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Abstract

®

CrossMark

We discuss in detail the quantum rotationally inelastic dynamics of an important anion often
discussed as a possible constituent of the interstellar medium (ISM) and in different
environments of circumstellar envelopes: the C, molecular ion. Its interaction forces with one of
the most abundant atoms of the ISM, the neutral helium atom, are obtained for the first time
using ab initio quantum chemistry methods. The overall angular anisotropy of the potential
energy surface is analysed in order to link its features with the efficiency of transferring energy
from the abundant He atoms to the internal rotational levels of this molecular anion. Calculations
of the corresponding rotational state-to-state inelastic cross sections, for both excitation and
de-excitation paths are obtained by using a multichannel quantum method. The corresponding
inelastic rates at the temperatures of interest are determined and their role in distributing
molecular states over the different populations of the rotational levels at the temperatures of that
environment is discussed. These computed rates are also linked to the dynamical behaviour of
the title molecule when confined in cold ion traps and made to interact with He as the common

buffer gas, in preparation for state-selective photo-detachment experiments.

Supplementary material for this article is available online

Keywords: inelastic collisions, molecular anions, rate constants, buffer gas cooling

(Some figures may appear in colour only in the online journal)

1. Introduction

The diatomic carbon anion C, is one of the most widely
studied molecular anions which are stable in the gas phase.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 3.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOIL

0953-4075,/20,/025201+-12$33.00

The high electron affinity (EA) of neutral C, of around 3.3 eV
[1, 2] results in the anion having well bound electronically
excited states, of which two have been observed (A%Il, and
B?%}) [3] and are close in energy to the ground X 22; state.

The spectroscopic properties of C, have been studied for
a long time in order to provide detailed information on its
possible subsequent sighting in different environments of
the interstellar medium (ISM). Absorption spectra for the
B> —X 22; transition were first observed by Herzberg and

© 2019 IOP Publishing Ltd  Printed in the UK
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Lagerqvist [4] who suggested it was due to the anion of the
neutral C, molecule. Subsequent work by other researchers
confirmed this suggestion [5-7] and since then many other
spectroscopic and photodetachment experiments have been
performed on this molecule [1, 2, 8-12] with the expressed
aim of providing supporting information on its possible
existence in diffuse molecular clouds.

Many high level theoretical studies of the C; anion have
also been carried out. Examples include calculations of the
spectroscopic constants [13—17], potential energy curves
[3, 14, 15, 17, 18], transition probabilities [14, 17, 18] and
radiative lifetimes [18]. Recently Shi er al obtained impress-
ive agreement between theory and experiment for spectro-
scopic parameters of six electronic states of the molecule and
spin—orbit coupling constants for the A?II, state [19].

The neutral molecule C, is abundant in interstellar space
[20] and comet tails [21]. It is also a common component of
carbon stars [22, 23]. Combining these confirmed features of
the neutral species with the fact that C, has indeed a large and
positive EA, and that the C, anion has strong absorption
bands [7] which could specifically identify it, led to the
expectation that the anion would then be rather likely to
be detected in space [24]. Unfortunately, as yet no conclusive
evidence of its presence has been found however, despite
searches in carbon rich stars [25, 26] and diffuse molecular
clouds [27], with only upper limits given to justify the lack of
observation.

The interaction, and possible reaction, of C, with other
molecules of astrophysical interest has also been investigated
to include its possible presence within more extended mole-
cular networks to model molecular clouds. Barckholtz, Snow
and Bierbaum [28] found that C, (and longer C, chains) are
unreactive with H, at room temperature, while it is however
rather reactive with atomic hydrogen in the process: C, + H
— C,H + e~. Experiments in our group by Endres ez al [29]
also found that C; is essentially unreactive with H, at room
temperature but at 12 K some reactivity is observed with the
most abundant molecule of the ISM.

The C, anion is also of interest for ion trap experiments
where, due to the anion’s low lying electronic states with
favourable Franck-Condon factors, it has been proposed as a
candidate for laser cooling [30-32]. The simulations of
Comparat et al has shown that C3, initially cooled to tens of
kelvin (using for example helium as a buffer gas [30]) could
then be laser cooled to temperatures of milikelvin in ion traps.
Laser cooled C; could then be used to cool other negatively
charged species in the same ion trap such as other anions [31]
or even antiprotons [32] via sympathetic cooling. Very
recently, Kas et al carried out a theoretical investigation of
collisions of C; with Li and Rb atoms [33], the latter of which
is used in hybrid-trap experiments. By considering the anionic
and neutral potential energy surfaces (PES), Kas et al con-
cluded that the associative electron detachment (AD) process
is not important for the ground electronic states of the
involved partners but should be important for their interac-
tions within their excited states. The authors also calculated
the cross sections and corresponding thermal rate constants
for rotationally inelastic collisions of Li and Rb with C3,

covering a low-energy range for the cross sections and
obtaining the related rates up to 100 K.

In this paper we report inelastic scattering calculations
for collisions of C, in its ground electronic state (ZZ;) with
helium since the rotational state-changing collisonal processes
of the molecular anion might be likely to occur with the He
atom as a partner, given the diffuse presence of the latter in
many different ISM environments. In particular, in the cir-
cumstellar envelope (CSE) around carbon rich stars where C;
could possibly be detected, He is around one fifth as abundant
as H, and so is an important species for collisions in such
environments. The rotationally inelastic cross sections which
we calculate are in turn used to obtain the relevant thermal
rate constants for rotational excitation (increasing angular
momentum quantum number j) and de-excitation (lowering j)
processes expected to occur in the range of temperatures of
the molecular clouds and CSE envelopes where other carbon-
rich anions have also been observed.

The state-changing rates obtained here for the first time
can in turn be included within different chemical networks
and databases (for example within the Basecol ro-vibrational
collisional excitation database [34]) to improve on the mod-
elling of their possible contributions to the populations of
rotationally excited states of this anion reached via collisions
with He occurring in diffuse interstellar clouds. Furthermore,
the rates can be used to model cooling of C, in ion traps
(where helium is often used as a buffer gas) and to model the
rotational population dynamics during photodetachment
experiments [35]. Both aspects of the above possible pro-
cesses involving the title molecular anion will be discussed
later in the present work.

The paper is organised as follows. In section 2 we give
the spectroscopic parameters of the C, anion obtained from
the literature. In section 3 we then present in some detail our
new ab initio calculations of the interaction of C, with He
and report the representation of the interaction through the
expansion of the PES in analytical form using a multipolar
description of the latter in Legendre polynomials. This allows
us to assess the spatial features of its overall anisotropy,
linking it to the expected behaviour of the quantum state-
changing cross sections. In section 4 we discuss our present
quantum scattering calculations for the system which we have
carried out using a coupled-channel (CC) description of the
inelastic dynamics. In section 5 we present our results giving
inelastic cross sections and rates, with the C; molecule treated
both as a doublet and pseudo-singlet target, a simplified
coupling scheme that we shall explain further. Section 6
presents dynamical calculations which model the relaxation
of C; in an ion trap with helium buffer gas cooling and give
specific suggestions about the expected behaviour of the
initial rotational population collisional relaxation of the
molecular anion under well specified trap parameters. Such
quantities are obviously also of interest for preparing exper-
imental setups which can describe the subsequent photo-
detachment processes involving the same initial anion.
However, we will discuss and analyse this aspect of the
problem in a separate paper currently under preparation.
Finally, we offer conclusions in section 7.
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Table 1. Experimental spectroscopic constants for the C; in its
ground ZE; electronic state. These constants are: R, equilibrium
bond length, B, rotational constant, «, rotational-vibrational
coupling constant, w, harmonic frequency and . and 7,
anharmonicity constants.

Mead et al [8] Rehfuss et al [9]

R, (A) 1.2684 1.268 31(13)
B, (cm™ Y 1.746 49(16) 1.746 66(32)
a, (em™h 0.016 557(76) 0.016 51(46)
w, (cm™h 1781.202(20) 1781.189(18)
wexe cm™ D) 11.6716(48) 11.6717(48)

0.009 98(28) 0.009 981 28

weYe (cm™ ")

2. Spectroscopic properties of the C, molecule

For the sake of completeness, we give in table 1 the exper-
imental Dunham expansion spectroscopic constants of the C;
in its ground (222) electronic state. Values for excited elec-
tronic states are given by Mead et al [8] and Rehfuss ef al [9].

It is worth noting that since C, is a homonuclear dia-
tomic molecule, it does not exhibit a pure ro-vibrational
spectrum and thus infrared adsorption or emission cannot be
used for its detection. As discussed in the Introduction,
transitions to and from the well characterised relatively low
lying excited electronic states could however allow for the
direct detection of the anion in different ISM environments.

3. Ab initio calculation of the PES

The interaction energy between C; (*%)) and He ('S) was
calculated ab initio on a Jacobi grid with R (the distance from
the centre of mass of C; to the He location) ranging from 2.8
to 20 A and 0 (the angle between R and the C, internuclear
axis) from 0° to 90° in 5° intervals. The C; anion bond length
was frozen at its equilibrium value of 1.268 A [19]. Energies
were calculated using the CCSD(T) method [36, 37] applied
to unrestricted Hartree—Fock wavefunctions. All ab initio
calculations were carried out using the Gaussian09 pro-
gramme suite [38]. Before selecting the basis set, it is cus-
tomary to check the convergence of results. In order to show
this convergence of CCSD(T) results for the C;,—He surface,
we present an example in table 2 for the basis set super-
position error (BSSE) corrected (using the counterpoise pro-
cedure [39]) and uncorrected potential energy values at
0 =90° and R = 4.2A. Correcting the BSSE using the
counterpoise procedure in CCSD(T) calculations with our
final basis set (the last row in table 2) was not computationally
prohibitive and we have used this basis to calculate the pre-
sently employed PES. BSSE corrections obviously tend to
diminish as the basis sets are increased; however, it is still not
negligible at the level used in our PES calculations. The aug-
cc-pV5Z basis on helium was necessary to reduce the BSSE
to an acceptable level. For small values of R < 3 A where the
potential is repulsive, some calculations did not converge.

Energies for these geometries were obtained by fitting a
Morse type function to the energies for each angular cut and
extrapolating to small R. In total a grid of 551 ab initio
energies were calculated.

The PES was analytically represented by expanding it
using a Legendre polynomial series as

Aln(-\)(
V(requ’ 0) = Z V)\(requ)P)\(COS 0), (D
A

where, because C, is a homonuclear target and thus sym-
metric around 6 = 90°, only even terms of the Legendre
series are required with integer label A. Using a nine term
expansion, i.e. with A\, = 16, gave a root mean square error
(RMSE) to the ab initio data of 0.78 cm'. The expansion
parameters V) (%4|R) are provided in the supplementary
information and are available online at stacks.iop.org/JPB/
53/025201 /mmedia. The convergence of this fit with respect
to the ab initio grid was checked. Carrying out the fit using a
smaller grid with 10° intervals resulted in a less than 1%
change for the most important V, and V; terms and RMSE of
2cm !, hence our ab initio grid is sufficiently dense for an
accurate PES fit.

The radial coefficients for A = 0, 2, 4, 6 are plotted in
figure 1. The V, term has a minimum of around —25cm ™" at
4.5 A while the other coefficients are mostly repulsive: the
interaction of the anion with a He atom is thus found to
be chiefly repulsive with only a weak attractive region due to
the interplay of dispersion and polarisation effects. It is
interesting to compare the present findings with recent cal-
culations involving the same molecular anion but interacting
instead with open-shell, highly polarisable systems. For these
systems, there is a far stronger interaction of the same C;
molecular partner with Li and Rb, with the V| terms having
minima of around 12000 (1.5eV) and 8000 cm ! (1.0eV)
respectively, as discussed in detail by [33]. It should be noted
however, that the crucial feature of the present PES is the
extent and strength of its spatial anisotropy around the anionic
target. It will be shown below that rotational excitation/de-
excitation collisional efficiency is mainly linked to the overall
spatial torque applied to the rotating molecule by the
incoming He partner during the quantum dynamics which
samples that feature of the interaction.

An overview of the PES is given as a contour plot in
figure 2. The PES is relatively isotropic but becomes repul-
sive at slightly further distances for linear geometries versus
perpendicular. The attractive interaction is relatively weak
with the minimum in energy of around —30 cm ™! (relative to
zero at infinite separation) at about 4.5 A. The PES presented
here can also be compared to the Csz(lZ)—He (lS) system
which we have recently investigated [35]. They show, in fact,
nearly the same well depth at around 4.5 A, although the
C,H —He PES has its minimum occurring off the perpend-
icular (T-shaped) configuration, a feature due to the lower
symmetry of the former anion compared with the pre-
sent case.
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Figure 1. Computed radial coefficients of the expansion in equation (1) for C5 (ng*) interacting with He ('S). Only the first four, most

important radial functions are shown.
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Figure 2. Contour plot of CQ(ZE;)—He(lS) PES projected onto Cartesian coordinates. Energies in cm ™.

Table 2. Tests of basis sets [40] and BSSE corrections for C;-He for geometry 6 = 90° and R = 4.2 A.

Basis for C Basis for He  V after BSSE correction (cm™') BSSE V(ecm™ )
aug-cc-pVDZ  aug-cc-pVDZ —19.24 14.30
aug-cc-pVTZ  aug-cc-pVTZ —25.36 4.84
aug-cc-pVQZ  aug-cc-pvVQZ —26.90 4.31
aug-cc-pVQZ  aug-cc-pV5Z —-27.37 3.41
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4. Scattering calculations at low temperatures

Quantum scattering calculations for the collision of C; and
He were carried out using our in-house quantum scattering
computational code ASPIN [41]: in the present application
the anion was treated as a rigid rotor (RR), since we are
interested in the behaviour of rotational state-changing colli-
sional processes. The validity of the RR approximation for the
calculation of cross sections and rates of rotationally inelastic
transitions for collisions energies of up to thousands of
wavenumbers has been justified many times. The rotational-
vibrational coupling has been shown to be small for Hi—He
collisions [42] and essentially negligible for SO + He [43]
and CS + He [44]. Lique even showed that including the
reactive channels in H + HCI collisions had very little effect
on the rotationally inelastic cross sections [45].

The ground electronic state of C; is *Y;, a doublet state.
The scattering of a structureless particle from a °Y state target
[46] is also implemented in our scattering code ASPIN. The
presence of the electronic spin in a doublet state splits the
usual nuclear rotational levels N of a rotating molecule into
doublets so that each resultant rotational level j (other than
Jj = 0.5) is split into two values with j = N £ 0.5. The energy
of the rotational levels are given as

BN(N+1)+l'yN :N—i—l
_ 2 2
EjN = 1 1’ 2
BN (N + 1)—57(N+ 1) j=N-— 3
where B is the rotational constant taken as 1.74 cm™' [19] and

the spin-rotation constant, v was taken from experiment with
a value of 4.25 x 10 2cm ™' [9].

ASPIN makes use of the CC method to solve the Scho-
dinger equation for scattering of an atom with a diatomic
molecule. The method has been described in detail before
[41, 47] and only a brief summary will be given here. For a
given total angular momentum J =1+ j the scattering
wavefunction is expanded as

MR, ©) = Zf,j RYVIR, B), 3

where / and j are the orbital and rotational angular momentum
respectively, yj;” (R, 1) are coupled-spherical harmonics for [
and j which are eigenfunctions of J. The values of / and j are
constrained, via Clebsch—Gordan coefficients, such that their
resultant summation is compatible with the total angular
momentum J [41, 47]. fz (R) are the radial expansion func-
tions which need to be determined. Substituting the expansion
into the Schodinger equation with the Hamiltonian for atom-
diatom scattering [41, 47] leads to the CC equations for each J
2
(d— + K? —
dR 2
Here each element of K = §;;2u(E — ¢) (where ¢; is the
channel asymptotic energy), p is the reduced mass of the
system, V = 2,U is the interaction potential matrix between
channels and I? is the matrix of orbital angular momentum.

12
V- F)ff =0. 4)

The CC equations are propagated outwards from the classi-
cally forbidden region to a sufficient distance where the
scattering matrix S can be obtained. The rotational state-
changing cross sections are obtained as

™

(2j + Dk}
X Z(ZJ + 1)Z|61]1H

Ly

Tjmj =

Sl 6)

For doublet-state scattering, the above CC equations are
modified by also coupling the projection of the spin angular
momentum S with projection X on the internuclear axis [46].
The rotational basis functions in equation (3) are changed to
explicitly include the spin term. The main result of this is to
modify the analytical solutions of the potential matrix ele-
ments in equation (4) such that the Wigner 3—j symbols
explicitly account for the electronic spin. The working
equations for doublet-state scattering are given in the ASPIN
publication [41] while a detailed derivation and discussion of
the procedure implemented in ASPIN was given by Corey
and McCourt [48]. The explicit treatment of collisions
accounting for the doublet nature of the C, molecule gives
rise to spin-flip transitions in which the j quantum number
changes but N stays the same.

To converge the CC equations, a rotational basis set was
used which included up to j = 20.5 within the CC expansion.
This choice provides 21 rotational functions in total which are
directly included within the scattering wavefunction expan-
sion. The CC equations were propagated between 1.7 and
90.0 A in 2000 steps using the log-derivative propagator [49]
up to 60 A and the variable-phase method at larger distances
[50] up to 90 A. The convergence of the scattering calcula-
tions with respect to basis set, grid points, PES expansion,
propagation distance and number of steps was checked. The
cross sections are converged to at least a few percent or better
which will have a negligible effect on calculated rates. The
potential energy was interpolated between calculated Vy (74| R)
values using a cubic sphne and extrapolated from the end of
the ab mmo gird at 20 A as V(R) = —ape /2R* where ay =
1.383 ag [51] to account for the correct pertubative expansion
of the long range interaction [52]. This part of the scattering
propagation up to the asymptotic region was carefully
checked because of its crucial importance when low temp-
erature scattering processes are considered, as in the present
study. It was found that the cross sections were essentially
insensitive (again to a few percent or better) to the extra-
polated form of the potential since the ab initio grid already
went out to 20 A were the interaction is of the order of
—0.1em™!, two orders of magnitude lower than the lowest
scattering energy considered here.

Scattering calculations were carried out for collision ener-
gies between 1 and 1000cm ' using steps of 0.1cm ' for
energies up to 100 cm™Y, 0.2 em™! for 100200 cm™!, 1.0 cm ™!
for 200-500cm ™" and 2cm™! for 5001000 cm ™', This fine
energy grid was used to ensure that important features such as
resonances appearing in the cross sections were accurately
accounted for and their contributions correctly included when
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Figure 3. Examples of excitation cross sections for C,—He scattering from ground j = 0.5 state.
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Figure 4. Examples of de-excitation cross sections for C,—He scattering.

the corresponding rates were calculated. The number of partial
waves was increased with increasing energy reaching J = 89.5
for the highest energies considered. Inelastic cross sections were
computed for all transitions between j = 0.5 to j = 8.5 which
should be sufficient to model buffer gas dynamics in a cold trap
up to about 100 K, see below. The same levels are expected to
be those most significantly populated during low-energy colli-
sional exchanges with He atoms within ISM environments.

5. Results: features of cross sections and rates

Examples of the behaviour of the inelastic scattering cross
sections are shown in figures 3-5 which illustrate various
aspects of the system’s behaviour under energy-transfer
scattering events. Figure 3 shows the inelastic scattering cross
sections for rotational excitations from the ground j = 0.5
state to the j = 2 + 0.5 and j = 4 + 0.5 states. In both cases
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Figure 5. Examples of Spin-flip cross sections for N = 2 and N = 4 states.

the N + 0.5 states have larger cross sections. It can be seen
that at lower collision energies the cross sections have a rich
structure with many resonances. We observe, in fact, that
between collision energies going from 10 up to around
40cm™ ' there are many resonant features in the cross
sections, with further resonant structure appearing between 60
and 80 cm™'. The most likely physical origins of such reso-
nant features could be related either to dynamical trapping of
the light He atom behind specific centrifugal barriers (broadly
defined as ‘shape’ resonances) or to virtual excitation of the
target molecule to low-lying rotational levels which become
energetically closed at the collision energies in the asymptotic
regions. These are usually classified as ‘virtual excitations’ or
Feshbach resonances. In either case, we did not consider this
as of interest in the present analysis, due to the current lack of
experimental data on inelastic scattering processes, to further
investigate the two types of resonances, while we have made
sure that they all correctly contribute to the final size of the
computed inelastic rates, especially in the threshold regions.

Figure 4 shows examples of de-excitation cross sections
and illustrates a number of aspects of doublet-state scattering.
The cross sections for j =2 4+ 0.5 — j = 0.5 are almost
identical. This is expected since the interaction hamiltonian is
spin-independent and both states end up in the same lower
state, without any differences in the dynamical coupling
acting during both types of collisions. This contrasts with the
j=235—j=2= 0.5 cross sections in figure 4 where it
can be seen that the spin-conserving j =35 —j=1.5
transition exhibits far higher cross sections than the corresp-
onding spin-flip j = 3.5 — j = 2.5 transitions. Also shown
in the same figure are the j =55 —j=3.5 and j=
5.5 — j = 1.5 cross sections which follow the expected trend

of larger Aj transitions having smaller cross sections because
of the increased energy gap involved in that inelastic process.

A final example for the C,-He system is shown in
figure 5 which shows two examples of cross sections for the
spin-flip process within the same nuclear rotational level N.
This process is either slightly endo or exoergic depending on
the j state but can also be considered as an essentially elastic
process for the purposes of buffer gas cooling.

In order to test the relative importance for the behaviour
of the state-changing cross sections of treating the C, mole-
cule as a doublet system, scattering calculations were also
carried out by treating the system instead as a pseudo-singlet
('Y). This constraint simplifies the dynamics as then only
even j states are required in the calculations, due to the
nuclear statistics of the '*C; molecule with zero spin nuclei.
The scattering calculations discussed above were therefore
repeated, this time treating the molecule as a singlet. The
same basis set and energy grid were used and a similar
increase of partial waves with energy was implemented in
order to reach the same level of numerical convergence.

The excitation cross sections for the pseudo-singlet
treatment of the C; molecule are compared to those obtained
by using the explicit doublet treatment and our present results
are reported in figure 6. The relevant summed doublet cross
sections are also shown for comparison. These are obtained
by simply adding both cross sections for the same final N state
but different j state, for example in figure 6 we show
00525 + 00515 compared to oy_,, for the singlet case. It
can be see that both calculations give very similar results, this
being especially true at the higher energies we have con-
sidered. The similarity of the explicit % treatment and
pseudo-'Y was also found in our previous work involving a
much more strongly interacting system, where we analysed
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Figure 6. Comparison of excitation and quenching cross sections for pseudo-singlet treatment (dashed lines) versus explicit doublet (solid
lines). For the doublet cross sections, the relevant cross sections were summed, see main text for details.

Table 3. Comparison of cross sections for summed doublet and
pseudo-singlet treatment for the 0 — 2 transition. Cross sections
)

in A”.

Energy Summed doub-  Pseudo-sing- Percentage
(cm™h) let 0p5_.2 let 0p_.n difference
10.5 27.1 22.1 22%
30.0 67.4 62.5 8%
50.0 45.4 42.8 6%
100.0 30.0 29.0 3%
500.0 14.6 14.2 3%
1000.0 12.1 11.9 2%

the inelastic scattering of the Hj —He system with regards to
the same state-changing rotationally inelastic collisions [53].
Such results indicate that, when analysing the quantum
dynamics of rotationally inelastic collisions, such processes
are essentially driven by the spatial anisotropic features of the
scattering potential while the effects of spin-rotation coupling
terms only cause rather minor changes on the efficiency of the
considered transitions.

To compare the results between the singlet and doublet
treatment more quantitatively, table 3 shows the numerical
values and percentage difference for the j = 0/0.5 — j =2
transition cross sections at various energies. As the collision
energy increases the difference between explicit doublet and
psuedo-singlet treatment decreases. This occurs because as
the scattering energy is increased, the differences between the
pseudo-singlet and doublet terms in the V matrix become
negligible with respect to the K matrix elements in the CC
equations (equation (4)) which drive the magnitudes of the
inelastic cross sections. The doublet terms are then essentially

given as a ratio of the pseudo-singlet values, scaled by the
relevant Wigner 3—j symbols.

Even at the lowest energies considered where there is
considerable resonance structure in the cross sections, the
difference is still only around 20%. Such findings bear well
for the use of the present decoupling scheme whereby the
doublet electronic state of the target molecule can realistically
be treated as if it were simply another case of a closed-shell,
singlet electronic state of the anion, when one wishes to
produce extensive information on the size and energy-
dependence of rotationally inelastic, state-changing cross
sections with a considerable reduction of computational
complexity.

From the computed inelastic cross sections which we
have discussed above, we can progress to the rotationally
inelastic rate constants k;_.;(T"), which can be evaluated as
the convolution of the computed inelastic cross sections over
a Boltzmann distribution of the relative collision energies of
the interacting partners as

g 172
kion(T)=|———
1= (1) (wuk§T3)

x j: " Eoj_y(Eye E/WTdE, 6)
)
where all quantities are given in atomic units. The rate con-
stants for all transitions considered in the previous discussion
were therefore computed between 5 and 100K, a range of
temperatures for which we found the corresponding range of
collision energies between 0 and 1000 cm ™' was numerically
sufficient to converge the final rate values. In the supporting
information we give the rates for all transitions between
j=05t j=285and j=0 and j = 8 for explicit doublet
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Figure 7. Rate constants k;_,;(T) for various transitions of C; colliding with He. Crosses are calculated rates, lines are least squares fit of
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Figure 8. Rate constants k;_,;»(T) for various transitions involving C; colliding with He, comparing results from the pseudo-singlet
approximation (dotted lines) with those obtained from the summed components obtained for the doublet rates (solid lines). N labelling

is used.

and pseudo-singlet treatment of the C, anion respectively in
1 K intervals.

Examples of rate constants for both excitation (increasing
j) and quenching (decreasing j) state-changing processes are
shown in figure 7. As expected, at low temperatures the

corresponding quenching rates are larger than the excitation
rates while, as the temperature increases, both types of rates
become comparable in size.

To further compare the pseudo-singlet and explicit
doublet treatment of C;—He collisions, figure 8 compares the
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Figure 9. Thermalisation of C; (*Z) rotational state in collisions with He buffer gas at 15 K and density ny. = 10" cm™>.

rate constants for each approach. Rates for the doublet treat-
ment were added in the same manner described above. Both
approaches give very similar rate constants, only differing by
less than 10%.

It is interesting to note, as a comparison with earlier
calculations involving the same molecular anion, that the rates
and cross sections for collisional excitation and quenching of
C, by He atoms are found to be around one order of mag-
nitude smaller than those obtained earlier for collisions of the
same molecular anion with Rb and Li atoms, both being
open-shell, strongly polarisable atomic partners [33]. The
results reported in that work behave as expected since the C;—
He interaction is much weaker in strength and less orienta-
tion-dependent in terms of the size of its multipolar expansion
coefficients.

The rates for both the explicit doublet and pseudo-singlet
treatment were least squares fit to a three parameter function
of form [54, 55]

ki = (T /300)° exp(—v/T) (7)
which gives a good analytical representation of the rate
constants. The lines in figure 7 connecting the calculated rates
are an example of this function. In the supporting information
we give values of the three fitting parameters as well as rms
error for all of the rates considered in this work for pseudo-
singlet and explicit doublet treatment of the C, anion
respectively. This analytical form gives the rates with mini-
mal data and can be used, with caution, to extrapolate rates
to higher temperatures than explicitly calculated here. This
parametric representation is therefore chiefly provided for
the use and inclusion of the presently calculated rotational
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state-changing rates within larger ISM chemical networks
containing a broad range of chemical processes (e.g. the
KIDA database [55]).

6. Relaxation dynamics in cold ion traps

The rates discussed in the previous section can also be used to
analyse the population dynamics of C; during He collisions.
This study therefore allows for the modelling of the possible
operating conditions of cold ion traps where buffer gas
cooling is carried out using helium, a buffer atom which has
been successfully used in many experiments to obtain specific
rotational state distributions for the trapped ions [56]. The
master equations one needs to solve are given by

dn; (1)

8
& ®)

> i) Ci(T) — ni(1) >, Py(T).
J=l =]

They are solved by using the collisional thermal rates
obtained from the quantum dynamics of the previous sections
at a specific given temperature and selected He density [53].
The Py(T) are the rates for the destruction of the population of
level i, while its formation rates are given by the Cj(T)
coefficients. The coefficients are given as a function of the
inelastic rate coefficients and the He density:

Py(T) = nyeki—j(T), €))

Gii(T) = Nyekj—i(T). (10)
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As a test of a few specific conditions in the present
analysis, the initial population of the molecular anion was
taken to be the Boltzmann value at 50 K with a helium gas
density in the cold trap of 7y = 10'' cm ™, a typical value
used in experiments within our group [35]. For the chosen
buffer gas temperature of 15 K, only the j = 0.5, 2.5 and 1.5
states are significantly populated. Figure 9 shows the
relaxation of the rotational states of C; (2%) over the exam-
ined time interval. The molecules reach their thermalised
Boltzmann distributions well before one second at this
selected value for this helium gas density. The behaviour is
similar to that which we have already found for the case of
another molecular anion, C;H™ undergoing collisional ther-
malisation with He. That process turned out to occur on a
similar timescale [35], as it is to be expected from the simi-
larities in the PES anisotropic features and coupling strength.
In a recent publication [35] we have also shown that the
switching on of a laser causes photo-detachment of the
anion’s excess electron from specific rotational states by
controlling the corresponding laser wavelength and therefore
selecting different rotational states of the anion in the trap.
These features of the photo-detachment process for the C;
anion will be discussed in relation to experiments in prep-
aration in our laboratory, in a separate, future publication.

7. Conclusions

We have calculated the interaction potential of C, with He by
employing accurate ab initio methods and further used that
interaction energy surface to construct an analytical repre-
sentation of the latter. Using this formulation of the PES we
have carried out CC quantum scattering calculations to
describe the collision of C, with He at energies of
0-1000cm™ ', treating the diatomic as a rigid-rotor and
therefore focussing on state-changing inelastic processes
involving solely the rotational states of the target anion. When
carrying out the quantum calculations we considered the C;
either in its explicit doublet electronic ground state (X*>%1) or,
in a simpler formulation, as a pseudo-singlet ('X) state. Both
treatments where found to give similar inelastic cross sections
indicating that the simpler pseudo-singlet treatment is suffi-
cient to realistically model rotationally inelastic collisions,
thereby excluding fine-structure transitions when obtaining
the final cross sections and importantly, also the corresp-
onding inelastic rates at low temperatures.

Using the computed cross sections we thus obtained the
relevant thermal rate constants for rotational excitation and
quenching processes at temperatures between 0 and 100 K
and fit a three parameter functional form to the rates. As an
example of the use of the rate constants, we modelled the
buffer gas cooling of C; at 15K with typical buffer gas
density for the He partner. The relaxation time required to
reach thermal equilibrium was found to be similar to what we
had already estimated for another molecular anion with the
same buffer gas atom: the C,H —He system [35]. The rota-
tional state changing rates computed here will be used to
model cooling times in an ion trap and population dynamics

11

when a laser is used for photodetachment, in a similar manner
to what we have described in detail for similar systems in a
recent publication [35]. Such photodetachment experiments
on C; will soon be carried out in our group.

The rates we have obtained here can also be directly used
to model the efficiency of exciting this molecular anion when
interacting with He atoms and also its collisional quenching
which would be in competition with its possible radiative
emission from the collisionally excited rotational levels. The
entire range of the computed rates has been fitted to a para-
metric representation and the parameters have been reported
in two tables of the present work. Thus, making use of this
easier representation of our computed rates could therefore
allow their employment within more extended chemical net-
works where one also needs to model the efficiency of the
inelastic collisions between C, and the abundant helium
atoms present in ISM environments such as diffuse interstellar
clouds where carbon-rich molecular anions are usually
observed [57].
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