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Abstract: Experimental results for the electron impact ionization of benzene, providing double
(DDCS) and triple differential cross sections (TDCS) at the incident energy of 90 eV, measured with
a multi-particle momentum spectrometer, are reported in this paper. The most intense ionization
channel is assigned to the parent ion (C6H6

+) formation. The DDCS values are presented for three
different transferred energies, namely 30, 40 and 50 eV. The present TDCS are given for two fixed
values of the ejected electron energy (E2), at 5 and 10 eV, and an electron scattering angle (θ1) of 10◦.
Different features related to the molecular orbitals of benzene from where the electron is extracted
are observed. In addition, a semi-empirical formula to be used as the inelastic angular distribution
function in electron transport simulations has been derived from the present DDCS result and
compared with other expressions available in the literature.

Keywords: electron scattering cross sections; benzene ionization

1. Introduction

Ionizing radiation transfers energy along its path within a biological system being
closely related to linear energy transfer (LET). As a consequence of local photoelectric and
Compton effects, a considerable number of low-energy electrons (LEE) are produced as
final products of the radiation-matter interactions [1]. Nowadays, it is well-established
that those electrons may significantly alter the local chemistry and potentiate strong bio-
chemical changes in the medium, leading to biological damage, yielding single and double
DNA strand breaks via dissociative electron attachment resonances [2,3] and non-resonant
processes as ionization [4], among others. The characterization of the damage induced
by LEE at the molecular level requires detailed knowledge of the interaction probabili-
ties [5] (i.e., the cross sections), which provide relevant input information for the Monte
Carlo simulation procedures used in radiotherapy [6]. Despite considerable progress in
this area in recent decades from both experimental and theoretical methodologies, the
study of several molecules becomes harder, or even impossible, as the size of the molecule
increases. For this reason, electron interactions with model molecules are being extensively
investigated, to serve as a benchmark for testing the validity of electron scattering of more
complex molecules.

Benzene (C6H6) is the simplest aromatic hydrocarbon, and therefore acts as a reference
model for understanding the physico-chemical properties of a vast set of biologically
relevant molecules. Nevertheless, although one finds in the literature [7–11] (and references
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therein) several studies on electron interactions with benzene, detailed investigations of the
electron-impact ionization dynamics have not been performed to date, as far as the authors
are aware. Nonetheless, different studies on the ionization and fragmentation dynamics
of benzene produced by intense laser fields [12–14] or excited metastable atoms [15] can
be found in the literature. On the other hand, different studies on the electron-impact
ionization dynamics for other complex biologically relevant molecules such as DNA bases
or pyrimidine are also reported [16–20].

The main goals of this study are twofold. Firstly, we aim to provide an experimental
characterization of the electron-impact ionization dynamics of benzene at relatively low-
electron energy (90 eV). For that, kinematically complete experiments, (e,e) and (e,2e) studies,
were performed with a reaction microscope apparatus [21,22]. In this experiment, one can
simultaneous probe energy and angular distributions for all the particles involved in the
ionization process (scattered electron, secondary ejected electron and recoil ion), providing
double and triple differential cross section (DDCS and TDCS) values. Secondly, through
the obtained experimental results, we seek to check the accuracy of a semi-empirical
formula [23] to reproduce the inelastic angular distribution of scattered electrons, as a
function of that for the elastic scattering and the energy transferred during the collision.

The remainder of this paper comprises three parts. The obtained experimental results
are presented and discussed in the next part. In addition, the accuracy of the semi-empirical
formula is checked, and some improvements are proposed. In the following section, the
experimental setup is described. Finally, the main findings are summarized, and some
conclusions are drawn.

2. Results and Discussion

The outermost molecular orbitals (MOs) of benzene in terms of D6h symmetry in its
ground state (1A1g) are tabulated in Table 1 [24], together with their binding energies [24],
i.e., ionization energy (IE), as well as with their respective ionization cross sections at
90 eV electron impact energy obtained by means of the binary-encounter-Bethe (BEB)
method [25].

Table 1. Ionization cross sections for the outermost MOs of benzene as calculated with the BEB
method. The input is available online (https://physics.nist.gov).

MO IE (eV) σBEB (10−20 m2)

1e1g 9.25 3.93
3e2g 11.50 2.49
1a2u 12.15 1.34
3e1u 13.85 1.96
1b2u 14.63 0.89
2b1u 15.40 0.83
3a1g 16.85 0.76
2e2g 18.60 1.10
2e1u 22.10 0.56
2a1g 28.70 0.22

In the present experiment, the most intense ionization channel was found to be the
parent ion (C6H6

+), whereas the signal for H-loss (C6H5
+) was difficult to discern from the

contribution of other C6Hn
+ fragments, so we focused on the investigation of C6H6

+ only.

2.1. Double Differential Ionization Cross Sections (DDCS)

The single ionization of a target by an incoming electron produces two outgoing
electrons, together with the residual ion. DDCS, (d3σ/dΩ1dE1), would be obtained by
measuring the energy and angular distribution of one outgoing electron. Therefore, DDCS
are differential both in energy and angle.

https://physics.nist.gov
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The experimental results for DDCS to ionize benzene at an impact energy of 90 eV
(Figure 1) are summarized in Table 2, together with their estimated uncertainties (δ). The
data were obtained by analyzing the angular distribution of the scattered electrons as a
function of their energies, i.e., the energy transferred to the target from the recorded 2D
surfaces. Here, we present cuts through the two-dimensional (2D) DDCS surfaces for three
transferred energies (∆E), namely 30, 40 and 50 eV. The absolute values were assigned from
normalization with those calculated for the ionization of He atoms [26], by applying the
well-established convergent close-coupling method. As the He to benzene density ratios,
which are necessary to normalize the results, were determined using the total ion yields
as well as the total ionization cross sections, we conservatively consider an uncertainty
associated with the absolute values of about 20%.

A close inspection of the DDCS as a function of the transferred energy in Figure 1
reveals that, below 40◦, the cross section increases, with the decreasing scattering angle
being more pronounced as the transferred energy decreases. In contrast, above 40◦, an
almost isotropic behavior is observed, regardless of the transferred energy. A similar
behavior was recently observed in our experimental results of DDCS for the production
of the pyridine parent ion (C6H5N+) [20]. Yet, the cross-section magnitude to produce the
parent ion is slightly higher for the case of the benzene molecule.

2.2. Triple Differential Ionization Cross Sections (TDCS)

As mentioned above, an ionizing collision produces an electron pair of one scattered
and one ejected electron in addition to the residual ion. The ionization kinematics is
completely determined if in addition to the known projectile momentum, e.g., the emission
angles of both outgoing electrons and the energy of one of the electrons are measured.
The respective TDCS, (d3σ/dΩ1dΩ2dE2), therefore, is fully differential. Figure 2 shows
the scattering geometry considered in the present work which includes the incoming
projectile with momentum

→
p 0 and the two outgoing electrons with momenta

→
p 1 and

→
p 2

as well as emission angles θ1 and θ2 with respect to the projectile forward direction. It is
most likely that the energy sharing among the electrons is asymmetric, with one faster
electron (

→
p 1) which is preferentially emitted to the forward direction and which can be

well identified with the scattered projectile. Then, the momentum transferred by the
projectile to the target is given by

→
q =

→
p 0 −

→
p 1. Generally, the TDCS can be obtained for

the emission of the ionized electron into the full solid angle and is represented, e.g., as a 3D
surface [27,28]. In this study, we only consider a cut of the 3D surface, in particular through
the projectile scattering plane (xz) (see ref. [29] for further details). In the following, the
TDCS is presented for the fixed projectile scattering angle θ1 and particular energies E2 of
the ionized electron, as a function of its emission angle θ2 within the plane.

Figure 3 shows the experimental TDCS in the xz-scattering plane where the values
are not on an absolute scale. The panels (a) and (b) are for ejected electron energies E2 = 5
and 10 eV, respectively, and the scattered electron angle is θ1 = −10◦. The direction of
the momentum

→
q transferred by the projectile to the molecular target and its opposite

direction −→q are indicated by arrows. In the same way as the DDCS, these data were
recorded in coincidence with the parent ion and, therefore, for the ionization of the highest
three valence orbitals 1e1g, 3e2g and 1a2u. Normally, atomic and molecular TDCS show

two maxima, one for electron emission roughly along
→
q and one for −→q . The first can be

assigned to a binary collision of the projectile and the bound target electron and is named
binary peak. The second involves additional backscattering of the ionized electron in the
potential of the residual ion and is called recoil peak. In Figure 2, we see pronounced and
broad binary peaks approximately along

→
q extending to θ2 = 0◦ and beyond. Interestingly,

the regularly observed angular shift away from
→
q to larger angles due to the so-called

post collision interaction (PCI), which is the repulsion of the two outgoing electrons, is not
observed. In contrast, the binary peaks are slightly shifted towards the forward direction.
The binary peak width and shape are determined by the collision dynamics, but also by
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the bound orbital momentum profile. This is because for ionization in a binary collision,
the ejected electron carries the initial bound state momentum to which the momentum
transferred in the collision is added. The uppermost three valence orbitals of benzene have
π-character with amplitude minima at zero momentum [30]. As a result, a minimum in
the cross section along

→
q is also expected for the so-called Bethe ridge condition where

the absolute value of the ejected electron momentum p2 is close to the magnitude of the
momentum transfer q. Here, this is the case for E2 = 5 eV, where p2 = 0.61 a.u., which must
be compared to q = 0.5 a.u. At E2 = 10 eV, the respective electron momentum is p2 = 0.86 a.u.
and, thus, more different from q. As a consequence, no minimum is found in the binary
peak. In the −→q direction, no clear recoil peak can be identified. Nevertheless, there is a
finite cross section in this angular region which is lower for E2 = 10 eV. For this energy,
there is an indication of a small recoil peak at about 180◦ according to the wings observed
around 150◦ and 210◦, while its center is in the angular region, which is not covered by the
spectrometer.

Figure 1. Experimental absolute double differential cross sections (DDCS) for producing the ion parent of benzene (C6H6
+)

at 90 eV of impact energy for different transferred energies (30, 40, and 50 eV).

Figure 2. The coplanar scattering geometry. For details see text.
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Table 2. Absolute DDCS for the production of the benzene parent ion C6H6
+ at the impact energy of

90 eV for different transferred electron energies together with their estimated uncertainties (units are
10−20 m2 sr−1).

30 eV 40 eV 50 eV

Angle (deg) DDCS δ DDCS δ DDCS δ

4 - - 0.1191 0.0238 - -
7 0.2193 0.0438 0.0614 0.0123 - -

10 0.1647 0.0329 0.0513 0.0102 - -
13 0.1188 0.0237 0.0386 0.0077 - -
16 0.0814 0.0163 0.0262 0.0052 0.0112 0.0022
19 0.0534 0.0107 0.02 0.0040 0.0095 0.0019
22 0.0383 0.0077 0.0161 0.0032 0.0079 0.0016
25 0.0294 0.0059 0.0131 0.0026 0.007 0.0014
28 - - 0.011 0.0022 0.0062 0.0012
31 - - 0.0107 0.0021 0.0054 0.0011
34 - - - - 0.0046 0.0009
37 - - - - 0.0042 0.0008
40 - - - - 0.0036 0.0007
43 - - 0.0055 0.0011 0.0034 0.0007
46 - - 0.0047 0.0009 0.0035 0.0007
49 - - 0.0035 0.0007 - -
52 0.0046 0.0009 0.004 0.0008 - -
55 0.0033 0.0007 - - 0.0039 0.0008
58 - - 0.0048 0.0010 0.0029 0.0006
75 - - - - 0.0039 0.0008
78 - - 0.0054 0.0011 - -
81 - - 0.0068 0.0014 0.0034 0.0007
96 0.0023 0.0005 0.0039 0.0008 0.0026 0.0005
99 0.0022 0.0004 - - - -
102 - - 0.0036 0.0007 0.0022 0.0004
117 - - - - 0.0029 0.0006

It is interesting to compare these data with results from other cyclic molecules. Recent
results from tetrahydrofuran (THF) at similar kinematics [31] show a much more isotropic
and less structured TDCS, which is typical and regularly observed for larger and relatively
complex molecules [32,33]. In these cases, this was tentatively assigned to strong scattering
of the ionized electron in the multi-center potential of the residual ion. Here, aromatic
rings seem to behave differently; in addition to the present results for benzene, for phenol
at a higher impact energy, a rather distinct binary peak was found accompanied with
rather small intensity in the recoil region [34]. This could be explained by the strong
delocalization of the highest π-orbitals in the benzene aromatic ring, which results in a
comparatively narrow momentum distribution of bound orbitals, and possibly also by a
reduced scattering of the ejected electron in the ionic potential. In this case, further, more
systematic and detailed experimental studies including a theoretical treatment are required.

2.3. Semi-Empirical Formula

Input information required for event-by-event Monte Carlo procedures include in-
elastic angular distribution functions. Apart from the growing efforts to obtain accurate
inelastic differential cross sections either from theoretical or experimental methods, Monte
Carlo simulations often rely on approximate equations. With the main objective being to
find an accurate approximation to comprehensively describe the interaction dynamics, a
semi-empirical formula (Equation (1)) was derived from differential energy loss spectra,
as thoroughly explained in Ref. [30]. This equation approximates the inelastic scattering
angular distribution to that of the elastic contribution by including a correction exponent
which depends on the incident and transferred energies [30]. The efficiency of this empiri-
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cal equation has been proven in different electron transport simulations for an extensive
set of biological relevant molecules [5,20,23,35].

Figure 3. Experimental relative TDCS (in arbitrary units) for producing the parent ion of benzene
(C6H6

+) at 90 eV electron impact energy as a function of the ejected electron emission angle θ2. The
scattered projectile angle is fixed to θ1 = −10◦ while the ejected electron energy E2 is chosen to be
5 eV (a) and 10 eV (b). The experimental results are for the scattering plane (xz). The angles of the
momentum transfer vector

→
q and its opposite −→q are indicated by arrows.
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Figure 4 shows the experimental DDCS results together with the angular distribution
given by the elastic scattering, as calculated with our IAM-SCAR+I [36,37] procedure,
and that derived from the empirical Equation (1). As shown in this figure, Equation (1)
reasonably accurately reproduces the experimental data for transferred energies of about
30 eV. However, for ∆E > 30 eV, especially for scattering angles below 40◦, Equation (1) does
not give a good description of the scattering dynamics, overestimating the experimental
findings. A similar behavior has been observed for the case of pyridine [20].

d2σ(E)
dΩd∆E

∝
(

dσ(E)
dΩ

)1−∆E/E

el
(1)

Figure 4. Inelastic angular distribution obtained from our former semi-empirical formula (Equation (1)) together with the
experimental DDCS for transferred energies of 30, 40 and 50 eV and impact energy of 90 eV. Note that the elastic distribution
is also included.

In order to accurately reproduce the experimental results for transferred energies
above 30 eV, we propose an alternative equation which is based on the present experimental
DDCS results and is shown in (Equation (2)).

d2σ(E)
dΩd∆E

∝
(

dσ(E)
dΩ

)(1−∆E/E)α

el
(2)

This new approximation results from applying an exponent α to the (1− ∆E/E) term,
where α takes the value of 1.3, according to the present experimental data, as well as to those
previously obtained for pyridine [20]. As seen in Figure 5, the resulting angular distribution
dependence obtained with Equation (2) more accurately reproduces the experimental data
for all the transferred energies considered in this study.
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Figure 5. Same as in Figure 3 but now using the new adopted Equation (2). See text for details.

3. Experimental Setup

The experimental setup used to investigate DDCS and TDCS is a spectrometer of
multicoincidence multielectron recoil-ion momentum (reaction microscope), which was
specifically designed for electron-impact ionization studies (Figure 6). This apparatus has
been described extensively elsewhere [21,22]. In brief, a well-focused pulsed electron beam
of about 0.5 ns duration, 0.5 eV energy spread, and 40 kHz pulse repetition frequency is
crossed with a cold target beam created by supersonic expansion. The benzene expands
through different stages and is admitted into the main scattering chamber where the
background pressure is about 10−8 mbar. The scattered and the ejected electrons and the
positive recoil ion, produced in the ionizing collisions, are extracted by parallel electric and
magnetic fields, which are then projected into two position- and time-sensitive detectors in
opposite directions. Triple-coincidences of both outgoing electrons and the benzene cation
were recorded (e, 2e + ion), therefore providing the necessary information to derive DDCS
and TDCS. From the positions of the hits on the detector and the corresponding time-of-
flight measurements, the momentum vectors of the final state particles can be determined.
The full solid angle is almost entirely covered with this configuration, in particular 100%
of the recoil ions and about 80% of secondary electrons with energies below 15 eV are
detected. The projectile beam axis is adjusted to be exactly parallel to the electric and
magnetic extraction field directions. Because of this alignment, after crossing the target gas
jet, the projectile beam reaches the center of the electron detector where a central hole in the
micro-channel plates allows the beam to pass undetected. This hole causes a blind angular
range for electrons with small forward and backward emission angles which depends on the
electron energy. Some secondary electrons, which undergo an integer number of cyclotron
revolutions in the magnetic field, can also hit the mentioned hole. These events require
several experimental runs, with different extraction conditions, in order to maximize
the accessible angular range. For this purpose, two different electric extraction fields
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were applied during the measurements. Data for coincidence analysis were accumulated
simultaneously for all covered scattering angles (θ1) and the respective scattered and
ejected electron energies (E1 for DDCS and E2 for TDCS). With this procedure, the obtained
DDCS and TDCS values were internormalized. The electron energy was calibrated using
the ionization energy of neon, which was measured in the same experimental setup. The
angular and energy resolution of this experimental system for the impact energy studied
lie at around 2◦ and 2 eV, respectively.

Figure 6. Schematic diagram of the reaction microscope used to analyze the angular and energy
resolved double and triple differential cross sections, for electron induced ion fragmentation to
benzene molecules.

4. Conclusions

The present study constitutes the first kinematically complete experiment on the
electron-impact ionization dynamics of benzene. Novel results of DDCS and TDCS for this
highly relevant molecule have been reported for the parent ion (C6H6

+) at 90 eV impact
energy. The DDCS have been obtained for three different transferred energies, showing
that below 40◦, the cross section continues to get more pronounced as the transferred
energy decreases. As far as TDCS are concerned, experimental results in the coplanar
xz-plane have been shown for two fixed values of the ejected electron energy E2 and
the scattered electron angle θ1 = −10◦. The TDCS show pronounced binary peaks with
indications of a central minimum at Bethe ridge kinematics. The binary peak angular
positions are shifted away from the momentum transfer and towards the forward direction
and, therefore, are not in accordance with PCI, which, for ionization of atoms and smaller
molecules, usually shifts electron emission to the backwards direction. This might originate
in the interaction of the outgoing electrons with the comparatively complex residual ion,
which should be confirmed by future calculations. This set of experimental data will
help to comprehensively evaluate the accuracy of theoretical models that account for the
quantum few-body dynamics. Additionally, the absolute values of DDCS provide new
input parameters for electron transport models based on Monte Carlo simulations. Finally,
the semi-empirical formula we commonly used to obtain the inelastic angular distribution
function for such models has been improved by extending its accuracy to higher energy
transferred values, where the agreement with experimental data is highly satisfactory.
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Abbreviations

DDCS Double differential cross section
TDCS Triple differential cross section
MO Molecular orbital
HOMO Highest occupied molecular orbital
IAM-SCAR+I Independent atom model with screening corrected additivity rule and interference effects
BEB Binary-encounter-Bethe method
PCI Post collision interaction
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