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Abstract. Calculations are performed.for “electron collision with the methylene
molecular ion CHJ in its bent equilibfium geometgy, with the goal to obtain cross
sections for electron impact excitation»and dissociation. The polyatomic version
of the UK molecular R-matrix cedes was used to perform an initial configuration-
interaction calculation on the doublefiand quartet states of the CHy ion. Subsequently,
scattering calculations are performed te obtain electron impact electronic excitation
and dissociation cross segtions and, additionally, the bound states of the CHs molecule
and Feshbach resonances ithe e-CHg system.

1. Introduction

Many low temperature plasm) environments have hydrocarbon molecular ions as
important constituents. [Collision of electrons with molecules and their ions in these
environments are importantyprocesses that play a fundamental role in initiating
chemistry, particle balange and transport. For example, although the present tendency
in the magnetically controlled International Thermonuclear Fusion Reactor (ITER) type
fusion devices is‘toicoat the reactor walls with beryllium or tungsten, hydrocarbon ions,
in particular ghe methyléne ion CHJ, are found in the edge and divertor plasmas of fusion
devices which operate with graphite as plasma facing material (McLean et al. 2005).
Anotherdmportant«€ontext is that of the dusty plasmas, the CH, and CHJ being species
involved in thé chain of reactions resulting in the growths of the nano and micro-
partieles. In_these situations, the cross sections for different electron induced process
ar¢ necessdry to model the plasma flow (see for example Reiter & Janev (2010)), in
particular electron impact dissociation and dissociative ionisation:

C++H2+€

+
e+ CHy — CH* +H 4 ¢

(1)
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e + CHt+H" +e
+ CT+H"+H+e
CHf ¢ °© 2
et bH, e + CT+Hyt +e 2)
e + Ctr4+H"+H' 4 2

These processes, leading to the destruction of the CHj ions and_testhe C atom
production (Janev & Reiter 2002a, Janev & Reiter 2002b), are highly significant for
understanding the carbon redeposition.

In the interstellar medium (ISM), CH; ions are synthesised(in gas phése by collision
of C* ions with hydrogen (Wakelam et al. 2010) and through hydrogen abstraction by
CH™. On the other hand, CHJ ions can be removed by reactions su¢h as (1), (2) and
by dissociative recombination (DR),

C + H,
e+CHf -»{ CH+H (3)
C+H+H

which is known to proceed via Feshbach resonamce$ (Larson et al. 1998).

There is a considerable literature @nyCH;" hydsocarbon ions, and CHJ ions in
particular, in the context of synthesis of, hydrocarbons in the ISM (van Dishoeck
et al. 1996, van Dishoeck et al. 2006, Wakelamyet al. 2010, Puglisi et al. 2018, IdBarkach
et al. 2019). Significant work on CH;‘ hydrocarbon ions have also been done
relevant to plasmas for fusion (Janev &pReiter 2002a, Janev & Reiter 20025, Vane
et al. 2007, Lecointre et al. 2009y Reiter & Janev 2010). These works mainly focus on
different electron impact crosséections relevant for plasma modeling.

Molecular structure calculations on CH; have been reported by several authors
(Tennyson & Sutcliffe 1983, T}kodorakopoulos & Petsalakis 1991, Kraemer et al. 1994,
Li et al. 2015, Guo et al. 2018, Ma et al. 2021). Theodorakopoulos & Petsalakis (1991)
obtained bending péteftial energy curves (PEC) and vertical excitation energies of CHZ
for its bent C5, and its linear D, configurations. Accurate global potential energy
surfaces (PES) were reported by Li et al. (2015) and Guo et al. (2018). Apart from these,
there are also many spectroscopic studies on the rovibrational states of CHj (Rosslein
et al. 1992, Bunker et al. 2001, Jensen et al. 2002, Willitsch & Merkt 2003, Wang
et al. 2013).

In asmumber,of earlier studies (Chakrabarti et al. 2017, Chakrabarti et al. 2018,
Chakrabarti et€al. 2019, Ghosh et al. 2020) we have studied electron collision with the
CH_amolecule_and its positive ion CHT in considerable detail. In these works, we not
only compiited cross sections for different electronic processes, but also identified many
new neutral valence states of CH that are relevant for the DR. The present article aims
to continue and extend our work to more complex hydrocarbon ions.
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2. R-matrix Calculations

2.1. R-matriz method

The R-matrix method, described in detail by Tennyson (2010) and Burke (2011), and
its implementation in the polyatomic version of the UK molecular“R-matrix codes
(UKRmol) (Carr et al. 2012) is used in the present work. The method'employsa division
of space into an inner region, a sphere of radius a (chosen to be 10 ag in this'work) called
the R-matrix sphere whose purpose is to include within it all short rangefinteractions,
and an outer region exterior to this sphere which contains all thelong range interactions.
This division allows the treatment of the short range and, thesmore ¢omplicated, long
range interactions separately using different techniques (Lennyson'2010).

In the inner region, the wave function of the targeti(here CHJ) and a single
continuum electron, together having N + 1 electrons; is taken as

U =AY @il N)F (NS bixi(l,...,N+1),  (4)
1,7 &
where A is an antisymmetrisation operator, ®;(1, £.., N) is the wave function of the N
electron target and F; ;(N + 1) are continuum orbitals. The functions y;(1,..., N +1)
in the last term are square integrable funetionsy.called L? functions, are constructed
by allowing the projectile electron gomenter the target complete active space (CAS) and
are included to take into account eleétron correlations and polarization of the target
in presence of the projectile electrons. The, coefficients a; ;, and b;; are obtained by
diagonalizing the inner region Hamiltonian (Tennyson 1996).
The inner region wave ffunctionnW;, is then used with appropriate boundary
conditions to obtain scattering Qformation, the details of which are given in the following
subsections.

2.2. Target calculations

We used the cc-pVTZ Gaussian basis sets (Pritchard et al. 2019) centered on the C
and H atoms téirepresent the target orbitals. These not only gave reasonably good
target vertical exeitation energies but also allows the inner region calculation to remain
manageable/with respect te computational resources.

TheXo? Apgrotind state of CHJ is known to be bent in Cy, symmetry and has
the elegtronic €onfiguration (lai)?(2a1)?(1b2)%(3a1)" (Pople & Curtiss 1987, Graber
et ald993). In this work all calculations are reported at the equilibrium C-H bond
length 2.066 ag and the H-C-H bond angle 140.1° taken from Theodorakopoulos &
Petsalakis (1991), which are very close to those obtained by more sophisticated coupled
cluster calculations using large basis sets (Brinkmann et al. 2002). An initial Hartree-
Focki(HF) calculation was first performed on the X ?A; ground state of CH;. The HF
orbitals were then used in a configuration interaction (CI) calculation.

We considered two target models. In both models we kept two electrons frozen in the
1a; orbitals while the remaining five electrons were distributed in the CAS. In the first
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model (M1), the complete active space was defined by (la; — 6ay, 16y — 4by, 1b5'— 4by),
while in the second (M2) the CAS was chosen to be bigger with an additional las
orbital, namely (la; — 8ay, 1b; — 5by, 1by — 5by, las). Table 1 shows ‘the. comparisen
of the vertical excitation energies (VEE) form the X 2A4; ground state of CHy to the
first 12 low lying excited states. Although the second model M2 appears to produce
VEEs slightly in better agreement with the theoretical results of Theodorakopoulos &
Petsalakis (1991) and Osmann et al. (1999), calculations with this model required much
longer time compared to the model M1. We therefore chose the médel'M1 for subsequent
calculations as it was computationally more efficient. =

From Table 1, we see that apart from the VEE of the 4 2@y state, which appears too
high compared to Theodorakopoulos & Petsalakis (1991), all other vertical excitation
energies obtained by the target model M1 are in reasonably, good agreement with the
results of Theodorakopoulos & Petsalakis (1991) and/Osmann et al. (1999). Moreover,
our dipole moment for the CHJ ground state with miodel M1 18°0.701 D which compares
perfectly with the value 0.701 D obtained by Brinkmann et al. (2002) using coupled
cluster calculation. The model M1 therefore provides a g8od description of the target
for subsequent scattering calculations.

2.8. Scattering calculations

For the scattering calculations, we used8 a1, 6%y 6 by, and 2 ay target orbitals allowing 2
virtual orbitals for each symmetry. Since thetarget CHj is a positive ion, the continuum
functions were represented by Coulomb functions which were obtained as a solution of
the radial Coulomb equation for an isetropic Coulomb potential, and the solutions with
[ < 4, and energy eigenvalue <.5 Ryd were retained in the calculation. The Coulomb
functions were then fitted(to G} Osfusing the procedure outlined in Faure et al. (2002).

The target and continuum orbitals must all be orthogonal to each other. To ensure
the orthogonality, the targetiand continuum orbitals were first individually Schmidt
orthogonalized anddinallyithefull set of target and continuum orbitals were symmetric
orthogonalized, retainingronly those orbitals for which the eigenvalue of their overlap
matrix was less than a deletion threshold, chosen here to be 5 x 107°. The deletion
threshold depends on the R-matrix radius and was adjusted to ensure that there was
no linear dependence.

AngR-matrixswas built at the boundary of the inner and outer region from the
inner region solutions (Eq.(4)). The R-matrix were then propagated to an asymptotic
distanee Rag5= 70 a¢ in a potential which included the Coulomb potential and the dipole
and quadrupole potentials of the target, where they were then matched to asymptotic
functionsObtained from a Gailitis expansion (Noble & Nesbet 1984). This matching
procedure yields the K-matrix from which all scattering observables can be obtained.
A different route, however, is followed for obtaining bound states, as is outlined below.

For bound states, the R-matrix and wave functions were propagated using Runge-
Kutta-Nystrom method (Zhang et al. 2011) to an asymptotic distance R,s, = 50aq

Page 4 of 13
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Table 1: Comparison of the vertical excitation energies (in eV) from the X 2Aj} ground
state to 12 low lying excited states of CHj for different target models. Theltarget
models used are the following:
M1: (lay)?(lay — 6ay, 1by — 4by, 1by — 4by)®
M2: (1ay)?*(lay — 8ay, 1by — 5by, 1by — 5by, 1asy)®

Target state ~ M1~ M2 Theory® Theory”

X 24, 0° 04 0° 0

12B; 092 0.81 0.84 0.83 =
144, 5.24  5.07

124, 6.93 6.81 6.81 6.92

12B, 746  7.36 7.60 7.8

224, 7.88  7.60 7.25 7.26

11B; 9.73  9.58

2 2B, 9.48  9.17 9.25 9.6

224, 11.17 10.50 10.44 111 .
32A, 13.52 13.04 12.81

228y 13.47 13.21 13.14 13.9

424, 14.89 14.76 13.40

3 2B, 13.22  13.23 13.53

“Theodorakopoulos & Petsalakis (1991)
®Osmann et al. (1999)

¢Absolute energy -38.61306904 Haxtree
dAbsolute energy -38.63754516 Hartree
¢Absolute energy -38.705744 HQrtree

in a potential which, included the Coulomb potential and the dipole and quadrupole
potentials of target, andmwwere matched to exponentially decreasing asymptotic functions
(Noble & Nesbet 4984)y, A Searching algorithm (Sarpal et al. 1991) over a non-linear
quantum defectgbased grid (Rabaddn & Tennyson 1996) was then used to find the
bound statesasTootsyef'a determinant B(F) dependent on the energy. The details of
the method [are @mitted and can be found in Sarpal et al. (1991).

3. Results

Allscattering calculations in this work were performed at a single geometry, namely
the equilibrium geometry of the CHJ target ion, for bound states of the CH,
moleculéy” Feshbach resonances in the e+CHj system and cross sections for elastic
scattering and electronic excitations. An 11 state scattering model including three
2A,, three 231, three 2B; and two 24, target states in the close coupling expansion
Eq. (4) were used for the singlet e+CHJ scattering close-coupling expansion, while a
15 state model which included the same 11 doublet states as in the singlet state model,
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together with the lowest each of the *A;,* By,* By, and A, states was used in/Eq. (4)
for triplet symmetry close-coupling expansion. As will be shown below, this procedure
provides a reliable scattering model which was tested by calculating the bound states

of CH2

3.1. Bound states

Table 2 shows the vertical excitation energies for the bound states of CH, from its
X 3B, ground state to few of its low lying excited states. For afeomparison, we also did
a quantum chemistry-style CI calculation on CHj at its equilibrium geometry (C-H bond
length 2.0314 ag and H-C-H bond angle 133.8°) using a (1a;)* (20— 6@i, 1 — 4by, 1 — 4b)°
CAS-CI model. The vertical excitation energies are then compared with the multi
reference double excitation (MRD-CI) calculation of Rémelt & Peyerimhoff (1981) and
the coupled cluster results of Yamaguchi & Shaeffer 111 (1997). From Table 2, it is
clear that the vertical excitation energies obtained by the R-matrix method are in very
good agreement with all others. The fact that ghe caleulaged bound state energies are
consistent and accurate enough indicates that our Scattering model is reasonably good.

Table 2: Comparison of the vertical éXeitationienergies (in eV) from the ground X 3B,
state of CHy to some of its low lying exeited states.

CH, state This work  CI9, Romelt’ “¥amaguchi®

X 3B, 0.04 0.0° 0.0/ 0.0
114, 1.16 0.995 1.14
'B, 1.74 10860, 1.63
2 1A 3.24 3.31 3.38
3A, 6.21 .67 6.37
3By 7.35 8.05 7.59 7.86
'By 7425 9.25 7.63 7.75
34, .63 7.47 7.57 7.23
1A, 8.33 8.39 8.46

?CI calculation deneg@at €H, equilibrium (C-H bond length 2.0314 a¢ and H-C-H bond
angle 133.82)uising (1a1)? (2a; — 6ay, 1b; — 4by, 1by — 4by)% CAS-CI model.

"Romelt & Peyerimhoff (1981)

“Yamaguehi & Shaeffer 11 (1997)

de 7 Absolute energies of the ground states are respectively —38.985233¢ Hartree,
—38.966950¢ Hartree and —39.06034/ Hartree.

Page 6 of 13
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3.2. Resonances at equilibrium

For resonance calculation, the R-matrix was propagated to 70 ay. Resonanees, were
detected by the characteristic change in sign of the second derivative of théweigenphase
sum 0(E) given by

§(E) = Z arctan(K;;), (5)

where K;; are the diagonal elements of the K matrix. They weredhen, fitted to a Breit-
Wigner profile (Tennyson & Noble 1984) with an energy grid 0.005°€V to obtain the
resonance energy F' and width I'.

—
(=]
TTTTT

Eigenphase sum
o & b L o v b oo

_105\\\ [

Figure 1: Eigenphase sumsgorithe overall e+ CHy™ symmetries *A; and ®B;.

Figure 1 shows the plot’éf twostypical eigenphase sums for ' A; and 3B, symmetries.
Characteristic of electron ¢olliSionfwith ions, the figure shows numerous resonances some
of which are tabulateddn Table 3.according to their parent state. As seen from the table,
many of the resonantes appear to be in Rydberg series which can be identified by their
effective quantum numbers.” The relatively small gap between the ground and first
excited electronie state means that the resonances start with relatively high effective
quantum numbers, a4, and then closely space.

A full set offfits fo theyresonances covering all overall scattering symmetries is given
in the supplementary material.

3.3. dglectron impact excitation

Oue, calculated cross sections for electron impact excitation of CHJ from the ground
state fofour of its lowest doublet states are shown in Figure 2. As in the elastic cross
section, the excitation cross sections show highly resonant behaviour due to temporary
@aptures into resonant states. Particularly, the X 24; — 1 2B, excitation cross section
shows evidence of a large resonance near threshold. Referring to Figure 1, this is likely
due to the large ®B; resonance near 1 eV as seen from the plot of the 3B; eigenphase
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Table 3: Resonance positions and widths (in Ryd) and effective quantum numbers at
the CHJ equilibrium for states of 3B; and 'A; symmetry of the e-CHg systempbelow
the first two CHJ excited states. Numbers within brackets indicate power 6f,10.

Position Width v Position Width v
3B, symmetry
Below 1 2B, state Below *A, state
0.3558(-02) 0.2400(-04) 3.9466  0.1925 0.1075(-01) 242792
0.4870(-02) 0.5833(-04) 3.9875  0.2678  0.3334(-03) £ 2.920T>
0.1567(-01) 0.4765(-04) 4.3815  0.2872  0.2789(-02) “3.1980
0.1718(-01)  0.6172(-04) 4.4465 0.3034  0.1910(-03) 3.5000
0.2685(-01) 0.1503(-04) 4.9440  0.3197  0.2426(=03) 3.9143
LA, symmetry
Below 1 2B, state Below.1 2 A, state
0.2034(-01) 0.2198(-03) 4.5925  0.3582 #0:9116(-02) 2.5716
0.3582(-01) 0.1225(-03) 5.5953  0.3907, 042355(#02) 2.9015
0.4478(-01) 0.7510(-04) 6.5969  0.4323" [0.1280(-02) 3.6009
0.5043(-01)  0.4929(-04) 7.5979 0.4424 02839(-02) 3.8615
0.5423(-01) 0.3407(-04) 8.5985  0.4492°9,0.3074(-02) 4.0762

sum. Generally, the excitation cross sections decrease with increasing incident energy
and the cross sections from the‘higher lying excited states are much smaller.

Our calculations only comsiderypartial waves with [ < 4. For dipole allowed
electronic excitation processes\it is kmown that higher [ partial waves contribute to
the electronic excitation afid forleleétron collisions with neutral targets allowance for
this is often made using the Born approximation; a standard procedure exists for this
within the UKRMolieodes (Kaur'et al. 2008). Considering the low-lying states of CHj
excitation the two low-lying 24, states are dipole forbidden but the 1 253, and 1 2B, are
both connected to the ground state by dipoles in the region of 1 a.u. Test calculations
showed that alléwing for this approximately led to a small increase in the 1 2By cross
section but afvery large increase in the predicted electronic excitation cross section for
the 1 2B,. However, the 123, state has a very low excitation threshold meaning it will
be excited™By slow-moving electrons and that under these circumstances it is necessary
to consider thefrotational motion of the target which will lead a reduction in effect of
the lomg-ramge dipole. Treatment of this will require further developments and is left to
future work, However, neglect of the partial waves with [ > 4 means that our predicted
1 ?By,and/1 2B, cross sections, and the dissociation cross sections given below, are
probably too low.

Page 8 of 13
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Figure 2: Cross sections for electronic excitationiform the X ?A; ground state to the
first four excited states of doublet‘symmetry as given in Table 1 and indicated in each
panel.

3.4. Electron impact dissociation

Experimental cross sectiongforelectron impact dissociation were obtained by Vane et al.
(2007) for the production'of GH™ and C* fragments. Although model calculations exist
for the electron impactsdisso€iation of CH; ions (see for example Reiter & Janev (2010)),
to the best of our knowledge, the 2007 experiments have never been described by any
ab initio calculation.

The dissociation of CHJ into the lowest dissociation channels, namely e+ CH" + H
and e+ CT -+ Hgy proceed via direct dissociative excitation and have thresholds 6.08 eV
and 5.62 eVl respectigelyn(Vane et al. 2007). In deriving the dissociation cross section,
we assumed, that electronic excitations to all states above the respective dissociation
thresholds leadto dissociation. In our calculation, we have included the states 1 2By,
1 2By, 102A,, and the 2 2A, excited states all of which lie close to one another at
the' CHJ equilibrium. Moreover, except the 1 2B; state, which has both valence and
Rydberg character, all the other three are of valence character at equilibrium (see for
exampleé(Theodorakopoulos & Petsalakis 1991)) and hence are likely to dissociate to
there+Ct+H, (5.62 V) or the e+CH™+H (6.08 ¢V) dissociation limits, which are the
most relevant in the energy range considered. Since the dissociation channels cannot be
separated in our calculations, our cross section in Figure 3 represents a sum over these
channels. For better comparison, we have also shown our cross sections after smoothing
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12¢
11 Present results
10E — Gaussian smoothing
N ° CH production
”;; SE = C" production
~ E --- Expt. fitted and summed
g T
g E
o 6F
2
N
3E ~
2
1
0

Figure 3: Cross section for the electron impact dissdeiation of the CH; ion. Thin curve:
present R-matrix results (see text). Thick (red)déurve: present result after smoothing
with a Gaussian function. Green circles with error bars:’experimental results for C*
ion production Vane et al. (2007). Blue gircles with error bars: experimental results for
CH™ ion production Vane et al. (2007). Dashed curve: experimental results for C* and
CH™ ion production summed after suitable fittingy(see text).

by using a Gaussian function. The expeérimental data from Vane et al. (2007) are
available for each of the dissociation channels mentioned above. The energy grid of
the experimental cross sections§ for theése two dissociation channels, however, are neither
same nor uniform. Therefore, to,sum the experimental data, we first spline interpolated
each set over the same and umiform energy grid. This allowed us to sum the cross
section for the experimental data. In Figure 3, this sum is shown as the dashed line and
it agree fairly well with our‘eemputed cross section. In particular, the peak near 8 eV
agrees quite well withythe spline interpolated summed experimental curve. However, we
note that since the experimental data is non uniformly spaced, the interpolated curve
may not often_reflect the actual trend. For example, we suspect the agreement of the
interpolated/curve withy,our calculation would have been much better between 11 eV
- 15 eV had there been more experimental points available in this region. Similarly,
below 64V, thednterpolated experimental curve appears to diverge for our Gaussian
fitted curve. This is a result of the fitting procedure, the interpolated experimental
curye actuallyfollows the trend of our raw cross section curve.

4. Coneclusion

As meéntioned in the introduction, CHJ is a very important constituent in low
temperature plasma environments. However, despite its importance, electron collisions
studies on CH; have been rare. In fact, we could not find any ab initio calculation for

Page 10 of 13
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the cross sections included in the present work. The only cross section result ayailable,
seems to be the total ionisation cross section of CHj calculated within the Binary-
Encounter-Bethe (BEB) model by Irikura et al. (2002).

In this work, we have presented a reliable set of cross sections forathe electronie
excitation, and electron impact dissociation of the CHJ ion. In fact, nohe of theselcross
sections have ever been reported before by any ab initio calculations™Additionally, we
have also calculated and have given the position and width for seme of the Feshbach
resonances in the e-CHj system. These Feshbach resonances, agf§ well known, are the
routes to dissociative recombination of the CHJ ion. However, its freatment requires
a more comprehensive calculation of the resonance energies;ywidths and the potential
energy surfaces of the CH; and CHj states. This is the subject ofian ongoing project.

Data availablility

Cross sections and resonance paramaters are givefi‘as supplementary materials.
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