for the considered inelastic
channels (electronic, vibrational discrete excitations and ioniza-
tion) has been derived from the normalised energy loss spectrum
shown in Fig. 4. The double and K-shell ionization channels are
not considered in our simulation due to two major reasons.
First, the lack of specific energy loss or angular cross sections
data for these processes, and second, both are included in the
uncertainty limits of the total ionization CS. Furthermore, note
that the ionization of the carbon K-shell is not accessible in the
energy range considered in our simulation (up to 90 eV).

The energy loss distribution function used in this simula-
tion is shown in Fig. 4. For energies above 4 eV, where
ionization and electronic excitation processes are dominant,
we used the data obtained from our electron transmission
spectrometer at the electron impact energy of 90 eV.46 For
lower energy losses, associated with pure vibrational excita-
tions, we have used the data reported by Wong and Schulz.52

In previous investigations,48,49 we have shown that the energy
loss spectra do not strongly depend on either the electron
impact energy or the scattered electron angle. We have then
used in this simulation a single energy loss distribution func-
tion, independent of the scattering angle, and whose depen-
dence on the incident energy is restricted to cutting off the
distribution at that incident energy. For electron attachment
processes, the trapped electron is wiped out from the simula-
tion and its kinetic energy is transferred to the medium. The
elastically transferred energy is calculated as a function of the
projectile/target mass ratio and the scattering angle. Finally,
electrons with energies below 0.1 eV are considered as ‘‘ther-
malized’’ and hence removed from the simulation.

4. Discussion: evaluation of a benzene
dataset for the simulation of electron
transport

In this section, we evaluate the consistency and reliability of the
proposed dataset through a joint experimental and simulation
procedure. For this purpose, the transmitted electron intensity
spectra through gaseous benzene have been measured and
simulated at different electron incident energies (15 and 90 eV)
and target gas pressures (2.5 and 5 mTorr). Note that we focus on

energies below 100 eV since in this energy range, the strongest
discrepancies are present. A noticeable advantage of this proce-
dure is due to the magnetic confinement of the electron beam,
which transforms the expected scattering angle into an energy
loss in the axial direction. Hence, as our Monte Carlo code
considers this experimental condition (see Section 2.2), the results
given by the simulation are very sensitive to the angular distribu-
tion functions, derived from the DCSs, used as input data.

In Fig. 5–8, we depict the simulated and measured electron
intensity distribution of the parallel kinetic energy component
for incident electron energies 15 and 90 eV at benzene gas
pressures 2.5 and 5.0 mTorr, respectively. The gas pressure
fluctuations during the measurements, which have been esti-
mated to be around 10% of the nominal value, have also been
considered and shown as a shaded region in all figures.

At an impact energy of 15 eV, in general, a good agreement is
found between experiment and simulation for both gas pres-
sures considered here (Fig. 5 and 6, respectively). For the lowest
pressure (2.5 mTorr), the agreement is excellent, within 5%.
However, for the highest pressure (5 mTorr), the experimental
electron intensity corresponding to the lower energies (higher
energy losses) is higher in magnitude than that given by the
simulation. Due to the excellent agreement found at the lower
energy losses between simulation and experiment (see Fig. 6),
the origin of this discrepancy would be related to the accuracy
of the integral inelastic cross sections at the lower collision
energies, i.e. below 4 eV, whose effect in the spectra is magni-
fied by the multiple collision processes taking place when the
pressure increases. In particular, as this effect is more signifi-
cant for energies below 4 eV, we can infer that it originated
from an overestimation of the vibrational excitation cross
section which in turn, within our procedure of extracting
the inelastic cross section from the total cross section, means
an underestimation of the elastic cross sections at these
low energies.

Fig. 4 Electron energy loss distribution function associated with different
inelastic channels for benzene in the energy range 1–100 eV. See also the
legend in the figure.
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Regarding the highest impact energy (90 eV), ionization
processes have significant importance allowing us to discuss
the reliability of the averaged ionization CS. A general good
agreement between experiment and simulation is found.
However, for transmission intensities above 70 eV (see Fig. 7),
the simulation does not accurately reproduce the experimental
results, being the magnitude of the former lower than the
latter. In contrast, below this energy, the simulation remains
somewhat above the experiment. Since the electronic excitation
cross section has been derived from the consistency of the
summed ICSs with our benchmark TCSs, the origin of the
observed disagreement in the transmission intensities above
60 eV may be related to the level of accuracy of the ionization
and electronic excitation cross sections. As already mentioned,

important discrepancies between the available ionization cross
sections were found in the first survey of the literature.

As expected from the above discussion, the level of agree-
ment is worse for the highest pressure (see Fig. 8). Apart from
the mentioned uncertainties in the ionization cross sections,
the increase of multiple scattering processes with pressure (see
Table 1) enhances this discrepancy.

Finally, it can be noted (Fig. 7 and 8) that for both sets of
pressures, the simulated spectra remain above the experi-
mental ones for the lower transmitted energies. Since the
transmission of the whole magnetically confined apparatus is
optimized for the incident energies, for a relatively high inci-
dent energy (90 eV in this case) a loss of transmission efficiency
for the lower energies can be observed.38,39,41

Fig. 5 Experimental and simulated transmission intensity as a function of
the axial kinetic energy for a 15 eV electron beam through gaseous
benzene at a pressure of 2.5 mTorr. See also the legend in figure.

Fig. 6 As Fig. 5, for a pressure of 5.0 mTorr. See also the legend in
the figure.

Fig. 7 Experimental and simulated transmission intensity as a function of
the axial kinetic energy for a 90 eV electron beam through gaseous
benzene at a pressure of 2.5 mTorr. See also the legend in the figure.

Fig. 8 As Fig. 7, for a pressure of 5.0 mTorr. See also the legend in
the figure.
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5. Conclusions

In the present work, we provide, for the first time, a complete
and self-consistent cross section dataset for electron scattering
from gaseous benzene for impact energies ranging from 0.1 to
1000 eV. These data will be useful for modelling electron
transport in different scientific and technological applications.
The important discrepancies between the ionization cross
sections available in the literature have been critically dis-
cussed leading to a reasonable data set based on an average
of different theoretical data. In addition, we have estimated the
double ionization cross section of benzene by electron impact.

We have also applied a joint experimental and simulated
procedure to evaluate the accuracy and reliability of our
proposed dataset for impact energies of up to around 100 eV.
This dataset has been used as input for the simulation of the
transmitted electron intensity spectra through gaseous benzene
for different incident electron energies (15 and 90 eV) and gas
pressures (2.5 and 5.0 mTorr). From the comparison between
the experimental and simulated spectra the reliability of the
input cross section data has been discussed. Despite the
generally good agreement found in this comparison, some
discrepancies in the higher energy spectra (90 eV) have been
associated with uncertainties in the ionization cross sections
and their strong influence on the derivation of other inelastic
cross sections. In addition, the results for the lowest incident
electron energy (15 eV) indicate an underestimation of the
integral elastic cross section for energies below 4 eV.

In summary, this theoretical and experimental study reveals
that further investigations to improve the accuracy of electron
scattering cross sections from the benzene molecule are still
needed. Particularly, there is an urgent need for more accurate
electronic excitation, ionization, and elastic cross sections
(especially at lower collision energies).
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