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Abstract

CrossMark

Electron—molecule collisions drive many natural phenomena and are playing an increasing role
in modern technologies. Over recent years, studies of the collision processes have become
increasingly driven by quantum mechanical calculations rather than experiments. This tutorial
surveys important issues underlying the physics and theoretical methods used to study
electron—molecule collisions. It is aimed at nonspecialists with suitable references for further
reading for those interested and pointers to software for those wanting to perform actual

calculations.
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1. Introduction

Collisions of electrons with molecules occur in a number of
natural environments ranging from the Earth’s ionosphere to
the interstellar medium and from lightning bolts to radiation
damage within living organisms. Perhaps even more import-
antly, electron—molecule collisions are widely used in modern
technologies where low-temperature plasmas are used for a
wide range of etching, coating and deposition processes that
drive much of modern industry. These collisions also occur
in spark plugs, drive many lasers, feature strongly in space-
craft re-entry physics and are employed in radiation therapy
to fight cancer. The study of electron—molecule collisions thus
not only probes the fundamental physics of the process but can
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also provide important information, which can help our under-
standing and models of the processes listed above and many
others.

Early data on electron—molecule collisions came almost
entirely from experimental studies; see the excellent review of
collisions with diatomic molecules by Brunger and Buckman
(2002) for example. Of course, experiment remains a means
whereby detailed and accurate results can be obtained.
However, over the past few decades theory has become the pre-
dominant provider of information on electron—molecule colli-
sions. As discussed by Bartschat and Kushner (2016), there
are a number of reasons for this, such as:

e The need for complete data sets of collision processes as
input for models to interpret the phenomena listed above.

e The extreme difficulty of performing collision experiments
on unstable species and radicals and the few successful
attempts to perform these experimental studies (Maddern
et al 2008, Brunton et al 2013) have provided only very lim-
ited information.

© 2024 The Author(s). Published by IOP Publishing Ltd
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e The extreme difficulty of performing electron collision
experiments where the target is in a known excited
state; again there are examples of such studies, such as
Johnstone et al (1999), but they can usually only be
achieved under special circumstances and provide limited
information.

o There are processes that are important but not conducive to
experimental study. One such example discussed below is
the rotational excitation of molecular ions, which is import-
ant for astrophysics.

e There are issues with correctly measuring forward scatter-
ing in systems with dipole moments; again this issue is dis-
cussed below.

e Some applications, such as fusion, require data on isotopic-
ally substituted species such as HT, DT and T,. Under these
circumstances, developing a theoretical model for the parent
isotopologue (here H;), which can be benchmarked against
experiment, and then using it for the other species, is the
most practical approach.

Finally, it should be noted that experiments are in general
much slower and much more expensive than theory. All this
has led to a trend towards experiments providing benchmark
measurements and being used to search for novel phenomena,
while theory is used to satisfy data needs for a wide range of
applications.

This tutorial review is designed to provide a brief introduc-
tion to the field and pointers to the literature where those inter-
ested can gain a deeper understanding. Topics covered include
the different physics encountered during collisions in differ-
ent energy regimes, a taste of the quantum mechanical formal-
ism used to treat electron—molecule collisions, model building
and available methods for solving the problem, the different
processes that are initiated in these collisions and finally data
compilations.

2. Energy ranges

Before considering actual theoretical methods, it is worth con-
sidering the effects of different energy ranges on the scattering
process.

Most work (and most of this tutorial review) focuses on
low-energy collisions. This means that the impacting elec-
tron has insufficient energy to ionize the molecular target,
i.e. the collision energy is below the ionization potential of
the molecular target, which typically lies somewhere in the
10-15 eV range. This is known as the low-energy regime. In
the low-energy regime, the electron approaches the molecule
slowly enough that when it is close to the molecular target it
cannot be distinguished from the electrons in that target. This
means that exchange interactions need to be explicitly accoun-
ted for and the interactions are therefore non-local, although

interaction potentials, including the so-called exchange poten-
tials (Hara 1967), are sometimes used to represent electron
collisions in this regime (see, for example Gianturco and Jain
(1986)).

One key result, which has stimulated much work on low-
energy collisions, was the discovery by Boudaiffa et al (2000)
that high-energy particles, including electrons, create a shower
of low (sub 10 eV) electrons in biological systems. It is
now accepted that collisions of these low-energy electrons,
which get trapped in quasi-bound resonance states (see below),
provide the primary mechanism for radiation damage in liv-
ing systems (Sanche 2009). This has led to considerable study
of low-energy electron collisions with biologically relevant
molecules and molecular clusters (Gorfinkiel and Ptasinska
2017).

The high energy regime, which starts at collision ener-
gies somewhere between 50 and 100 eV, is where the elec-
tron moves so fast that the exchange process can be treated
approximately, or even neglected completely, without sig-
nificant loss of accuracy. Instead, these collisions can be
treated using simplified methods; these include the use of
the Born approximation (Tanaka et al 2016), which is in
essence perturbation theory formulated for continuum state
problems, and the distorted wave approximation (Toshima
et al 1987), an extension of the Born approximation, which
accounts for higher-order and multiple scattering effects. The
relative unimportance of exchange interactions at high energy
means that the use of model potentials can also yield good res-
ults for high-energy electron scattering calculations. There are
two forms of potential scattering, which are currently fairly
widely used, namely the spherical complex optical potential
(SCOP) (Jain 1987) and the independent atom model with
the screening-corrected additivity rule including interference
effects IAM-SCAR+I) (Blanco ef al 2016) methods. In the
SCOP method, the real part of the potential models elastic
scattering while the complex part models all inelastic pro-
cesses, which are not differentiated in the calculation. The
TAM-SCAR+I method starts from the notion that molecules
are a collection of atoms and electron—molecule scattering can
be modelled by considering the sum over electron atom events.
As the complexity of the acronym suggests, a number of cor-
rection terms are usually included.

Electron-impact ionization is a special case of high-energy
scattering since there are a number of specific and rather suc-
cessful semi-empirical theories available for modelling this
process. Electron impact ionization is well treated by semi-
empirical methods such as BEB (Binary Encounter Bethe)
(Kim and Rudd 1994) and Deutsch-Mirk (Deutsch et al 2000)
methods. These methods require only information about the
target molecule to provide reliable estimates of the electron
impact single-ionization cross-section of a molecule; figure 1
shows an example. BEB calculations, in particular, are gener-
ally found to give predicted cross-sections within about 10%
of the measured ones.
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Figure 1. Electron impact ionization cross-section of phosphine
(PH3) as measured by Mirk and Egger (1977) and computed using
the BEB approximation with and without the use of an effective
core potential (ECP) for the P atom by Graves et al (2021).

Ateven higher energies there is a regime where the electron
moves at relativistic energies. This situation is less common
than lower-energy scattering but does occur when high-energy
cosmic rays hit the top of the Earth’s atmosphere resulting
in a shower of lower-energy electrons caused by collisions
with atmospheric molecules. Relativistic scattering will not be
considered further.

From a theoretical perspective, the hardest regime to study
is the intermediate energy regime, which starts just below the
ionization potential of the target and continues to 50 eV or so.
This regime spans the region where the target can be excited
into a potentially infinite number of bound states or ionized
into a set of continuum states represented by an ionized tar-
get and a free electron. Standard low-energy methods, which
often use an expansion over target states generally known as
a close-coupling (CC) expansion (see below), do not readily
transfer to a regime where these expansions become infin-
ite. This is the intermediate energy regime where the greatest
recent theoretical progress has been made based on the use
of quasi-complete CC expansions. The most impressive res-
ults have been obtained using the CCC (convergent close-
coupling) method (Zammit et al 2017), which, however, is
limited to simple, few-active electron targets. The R-matrix
with pseudo-states (RMPS) method for molecules (Gorfinkiel
and Tennyson 2004, 2005) is in principle more general, but
becomes very computationally expensive even for relatively
small molecules (Halmova and Tennyson 2008). The RMPS
and CCC methods, for which more technical details are given
below, have been benchmarked against each other for electron
collisions with H, (Meltzer ef al 2020) giving comparable res-
ults and, interestingly, suggesting that some of the measured

from its X ! E;‘ ground state to the C 'TI,, electronically excited
state. CCC and R-matrix (UKRmol+) calculations from Meltzer
et al (2020) are compared with the measured values of Liu ef al
(1998) recommended by Yoon et al (2008). Note that this is a
dipole-allowed transition, which means that there is a non-zero
transition dipole moment linking the X IE; and C 'T1,, electronic
states.

recommended cross-sections (Yoon et al 2008) for this relat-
ively simple and fundamental system are not reliable; figure 2
gives an example.

3. (Brief) formalism

3.1. Overview

Theoretical calculations of electron—molecule scattering are
based on approximations made to a rigorous, quantum mech-
anical formulation of the problem. As discussed in the previ-
ous section, these approximations vary according to the colli-
sion energy being considered. Some of the concepts discussed
below are general, but the focus of most of the discussion
will be on treating the important low- to intermediate-energy
region.

The starting point for all the calculations described below
is the Born—Oppenheimer approximation, which assumes that
since the electrons are much lighter than the atomic nuclei,
they can relax instantaneously to any nuclear motion. Within
this approximation the treatment of electron scattering prob-
lems involves considering scattering from a molecule with a
fixed geometry.

Before giving any mathematical details, it is worth con-
sidering the dominant interactions that need to be con-
sidered in an electron—molecule collision. To do this, it
is worth dividing space into two regions: an inner region,
which encloses the charge distribution of the N-electron tar-
get molecule and an outer region where one can assume
the target wavefunction/charge density is zero. The bound-
ary between these two regions is problem-dependent but is
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typically taken to be in the range of 10-15 ay. The actual
division of the space between the inner and outer regions is
the formal basis of the R-matrix method, discussed in the
next section. However, in practice most other low-energy scat-
tering methods make use of the concept of dividing space
into different regions in their practical implementation since
it yields both major computational efficiencies and physical
insight.

In the inner region, the scattering electrons overlap the
charge cloud of the target molecules. This means that in this
region the electrons cannot be distinguished from the target
electrons and the full set of N+ 1 electrons have to obey
the Pauli principle; that is, the scattering wavefunction must
be antisymmetric to interchange with any pair of these elec-
trons. A consequence of this antisymmetrization is the pres-
ence of exchange interactions, which act as an important
repulsive force at low energies. The overlap between the tar-
get and scattering electrons means that electron correlation,
often referred to as polarization by scientists doing scatter-
ing calculations, is also important. The inner region prob-
lem has strong similarities to the electronic structure prob-
lem routinely tackled by quantum chemistry programmes such
as Molpro (Werner et al 2012). Similar to wavefunction for-
mulations of the quantum chemistry problem, the treatment
of the exchange interaction is built into the formalism from
the start by ensuring that all wavefunctions are fully antisym-
metrized. Conversely, calculations usually start from models
that neglect the electron-correlation, such as the Hartree—Fock
(HF) approximation, and correlation effects are then treated
by systematically improving on these models by a variety of
methods but are rarely captured in full, with the exception
of few-electron problems for which full configuration inter-
action treatments are possible, see Darby-Lewis et al (2017)
for example.

At long range the interaction between the electron and the
target can be formulated in terms of target moments, such as
charge, dipole, quadrupole, etc, as well as its static polarizab-
ility. In this formulation there is no need to explicitly consider
the wavefunction of the target as the uniquely identified scat-
tering electron can be assumed to move in various long-range
potentials. The standard way of solving this problem is to use
a so-called partial wave expansion, which represents the scat-
tering wavefunction as a product of a radial and an angular
function of the form fis, (r)Ys, (0, ¢) where r = (r,6,¢) is the
vector representing the position of the scattering electron rel-
ative to the target centre-of-mass. The angular behaviour is
represented by the spherical harmonic Yy, which represent s
¢=0),p({=1),d(¢=2), ... partial waves. This expansion
is particularly useful for low-energy scattering since it often
converges rapidly and the number of partial waves that need
to be explicitly considered is small; typically £ is truncated at
about 5. The exceptions to this case are where there is a long-
range potential; the inclusion of high partial waves for systems
with dipoles is discussed below. Each unique asymptotic com-
bination of fi, (r) Y4 (60, ¢) is known as a channel. In contrast
to electron-atom scattering, electron—-molecule scattering has

many degenerate channels for which the asymptotic energy of
a given set of channels is the same.

3.2. Asymptopia

When deriving a form for the wavefunction for electron—
molecule scattering, ¥"+1) ([l ...[N,[N+1), it is simplest to
start from the general form that applies at large separations
(rn+1 — 00) between the electron and the target:

TN =N ;N (ry..ry) Fig (rvrt) Yem (i), (D)
;

where ¢¥(r,...ry) represents the wavefunction of the N-
electron target state i, Yy, are the spherical harmonic and F;
radial function representing the continuum electron discussed
above, and r; = (r;,7;) = (r;,0;, ¢;) is the coordinate of the ith
electron.

For simplicity, equation (1) and the more complete
equation (7) below do not include any representation of how
the spins of the electrons are coupled. For a spin singlet, spin
degeneracy 25 + 1 = 1 target state the resulting N + 1 electron
system is a doublet. In all other cases, where 25+ 1 > 1 for
the target, there are always two possible spin states formed in
the collision system, which correspond to a spin multiplicity
of 25 and 25+ 2 for the compound system. Remember that
S takes half-integer values for states with an odd number of
electrons and is an integer if the number of electrons is even,
which, of course, includes the close shell target case when
S =0. Channels that only differ in the total spin are degen-
erate asymptotically but will show different behaviour in the
short-range, inner region. The treatment of spin couplings can
require careful treatment in the actual implementation of the
problem (Tennyson 1997) but formal effects due to electron
spin will not be discussed further here.

At large ry4; the radial part of the continuum wavefunc-
tion, Fij(ry+1), behaves like a plane wave, which can be rep-
resented in terms of sine and cosines of kry,; where k is the
wavenumber, which is related to the scattering energy, E, by,

k=——mom, @

where m is the mass of the particle, here, an electron that has
mass m, = 1 in atomic units; / is Planck’s constant divided by

27. his also equal to 1 in atomic units, which means that E =

% in atomic units (which for the energy are known as Hartree).

Of course, it is also possible to use the complex exponential
representation of a plane wave, exp (£ikry41).

Since both the incoming and outgoing waves are plane
waves, what characterizes an (elastic) scattering event for a
single-channel problem is the phase shift, §, between these
waves, see figure 3. As can be seen from the figure, the phase
shift corresponds to a change in the angle of the plane wave;
phase shifts are generally given in radians. The phase shift cap-
tures the information on interactions that occur during the col-
lision for a single-channel problem.
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key properties. They are the scattering (S) matrix:
(I+iK)
S=——-—F 5
(I-iK)’ ®)
and the transition (T)
T=S-1, 6)

Figure 3. Schematic of two plane waves that differ by a phase shift
of 4.

For a multi-channelled system, it is necessary to generalize
the asymptotic plane wave expression to:

Open channels ~ Fj; ~ —— (sin (k;r+ 16;7) 6

Vi
—+cos (kir—&- %&'7‘(’) K,j) , (3
0

Closed channels F;; ~

where open channels are ones where the states are energet-
ically accessible at infinite separation, while closed channels
cannot be accessed at this limit but may still have an important
influence on the scattering process. Expression (3) is correct
for a neutral target. If the target molecule is charged, there is
an additional Coulomb phase to consider (Volkov et al 2009).
For the multi-channel problem, one has to consider the coup-
ling between channels, here between channels i and j. As a
result of this coupling, the effect of scattering is represented
by a K matrix, which is a real symmetric matrix of the number
of open channels. Hazi (1979) showed that the equivalent of
the phase shift for a multi-channel problem can be obtained
by summing the eigenvalues obtained by diagonalizing the K-
matrix:

5= arctan (K?), C))

yielding the eigenphase sums, or more commonly simply the
eigenphase as a function of the scattering energy.

Analysis of eigenphases is an important tool in the theoreti-
cian locker as they contain a considerable amount of inform-
ation on the scattering process. As discussed below, eigen-
phases are used to characterize resonances and can also be
used to detect the presence of (extra) bound states (Levinson
1949). Attractive potentials give rise to positive eigenphases
while the eigenphases are negative for repulsive interactions,
while a zero eigenphase means that for that energy the tar-
get is effectively transparent, which leads to the presence of
a Ramsauer minimum (Ramsauer 1921) in the cross-section.
From a theoretical perspective, perhaps the most important
(and least documented) reason for reading eigenphases is that
they can provide an important diagnostic of problems with
the calculation. Problematic calculations often yield physic-
ally plausible cross-sections but give eigenphases that contain
tell-tale signs of issues with the calculations.

In principle, the K matrix contains all the known informa-
tion about the collision process. In practice, two other (com-
plex) matrices are often used to derive cross-sections and other

where I is the unit or identity matrix with 1 along the diagon-
als and zero elsewhere. S-matrices are used to obtain the time-
delay in the scattering process (Smith 1960), see below, and for
multi-channel quantum defect theory analysis (Seaton 1983,
Tennyson 1988) of problems. S and T matrices are square
complex matrices of the total (open plus closed) number of
channels.

Note that while the definitions of the K and S matrices given
above are uniformly adopted, there are various definitions of
the T matrix in use, which differ by no more than a phase
factor. I favour the definition of equation (6) because of its
simplicity.

3.3. Short range

At small electron-molecule distances it is necessary to general-
ize equation (1) to allow for detailed interaction with the target
wavefunction. The standard form used for the N + 1 electron
system wavefunction in most treatments of low and interme-
diate energy scattering is:

v = Azaijk¢f'v(ll coty) Fij (rvet) Yom (P 1)
ij
+ Z buxi () s ™
i

where the antisymmetrization operator, A, is introduced to
ensure that the N + 1 electrons obey the Pauli principle, mean-
ing that the wavefunction is antisymmetric with respect to the
interchange of any two electrons. The second, extra term in
equation (7) is a short-range (‘L*’) term, which allows for the
detailed interaction of the scattering electron with the target,
for example by allowing it to occupy low-lying, unoccupied
orbitals associated with the target.

3.4. Resonances

Resonances play a very important role in electron—-molecule
scattering. Resonances are quasi-bound states that lie in the
continuum. That is, the electron hits the target and sticks
for a finite amount of time before some process, most com-
monly (radiationless) autoionization or capture of the elec-
trons, which leads to break-up of the resonance state. Since
resonances have a finite lifetime, the uncertainty principle dic-
tates that they do not possess an exact energy. Resonances
are therefore generally characterized by both a position (E,),
which is generally given as an energy relative to the energy of
the target ground state, and a width (I) that is inversely pro-
portional to the life-time.
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In terms of the eigenphase, the resonance is characterized
by an increase in the eigenphase by 7. Figure 4 compares
eigenphases computed with two models for electron scatter-
ing from LiH; the simple SE model gives smooth eigenphases
with no apparent resonance feature, while the more sophist-
icated five-state CC model shows a clear resonance feature
at about 3.5 eV. Resonances usually appear as peaks in the
cross-section; figure 5 gives the most notable example where
for electron collisions with molecular nitrogen in the region
of the low-lying resonance at 2.4 eV the total cross-section is
increased by a factor of about three and is completely domin-
ated by the rather broad resonance structure.

Resonances facilitate certain processes. In the case of the
N, example considered in figure 5 the dominant process in the
resonance region is vibrational excitation; dissociative recom-
bination (DR) and dissociative electron attachment (DEA)
are important processes, which only occur via resonance.
These and other collision processes are considered below in
section 5.

While resonances are often visible in cross-sections, ana-
lyzing the calculated cross-sections does not usually provide
the most reliable method of obtaining (E,,I") values that char-
acterize a resonance. Instead, there are two main methods of
obtaining resonance parameters from scattering calculations.
The first is by fitting the jump of 7 in the eigenphase, see
figure 4, to the form given by Breit and Wigner (1936), for
which there are automated procedures for detecting and fitting
(Tennyson and Noble 1985) resonances. The second method
uses the semi-classical idea of a time delay in the scatter-
ing process caused by the temporary formation of a reson-
ance; the S-matrix can be used to construct a time-delay mat-
rix (Smith 1960) whose eigenvalues represent the length of
the time-delay in the scattering process in each channel. Long
time delays can be associated with a resonance. Again, there
are also available procedures for detecting and fitting long time
delays (Little et al 2017).

There are three distinct physical mechanisms for forming
a resonance in electron—molecule collisions, which give res-
onances, generally known as shape, Feshbach and nuclear
excited resonances.

Shape resonances generally occur at low scattering energies
and are short-lived (broad). There are two explanations for the
mechanism which, while seemingly rather different, are actu-
ally consistent with each other. A shape resonance can occur
when the scattering electrons gets temporarily trapped behind
the centrifugal barrier due to electron angular momentum. In
atomic units, this barrier adds a term as follows:

e, (8)
to the potential, which means that shape resonance should
not occur for s-wave scattering for which £ = 0. Alternatively,
shape resonances can be characterized by the scattering elec-
trons entering a low-lying unoccupied target orbital. For
example, for H, there is a very broad, low-lying shape res-
onance. This 2} symmetry quasi-bound state of H; can be

Eigen phases at equilibrium bond length
¢ - LiH molecule scattering
T T T T T T T T T

—— 5 Coupled states, CI target | |
— — 1 state, SCF target

Eigen Phases

Energy (eV)

Figure 4. Eigenphase sums two models of electron scattering from
LiH due to Antony et al (2004): red dashed line is a static exchange
(SE) calculation while the solid black line is a five-state CC
expansion calculation. Note that the discontinuities in the CC
calculation at high energies are caused by adding factors of 7 to the
eigenphase to restrict the range of the graph; eigenphases are
arbitrary to factors of 7.

represented by the configuration l1o;10y, i.e. the scattering
electrons enter the 1o, lowest unoccupied molecular orbital.
Asymptotically, this shape resonance goes to the H+H™ dis-
sociation limit. Given that H™ is bound (by about 0.75 eV), this
means that at some point the resonance curve crosses that of
the H, ground state and becomes a truly bound state. For inter-
nuclear separations beyond this point I' = 0, see the middle
panel of figure 10 below for an example of this behaviour.

An important characteristic of a shape resonance is that
the state of the target is essentially unchanged. Conversely,
Feshbach resonances always involve excitation of the target
with the electrons trapped in the electronically excited state,
often referred to as the parent state. Thus, for example, the
lowest Feshbach resonance in H; is the 22; symmetry state
characterized by the laéloﬁ configuration. In this example,
the b3% and B !X both act as parent states. Feshbach res-
onances are usually much narrower (long-lived) than shape
resonances and found at higher energies. Indeed, it appears
to be common for there to be many Feshbach resonances in
the region approaching the ionization threshold, see Celiberto
et al (2012) for a discussion of these in H,; for most molecules,
resonances in this higher energy region remain uncharacter-
ized. Collisions with molecular ions lead to an infinite series
of Feshbach resonances associated with each electronically
excited state of the ion. Feshbach resonances can occur for
any ¢ value and, indeed, in the case of ionic targets occur for
all £ values.

Nuclear-excited or nuclear-excited Feshbach resonances
are the third, less common, class of resonances, which, unlike
shape or Feshbach resonances, do not occur in atoms. These
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Figure 5. Total cross-sections for electron collisions with molecular nitrogen adapted from Song ef al (2023), where details of the various
experimental measurements represented by the different symbols are given.

Figure 6. Diagram depicting the states involved in nuclear-excited
Feshbach resonance. Solid black curve denotes the potential of the
diatomic target potential with solid black horizontal lines denoting
target vibrational states. Dashed red curve denotes the (weakly
bound) potential curve of an anionic state of the target with
horizontal lines, red denoting anionic vibrational state. Lowest
(v=0) anionic state represented by a solid red line is bound; the
higher anionic vibrational states are all resonances that can decay
via autoionization to a lower vibrational state of the target.

resonances are found in molecular targets that support very
weakly bound anionic states of the target, see figure 6.
Vibrationally excited states of this bound state can lie in the
continuum and leads to the formation of very narrow reson-
ances in these excited nuclear-motion states. Nuclear-xcited
resonances have been well studied in the context of the com-
plex resonance structures observed near the vibrational excita-
tion thresholds in hydrogen halides, see Thiimmel et al (1992)
for example.

Given that resonances appear to have many of the charac-
teristics of bound electronic states and the availability of many
quantum chemistry codes, some authors have been tempted to
use the results obtained directly from the quantum chemistry
codes to predict resonance positions. As discussed by Stibbe
and Tennyson (1999), this is extremely dangerous and can
easily lead to fallacious results. Figure 7 gives a comparison
between a quantum chemistry calculation of resonance posi-
tions (Mebel et al 1998) of H, with the results of a full scat-
tering calculation (Stibbe and Tennyson 1998a).

While I strongly discourage the blind use of quantum chem-
istry procedures to characterize resonances, it is possible to
adapt so-called ‘L?>’ methods for this purpose. Techniques
for doing this have been developed by Sommerfeld and co-
workers, see Davis and Sommerfeld (2021), Falcetta et al
(2023) and references therein.

4. Methods and models

Solving a theoretical problem like electron—molecule scatter-
ing requires first building a suitable model and then using an
appropriate method to solve for that model. Over an exten-
ded time, tests between methods known to give reliable solu-
tions for a given model have demonstrated that results are not
strongly dependent on the choice of methodology, examples
include an early comparative study on electron—H, electronic
excitation (Baluja er al 1985, Lima et al 1985, Schneider and
Collins 1985), electron collisions with the molecular ion H;r
(Orel and Kulander 1993, Faure and Tennyson 2002), and
indeed the CCC—RMPS comparison by Meltzer et al (2020)
discussed above and illustrated in figure 2. Conversely, the
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Figure 7. H, ‘Resonance’ positions, in eV, with 22; total
symmetry as a function of internuclear separation, R in A. Solid
lines: results of a bound state in the continuum calculations
performed using quantum chemistry code Gaussian by Mebel et al
(1998); dashed line position of the well-known 22; H; Feshbach
resonance calculated using a coupled-channel R-matrix calculation
(Stibbe and Tennyson 1998a). Analysis from Stibbe and
Tennyson(1999).

use of improved models can and often does lead to signi-
ficantly different results. This was illustrated by Gorfinkiel
and Tennyson (2004) for the electron—H;' problem where
the use of an RMPS model led to the inclusion of polariza-
tion effects not fully treated in the earlier calculations cited
above.

Currently, there are three ab initio methodologies in wide-
spread use for solving low-energy electron—molecule collision
problems. These are the R-matrix method (Tennyson 2010,
Burke 2011), Schwinger multi-channel variational method
(Takatsuka and McKoy 1981, da Costa et al 2015) and Kohn
variational method (Rescigno et al 1995). While each of these
methods has its particular strengths and weaknesses, I will
only consider the R-matrix method in any detail below, not
just because this is the method I use, but also because it is cur-
rently by far the most widely used method.

It is common practice to refer to particular calculations by
the method such as an ‘R-matrix’ or a ‘Kohn’ or a ‘Schwinger’
calculation. In my view, this practice is unhelpful as the major
determinant of the result is not the method but the model. I
note that quantum chemists refer to calculations by the model
used (HF, density functional theory, multi-reference config-
uration interaction, etc) rather than the method used to solve
it (Molpro, Gaussian, etc). In my view, the electron—molecule
collision community should follow this practice. Below, I con-
sider some of the characteristics of the models generally in
use today, namely the SE model, static exchange plus polar-
ization (SEP) model and CC model. I will also consider the
intermediate energy procedures CCC and RMPS, which blur
the distinction between methods and models since the model
used in each of these cases is method specific. First, however,
I give some details of the R-matrix method.

4.1. The R-matrix method

The R-matrix method was originally proposed by Wigner and
Eisenbud (1947) as a phenomenological method for treating
scattering problems in nuclear physics where the details of the
short-range interactions are unknown. Wigner and Eisenbud
(1947) simply parameterized the inner region interactions on
a spherical boundary and solved the resulting outer region
problem. Phillip Burke was the father of what has come
to be known as the calculable R-matrix method (Bartschat
et al 2020). Burke realized that for atomic, and subsequently
molecular, problems it is indeed possible to compute the inter-
actions in the inner region and then use these to parameterize
the problem on the boundary ab initio. Burke (2011) remains
the authoritative book on the subject.

Thus, the basis of the R-matrix method is the division of
space into two regions: an inner region where a full treat-
ment of exchange and correlation (polarization) is required
and an outer region where a simplified, potential scattering
problem can be solved. The major advantage of this approach
is that while the relatively simple outer-region problem has
to be solved at each scattering energy of interest, the compu-
tationally more challenging inner-region problem needs only
to be solved once to provide these solutions as a function of
scattering energy. In the R-matrix method, the inner region
is described by a sphere that must be sufficiently large to
enclose the charge distribution (or wavefunction) of the target
species.

Since the inner-region problem is solved independent of
scattering energy, it has strong similarities with the standard
electronic-structure problem solved for molecules by quantum
chemists. A detailed, although slightly dated, review of the
molecular R-matrix method was given by Tennyson (2010) to
which the reader interested in formalism and other technical
details is referred.

If one thinks of the inner region as an adaptation of a
quantum chemistry electronic-structure problem, then there
are a number of technical issues that need to be overcome:
(i) one needs appropriate basis functions to represent the con-
tinuum electron (function Fj; in equation (7)); (ii) integrals
must be performed over the finite region enclosed by the
R-matrix sphere, something that technically is easier than it
might at first appear (Nestmann et al 1991, Morgan et al
1997); (iii) special measures are required to keep additional
continuum basis functions (or orbitals) orthonormal to the tar-
get orbitals; (iv) significantly more high ¢ functions are needed
to represent the continuum than is usual in the standard elec-
tronic problem (surprisingly, at least to me, this causes severe
problems with most standard quantum chemistry codes); (v)
finally, since the essence of the method is to compute dif-
ferences between the N-electron target problem and (N + 1)-
electron scattering, the selection of target and scattering mod-
els as implied by the choice of electron configurations must
be balanced in a way not usually considered by the elec-
tron configuration generators available in standard quantum
chemistry codes. This means that the various UK R-matrix
codes discussed below still rely on adaptations of a very
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flexible configuration generator developed half a century ago
by Yoshimine (1973), albeit as the driver of a highly effi-
cient means of generating the full scattering Hamiltonian
(Tennyson 1996a, Al-Refaie and Tennyson 2017). In this for-
mulation, the inner-region problem becomes one of diagon-
alizing the inner region Hamiltonian matrix to determine the
R-matrix eigenenergies and corresponding wavefunctions is
in the form of values for coefficients a and b of equation (7).
Note that unlike standard bound state problems, all solu-
tions of the inner-region problem (or a significant propor-
tion of all the solutions (Tennyson 2004)) are required in
order to construct the R-matrix at the boundary with the outer
region.

The treatment of electron collisions from polyatomic
molecules has generally used Gaussian-type orbitals (GTOs)
to represent the continuum (Nestmann and Peyerimhoff
1990, Faure et al 2002), although more recently Masin and
Gorfinkiel (2014) also implemented B-spline basis functions
as an alternative means of representing the continuum. B-
splines have the advantage of allowing much larger inner
regions to be used when necessary (Meltzer et al 2020).
The current version of the UK molecular R-matrix code,
UKRmol+ (Masin et al 2020), offers GTOs, B-splines and a
mixture of both as continuum basis functions.

Having solved the (scattering energy-independent) inner-
region problem, the energy-dependent R-matrix is construc-
ted on the boundary using the eigenenergies determined
for the inner-region problem and the corresponding amp-
litudes of the continuum functions on the boundary. These
R-matrices are then propagated (Morgan 1984) before use
to some large distance, typically between 100 and 250 a.
At this point, the K-matrix at each energy is determined
using an asymptotic expansion due to Gailitis (1976), see
Burke and Noble (1995) for more details of these proced-
ures. Note that in the outer region the R-matrix is a mat-
rix that relates the radial function Fj(ry, ) to its derivat-
ive at a given ry, ;. This means that, in common with other
log-derivative propagators (Friedman and Jamieson 1995),
propagation of the R-matrix is numerically much more stable
than treating the wavefunction directly in the outer region,
as wavefunctions of exponentially decaying closed channel
solutions can become exponentially increasing due to numer-
ical noise. However, the use of R-matrix propagation means
that standard R-matrix calculations do not obtain outer-region
wavefunctions.

The UKRmol+ codes, which have also been extended
to treat standard photoionization (Brambila er al 2015),
multi-photon ionization (Benda and Masin 2021) and time-
dependence in strong laser fields (Benda et al 2020, Brown
et al 2020), are freely available via Zenodo repositories for
the inner (Masin et al 2019) and the outer (UK R-matrix
community 2021) repositories. There is also a commercially
available expert system called QECs (Quantemol electron col-
lisions) (Cooper et al 2019) built on the use of UKRmol+
and the electronic structure code Molpro (Werner et al 2020).
QEC facilitates the calculation of electron collision processes
by non-experts.

4.2. Models: static exchange

In the SE approximation, the target is represented by the
ground state of the molecule as a single-configuration wave-
function generally generated using an HF calculation. In this
model, the general form of equation (7) reduces to:

N = AS ™ (1) o) F () Yo (i)
j
+> b (1) )

where sum over target states has been reduced to a single term
and the so-called ‘L?’ second term in the sum has a particularly
simple form where only the scattering electrons are allowed
to occupy an empty (‘virtual’) target orbital retained in the
model. These configurations are important since they allow for
high ¢ behaviour in the vicinity of the target. Usually, SE cal-
culations do not require many virtual orbitals to reach conver-
gence, but care must be taken to include all the virtual orbitals
that provide the home for resonances (Trevisan et al 20006).

As the name of the model implies, the SE approximation
captures the static interactions between the scattering elec-
trons and the target such as electron—dipole interactions and
the exchange interactions caused by the overlap of the elec-
tron with the target wavefunction. The model makes no allow-
ance for correlation between the scattering electrons and the
target electrons, or equivalently, polarization of the target by
the incoming electrons.

The SE model is a well-defined model for which all codes
should and generally do give the same result. It captures the
long-range physics of the problem and can, in principle, work
at all collision energies. An SE calculation recovers shape res-
onances, usually at too high an energy due to the neglect of
polarization effects, but does not give Feshbach resonances.
Whether a resonance is present in an SE calculation can there-
fore be used to indicate whether it is shape or Feshbach in
nature.

4.3. Models: static exchange plus polarizability

The SEP model is also based on scattering from a one-state HF
target wavefunction. The equation for the SEP wavefunction
therefore has the same form as that for the SE approximation,
equation (9). The difference between the SE and SEP approx-
imations comes from the treatment of the ‘L?’ second term.
The SEP approximation includes an extra configuration type,
which involves the excitation of a single target electron in a tar-
get virtual orbital combined with the scattering electron also
entering a virtual orbital. This two-particle, one-hole (2p,1h)
configuration model targets polarization effects or, alternat-
ively, allows for correlation between the scattering electrons
and the target electrons. Typically, SEP calculations require
the use of larger sets of virtual orbitals than SE calculations
(Fujimoto ef al 2012). However, even with large sets of virtual
orbitals, SE and SEP calculations are computationally cheap.

The SEP model provides a very simple and efficient method
of representing shape resonances. It can also capture Feshbach
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resonances but, in the absence of parent electronically excited
states in the calculation, Feshbach resonances are not always
reliably represented. The inclusion of the (2p,1h) configura-
tions limits the energy range of the SEP model to energies
below the first electronically excited state of the target; above
this energy the (2p,1h) configurations give rise to a series of
artificial resonances known as pseudo-resonances.

Practical implementations of the SEP method can differ
slightly between codes, leading to subtly different results.
However, more serious is the problem that the method can
become unbalanced. Essentially, one is using an uncorrelated,
HF target and then adding a highly correlated electron mean-
ing that the treatment of (N + 1) is better than, i.e. not balanced
with, the treatment of the N electron system. In practice, sci-
entists have found that careful use of the SEP approximation
can give excellent results for important low-lying shape reson-
ances, but there is probably an element of pragmatism in how
these calculations are performed.

4.4. Models: the close-coupling approximation

The SE and SEP models do not allow for electronic excitation;
to include this one has to use a method that couples together
target electronic states such as the CC approximation. The
form of the (inner region) wavefunction given by equation (7)
including a sum over target states represents the CC approxim-
ation. Although it is possible to use HF wavefunctions in the
CC approximation (Falkowski et al 2023), this is not gener-
ally done since the HF approximation usually gives a poor rep-
resentation of electronically excited states. The most common
form of the target wavefunction used is generated using a com-
plete active space configuration interaction (CAS-CI) proced-
ure where, typically, the valence electrons are allowed to move
freely within all valence orbitals and the core electrons are
frozen in their original Hartree—-Fock (or CAS-SCF) orbital.
Within this model, the scattering electrons are also allowed to
enter this CAS space giving (N + 1) electrons; the representa-
tion of polarization effects can be further improved by adding
extra target virtual orbitals to the model (Tennyson 1996b).

CC calculations capture short-range polarization effects,
albeit less efficiently than in an SEP calculation, and also allow
for these effects in the outer region due to dipole coupling
between the states (Jones and Tennyson 2010). This method
therefore does a more thorough treatment of channel coupling
effects.

The CC method captures both shape and Feshbach reson-
ances. While shape resonances may not be as well treated
as in the SEP approximation, the explicit inclusion of the
parent state(s) into the calculation leads to a very accur-
ate representation of Feshbach resonances, see Stibbe and
Tennyson (1997) for example. The energy range is extended
compared to the SEP model and increases to the energy of
the first target state omitted from the CC expansion. In prac-
tical terms, given the infinite number of electronic states below
the ionization threshold, this means that CC calculations can
only hope to reliably cover energies below the threshold for
ionization.

4.5. Models: extension to intermediate energies

The key to extending CC methodologies above the ioniza-
tion threshold and into the intermediate energy regime is con-
structing some (pseudo)-complete representations of the elec-
tronic states of the target up to and even beyond the ionization
threshold. A key element in achieving this is the realization
that highly excited target states become increasingly diffuse.
However, if one is scattering from a ground (or low-lying) state
itis only necessary to have some sort of representation of these
highly excited states in the fairly compact spatial region occu-
pied by these low-lying states.

The gold standard method for treating the intermediate
energy regime is the CCC method. Originally developed for
atoms by Bray and Stelbovics (1992), it was subsequently
extended to molecules, see the tutorial review by Zammit et al
(2017). The basic idea of the CCC method is to provide the
complete representation of the target by a set of (pseudo)states
generated by diagonalizing its electronic Hamiltonian in a
basis of Sturmian (Laguerre) functions. The CCC method has
been shown to be very powerful for treating simple targets,
such as Hj,, for which comprehensive electron collision data
sets are now available over an extended energy range (Scarlett
etal2021a,2021b, 2022, 2023). However, thus far, its use has
been restricted to targets with few (active) electrons.

A similar RMPS method was developed to treat intermedi-
ate energy electron—atom collisions (Bartschat 1998). In com-
mon with the CCC approach, the RMPS generates a quasi-
complete set of target (pseudo)states in the R-matrix inner
region. This idea was extended to molecules (Gorfinkiel and
Tennyson 2004, 2005). The RMPS method can treat systems
with many active electrons and has been used for some novel
calculations (Halmova and Tennyson 2008, Zhang et al 2011),
but its use has so far been restricted by the fact that the method
is very computationally demanding.

The CCC and RMPS methods capture all polarizations and
state couplings, and give good results over a greatly extended
energy range, for example, the CCC H, studies cited above
extend up to 1000 eV (Scarlett et al 2023). Of course, the meth-
ods give a good representation of both shape and polarization
effects, but the RMPS method also gives pseudo-resonances at
higher energies whose effects are usually just smoothed over.
An advantage of these methodologies is that the computation
of the target polarizability can be used as a proxy to gauge the
convergence of polarization effects in the whole calculation
(Jones and Tennyson 2010).

4.6. Uncertainties

Since computed cross-sections and rates are increasingly
being used in models of key problems in plasma technology,
fusion science, etc, it has become increasingly important for
the uncertainties inherent in the computed data to be quanti-
fied. However, theorists are notoriously unwilling to provide
uncertainties with their calculated data. Uncertainty quantific-
ation in electron collision problems was considered by Chung
et al (2016). The problem has a number of key characteristics:
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(1) the problem being solved is generally well characterized
in terms of the equations of quantum mechanics, which are
not easily solved; (2) the methods used to solve the scattering
problem are usually numerically robust so the results suffer
little from numerical noise; (3) the choice of model and related
issues such as basis-set size and configuration list are the major
causes of uncertainty; these uncertainties are systematic rather
than statistical. It remains early days in the uncertainty quanti-
fication of electron—molecule collision calculations, but it will
undoubtedly be something that is increasingly attempted in the
future.

5. Processes

Electron collisions with molecules can result in a variety of
outcomes, as summarized for collision energies up to the ion-
ization threshold of their target in table 1. Note that a number
of these processes, such as vibrational excitation, dissociative
attachment and DR require treatment of nuclear motion along-
side the electron impact. However, there is no completely gen-
eral, practicable theory that would allow a full simultaneous
treatment of the electron and nuclear dynamics in a single cal-
culation. This means that in practice it is not possible to treat
all processes in a single calculation. Therefore, I will consider
the treatments of each process in turn, in some cases in pairs
when similar treatments are required for both processes.

5.1. Elastic and rotational excitation cross-sections

Elastic scattering involves no net energy exchange between the
scattering electron and the target molecule. It may therefore
seem that the process is trivial, but this is not true since elastic
scattering can involve transfer of momentum between the elec-
tron and the target, and a change in direction of the incoming
electron, which can be significant if, for example, the original
electron flux is in the form of a collimated beam such as in a
lightning bolt. To understand both these processes it is neces-
sary to consider the differential cross-section (DCS).

The DCS measures the cross-section as a function of
the deflection of the electron from its original trajectory, as
denoted by angle 6 in figure 8. When 6 = 0, the electron carries
straight on even if there has been a collision and no momentum
is transferred; this is called forward scattering. Conversely, if
0 = 180, the electron is backward scattered to where it ori-
ginally came from. Backward scattering involves a signific-
ant momentum transfer. Thus, the total cross-section, o (E), is
derived from the DCS by:

™ q
U(E):27r/ 7 sinfdo, (10)
T

where the factor of 27 comes from integration over the other
polar angle ¢ for which the scattering event is symmetric for
a freely rotating gas-phase molecule. The momentum transfer
cross-section, oy(E), obeys a similar formula but with an extra
angular weighting of zero for forward scattering and two for

Table 1. Possible processes resulting from an electron—molecule
collision in approximate order of increasing threshold energy: AB
denotes an arbitrary molecule.

Process name Process
Elastic scattering AB +e — AB+e
Rotational excitation AB(J')»+e — AB(U)+e
Vibrational excitation AB(W')+e — AB(V)+e
Dissociative recombination ABT +e — A+B
Dissociative electron attachment AB + e — A+B™
Electronic excitation AB +e — AB" +e
Impact dissociation AB +e — A+B+e
Impact ionization (e,2e) AB +e — ABT +e+e
2] e

target molecule
H,O

Figure 8. DCS, do(E) , is the cross-section for the electron with

energy E to be deflected by angle 6.

backward scattering:

s
ou (E) :27r/ d—U(l — cos#)sinfdd. (11)
o db

Figure 9 shows the DCS of water. Water has a permanent
dipole; note that its DCS is very strongly forward peaked. The
elastic cross-section can be measured by sending a beam of
electrons across a gas sample and either measuring the atten-
uation of the beam, which gives the cross-section using the
Beer—Lambert law or by collecting the scattered electrons as
a function of # to give the DCS, which can then be integrated
to give the total cross-section. Either way, there is a problem
doing this for systems with a permanent dipole.

Systems with permanent dipoles scatter electrons strongly
in the forward direction. However, in practical terms, it is
very difficult to distinguish an electron that has been scattered
in the forward direction from an electron that is simply an
unscattered part of the original beam. Typically, experimental
measurement of the DCS for angles less than about 15 is not
possible, for an exception see Kadokura ef al (2019). If most
of the flux gets scattered to very small angles, as is the case
for water and other dipolar systems, then the measurements
will strongly underestimate the total cross-section (Zhang et al
2009). This means that experimental cross-sections for such
systems are strongly underestimated unless some sort of (the-
oretical) correction is made to allow for low-angle scattering.
Conversely, the Born approximation captures this behaviour,
which is associated with the rather easy scattering of high /¢
partial waves. The contribution to the cross-section by partial
waves with high /¢ that do not enter the inner region is analytic
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Figure 9. Example of the DCS of electrons with water calculated using the QEC expert system. Note that the DCS for this dipolar molecule

is very heavily forward peaked.

(Padial et al 1981). This means that adjusting calculations for
this behaviour is easy (Norcross and Padial 1982). Total elastic
cross-sections for electron collisions with polar molecules are
more reliably calculated than measured!

There is another issue with the measurements of the so-
called elastic cross-sections. The spacing between rotational
levels in molecules is so small that it requires very careful
experiments to identify electron impact rotational excitation.
Nearly all measurements of elastic cross-sections are not sens-
itive to changes in the rotational state of the molecule being
studied. This means that instead of measuring the truly elastic
cross-section corresponding to the initial and final rotational
state being unchanged (J' = J’’), what is usually being meas-
ured is the cross-section summed over all possible final rota-
tional states (J's). Again, theoretically, it is relatively easy
to compute the rotational excitation cross-section (Sanna and
Gianturco 1998). These calculations are generally performed
for a single fixed geometry of the target, which is appropriate
for the generally assumed rigid rotor approximation.

Electron—water (rotationally averaged) elastic cross-
sections and rotational excitations have been computed (Faure
et al 2004a, 2004b) and compared with rotationally-resolved
experiments (Jung et al 1982). While the theory can repro-
duce the experiment, there is not enough information in the
experiment to resolve the individual cross-sections. A similar
situation occurs with electron collisions with molecular ions
(Shafir et al 2009, Kalosi et al 2022).

Rotational excitation of molecular ions is particularly
important for astrophysics since for ions with a permanent
dipole moment these cross-sections are very large. In photon-
dominated regions of the interstellar medium the electron
(number) density can increase to about 10~ times that of Hy,
which is assumed to be the major collision partner. H, is not
very efficient at exciting rotational states and as a result, the
rate of collisional excitation by electrons is typically >10°
larger, meaning that even for relatively low electron density
electrons become the major means of exciting the molecules.
These very low-pressure environments are not thermalized,
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meaning that radiative lifetimes are typically much shorter
than the mean time between collisions; this means that
each electron collision results in emission of a photon.
Therefore, to obtain concentrations (or column densities) of
the radiating species, it is necessary to know the collision
rates.

The simplest theoretical model of electron impact rota-
tional excitation of dipolar molecular ions is the dipole
Coulomb-Born approximation, which gives an analytic for-
mula for the cross-section (Crawford er al 1967) based on
the assumption that only (long-range) dipole interactions need
to be considered. Within this model, only AJ =1 excita-
tions are possible, which means that only J=1—0 emis-
sions should be observed. However, observations suggest that
for some key species emissions from higher rotational states
are strong, up to J” =7 in the case of the important ion
CH™ (Cernicharo et al 1997) for example. This has led to the
examination of the theory of electron impact rotational excit-
ation of molecular ions (Faure and Tennyson 2001), which
broadly speaking shows that for molecules with large per-
manent dipole moments (bigger than about 2 Debye) the
Coulomb-Born model is satisfactory and the AJ=1 colli-
sional excitation is dominant. However, for ions with smal-
ler dipole moments, it is necessary to also consider short-
range interactions that provide the mechanism for changes
with AJ > 2. Calculations show that in the small dipole case
AJ = 2 excitations are always important and can even be big-
ger than AJ =1 (Rabadan et al 1998); and that excitations
with AJ > 2 are usually small, but AJ = 3 excitation is some-
times significant (Faure and Tennyson 2001). It should be
noted that for ions the dipole moment is isotope dependent,
most notably Hy does not have one but HD* does have a
permanent dipole moment, which means that the collisional
rotational excitation rates show strong isotope dependence.
It has been suggested that the study of emission from inter-
stellar molecular ions provides the most promising means
of determining the local electron density (Jimenez-Serra
et al 2006).

5.2. Vibrational excitation

Consideration of vibrational excitation as well as DEA/DR
requires some consideration of nuclear motion. Given that
treatments of nuclear motion are generally performed within
the Born—Oppenheimer approximation, which gives rise to a
separation between the (slow) motion of the nuclei and (fast)
motion of the electrons, this leads directly to the need to con-
sider two distinct cases. Case 1 is where the nuclear motion
is considered to take place in the potential energy curves of
the N-electron target and the electron simply has a short-lived
interaction with the system; this is the basis for treating the
direct vibrational excitation mechanism. In case 2, the elec-
tron and the target form a compound system, a resonance, and
the nuclear motion occurs on potential curves given by this
N +1 electron system (see Stibbe and Tennyson 1997 as a
good example of this). This is the basis for resonant vibrational
excitation.

Considering the direct mechanism first, this process can
occur at all energies above the threshold for vibrational excit-
ation. This is largely driven by changes in the dipole moment,
such as photon absorption, and is therefore dominated by
single jumps in the vibrational state, Av = 1. Compared to the
resonance-enhanced vibrational excitations, the cross-sections
are usually fairly small. A simplified treatment of direct vibra-
tional excitation has recently been developed by Ayouz et al
(2021) and is available as part of the QEC expert system.

Conversely, the resonance mechanism only occurs at spe-
cific energies where there is a resonance, see figure 10. In
this mechanism, the electron is temporarily trapped in the
resonance and evolves on the potential curve of the com-
pound N + 1 electron system. This curve is complex due to
the width (finite lifetime) of the resonance. Decays, which
occur by autoionization of the resonance, can then occur for
arange of vibrational states. Indeed, this mechanism can lead
to very high vibrational states being excited; excitations with
Av = 17 have been observed in N, (Allan 1985). As can be
seen from the large peak in the electron—N; cross-section, see
figure 5, in the region of the 2II, symmetry resonance, which is
almost entirely due to the vibrational excitation cross-section
in this region, resonance-enhanced vibrational excitation can
be very efficient. Codes have been developed to treat this pro-
cess (Laporta et al 2012, 2014). Any treatment of resonance-
enhanced vibrational excitation needs to also consider the dis-
sociative attachment/recombination processes considered in
the next subsection.

5.83. Dissociative electron attachment and dissociative
recombination

DEA and DR both require resonance curves that are linked
to the dissociation products. For DEA, these are often the
same curves that are considered for vibrational excitation,
although of course, they must lie high enough that the dissoci-
ation channel is open. DEA can therefore be treated using the
same methodology as resonance-enhanced vibrational excit-
ation, see Laporta et al (2020) for example. Fabrikant er al
(2017) provide a thorough discussion of the DEA process.
The treatment of DR is altogether more complicated. This
is because, as discussed, ions support many infinities of res-
onance curves. DR can occur through two mechanisms: direct
and indirect, see figure 11. In the direct mechanism, the res-
onance curve leads directly to dissociation. This process, if
available, is usually dominant and gives fairly smooth cross-
sections as a function of energy. The indirect mechanism, first
identified by Bardsley (1968), is a two-step process whereby
the electron initially enters a (non-dissociative) Rydberg state
of the system, which then crosses with a dissociative curve,
which provides a route to dissociation; indirect cross-sections
are highly structured. The direct mechanism is not always
available (Sarpal et al 1994) but when it is, it usually provides
the dominant mechanism for DR. In practical terms, and tak-
ing DR of N2+ as an example, calculations of DR rates require
bound-state Rydberg curves of the neutral system (Little and
Tennyson 2013), resonance curve and width (often referred to
as couplings in DR calculations) (Little and Tennyson 2014)
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Figure 10. Calculated electron impact vibrational excitation of CO via its I shape resonance. Left: calculated potential energy and
resonance curves; Middle: resonance width I" as a function of C—O separation; Right: calculated cross-section for the v = 1 — 0 excitations
compared to the measurements of Allan (2010) and the previous calculations of Morgan (1991); adapted from Laporta et al (2012).

Figure 11. Schematic of the mechanisms for the dissociative
recombination of molecular ion AB™ from the ion ground state, as
represented by the lowest (black) vibrational state on the black ion
potential curve via the red dissociative resonance curve. Direct
mechanism is represented by the vertical green arrow where the
system enters directly into the dissociative resonance curve; the
indirect mechanism represented by the blue dashed arrow involves
excitation in to a (brown) nuclear excited resonance state from
which it accesses the dissociative resonance.

and treatment of the nuclear motion on these curves (Little e al
2014, Abdoulanziz et al 2021). Multi-channel quantum defect
theory, see the book by Jungen (1996), is often used as the
final step since this theory allows the treatment of the entire
Rydberg series. Wavepacket methods provide an alternative
approach to treating this step, which is increasingly finding
arole in the treatment of problems with more than two atoms
(Larson et al 2012, dos Santos et al 2016). DR is thoroughly
discussed in the book of Larsson and Orel (2008).

5.4. Electron impact electronic excitation and dissociation

The topics of electron impact electronic excitation and elec-
tron impact dissociation are grouped together because it is
generally assumed that electron impact dissociation occurs via
electronic excited states, so there is no need for a separate

calculation. Within this assumption, the electron impact disso-
ciation cross-section is simply taken as the sum of electronic
excitation cross-sections lying above the dissociation limit.
This assumption is based on the observation that direct dissoci-
ation, i.e. without electronic excitation, would correspond to a
vibrational excitation process with a large Av; while the reson-
ant vibrational excitation process can also lead to dissociation
(Laporta et al 2014), this is very much a minority process.
More of the problem with the assumption of simply summing
electronic excitation cross-sections is the treatment of near-
threshold dissociation, which can depend strongly on the cor-
rect treatment of nuclear motion effects (Stibbe and Tennyson
1998b, Scarlett et al 2021c). In addition, when using electronic
excitation and electron impact dissociation cross-sections in a
(plasma) model, it is important to be careful how to use these
cross-sections to avoid double counting.

Treatment of electron impact excitation has been the sub-
ject of many theoretical studies and I will only briefly discuss
some of these issues. Clearly, this process can only be treated
using a model that includes electronically excited states such
as the ones that use a CC expansion. One also needs a reas-
onable representation of all the electronic states of interest
both so that the energy thresholds appear close to the cor-
rect energies and the model generates physically appropri-
ate target wavefunctions for use in the scattering calcula-
tions. Even for relatively simple molecular targets this can
be very challenging, see the discussion by Brigg ef al (2014)
for methane. Methane is typical of many molecular targets in
that it has very diffuse (Rydberg-like) excited states. Indeed,
in the case of methane all the low-lying excited states are
Rydberg-like. These states are difficult to treat both because,
at least in R-matrix based procedures, they require the use of
very large R-matrix spheres (Darby-Lewis er al 2017, Meltzer
et al 2020) and because standard quantum chemistry pro-
cedures are not particularly good at representing Rydberg
states.

When considering electronic excitation processes, it is
common to consider whether the transition being considered
obeys standard (photon) dipole selection rules. Spin chan-
ging transitions, such as excitation from a singlet ground
state to a triplet excited, which usually provides the lowest
electronic excitation process for a closed shell target, do not
obey the dipole rule that AS =0 but are allowed in elec-
tronic collisions. In electron collisions, these transitions are
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driven by short-range exchange interactions. This means that
the cross-sections for these transitions peak at low energy (near
threshold) and then drop to zero at high collision energies
where exchange effects are generally unimportant.

Dipole-allowed transitions behave differently; their cross-
sections often increase from threshold and remain signific-
ant at high collision energies. In partial wave treatments, it is
usually necessary to add a Born correction to dipole-allowed
transitions (Kaur er al 2008) to allow for high-lying partial
waves to be neglected in the initial calculation in a fashion
similar to that for elastic collisions discussed above. At higher
energies, the dipole cross-sections for these transitions can
be computed with the so-called BEf procedure where the f
represents the electric dipole oscillator strength (Kim 2001).
Similarly, the SCOP procedure provides information on the
total inelastic cross-section such as the summed cross-section
for all electronic excitations.

As mentioned above, nuclear motion can be important
in the treatment of electronic excitation. Generally, where
this has been considered, researchers have used the Franck—
Condon approximation, which was originally developed for
the treatment of transition intensities in photon-driven vibronic
transitions but has become widely used for the simplified
treatment of many molecular processes involving changes in
electronic states. Use of the Franck—Condon approximation
(Condon 1928), which attributes vibrational distributions on
the basis of the squared overlap of the vibrational states to
the electronic states of interest, is simple because it only
requires the electron collision calculations to be performed in a
single geometry, usually the equilibrium geometry of the elec-
tronic ground state. Treatments that use full averaging over
geometry-dependent electronic excitation cross-sections have
been performed (Darby-Lewis et al 2020).

Metastable (that is, long-lived) excited states are import-
ant in low-pressure plasmas where these states are not rap-
idly removed (thermalized) by collisions with other particles.
These states can provide a stepping stone to other processes
such as ionization. Electron collisions with these states are
difficult to study experimentally but are conducive to calcula-
tions, see Su et al (2022) for example, although there are out-
standing issues over the energy range for which current meth-
ods beyond the CCC approach can provide reliable treatments
of these problems.

6. Data sources and summary

There is a large demand for electron collision cross-sections
as input to models for a whole range of processes. This cannot
be met by current experimental efforts, so there is increased
use of theory to provide data for use in models of elec-
tron collision processes in plasmas and elsewhere. As a dir-
ect consequence of this, there has been a growing need for
storing these results in a readily accessible and usable way.
As a result, a number of databases have been developed to
address this need. LXcat (Pitchford er al 2017) specializes in
the provision of electron collision data from both theory and
experiment for atoms and molecules; similarly, the Quantemol

Database (QDB, Tennyson et al 2022) provides input for
plasma chemistries and therefore provides both electron col-
lision cross-sections and information on chemical reaction
rates. BASECOL (Dubernet et al 2013, Dubernet et al 2024)
provides atomic and molecular collision data for astrophysical
studies and therefore includes the results of electron collision
studies, mainly focussing on rotational excitation.

An alternative way of providing electron collision data sets
is through systematic evaluation of all data, both experimental
and theoretical, for a given molecular target or small group of
targets (Karwasz et al 2023); a recent example is provided by
the recent study of electron collision cross-sections for N, and
N;r (Song et al 2023). These compilations provide an import-
ant source of useful data, usually with associated uncertainties,
but because they are usually driven by the availability of exper-
imental studies, they are generally limited to stable species for
which they have been well studied experimentally.

In response to the need for complete chemistry sets, there
is the beginning of a trend whereby theoretical methods are
used to generate electron collision cross-sections for a stable
molecule and all its associated fragments. This process allows
for some benchmarking of theoretical models against meas-
urements on stable species. Examples of this type include stud-
ies of cross-sections for electron collisions with NH3, NH, and
NH (Snoeckx et al 2023) and with NF3, NF, and NF (Hamilton
et al 2017), which have formed the basis for models of plasmas
that use NF; as a feedstock gas (Huang et al 2017, 2018).

7. Conclusion

Electron—molecule collisions are important in a whole variety
of processes and therefore their continued study is important
for understanding and modelling these processes. The volume
and nature of data required for these studies has meant that the-
ory rather than experiment has increasingly become the main
source of such information. A few decades ago, theoretical
methods for addressing the electron-molecule collision prob-
lem were undergoing what has been described as ‘formalism
wars’, where different formulations of the problem were being
proposed and tested. This period has now passed and there
are a number of well-tested and robust methods available. Of
course, there is always scope for further improvements in the-
oretical methods, including properly addressing issues such as
uncertainty quantification.
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