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Abstract. The procedures for constructing recommended sets of cross sections for electron scattering on
molecules are described. Possible sources of errors in total and partial cross section measurements are
discussed. Examples when the theory successfully supports and/or substitutes measurements are given.
The target molecules discussed comprise CH4, C2Ha, NF3, NoO, NO2 and H2O.

1 Databases

Closer and closer deadlines for the peaceful use of ther-
monuclear energy [1], recent discoveries in astrochem-
istry [2] and the demands of studies using technological
plasmas [3] have combined to trigger renewed interest in
electron-molecule scattering.

Numerous recommended sets of cross sections for elec-
tron scattering on atoms and molecules are available in the
literature and on the internet. These cross section sets usu-
ally evolved from national centers of research. One of first
comprehensive internet collections of electron-scattering
cross sections was that that settled by Art Phelps, hosted
for some time at Oak Ridge and NIST [4,5], and now trans-
ferred to the France-based LXCat project [6]. National
databases comprise the early French Gaphyor system [7],
now not active, Belgrade BEAMDB [8] and several
fusion-related projects: ADAS (University of Strathclyde,
UK) [9], the recently re-formatted Japanese NIFS
database [10], Korean NFRI [11], Chinese CAMDB [12],
and the TAEA-based AMDIS [13]. This growing amount
of data-collecting centers make emerge meta-centers, that
collect links to specific databases; we mention Weizmann
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center [14], the EU-funded virtual atomic and molecu-
lar data centre [15], the already mentioned France-based
but with a wide international collaboration LXCat [6] and
the Quantemol Database (QDB) aimed at chemistries for
technological plasmas [16].

The first experiments on electron scattering in gases
were performed (by Lenard [17]) even before the official
discovery of electron by Thomson in 1897, so the history of
printed reviews of data is also long. Major milestones were
summarized by Ramsauer and Kollath [18], Brode [19],
Bederson and Kieffer [20], Trajmar et al. [21] and Karwasz
et al. [22]. Encyclopedic issues were published, among oth-
ers, by Landolt-Bornstein [23]. Numerous research reports
have also been published by the data centers listed above.

Significant papers can be divided into two groups: dis-
cussing several processes for a given gas or dealing with a
single process (like the ionization [24]) in different species.
For the latter we mention the binary-encounter Born-
Bethe model for the total ionization cross sections by Kim
and Rudd [25,26], which is available on-line from NIST
database [27].

An extensive series of papers on cross sections on
molecules of atmospheric interest was published by Itikawa
and co-workers (e.g. [28]), and on molecules of plasma and
semiconductor processing by Christophorou and Olthoff
(e.g. [29]). The methodology of these papers [30] is based
essentially on a critical comparison of existing experiments,
that used predominantly beam techniques.

A different approach is adopted in studies based on
measurements of transport coefficients in electron swarms;
this method originated with Townsend and was developed
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Fig. 1. Example of difficulties in interpreting cross sections definitions: MTCS of Pack et al. [44] and Ness and Robson [45]
include the rotational excitation, while that of Ruiz-Vargas et al. [47] no. Theoretical cross sections (R-matrix calculations) [54]
make distinction between IECS and MTCS without and with the rotational cross section. Experimental TCS [49] that do not

resolve the rotational excitation is clearly underestimated.

in particular by Huxley and Crompton [31] (see reviews
by Dutton [32] and Gallagher et al. [33]). The swarm-
based analysis usually presents self-consistent sets of cross
sections for several processes (momentum transfer, rota-
tional, vibrational and electronic excitation, etc.). These
cross section sets are used as input to Boltzmann (or
Monte Carlo) models that calculate transport coefficients
to be compared with the experiments [34-36]. The weak
point of some of those sets is that, in the case of a lim-
ited base of experimental transport coefficients (only the
pure target molecule, a narrow energy range, only some
of possible coefficients analysed) the derived sets of cross
sections can be non-unique. Additionally, the interpreta-
tion of the derived cross sections can vary from author to
author. This is the case, for example, of total, momen-
tum transfer and elastic cross sections in HyO, shown in
Figure 1, which we discuss below.

The present group, defined by the authors of this
paper, was born out of the data needs of models of
fusion edge plasmas for the ITER experiment, so our first
papers were dedicated to hydrocarbons [37,38]. However
our more recent compilations include atmospheric species
[39,40] and gases with potential industrial applications,
like NF3 [41]. The expertise in the group is deliberately
mixed consisting of theory, beam and swarm experiments
and plasma applications. As a result our analysis is not lim-
ited to existing experiments but builds on it, when needed,
using theory; beam and swarm results are also tensioned
against each other. Consistency of the derived cross-section
sets is further checked by Boltzmann analysis (and com-

pared to transport coefficients, if available). Anyhow, we
are far from calling the data presented as recommended
cross sections.

In this work we discuss issues that have emerged dur-
ing our analysis of experimental (and theoretical) cross
section to derive recommended data sets. Some questions
are related to specific targets, like the difficulties in mea-
surements (and calculations) of cross sections in polar
molecules, some are related to the drawbacks of given
experimental techniques in general.

2 Definitions

By the gross total cross section (TCS) we intend the over-
all probability of an electron to be scattered, via any
channel — elastic or inelastic. TCS includes all scattering
processes so it constitutes an upper limit for the sum of
all partial cross sections and if correctly used (and mea-
sured) may serve as a normalization procedure for partial
processes.

From its definition the elastic cross section should not
include any inelastic process. However, in measurements
of elastic cross sections using beams it is difficult to discern
electrons scattered with a small change in energy, which
means for the majority of molecules any rotational exci-
tation (or rotational de-excitation). Therefore, in beam
experiments the measured cross sections are called vibra-
tionally elastic (or elastic + rotational). These general def-
initions are valid for all targets.
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Only in few experiments (HoO, CHy) performed with
particularly good energy resolution (some as low as
10 meV) the rotational-excitation cross sections have been
separated from elastic ones [42]. Such a result for HyO is
shown in Figure 1. The integral elastic cross section, IECS
(open squares in Fig. 1) appears to exhibit a Ramsauer-
Townsend minimum, like that in CHy [43], in spite of the
fact that water is a polar molecule.

Unfortunately, measurements of transport coefficients
are also not sensitive enough to discern the rotational
excitation: electrons in a swarm continuously induce the
rotational excitations and de-excitations of molecules, so
the net energy loss is essentially zero. Depending on
the choice of rotational excitations, the derived MTCSs
[44-47]) may differ significantly (see Fig. 1). In practical
terms it is relatively straightforward to use theory to gen-
erate rotational excitation cross sections (e.g. [48]).

On the other hand, the experimental TCS [49] which
should be the upper limit for all cross sections in Figure 1
is lower than the integral elastic cross section (IECS) from
the recent beam experiment [50]. As some authors [49]
repeated their measurements in two different experimental
configurations, the discrepancies must result from some
systematic errors.

3 Total cross-sections

Experiments with electron beams are, potentially, the
most precise as it is possible to measure separately total,
integral elastic, integral vibrational, electronic-excitation
and ionization cross sections just by changing the energy
resolution of the post-collision energy analyzer. However,
as these cross sections should be obtained by integrat-
ing differential cross sections, DCS, numerous experimen-
tal problems arise, the normalization procedures being
the most complex. In practice, only TCS can be mea-
sured in an absolute manner in beam-attenuation exper-
iments. Measurements by the attenuation method are
conceptually very simple, requiring only the knowledge
of the pressure (and temperature) in the scattering cham-
ber. Therefore, for many targets, like CHy [37] the agree-
ment between different laboratories is excellent (within
5%). However, in some cases total cross sections can suf-
fer from systematic, difficult to avoid errors. One of these
errors is the angular resolution: the entrance and exit ori-
fices in the scattering cell can not be too small, so a frac-
tion of electrons (those scattered under small angles) will
be counted as non-scattered, lowering the measured cross
section.

This error is particularly acute in polar molecules at low
energies, where the direct (i.e. non-resonant) rotational
excitation is big and at high energies, where several inelas-
tic channels (ionization, electronic excitation) are open.
DCSs for these processes (and especially for the electronic
excitation into the dipole-allowed transitions) are forward-
centered. In Figure 2 we show the discrepancy between
the experimental total cross sections [51] and theories
[52]. Theories (and semi-classical estimations) predict a
1/ E slope of the total cross section in the very low-energy
range while the experiments differ from this dependence.
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Fig. 2. Comparison of experimental [51] and theoretical [52]
TCS. For all three polar targets (dipole moment 1.65D, 1.85D
and 1.97D, for CHF3, CHsF and CH2F3, respectively) the
experiment is lower than the theory. The discrepancy could
result from a limited (1 msr) angular resolution of the experi-
ment.
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Fig. 3. The so-called Born-Bethe plot of total cross-section
(semi-log dependence of TCS on energy) shows clearly that
measurements without retarding field analyser [56] underesti-
mate the TCS [57,98].

As shown recently for water by Kadokura et al. [53],
experiments with well defined, high angular resolution
can discern even the electrons rotationally scattered into
small angles. In the case of HyO, this rises the experimen-
tal TCS significantly, towards the theoretical values (see
Ref. [54]).

The upper-energy limit of the beam-derived TCS is also
subject to underestimation. The Trento TCS apparatus,
with which numerous electron (and positron) molecule
cross sections have been measured up to collision energies
of 4keV [55], was not equipped with the energy analyzer
at the exit of the scattering cell. As discussed previously
[56], the expected error in the elastic channel was of few
per cent, while in the inelastic channel it is much higher.
Thanks to a more recent experiment [57] we can evaluate



Page 4 of 10

the underestimation of TCS in Trento measurements as
some 30% at the high-energy (3keV) limit (see Fig. 3).
On that plot we present, apart from experimental data,
the so-called Born-Bethe dependence, according to which
the TCS can be at high energies approximated by the for-
mula

E B
TCS = Alog <R> + ok
where R is the Rydberg constant.

We see clearly that measurements without retarding-
field analyzer at the exit of the scattering cell depart from
the predicted energy dependence above some 1keV. On
the other hand, this method could be used to roughly esti-
mate of the total inelastic cross section at high energies.

3.1 Elastic cross-sections

Integral elastic cross sections (IECS) need differential
cross sections as the input data and, then, some extrap-
olation of DCS towards angles inaccessible in direct
measurements. This extrapolation, together with normal-
ization procedures for the estimation of the target gas den-
sity, is the main source of errors in IECS. The uncertainties
usually declared in IECS measurements are 20-30%, How-
ever, for some molecular targets like HoO clearly bigger
discrepancies exist between different experimental sets.

The differences that arise from extrapolation procedures
in the same experiment are shown in Figure 1. The IECS
labelled as Khakoo visual [50] uses a simple polynomial to
extrapolate DCS down to zero scattering-angle. The IECS
Khakoo Born uses the Born extrapolation: the difference
at 1 eV between the two sets is a factor of three. The reason
is that it is not possible to separate out the rotational
excitation, which is strongly forward peaked.

In case of such big discrepancies theory must be used.
Zhang et al. [54] derived, after an extensive discussion of
possible methods, an analytical formula for low-angle cor-
rections of elastic and rotationally inelastic DCS (both
for positrons and electrons). This triggered further exper-
imental work [53], including detailed studies of the angular
resolution effect in TCS, what also allows one to evaluate,
a-posteriori, other experimental results [58].

3.2 Vibrational cross-sections

Vibrational excitation (VE) is usually measured by beam
techniques along with the elastic scattering and, for this
reason is subject to similar possible systematic errors.
Further, the near-to-threshold region is rarely accessi-
ble to direct measurements unless special precautions are
taken [59]. Nevertheless, as seen in the case of CHy the
agreement between different experiments [59-62] is fairly
good.

This case is not typical as agreement between theory
and experiment for polyatomic molecules is generally poor
(see Fig. 4). The Born approximation gives pretty good
results for infrared active modes near threshold (even for
positrons [63]), but different theories diverge in predicting
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Fig. 4. Comparison between theory [99,100], beam experi-
ments [59-62] and swarm-derived [37] vibrational excitation
cross section for methane. Swarm-derived values are a factor of
two to three higher than beam measurements: this reflects the
role of vibrational overtones in the energy balance of swarms.
L-B stands for preferred values by Brunger, Buckman and
Elford from the Landolt-Bornstein review [101].

VE at resonances. Resonance enhanced VE cross sections
are often much larger and special theoretical procedures
are required to compute them (e.g. [64]).

Furthermore, it is not easy to cross-check the VE cross
sections from beam and swarm experiments; generally
the latter give higher values for the cross sections (see
Fig. 4). This is because in the swarm analysis the total
energy-loss (including overtones) is significant, while the
data shown in Figure 4 (for example) are the fundamen-
tal modes only, without overtones. The excitation to the
overtones, even if much weaker, results in higher energy
loss. So, as an operative recipe, for the sake of comparison
with theories, the beam experiments are significant, while
for plasma modeling the swarm-derived cross sections are
more appropriate: users of data must be aware of this non-
uniqueness.

3.3 Resonances

Semi-empirical comparisons of shape resonances in
molecules show that the VE may bring a high contribution
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Fig. 5. Total, integral elastic, counting ionization and
vibrational excitation (Born approximation, using the dipole
moments from [102]) for NF3. The maxima in TCS and
IECS are significantly shifted: new theoretical approaches that
include the VE in the resonance would be needed.

to the TCS. In iso-electronic molecules Ny [65] and CO [64]
at about 2eV (*II shape resonance) the VE amounts to
1/6 of TCS, while at similar resonances in NoO, CO5 and
OCS to as much as 1/3 of TCS [66]. Clearly, theories
must go beyond the fixed-nuclei approximations to esti-
mate correctly the amplitude (and the position) of shape
resonances. This is particularly important for molecules
in which the VE transition dipole moments are high, like
CF4 or NF; (see Figs. 5 and 6).

In Figure 5 we compare the theoretical (R-matrix) [67]
and experimental TCS and IECS for NF3. The theory
correctly predicts the position of the resonance as seen
in TCS, but overestimates its magnitude (due to the
fixed-nuclei approach). However, the maximum in IECS
is shifted towards a higher energy, while at the position of
the resonance a maximum of VE was measured [68] (see
Fig. 6).

Figure 5 shows also that a serious discrepancy exists
between the experimental TCS and theoretical IECS in
the very low energy range. A part of this difference can
be ascribed to the angular resolution but the theory is
also quite sensitive to the choice of the dipole moment
used. And at energies of tenths of eV an enhancement of
VE for infrared active modes is predicted by the Born
approximation but it was not seen in the experiment [69].

A similar shift between maxima in TCS and ITECS is
seen in another fluorine-containing small molecule, CF4
(see Fig. 6). The maximum of T'CS appears at about 9eV
while two weak maxima are present in IECS at 4eV and
12eV.

3.4 Electronic excitations

The measurements of electronic excitation cross sections
are subject to the same uncertainties as the elastic ones.
Additionally, for targets with overlapping vibronic bands,
difficulties arise in deconvolution of the spectra, so errors
can rise in assigning the states to a given loss channel.
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vs. the energy loss [70,104]. Such spectra correspond to pho-
toabsorption cross sections (see [70]).

In Figure 7 we show the DCS for electron scattering
at zero angle against energy loss. Such spectra, with the
zero momentum transferred to the target can be directly
compared with photoabsorption cross sections (see [70] for
details). As seen from that figure, the energy-loss pattern
is particularly dense in NO, so, for example, the L state
is difficult to separated from the K state.

Another way to distinguish specific states is to follow
the integral electronic-excitation cross section (IEECS) vs
the collision energy: dipole-allowed IEECS fall slowly with
the energy, at high energies like 1/E while the forbidden
states this dependence is much steeper.

Recently an additional hint on how to get the correct
normalization of IEECS came from the scaled Born-Bethe
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Fig. 8. Integral cross sections for electronic excitation into
the dipole-allowed C' and D states in N2O (broad peaks in
the energy-loss spectra in Fig. 7). The beam experiments, in
fair mutual agreement (Kawahara et al. [72] and Marinkovié
et al. [105]) give lower cross sections than swarm evaluations.
This is, similar to the case of the vibrational excitation and is
due to the higher energy loss that overtones (i.e. higher vibronic
states) brings to the swarm energy balance.

(BEf) model [25], which was originally developed for the
electron-impact ionization, see below. The BEf method
gives an analytical formula for optically allowed IEECS
but requires the optical-oscillator strength. These, in turn,
can be obtained both by optical and theoretical methods
(a comprehensive discussion for the C' and D states in NoO
was given by Xu et al. [71]). For N2O this considerations
induced us to recommend the f-BEB cross sections [72].

The IEECS derived from measurements of transport
coefficients [39,73] show identical energy dependence (see
Fig. 8), but are a few times higher. The cause is the same
as for VE: the energy balance of swarms requires the inclu-
sion of higher vibronic states, with the energy-loss higher
than the mere threshold for the excitation. To perform a
full analysis one should use cross sections for optical exci-
tation to all the vibronic states; these data are usually not
available (see for example [74]).

In summary, different cross checks allow one to get reli-
able IEECS, but still only for a few molecules. Otherwise,
theory has to be used. However, comparisons for different
targets indicate that the electronic excitation constitutes
not more than a few (5%) of the TCS. At high energies it
is the ionization cross sections which dominate, together
with the elastic scattering.

3.5 lonization cross-sections

Ionization cross sections, like TCSs, can be measured
using relatively simple methods, giving therefore in some
cases recommended cross sections with an uncertainty
below 10%.

However, when comparing data one should distinguish
between “gross total” and “counting total” cross section.
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Fig. 9. Gross total and counting total ionization in CH4: the
difference lies in the double counting of signals from events
in which a pair of ions are formed. HT is the good example:
as shown by Ward et al. [77], at 200eV half of the H" ions
arise from double ionization. Two BEB model calculations are
given [67,106]; for the latter we give also the contribution from
the 2a; molecular orbital.

The gross total cross section is measured as the total cur-
rent of ions created in the collision. As some ions can be
formed with a double charge (if the atom looses two elec-
trons), the total current of ions overestimates the number
of ionization events which are measured by the total count-
ing cross section. This difference is visible, for example, for
noble gases: in Ar at 200 eV the double ionization amounts
to 6% of the total counting ionization cross section [75].

In the case of molecules, the double ionization is much
smaller, in Ny at 200eV is only 1% of total counting [76]
and no doubly-charged ions are reported for CHy. Instead
of doubly charged ions, a single ionization event can lead
to formation of a pair of ions which, if collected as a
total ion charge, overestimates the counting ionization
cross section. This is more difficult to distinguish, even in
experiments with mass spectrometers. Only recently have
coincidence measurements [77] allowed one to distinguish
between single and double ionization events: in CH, the
yield of HT ions in double ionization collisions at 200eV
equals that from the single ionization. Therefore, half of
the H* signal has to be subtracted from the experimental
gross total ionization cross section to yield the counting
ionization (see Fig. 9).

Additionally, a useful indication in choosing recom-
mended ionization data is the binary-encounter Bethe-
Born (BEB) model [26] as for most molecules it gives
a good approximation to the total counting ionization
cross section. In some case this can be better than the
previously recommended experimental data (see Fig. 9).
However, even if the BEB model gives reliable total ion-
ization cross sections, it has not yet been applied to par-
tial cross sections, even though the BEB total ionization
cross section is obtained as the sum of the contributions of
electrons kicked-out from single orbitals. A trial [67] pre-
formed for NHj3 partial ionization, using the NIST experi-
mental mass spectrometry data to get partitioning is quite
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promising. An ambitious goal would be to derive directly
partial ionization cross sections for single orbitals, but the
BEB model does not include any possible post-collisional
interactions.

3.6 Other processes

A complete set of cross sections must also include other
processes. The experimental evaluations of the rotational
excitation are scarce, so the theory is needed. For CyH,
we presented [38] a set of differential cross sections for
j =0 — 3 = 0,2,4 at collision energies 0.1-10eV,
obtained using the Quantemol-N [78] implementation of
the UK molecular R-matrix suite of programmes [79];
hardly any theory [80] or experiment exists to compare
against. Similar calculations for NF3 (for five rotational
transitions) (see [41]), showed clearly the resonant state
at about 2eV. This is also the case of the shape resonance
in NoO, well pronounced in the rotation-elastic channel,
forall j =1 — j/ =1 — 5 transitions (see [39]). In con-
trast, no resonance appears in the same channels in NOo
between 0.2 and 3 eV, even though an alternative calcula-
tion [81] claimed two sharp resonances in the elastic cross
section.

The same set of programmes, based on the UK R-matrix
code have been used to obtain IEESC for targets in which
no experiments are available, like NF3 [41] and NOy [39].

Experimental data for the dissociation into neutrals
are also relatively scarce. Direct measurements were per-
formed only in few cases like for fluoromethanes [82],
where fluorine radicals were captured in the getter of
the vacuum pump, or for oxygen containing molecules,
N2O [83] and H,O [84], via detection of metastable 'S
atomic oxygen. In NoO the experiment of LeClair and
McConkey [83] gave the cross section for the dissociation
into O(*S) which amounts exactly to half of the IEECS to
the D state, Figure 8.

Indirect experimental methods to evaluate dissociation
into neutrals are based on measurements of optical emis-
sion from molecular fragments. Both swarm [85] and beam
techniques [86] have been used. However, these methods
bring several difficulties including the need for normal-
ization for the gas density and for the optical signal col-
lection, the need to sum over all vibronic states and the
possibility of cascading from higher excited states. There-
fore, in some cases high “normalization” factors must be
used, see the discussion for NoO in our recent paper [39].

Theoretical cross sections for dissociation into eight
neutral channels in NF3 have been obtained by R-matrix
method by Hamilton et al. [67] and see also [41], but we
are not aware of any experiment to compare with.

Electron attachment cross sections are measured with
a great success by swarm techniques that are sensitive to
negative ions. However, to distinguish the ions formed,
mass spectrometers must be used. Similarly as in the ion-
ization, problems with the collections of ions and with
their distinction in the case of close masses (like O~ and
OH~ from H,0O [87]) can alter the spectra. Therefore, in
order to give recommended values, a careful analysis of
experimental conditions must be done: it can happen that
early data [88] are more reliable than recent experiments.
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Fig. 10. Comparison between selected expertiments, theories
and recommended [39] cross sections for NoO. Total experi-
mental [94]; elastic: Schwinger multichannel [90], Q-mol with-
out Born correction [89]; ionization: BEB method [26].

4 Conclusions

The search for recommended cross sections should, if
possible, use many different experiments performed with
complementary method (as is often the case for electron
impact ionization). However, even the use of data from
different laboratories does not protect from systematic
errors. Theoretical methods, in spite of their limitations,
are increasing in importance for recommending cross sec-
tions.

In Figure 10 we present comparison between some
theoretical methods and the recommended cross sec-
tions [39] in Ny O: BEB approximation for ionization [26],
Quantemol-N package [89] and Schwinger variational
method [90] for the elastic cross section. The BEB model
approximates the total ionization cross section within
5%; the job is much tedious with the elastic cross
section. Calculations (see also [91-93]), using the fixed-
nuclei approach generally overshoot the low-energy res-
onant maximum of the TCS (and of the elastic cross
section). Outside the resonance the Schwinger multichan-
nel method [90,92] agrees better with our [39] recom-
mended cross sections than the Quantemol calculation
of Vinodkumar and Barot [89]. In turn, the Quantemol
calculations correctly predict the low-energy rise of the
total and momentum transfer cross section. Clearly, both
refinements of experiments, such as better angular resolu-
tion as the beam measurements [94] fall below the theory,
and the extension of calculations towards lower energies
(to get matching with swarm-derived momentum transfer
cross sections) are needed.

A series of review papers is under publication by our
group, starting from CHy [37], CoHy [38], NF5 [41] to
nitrogen oxides (NO, N3O, NO3) [39] and most recently
water vapour [40]. The main novelty of our approach is
the extensive referring to the theory. The UK R-matrix
code (and the Quantemol package) proved to be the
most versatile tool to calculate elastic cross sections both
in molecules dominated at low energies by resonances
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like NF5 [67] and in polar targets like HoO [54]. The 5. A.V. Phelps, J. Phys. Chem. Ref. Data 19, 653 (1990)
R-matrix codes allowed also to evaluate electronic excita- 6. L.C. Pitchford, et al., Plasma Proc. Polym. 14, 1600098
tion in nitrogen oxides (work in progress). For validation (2017)

of total ionization cross sections we use with success the 7. A Database on the Properties of Atoms, Molecules, Gases

and Plasmas, including Chemical Reactions, Laboratoire
de Physique des Gaz et des Plasmas (Universit Paris-Sud,
France), http://gaphyor.1lpgp.u-psud.fr/

8. B.P. Marinkovié, V.A. Sreckovié, V. Vujcié, S. Ivanovié,
N. Uskokovié¢, M. Nesi¢, L.M. Ignjatovié¢, D. Jevremovi¢,
M.S Dimitrijevié¢, N.J. Mason, Atoms 7, 11 (2019)

9. H.P. Summers, M.G. O’Mullane, AIP Conf. Proc. 1344,
179 (2011)

10. M. Emoto, I. Murakami, D. Kato, M. Yoshida, M. Kato,
S. Imazu, Atoms 7, 91 (2019)

. Data Center for Plasma Processes (National Fusion
Research Institute, Daejeon, Republic of Korea), https:
//dcpp.nfri.re.kr/search/index.do

. Atomic & Molecular Database (Institute of Applied

Physics and Computational Mathematics, Beijing,

China), http://www.camdb.ac.cn/e/

Atomic Molecular Data Services (International Atomic

Energy Agency, Vienna, Austria), https://www-amdis.

iaea.org/

Databases for Atomic and Plasma Physics (Plasma

Laboratory - Weizmann Institute of Science, Revohot,

Israel), http://plasma-gate.weizmann.ac.il/

directories/databases/

15. ML.L. Dubernet, et al., J. Phys. B: At. Mol. Opt. Phys.
49, 074003 (2016)

. J. Tennyson, et al., Plasma Sources Sci. Technol. 26,
055014 (2017)

. P. Lenard, Ann. Phys. 456, 1255 (1895)

. C. Ramsauer, R. Kollath, Der Wirkungsquerschnitt von
Gasmolekdlen gegen iiber langsamen Elektronen and
langsamen Ionen, in Handbook der Physik (Springer,
Berlin, 1933), 2nd edition, Vol. 22, Part 2

. . 19. R.B. Brode, Rev. Mod. Phys. 45, 1257 (1933

Author contribution statement 20. B. Bederson, L.J. KiePfer,yRev. Mod. §3hys.)4437 1601

(1971)

S. Trajmar, D.F. Register, A. Chutjian, Phys. Rep. 497,

1219 (1983)

22. G.P. Karwasz, A. Zecca, R.S. Brusa, Riv. Nuovo Cimento
24,1 (2001)

23. G.P. Karwasz, R.S. Brusa, A. Zecca, 6.1 Total scattering
cross sections: datasheet from Landolt-Bornstein — Group
I elementary particles, nuclei and atoms, in Volume 17C:
Interactions of Photons and FElectrons with Molecules,
edited by Y. Itikawa (Springer-Verlag, Berlin, Heidelberg,
2003)

24. T.D. Mark, Ionization of molecules by electron impact,
in Electron-Molecule Interactions and their Applications,
edited by L.G. Christophorou (Academic Press, 1984),
Vol. 1, pp. 251-334

25. Y.K. Kim, Phys. Rev. A: At. Mol. Opt. Phys. 64, 032713

(2001)

Y.K. Kim, M.E. Rudd, Phys. Rev. A: At. Mol. Opt. Phys.

50, 3945 (1994)

Electron-Impact Cross Section for Ionization and Excita-

tion Database (National Institute of Standards and Tech-

nology, Gaithersburg, USA), https://physics.nist.
gov/PhysRefData/Ionization

Born-Bethe binary encounter model [26]; however, appli-
cation of this model to partial ionization cross sections [67]
still requires some experimental input. We note that both
the UK molecular R-matrix codes [79,95] and the associ-
ated Quantemol front end [96] have undergone extensive
upgrades which should further extend their utility.
Further consistency of the proposed sets is obtained by
comparison of cross sections from beam techniques with
data derived from swarm experiments, both for pure and
(what is even more stringent) mixed gases [37]. A rigorous 11
check would be an output from plasma-modelling projects
(and plasma experiments), conforming or not the recom-
mended cross sections. 12
Returning to the title of the paper: at present, for
quite few targets (such as noble gases) really unique and
self-consistent cross section sets can be given. Recipro-  13.
cal criticism between different theoretical and experimen-
tal approaches stimulates the extension this work yielding
complementary cross sections which, importantly, include  14.
upper limits on systematic errors, to search for analo-
gies [97] — must continue before the recommended goal
is achieved.
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