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Experimental electron scattering cross sections for thiophene in the impact energy range from
1 to 300 eV have been measured with a magnetically confined electron transmission‐beam
apparatus. Random uncertainty limits have been estimated to be less than 5 % and systematic
errors derived from acceptance angle limitations have also been identified and evaluated.
Experimental values are compared with our previous low energy (1‐15 eV) R‐matrix and
intermediate/high energy (15‐300 eV) IAM‐SCAR+I calculations finding reasonable agreement,
within the combined uncertainty limits. Some of the low energy shape and core‐excited
resonances predicted by previous calculations are experimentally confirmed in this study.
I. INTRODUCTION
Electron interactions with complex molecules have been the subject of great interest in
the last few years due to their relevance in important applications such as radiation damage1, 2
and electron transport in plasmas3 and condensed media.4 These applications require evaluated
differential and integral cross section data over a broad energy range for which different
theoretical and experimental techniques need to be applied and consistency between the
corresponding results needs to be verified. In the case of thiophene (C4H4S), commonly used as
anti‐inflammatory drug, we have recently calculated5 differential and integral elastic, integral
inelastic and total electron cross sections over a broad energy range (0.1‐1000 eV) by combining
the R‐matrix procedure for the lower energies with the IAM‐SCAR+I method for intermediate
and high energies. Our previous theoretical results were compared with experimental and
theoretical data available in the literature (see ref. 5 and references therein). In particular, the
lower energy data were found to be in agreement with previous Schwinger multichannel with
pseudopotentials (SMCPP) calculations6 and the consistency with the IAM‐SCAR+I higher energy
results was found to be reasonably good. This provided a consistent picture of the scattering
process in the whole energy range. However, an experimental validation of this cross section
data is needed in order to ensure they are appropriate for use in modelling and to establish
some realistic uncertainty limits.
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b)

anita_ilm@iff.csic.es
g.garcia@csic.es
1

In this context, we present here absolute values for the total electron scattering cross
section (TCS) from thiophene for impact energies ranging from 1 to 300 eV measured with a
state‐of‐the‐art magnetically confined electron transmission‐beam apparatus7 together with a
detailed analysis of their associated random and systematic uncertainty sources. Since the TCS
corresponds to the sum of the integral cross section (ICS) related to all the open channels at a
given energy, they are excellent reference values to carry out the aforementioned validation.
The remainder of this paper is structured as follows. In Section II some details on the
experimental setup and procedure are given. A brief description of the calculation procedures
which are relevant to this study are summarised in section III. The current experimental results
are presented and discussed in Section IV and compared with available theoretical data. Our
conclusions are finally summarized in Section V.
II. EXPERIMENTAL SETUP AND PROCEDURE
The experimental apparatus and techniques used for the present transmission‐beam
attenuation study have recently been described7 and so will not be detailed again here. Briefly,
a linear electron beam is confined by an intense (typically 0.1 T) axial magnetic field which
converts any scattering event into a kinetic energy loss in the forward direction, i.e. parallel to
the magnetic field (see Ref. 7 for full details). The primary electron beam, generated by an
emitting filament, is cooled and confined in a magnetic nitrogen gas trap (GT) which reduces the
initial energy spread of 500 meV down to about 100‐200 meV. Pulsed voltages applied to the
trap electrodes produce a pulsed electron beam with well‐defined energy and narrow energy
spread to enter the scattering cell. The scattering chamber (SC) is a 40 mm long gas cell, defined
by two 1.5 mm diameter apertures, through which the pulsed electron beam passes when the
thiophene pressure inside the chamber is varied from 0 to 5 mTorr (as measured by a MKS‐
Baratron 627B absolute capacitance manometer). Electrons emerging from the SC are analysed
in energy by a retarding potential analyser (RPA) and finally detected by a double microchannel
plate (MCP) electron multiplier operating in single counting mode. The total cross section (T) is
determined from the transmitted intensity, which follows the well‐known Lambert‐Beer
attenuation law for ideal gases:
,

ln

(1)

where I is the transmitted electron intensity, I0 the initial intensity, n the molecular gas density,
L is the interaction region length, k is the Boltzmann constant, T is the absolute temperature and
, where Tc and Tm are the temperature of the
p is the gas pressure. T is derived from
scattering chamber measured with a thermocouple and the temperature of the Baratron gauge,
respectively. Measurement conditions, data acquisition and data analysis are controlled by a
custom designed LabView (National Instrument) programme.
For each incident electron energy, attenuation measurements were repeated at least 5
times in order to ensure that statistical uncertainties remained below 4%. Other random
uncertainties are related to the temperature measurement (within 1%, according to
manufacturer’s data) and the numerical fitting procedure (about 1%). By combining these
uncertainties, a total uncertainty limit of 5 % has been determined for the present
measurements. Systematic errors linked to the experimental technique are those connected to
the so‐called “missing angles”.7 Due to the magnetic field confinement, the energy resolution
determines the acceptance angle of the detector. As detailed in Ref. 7, and also in Fuss et al.8
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and Sanz et al.9, the magnitude of this systematic error can be evaluated from our theoretical
data by integrating the calculated differential elastic and rotational excitation cross sections
over the “missing” experimental angles. This effect is especially important for polar molecules,
as it is the case of thiophene (µ=0.52 Debye10). The significance of this error source in the present
experimental results will be discussed in Section IV.
Prior to making the present thiophene total cross section measurements, the
performance of the new apparatus and our measurement techniques were thoroughly
benchmarked against the known TCS values of N211,12 over the energy range of interest. Excellent
agreement between our measured TCS data and the established values was found, giving us
confidence in the validity of the TCS we have subsequently measured for thiophene.
III. THEORETICAL METHODS
As already mentioned, in order to cover the broad incident energy range considered in
this study we have used two different theoretical methods of proven reliability in their
respective energy ranges of applicability. For the lower energies (1‐15 eV) we have applied the
R‐matrix method13,14 within the fixed‐nuclei approximation using the UKRmol suite.15 As usual,
in order to include the contribution of the higher order partial waves and properly account for
the dipole interaction, a Born approximation based method, implemented in the program
POLYDCS,16 has been used to determine the differential and integral cross sections. The general
features of these methods and the particular details on their application to thiophene have been
published elsewhere.5 We note only that the approach used by POLYDCS introduces the
rotational motion into the scattering and that therefore, the Born‐corrected ‘elastic’ cross
section corresponds, in practice, to an electronically elastic but that includes rotational
transitions from the rotational ground state (J=0) to rotational states with 0  J  9.
As discussed in Ref. 5, physical considerations lead us to recommend the Born‐corrected
close coupling (CC) results (that we’ll label R‐matrix‐CC‐Born) as the most accurate of our R‐
matrix data. For intermediate and high energies (15‐300 eV) we have used the latter version of
our IAM‐SCAR+I17 method together with an independent calculation based on the Born
approximation (IAM‐SCAR+I+R) to estimate the averaged dipole rotational excitation cross
sections.18 Here we simply mention that including interference effects into the IAM‐SCAR
representation results in a clear increase in size of the differential elastic cross section for the
smaller scattering angles,17 which consequently leads to an increase in the corresponding
integral elastic cross sections. We have recently shown that for some benzene‐like based
molecules, such as pyridine, this increment can be of the order of 25‐30% for the higher
energies.19 The IAM‐SCAR procedure has provided reasonable agreement for a wide variety of
molecular targets for energies above 20 eV,20 but the role of the new interference terms still
needs some further experimental validation. Inelastic scattering processes are not affected by
the inclusion of the interference terms and a single cross section for all inelastic processes is
calculated from the imaginary part (absorption) of the interaction potential. However, as
described in a recent article,21 by alternately using as the threshold energy of the absorption
potential either the minimum electronic‐state excitation energy or the ionisation energy we are
able to extract the integral excitation and the integral ionisation cross sections from the
calculated integral inelastic cross sections. We have recently shown that the total ionisation
cross sections of some organic molecules,22,23 as derived from this procedure, are in fairly good
agreement with the available experimental results.
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IV. RESULTS AND DISCUSSION
The total electron scattering cross sections, in SI units, measured with the experimental
set‐up described above are shown in Table 1 together with our recent calculations using both
the R‐matrix‐CC‐Born and IAM‐SCAR+I+R procedures mentioned in the previous sections.
Table 1. Present experimental electron scattering cross sections, TCS, their random uncertainty limits,
the energy resolution (E) and the acceptance angle of the detector () together with our R‐matrix‐CC‐
Born and IAM‐SCAR+I+R calculations5 .   is the systematic error due to the acceptance angles as
estimated with these calculations.

Energy
(eV)

Experiment
Random
TCS
(x10‐20 m2)
uncertainty

E
(eV)


(deg)

Theory
R‐matrix
(x10‐20 m2) (CC‐Born)

 

IAM‐
SCAR+I+R

(x10‐20 m2)

1

27.9

0.9

0.21

27.3

1.2
1.5

33.1
34.8

0.3
1.6

0.22
0.22

25.3
22.5

1.7
2

30.3
34.8

0.7
1.2

0.27
0.21

23.5
18.9

2.2
2.5
2.7
3

37.8
43.8
46
50.8

0.9
1.1
0.7
0.9

0.21
0.22
0.24
0.28

18.0
17.2
17.3
17.8

3.3
3.6
3.8
4

48
47.9
44.8
43.4

2.1
0.9
0.9
1.4

0.23
0.22
0.22
0.23

15.3
14.3
13.9
13.9

4.5
5

43.2
47.1

1.5
1.1

0.24
0.24

13.3
12.7

5.5
6
6.5
7

47.4
51.3
47.3
48.3

1.6
0.13
0.9
1.7

0.26
0.24
0.23
0.26

12.5
11.5
10.8
11.1

7.5
8
8.5
9
9.5
10

50.6
51.7
55.6
53.6
54
58.1

1
1.3
2.1
1.9
1.1
1.6

0.23
0.2
0.17
0.27
0.26
0.25

10.1
9.10
8.13
9.97
9.52
9.10

11
12
13

58.3
54.6
61.4

1
0.7
0.8

0.25
0.24
0.23

8.67
8.13
7.64
4

19.6
(10.2)*
13.8
(7.25)*
10.2
(6.33)*

8.74
(8.71)*

6.63
(4.86)
6.03
(4.20)*

5.86
(3.67)*

4.96
(3.43)*

56.6

104

64.3
62.4

85.4

63.4
63.1

75.3

61.9
60.8
64.2
66.4

66.9

56.1
51.7
49.9
48.6

63.6

46.7
46.1

61.0

48.7
49.4
47.3
46.2

59.6

47.1
49.4
51.0
53.7
54.5
53.8

58.2

57.1
57.7
58.1

14
15

55.2
54.8

0.8
0.3

0.24
0.24

7.52
7.27

16
17.5
20
25
30
40
50
70
100
150
200
250
300

52.3
49.5
49.3
46.9
47.5
43.3
38.9
35.4
33.1
29.9
26.9
22.8
19.8

0.6
1.1
1.1
1.4
1.8
1
0.4
0.2
0.3
1.2
0.3
0.8
0.8

0.21
0.27
0.27
0.19
0.19
0.22
0.22
0.17
0.19
0.21
0.26
0.22
0.22

6.58
7.13
6.67
5.00
4.56
4.25
3.80
2.82
2.50
2.14
2.07
1.70
1.55

3.90
(3.43)*

58.4
58.4

55.4

4.14

52.6

2.66
2.07
2.02
1.49
1.38
0.47
0.66

49.0
45.9
42.8
38.4
33.9
28.6
25.2

0.75

20.5

*Calculated with the Born Corrected R‐matrix differential cross section values

The absolute random uncertainties listed in Table 1 include the statistical fluctuation of direct
measurements and the contribution of the sensitivity limits of all the electronic devices used
during the measurement procedure as well as those derived from the numerical data analysis.
As the table shows, these uncertainties are within 5 % for all the scattering energies considered.
However, we should note here that the main error source linked to transmission experiments
such as those presented here is the aforementioned systematic error derived from the energy
and angular resolution limits. The energy resolution of the present measurements is shown in
Table 1 for each incident electron energy. These values are directly given by the electron
intensity distribution of the incident beam as measured with the RPA in combination with the
MCP detector (see Ref. 7 for details). As described in Ref. 7, under the present magnetic
confinement conditions, the angular resolution () is determined by the energy resolution (E)
according to the following expression:





1

(2)

The values of  for each incident electron energy are also given in Table 1. Before any
comparison between the present experimental data and other available values can be made, an
analysis of the energy and angular resolution limitations should be carried out in order to ensure
a valid comparison.
In the present measurements the angular and energy resolution limits make it impossible to
detect elastically and rotationally scattered (the average rotational excitation energy is less than
1.1 meV) electrons within the (0‐) and (180‐) angular ranges. All these electrons are
considered unscattered, thus lowering the measured TCSs. As shown in Ref. 7, the contribution
of these “missing angles” (  can be evaluated using the following expression:
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sin  

(3)

By using our IAM‐SCAR+I+R and R‐matrix‐CC‐Born differential cross sections (that include, as
explained, rotational excitations), the contribution of the “missing angles” to the measured TCSs
can be evaluated (MA correction). The results are shown in Table 1. Note that these values
always represent a contribution that would increase the observed TCS which may be taken into
consideration when comparing with data from other sources.
For energies above 15 eV, where the IAM‐SCAR+I+R method applies, there is good agreement
(within 8.5%) between the present measurements and the IAM‐SCAR+I+R calculation. To
illustrate the comparison, the present experimental and theoretical data are plotted in Fig. 1. As
can be seen in this figure, if the rotational excitation is not included in the calculation (IAM‐
SCAR+I values) the agreement between experiment and theory is excellent. This is consistent
with the fact that the energy and angular resolution used in most transmission experiments, and
in particular the present one, is not good enough to account for the rotational excitation
processes and comparisons between experimental and theoretical TCS values should be done
excluding dipole rotation calculations. However, at these energies the uncertainty due to the
effect of the “missing angles” is less than 8.5%. Combining this source of error with the random
uncertainty limits, we consider the present experiment to provide reliable total electron
scattering cross sections, within 10%, in the energy range 10‐300 eV. The excellent agreement
between theory and experiment in this energy range also confirms the validity of introducing
interference effects17 to the independent atom model (IAM) based calculations at intermediate
and high energies. Furthermore, as explained in Ref. 17, including the interference term solves
the contradiction between the optical theorem and the additivity rule (AR) assumed in such
representations.

Cross section (x10-20 m2)

e-Thiophene
This experiment-TCS
IAM-SCAR+I+R
IAM-SCAR+I
R-matrix-CC-TCS (Born corrected)
R-matrix-CC-Elastic
R-matrix-SEP (Born corrected)
R-matrix-SEP-Elastic
SMC-SEP Elastic
IAM-SCAR-Ionization
BEB-Ionization [Ref. 31]
This experiment (MA corrected)

80

40

0
1

10

100

Incident energy (eV)
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FIG. 1. Total electron scattering cross sections, including the present measurements, our IAM‐SCAR+I+R,
the R‐matrix‐SEP and R‐matrix‐CC with Born correction results together with the R‐matrix and SMCPP SEP
and R‐matrix CC integral elastic cross sections without Born correction. Our IAM‐SCAR and the BEB from
Ref. 31 ionization cross sections are also shown. See also legend on the figure (color online).

Below 10 eV, the IAM‐SCAR+I+R method does not apply and comparison with this method does
not make sense. At these lower energies, the comparison should be made with the reliable ab
initio R‐matrix data. As shown in Table 1, in the 2.1‐15 eV energy range we found a good
agreement, within 10%, between the experiment (including the “missing angle” correction) and
the R‐matrix‐CC‐Born results. Below this energy, from 1 to 2 eV, our calculation tends to give
higher cross sections than the experimental values, reaching a maximum discrepancy of about
100% at 1 eV. However, we should note here that the R‐matrix‐CC‐Born calculation includes
rotational excitation which are not discernible by the experiment: as expected, these rotational
excitations become more relevant for the lower energies. In fact, within the Born approximation
the rotational excitation cross sections increase exponentially for decreasing energies. Although
we considered our CC the most accurate description of the scattering problem,5 Fig.1 shows how
our R‐matrix‐SEP‐Born results agree better with the experimental values at these low energies
but being still higher than those due to the Born corrected rotational excitations. The dominance
of rotational excitations at low energies is illustrated in Fig. 2. Differential elastic and rotational
excitation cross sections calculated both with our R‐matrix (at the SEP level) and IAM‐SCAR+I+R
procedures are plotted for 2 eV incident electron energy. The acceptance angle of the detector
for this energy is also shown in Fig.2 (dashed black line). The first feature we can distinguish in
this figure is that the Born‐based procedure used for our R‐matrix (the POLYDCS16 formulation)
and our dipole rotational excitation complementing the IAM‐SCAR+I calculations are equivalent,
leading to the same contribution to the DCS. As it’s also clear, the missing contribution to the
cross section due to the acceptance angle limitation comes from the rotational excitation DCS
and specifically the Born correction contribution, which are several orders of magnitude higher
than the rotationally elastic DCS near 0o. The low energy failure of the IAM‐SCAR+I calculation is
also clearly explained by the rotationally elastic DCS. While this reproduces reasonably well the
angular dependence, its absolute value is much higher (up to 100%) than that given by the R‐
matrix calculation. However, the predominance of the Born correction at the lower energies
justifies the good agreement found, even at very low energies, between both calculations for a
highly polar molecule as pyridine.24
The above discussion, shows the usefulness of comparing, for low energies, our experimental
TCS with low energy scattering calculations not including the Born correction. Since below 8 eV,
(not including rotations) elastic scattering processes are dominant we have included in Fig. 1 our
integral elastic (IECS) R‐matrix data (both CC and SEP levels)5 and the elastic SMCPP6 calculation
at the SEP level without inclusion of the Born correction. When this correction is excluded (and
therefore the contribution of rotational excitation is mostly excluded), the CC‐R‐matrix IECS are
closer, but still higher by about 60%, to the experimental results. However, the SEP R‐matrix IECS
show a very good agreement with the experimental data. As aforementioned, we have recently
considered5 our CC approach as the most physical representation of the scattering problem and
7

this is early the case above the first excitation threshold.5 However, for very low energies, due
to the high molecular polarizability of thiophene (60.8 ao3),25 the description of polarisation
effects is crucial: it seems clear from Fig. 1 that the polarisation potential used at the SEP levels
leads to the best agreement with the experimental results. This is also supported by the
excellent agreement between the SMCPP calculation from da Costa et al.6 and the present
experimental results.

Differential cross section (10-20 m2/sr)

1000

2 eV
R-matrix elastic (0-0)
R-matrix rotational (0-J, J=1, 2, 3...)
Born correction (|J|=1)
IAM-SCAR+I
Dipole rotational
Acceptance angle

100

10

1

0.1

0.01
0

40

80

120

160

Scattering angle (deg)
FIG. 2. Calculated differential elastic and rotational excitation cross sections for 2 eV electron incident
energy as a function of the scattering angle; the R‐matrix data corresponds to the SEP calculation. The
acceptance angle of the detector for this incident energy is also shown. See also legend on the figure
(color online).

Despite the difficulty involved in the comparison of low energy theoretical and experimental TCS
data, this comparison can be very useful to validate some of the resonances predicted by
different theories. These resonances appear as enhancement features in the experimental TCS
and how well defined they are depends on the energy resolution (about 0.2 eV in this
experiment). In the case of thiophene, some of these features are clearly discernible below 15
eV as shown in Fig. 1. As mentioned above, in this energy domain our IAM‐SCAR+I calculation
does not apply and therefore its results are not going to be considered in this discussion. Both
R‐matrix5 and SMC‐SEP6 calculation show a well‐defined low energy resonance around 1 eV. da
Costa et al.6 identified this peak as a * shape resonance in the B1 symmetry and their SEP
calculation placed it at 1 eV. Our CC R‐matrix calculation found a resonance at 1.1 eV, 20% higher
8

than the SEP approach.6 Our experimental TCS (see Fig. 1) shows a weak structure around
1.3±0.2 eV. Unfortunately, the energy resolution is not good enough to discriminate between
calculations but seems more compatible with a resonance at 1.1 than 1.0 eV where our
experimental results present a minimum. This is consistent with our statement that the CC
calculation corresponds to the most complete representation of the scattering problem. The
second peak, assigned by da Costa et al.6 to a superposition of a * in the A2 symmetry and a
* shape resonance in the B2 symmetry, is located at 2.82 eV in their SEP calculation.6 The recent
R‐matrix analysis of Loupas et al.26 located these resonances at 2.990 eV, the *( B2) , and 2.993
eV, the *( A2). Other R‐matrix based calculation from Vinodkumar el al.27 located the *( B2)
resonance at 2.51 eV. These values agree with the present experimental results which present
a local maximum of the TCS at 3.0±0.2 eV. The position of these resonances as determined by
our experiment is also consistent with the experimental vertical attachment energies of 1.15
and 2.63 eV, respectively, measured by Modelli and Burrow.28
Our experimental TCS values also show an increment around 3.3±0.2 eV which may correspond
to that observed by Muftakhov et al.29 at 3.5 eV, attributed by them to a Feshbach‐type
resonance whose parent state is the first excited triplet state of thiophene (3B2). Core‐excited
resonances in thiophene have also been analysed by Loupas et al.26 by comparing the R‐matrix
calculation with experimental energy loss spectra. The two lowest lying they found were
identified as 12A2 at 5.695 eV and 12B1 at 6.70 eV, respectively. The R‐matrix calculation from
Ref.27 found the12A2 resonance at 4.77 eV. Measurements of Ref. 29 observed that resonance
at 5.3 eV. Our experimental TCS shows a shoulder around 5 eV and a local maximum between
5.5 and 6.5 which is compatible with the position of these resonances when our energy
resolution is taken into consideration. Experimental data from Ref. 29 and unpublished
measurements cited in Ref. 26 (see Ref.13 in Ref. 26) placed these resonances at 5.3, 5.38, 6.4
and 6.22 eV, respectively, in excellent agreement with the present measurements. In the energy
range 6.9‐9.5 eV, Loupas et al.26 identify 8 additional resonances. Only for two of them (a 22B1
at 7.96 eV and a 22A2 at 9.22 eV) was any experimental evidence found, although discrepancies
on the position of the latter are about 15%. In this energy range, our experimental results only
show a local maximum at 8.5 eV. This could be interpreted as a combination of the 22B1
resonance at 7.96 eV (1.2 eV width) with the 22A2 resonance at 9.22 eV (0.95 eV width) which
are probably not well resolved by our experimental apparatus. The 8.5 eV resonance was also
observed by Muftakhov el al.29 and identified as 22A2. The present experimental results finally
show a broad maximum on the TCS values between 9.5 and 15 eV presenting a weak peak at
11 eV and the absolute maximum value at 13 eV. This broad structure may be related to the
excitation of the great number of accessible states, even those from the continuum (the
ionisation threshold is 8.86 eV) and the overlap of numerous weak resonances not described by
our methods. Above 15 eV it presents a weak shoulder in the range 20‐30 eV, probably a
consequence of the combination between the decreasing elastic cross section with the still
increasing excitation function of the mentioned excited states, and then monotonically
decreases according to the energy dependence predicted by the IAM‐SCAR+I theory. To
summarize this comparison, theoretical and experimental values of the positions of the above
resonances are shown in Table 2. Theoretical data from Kossoki and Bettega30 complementing
those from Ref. 6 are also included in this table.
Table 2. Position of the resonances observed in this study and those identified in previous experimental
and theoretical publications.

Resonance

Experimental position (eV)
9

Calculated position (eV)

∗

(B1)

∗

(B2)

∗

(A2)

13B2
12A2

12B1

12B2
22B2
12A1
22B1
32B2
32B1
22A2

0.94926 (SEP)
0.8026 (SEP)
1.11426 (CC)
1.006,30
2.99026 (SEP)
2.5126 (SEP)
1.526(CC)
2.786,30
2.5127
2.993d (SEP 35VO)
2.87d (SEP 41VO)
2.909d (CC)
2.826,30

1.3 ± 0.2*
1.1527

3.0 ± 0.2*
2.6328

3.3 ± 0.2*
3.529
5.0± 0.2*
5.329
5.38†
6.0 ± 0.2*
6.429
6.22†

4.7727
5.69526
6.7026

6.926
7.7226
7.8726
7.9626

8.5 ± 0.2*
7.39†

8.9826
9.0126
9.2226

8.5 ± 0.2*
8.529
7.93†

22A1

9.4826

*Present experiment
†
Unpublished data (see Ref. 13 in Ref. 26)

Finally, we also present in Fig.1 the ionization cross sections we derived from the IAM‐SCAR
integral inelastic cross section (see Fig. 4 in Ref.5) by using the alternate absorption threshold
procedure mentioned in Section III (see Refs. 22, 23 for details). Electron impoct ionization cross
section of thiophen in the energy range 9‐3000 eV were calculated by Mozejko et al.31 by using
the binary‐encounter‐Bethe (BEB) model.32 The agreement between both calculations is fairly
good except for energies around the ionisation limit where our IAM‐SCAR method, due to the
used independent atom representation, is not expected to be accurate. There are no
experimental data available in the literature to compare these values so we believe they provide
a valuable complement for electron scattering databases.
V. CONCLUSIONS
Experimental electron scattering total cross sections for thiophene in the energy range
1‐300 eV have been measured for the first time with a magnetically confined electron
transmission‐beam apparatus. Total random uncertainty limits have been estimated to be
10

within 5 % by including the statistical reproducibility of the measurements and all the
uncertainty sources connected to the measuring devices and data analysis procedures. The
energy resolution has been measured directly from the transmission intensity distributions and
found to be from 0.17 to 0.28 eV, depending on the incident electron energy. Systematic errors
due to electrons elastically and rotationally scattered into the acceptance angle of the detector
have been discussed in detail and evaluated with the help of calculated DCS values. Since the
average rotational excitation energy of thiophene (about 0.001 eV) is much lower than the
present energy resolution and the rotational excitation DCS are strongly peaked in the forward
direction, the present experimental TCS data do not in practice account for the rotational
excitation processes. Therefore looking at theoretical results without including Born corrections
or dipole Born rotational excitation channels provides a more ‘like‐with‐like’ comparison. When
this is done, considering the mentioned random uncertainty limits and the angular limitations
of the present experimental conditions, good agreement between the present measurements
and our IAM‐SCAR+I calculation has been found for energies above 15 eV. Below this value,
excellent agreement has been found between the present experimental data and our R‐matrix
calculation at the CC level for energies between 3.6 and 15 eV. For lower energies, the dominant
IECS has found to be extremely sensitive to the polarisation treatment included in the calculation
procedure. Below these energies, even though the CC level can be considered the most
complete representation of the scattering problem we have found the experimental data to be
in better agreement with calculations at the SEP level. With respect to the resonance positions,
the present measurements confirmed the well‐known low‐lying * and * shape resonances.
Although most of the core‐excited resonances identified in Ref. 26 are compatible with the
present measurements, these do not have enough energy resolution to confirm their energy
position and widths. One should also note that some of these core‐excited resonances may not
enhance the elastic cross section significantly and may therefore not be visible in the TCS.
We consider the present experimental values together with our previous calculation and those
available in the literature constitute a reasonable electron scattering data set in the range 0‐300
eV ready to be used for modelling purposes. Future work to improve its accuracy should focus
on the lower energy domain, mainly below 4 eV, improving the polarisation treatment in the R‐
matrix calculations to eliminate the discrepancy between CC and SEP results and on improving
the energy resolution of the cross section measurements.
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