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ABSTRACT
The scattering cross-sections and corresponding rate coefficients for rotationally inelastic collisions
of 12C−

2 (2�+
g ) with H2 (1�+

g ) are presented over a broad range of cold-trap temperatures. They have
been calculated using quantum scattering theory that employs a new ab initio potential energy sur-
face. The rate coefficients for the inelastic processes in the anionic partner are used to model the
thermalisation dynamics of 12C−

2 using H2 as a buffer gas, a trap partner which is found here to be
far more efficient than the typical buffer gas He and even more so than when using Ar as a partner
gas. The microscopic physics underlying these findings is discussed in some detail. We additionally
compute and discuss 12C−

2 quadrupole transitions by spontaneous emission and use the newly com-
puted rates to show that the anion’s rotational levels should be in local thermal equilibriumat typical
interstellar conditions.
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1. Introduction

The diatomic carbon anion, C−
2 has been described as

‘clearly themost studied system’ [1] in terms ofmolecular
anions and indeed, its properties have been investigated
both experimentally [2–17] and theoretically [18–27] for
decades. Unusual for a molecular anion, C−

2 has bound
electronically excited states [22] which is a consequence
of the high electron affinity of neutral C2 of around 3.3
eV [6,10] in combination with the open shell character
of the electronic configuration of carbon dimers. This
has lead to C−

2 being proposed as a candidate for the
first laser cooled molecular anion. The anion’s A2�u
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and B2�+
u electronic states have large Franck-Condon

overlap factors with the X2�+
g ground state for transi-

tions between their lowest vibrational levels [25,28]. Sim-
ulations of laser cooling using the B2�+

u [1] and A2�u
[29] states suggests that C−

2 can, in principle, be cooled
efficiently to milikelvin temperatures using Doppler or
Sisyphus cooling in Paul or Penning traps and that pho-
todetachment could access even lower temperatures [30].
If laser cooling of C−

2 anions were to be realised, it would
open up the possibility of sympathetically cooling other
anions [29] or even antiprotons [30].

In a series of recent works, we have investigated vari-
ous inelastic processes of noble gas atoms colliding with
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C−
2 to assess their usefulness as buffer gases for cold-ion

trapping experiments. Our simulations showed that ther-
malisation times of the rotational states of C−

2 with noble
gases decreased in the order helium > neon > argon,
due to the increasing interaction energy with atomic size
and with dipole polarisability which are then yielding
larger rate coefficients [31,32]. We have also calculated
the rate coefficients for vibrationally inelastic collisional
quenching of the anion’s ν = 2 and ν = 1 levels [33], a
step which can be useful in laser cooling experiments.
As C−

2 has no oscillating dipole, the vibrational levels are
long lived with the ground electronic state’s v = 2 levels
persisting for over five seconds [13]. Collisions are thus
the only viable means of directly quenching these states
efficiently (another approach being to excite themolecule
to a higher energy electronic state which can then spon-
taneously decay to lower vibrational levels in an allowed
transition [17]). It was found that while rate constants for
vibrational quenching with helium and neon were very
low, argon provided far larger rates, again as a result of
the much stronger interaction with the anion.

Although argon has relatively large rate coefficients
for both rotationally and vibrationally inelastic collisions
with C−

2 , its use as a buffer gas is limited to tempera-
tures above about 50K as it freezes out at lower T values.
This compares to He which can be used to reach far
lower temperatures justifying its wide use as a buffer gas.
Another possibility is to use hydrogen gas, H2, which
has been used more often than argon and which is the
focus of the present computational work. For the similar
anion, CN−, we had found earlier that the rotationally
inelastic rate coefficients for collisions with H2 were even
larger than those for argon, leading to fast thermalisation
times [34], thereby suggesting H2 may also be suitable
as an efficient buffer gas for C−

2 . Hydrogen gas has the
advantage of being usable down to about 10 K before
freezing out. On the other hand, hydrogen gas usually
has the disadvantage of being a somewhat reactive species
compared to noble gases. However, earlier experimental
studies had found that C−

2 is essentially non reactive with
H2 at room temperature [16,35], showing only limited
reactivity even down to 12K [16]. These findings, there-
fore, suggest that it is indeed worth considering H2 as
an alternative buffer gas for C−

2 in relation to the more
common choice of He gas. Hence, in the present work,
the rate coefficients for rotationally inelastic collisions
between C−

2 in its ground X2�+
g electronic state and H2

as a trap partner are obtained from a first principle study
and analysed in terms of their behaviour under cold-ion
trap conditions. We expect that the present investiga-
tion will serve as a complement to further studies of the
collisionally inelastic rate coefficients for the vibrational
quenching of the samepartner anionwith the same buffer

gas that we shall be considering in a separate, future
investigation.

The interaction of C−
2 with molecular hydrogen, the

most abundant molecule in the universe, may also be of
importance in astronomical environments where it has
been suggested that C−

2 could be present as neutral C2
is abundant in interstellar space [36], comet tails [37]
and is a common component of carbon stars [38,39]. The
large electron affinity of C2 and strong electronic absorp-
tion bands of C−

2 [5] suggests that the anion could also
be detected in space [40] but as yet no conclusive evi-
dence of its presence has been found [41–43]. As themost
abundant isotopologue 12C−

2 is a homonuclear diatomic
molecule, it does not exhibit a pure ro-vibrational spec-
trummaking its detection in emission difficult but transi-
tions to and from low-lying excited electronic states may
allow for the anions detection. The rotationally inelastic
collisions considered here between C−

2 and H2 serve as a
complement to our earlier work on C−

2 /He collisions, the
latter partner gas being the second most abundant gas in
astronomical environments [31].

This work is organised as follows. In Section 2, the full
ab initio quantum chemistry calculations are described
alongwith the 4Dpotential energy surface (PES). The lat-
ter is then reduced to a 2D approximation for which an
analytical form is obtained. Section 3 describes the details
of the quantum scattering calculations used to investigate
the rotational state-changing processes involving only the
molecular anion in collision with the H2 partner. Rota-
tionally inelastic cross-sections and rate coefficients are
presented in Section 4 and further compared to other
collision partners and systems. Kinetic modelling of the
thermalisation process is presented in Section 5. A dis-
cussion of C−

2 quadrupole transitions and how this relates
to critical densities is given in Section 6. Conclusions are
drawn in Section 7.

2. C−
2 /H2 Ab initio calculations & potential

energy surface

The interaction energies between C−
2 (2�+

g ) and H2

(1�+
g ) were calculated ab initio with both molecules

treated as rigid rotors. Bond lengths were held fixed at
their equilibrium values of 1.269 Å for C−

2 [25] and
0.741 Å for H2 ( 1Å= 100 pm). Energies were calculated
using the CCSD-Tmethod for open shell systems [44,45]
as implemented in MOLPRO [46,47] using the aug-cc-
pV5Z basis set [48,49] centred on both the carbon and
hydrogen nuclei of the partner molecules. The basis-set-
superposition-error (BSSE) was also accounted for at all
calculated points using the counterpoise procedure [50].

The tetra-atomic C−
2 /H2 system is characterised by

six degrees of freedom in the body-fixed frame which
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Figure 1. Definition of the body-fixed coordinates system.

Figure 2. Cuts of C−
2 /H2 PES along the radial coordinateRCH for the threeH2 orientations used in thepresent calculations, plus its average

value. Different different values of θ are shown.

is reduced to four when both molecules bond lengths
are fixed. The system is then spatially defined by the
knowledge of three angles: θ , α, β and of RCH , the dis-
tance between the C−

2 and H2 centres of masses as shown
in Figure 1. The θ and α angles are polar angles with
respect to RCH while β is the dihedral angle. Energies
were calculated for three specific orientations of the H2
molecule: ‘perpendicular’ (α = 90 ◦, β = 0◦ ), ‘in-line’
(α = 0◦, β = 0◦) and ‘out-of-plane’ (α = 90◦, β = 90◦).
For each of these orientations, energies were calculated
on grids of RCH , for 40 points between 2.6 and 25 Å,
and θ between 0 and 90◦ in 10◦ intervals. The radial grid
included a higher density of points around the minima

regions at each selected angle. For some small values of
RCH at small angles θ , where the potential is repulsive,
some calculations did not converge. Energies for these
geometries were obtained by fitting to an exponential
function for each angular cut and extrapolating to small
RCH . Figure 2 shows energy diagrams of the three H2
orientations used, presenting various cuts of the PES for
different values of θ polar angle. The ‘out-of-plane’ H2
orientation gives the least attractive interaction with the
C−
2 anion, along with the θ = 0 and 90◦ ‘perpendicular’

geometries. Themost attractive region of the PES is given
by the ‘in-line’ H2 orientation and for the polar angle
θ = 90◦.
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To direct the quantum scattering calculations to inves-
tigate only the rotationally inelastic processes involv-
ing the C−

2 anionic partner, the initially computed four
dimensional PES is reduced to a two dimensional PES by
taking the average value of the interactions pertaining to
the three H2 orientations described before:

Vav(R, θ) = 1
3
(Vperp(RCH , θ) + Vin−line(RCH , θ)

+ Voop(RCH , θ)). (1)

This 4D to 2D reduction of the PES is physically equiv-
alent to restricting the H2 molecule to be only the para-
hydrogen in its j = 0 level and has been already used in
the past for various other systems [51–54]. For the tem-
peratures of interest in this work (T ≤ 100K), the prob-
ability of exciting the H2 molecule is low as the energy
spacing between the j = 0 and j = 2 levels of para-
hydrogen is around 500K [51]. This approximation has
been checked for its accuracy: for SiS/H2 collisions a 4D
vs 2D treatment only resulted in differences of around 10
% in the scattering cross-sections [52] and for HNC/H2
collisions the approximate treatment resulted in cross-
sections within a factor of two of the 4D treatment while
rates differed by less than 30 % [53]. Thus, despite the
great simplification introduced for the quantum scatter-
ing treatment, which basically allows the same methods
employed for the atom-rigid rotor scattering to be used
for the present four-atom system, the cross-sections and
in particular the rate coefficients are expected to remain
reasonably accurate and to be of realistic values for our
following discussion of the results.

The C−
2 -H2 averaged, 2D PES is shown in the left

panel of Figure 3. The specific features of this reduced-
dimensionality PES are clearly due to the averaging

procedure and can be explained by comparing the present
findings with those shown in the previous panels of
Figure 2. For the ‘in-line’ H2 orientation, the interaction
energy is at a minimum value for θ = 90◦ and decreases
onmoving to linear geometries, while for the ‘perpendic-
ular’ orientation the minimum energy geometry occurs
for θ = 30◦ and, as for the ‘out-of-plane’ geometries,
only shallow minima occur at their respective perpen-
dicular geometries with θ = 90◦. The present averaging
procedure therefore results in the most attractive part of
the 2D PES occurring for relative configurations which
are off the perpendicular geometries. The global mini-
mum of the interaction energy for the averaged 2D-PES
is around −400 cm−1 at R = 3.6 Å and θ = 40◦. We can
also see that the 2D-averaged C−

2 /H2 PES is comparable
to the full-dimension 2D C−

2 /Ar PES which is shown in
the right panel of Figure 3. For this atom-diatomic sys-
tem, the minimum energy is −488 cm−1 at 3.7 Å and
θ = 90◦.We, therefore, see that, on the whole, the C−

2 /H2
PES remains attractive up to smaller distances than those
occurring for the C−

2 /Ar system, which becomes repul-
sive at larger distances (compare the 900 cm−1 contours
shown for both plots). On the other hand, the C−

2 /Ar
interaction remainsmore strongly attractive to larger dis-
tances than those found for the 2D-C−

2 /H2 system. This
feature is due to the larger dipole polarisability of Ar of
11.070 a30 [55], to be compared to that for H2 of 5.314 a30
[56].

The averaged C−
2 /H2 2D-PES was analytically repre-

sented by expanding it using a standard Legendre poly-
nomial series as

Vav(R, θ) =
λmax∑

λ

Vλ(R)Pλ(cos θ) (2)

Figure 3. Contour plots of C−
2 -H2 averaged 2D-PES (left) and full 2D-PES for the C

−
2 -Ar(right).The levels of energy contours are given in

units of (hc cm−1).
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where, because C−
2 is a homonuclear target and thus sym-

metric around θ = 90◦, only even terms of the Legendre
series are required with integer label λ. Using a nine term
expansion, i.e. with λmax = 16, gave a root-mean-square
error to the ab initio data of 1.8 cm−1 for geometries with
potential energies below 1000 cm−1.

The radial coefficients Vλ(req|R) for the most impor-
tant terms in the expansion, i.e. for λ = 0, 2 and 4, are
plotted in Figure 4 for C−

2 interacting with both H2 and
Ar. For both systems, the spherical termV0 has the largest
magnitude and is responsible for the overall attraction of
both systems. As expected from the preceding discussion,
the interaction of C−

2 with Ar gives a more attractive V0
term but for H2 this term is still relatively large in com-
parison to He and Ne shown in our earlier work [32]. In
contrast, the V2 term which is responsible for 	N = ±2
transitions during collisions, has a deeper minimum for
C−
2 interacting with H2 compared to Ar. This is a con-

sequence of the averaged C−
2 /H2 PES having a larger

anisotropy than the C−
2 /Ar PES as seen in Figure 3, with

the off-perpendicular attractive wells of the former being
the main contributors to this anisotropic feature. This
suggests that the scattering cross-sections for 	N = ±2
for C−

2 /H2 collisions are expected to be larger than those
for C−

2 /Ar, which is indeed the case in the scattering cal-
culations discussed below. TheV4 terms for both systems
are similar in strength and are both repulsive for allR, this
being slightly more so for the case of the H2.

It is also significant to note that while the PESs
and corresponding Legendre expansion coefficients for
the C−

2 /H2 and C−
2 /Ar systems discussed here show a

relatively strong interaction, far larger than C−
2 /He for

example, the interactions of the same anion with the
open-shell, highly polarisable atoms like Li and Rb have

Figure 4. Radial coefficients of the expansion given by
Equation (2) for C−

2 interacting with H2 (solid lines) and Ar
(dashed lines). Only the first three, most important radial
functions are shown.

a much stronger interactions. For these systems, the
global minima of their corresponding PESs occur at per-
pendicular (T-shaped) atom-molecule geometries and
are around −18, 000 for C−

2 /Li and −10, 500 cm−1 for
C−
2 /Rb with corresponding V0 term minima of around

12,000 (1.5 eV) and 8000 cm−1 (1.0 eV) respectively [26].
The expansion parameters Vλ(R) for the averaged 2D

C−
2 /H2 PES are provided in the supplementary informa-

tion as well as Fortran subroutines which give potential
energies as a function of Jacobi coordinates.

3. Quantum scattering calculations

The quantum scattering calculations for the collision of
C−
2 with para-H2(j = 0) are focused on the collisions

causing rotational state-changing in the anionic partner,
hence they are using the averaged 2D-PES discussed in
the previous Section. They were carried out by employ-
ing our in-house quantum scattering code ASPIN [57]
with the molecular anion treated as a rigid rotor (RR).
The ground electronic state of C−

2 is 2�+
g , a doublet state.

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 the ground j = 0.5) is split into two val-
ues with j = N ± 0.5. The energy of the rotational levels
are given as

εjN =

⎧⎪⎨
⎪⎩
BN(N + 1) + 1

2
γN j = N + 1

2

BN(N + 1) − 1
2
γ (N + 1) j = N − 1

2

(3)

where B is the rotational constant taken as 1.7438 cm−1

[25] and γ is the spin-rotation constant with a measured
value of 4.25×10−3 cm−1 [9].

ASPIN makes use of the Coupled-Channel (CC)
method to solve the Schödinger equation for scattering
of an atom with a diatomic molecule. The method has
been described in detail previously [57,58] and only a
brief summary will be given here. For a given total angu-
lar momentum J = l + j, the scattering wavefunction is
expanded as

�JM(R,) = 1
R

∑
j,l

f Jlj(R)Y JM
jl (R̂, r̂) (4)

where l and j are the orbital and rotational angu-
lar momentum respectively, Y JM

jl (R̂, r̂) are coupled-
spherical harmonics for l and j which are eigenfunctions
of J. The values of l and j are constrained, via Clebsch-
Gordan coefficients, such that their resultant summation
is compatible with the total angularmomentum J [57,58].
f Jlj(R) are the radial expansion functions which need to be
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determined by numerical propagation. Substituting the
expansion into the Schödinger equation with the Hamil-
tonian for atom-diatom scattering [57,58] leads to the CC
equations for each value of J

(
d2

dR2
+ K2 − V − l2

R2

)
fJ = 0. (5)

Here each element of K = δi,j2μ(E − εi) (where εi is the
channel asymptotic energy), μ is the reduced mass of
the system, V = 2μU is the interaction potential matrix
between channels and l2 is the matrix of orbital angu-
lar momentum. Scattering observables are obtained in
the asymptotic region where the Log-Derivative matrix
has a known form in terms of free-particle solutions and
unknown mixing coefficients. At the end of the propaga-
tion, the Log-Derivative matrix can be used to obtain the
K-matrix by solving the following linear system:

(N′ − YN) = J′ − YJ (6)

where J(R) and N(R) are matrices of Riccati-Bessel and
Riccati-Neumann functions [57]. From the K-matrix the
S-matrix is easily obtained and from it the state-to-state
scattering cross-sections. The rotational state-changing
cross-sections are then obtained as

σj→j′ = π

(2j + 1)k2j

∑
J

(2J + 1)
∑
l,l′

|δlj,l′j′ − SJlj,l′j′′ |2.

(7)
For doublet-state scattering, the above CC equations are
modified by also coupling the projection of the spin angu-
lar momentum S with projection � on the internuclear
axis [59]. The rotational basis functions in Equation (4)
are changed to explicitly include the spin term. The main
result of this is to modify the analytical solutions of the
potential matrix elements in Equation (5) 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 [57] while a detailed
derivation and discussion of the procedure implemented
in ASPIN was given by Corey and McCourt [60]. The
explicit treatment of collisions accounting for the doublet
nature of the C−

2 molecule gives rise to spin-flip transi-
tions in which the j quantum number changes but N is
conserved.

To converge the CC equations, a rotational basis set
was usedwhich included states with up to j = 20.5within
the expansion in Equation (4). The CC equations were
propagated between 1.7 and 100.0 Å in 2000 steps using
the log-derivative propagator [61] up to 60 Å and the
variable-phase method [62] at larger distances up to 100
Å. The convergence of the scattering calculations with
respect to rotational basis set, number of terms in PES

expansion, propagation distance andnumber of stepswas
checked. The cross-sections are converged to at least a few
percent or better which will have a negligible effect on
calculated rates, particularly compared with the 2D-PES
approximation which is the largest source of approxima-
tions in the dynamics. The potential energy was interpo-
lated between calculated Vλ(req|R) values using a cubic
spline and extrapolated below and above the ab initio
grid using linear and polynomial functions respectively
as implemented in ASPIN [57]. As our ab initio grid goes
out to 25 Å and the scattering energies of interest are
not in the ultracold or high energy regimes, the details
of the potential extrapolation have a negligible effect on
the scattering cross-sections.

Scattering calculations were carried out for the C−
2 /p-

H2(j = 0) system for collision energies between 1 and
1000 cm−1 using steps of 0.1 cm−1 for energies up to
100 cm−1, 0.2 cm−1 for 100–200 cm−1, 0.5 cm−1 for
200–300 cm−1, 1 cm−1 for 300–500 cm−1 and 2 cm−1 for
500–1000 cm−1. This fine energy grid was used to ensure
that important features such as resonances appearing in
the cross-sections were accurately accounted for (with
respect to the PES used) and their contributions cor-
rectly included when the corresponding rates were calcu-
lated. Although the system has a relatively small reduced
mass of 1.85948 amu, the attractive PES nevertheless
required quite a large number of partial waves to be
included in the scattering calculations with the number
used increased with increasing energy up to J = 160.
Rotationally 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. Only even N states are required in
the calculations, due to the nuclear statistics of the 12C−

2
molecule with zero spin nuclei.

4. Rotationally inelastic scattering
cross-sections & rate constants

Rotationally inelastic scattering cross-sections for C−
2

colliding with p-H2(j = 0) are presented in Figure 5 for
various examples of both excitation (j → j′, j′ > j) and
quenching (j → j′, j′ < j) processes. The profile of the
scattering cross-sections is typical for such processes. For
excitation processes, as channels open there is a rapid
increase in the cross-section and then a gradual decrease
as the collision energy increases. For quenching pro-
cesses, the cross-sections are very large at low collision
energies and then decrease as the energy increases. As
anticipated from the Legendre expansion of the 2D PES
in Equation (2), 	j = ±2 cross-sections are the largest
due to the marked strength of the V2 coupling terms
during propagation dynamics, as clearly also shown in
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Figure 5. Rotationally inelastic scattering cross-sections for C−
2 collidingwithp-H2(j = 0) (solid lines) andHe (dashed lines) for excitation

(top panels) and quenching (bottom panels).

Figure 4. Larger changes in j have smaller cross-sections
on account of the larger energy differences and the
smaller strengths of the Vλ expansion coupling terms
which directly drive those transitions.

Figure 5 also shows details specific to scattering
involving a doublet species. For all examples shown,
cross-sections for 	N transitions which conserve spin
are favoured (e.g. j = 8.5 → j′ = 6.5) as is expected [59]
although for some examples the spin-conserving and
spin-flip transitions are very similar (e.g. j = 1.5 → j′ =
3.5/4.5). Also shown in Figure 5 is an example of an N
conserving spin-flip for j = 2.5 → j = 1.5. This process
is either slightly endo- or exo-ergic depending on the
considered j state but can also be considered as an essen-
tially elastic process for the purposes of buffer gas cooling
dynamics which we shall discuss below.

At lower collision energies up to around 100 cm−1

the cross-sections have a rich structure with many res-
onances (also see Figure 6). While not the focus of this
work, such features are caused by either shape reso-
nances, related to trapping of incoming particles behind
centrifugal barriers for specific partial waves, or Fesh-
bach resonances, caused by virtual excitation of the target
molecule to low-lying rotational levels.

The scattering cross-sections for the corresponding
transitions for C−

2 /He collisions, which we have previ-
ously calculated [31], are also shown in Figure 5 allowing
comparisons to be made with those for C−

2 /p-H2(j = 0)
system. Cross-sections for C−

2 colliding with molecular

hydrogen turn out to be significantly larger than those for
He, as anticipated in the previous discussion and clearly
due to the stronger interaction in the former system
compared with the latter.

A further comparison of the excitation and quench-
ing cross-sections is provided in Figure 6 which present
the rotationally inelastic cross-sections for C−

2 colliding
with both p-H2(j = 0) and Ar. For the C−

2 /Ar system,
the anion was treated as a pseudo-singlet (1�) as the
rate constants for the collisional cooling process were
of primary interest [32]. This constraint simplifies the
dynamics but does not greatly affect the accuracy of the
calculations, as discussed previously in our earlier studies
[31,63]. To compare the C−

2 /p-H2(j = 0) cross-sections
to those of pseudo-singlet C−

2 /Ar, the relevant summed
doublet cross-sections are used which are obtained by
simply adding both cross-sections for the same final
N state but different j state, for example σ0.5→2.5 +
σ0.5→1.5 is compared to σ0→2 for the pseudo-singlet
case.

From Figure 6, it can be seen that the C−
2 /p-H2(j = 0)

and C−
2 /Ar cross-sections are relatively similar with the

profiles of the scattering cross-sections over the exam-
ined energy range significantly overlapping. For all tran-
sitions shown, the scattering cross-sections are always
larger for the C−

2 /p.H2(j = 0) system. This is a conse-
quence of both the greater strength of the V2 coupling
term (and with a deeper attractive well) for the H2 col-
lision partner than for Ar (Figure 4). The next higher
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Figure 6. Rotationally inelastic scattering cross-sections for pseudo-singlet C−
2 colliding with para-H2(j = 0) (solid lines) and with Ar

(dashed lines) for excitation (top panels) and quenching (bottom panels).

coupling term V4 is also more repulsive for the former
partner than with the latter noble gas.

The rotationally inelastic rate constants kj→j′(T) can
be evaluated next as the convolution of the previous scat-
tering cross-sections over a Boltzmanndistribution of the
relative collision energies:

kj→j′(T)=
(

8
πμk3bT

3

)1/2 ∫ ∞

0
Ecσj→j′(Ec)e−Ec/kBT dEc.

(8)
where Ec = μv2/2 is the kinetic energy in the collision
calculations. Rate constants were obtained for all transi-
tions between j = 0.5 and j = 8.5.

The rate constants for C−
2 /p-H2(j = 0) calculated here

and those for C−
2 /He which we have previously obtained

in our earlier work [31] can be used now to check an
approximation which is often employed in astrophysi-
cal modelling studies ( e.g. see: [64]), consisting in using
the collisionally inelastic coefficients computed for the
helium partner to further obtain those forH2 as a partner
by assuming the same value of their scattering cross-
sections. The rate coefficients are then obtained using a
scaling factor given by the ratio of the reduced masses as

f 1 = kH2

kHe
=
√

μC−
2 /He

μC−
2 /H2

= 1.37. (9)

For scaling collisions of He and H2 with molecular ions,
a slightly more sophisticated scale factor can be used to
additionally account for the differences between the ionic
interactions:

f 2 = kH2

kHe
=
√√√√αst(H2)/μC−

2 /H2

αst(He)/μC−
2 /He

= 2.7 (10)

whereαst(He) = 1.384 a30 andαst(H2) = 5.314 a30 are the
polarisabilities of He and H2, respectively.

The procedure has been shown to be reasonable for
some neutral systems, for example, for SiS Lique et al.
found rotationally inelastic rate constants for H2 and
those for He scaled by f 1 were within a maximum error
of a factor of two [52]. In contrast, for CO [64] and CN
[65], the approximation was found to be unreliable.

The rate constants for C−
2 /p-H2(j = 0) and for C−

2 /He
along with the latter multiplied by the scaling factors f 1
and f 2 for four example transitions are shown in Figure 7.
The rate constants for C−

2 /p-H2(j = 0) are about four
times larger than those for C−

2 /He and thus neither scal-
ing factor is sufficiently realistic to obtain from it data
within a reasonably approximation. This is not surprising
as the simple factor f 1 has already been shown to be unre-
liable for ion targets before [54,66] due to the difference
in the polarisabilities ofHe andH2 which results in differ-
ent long range interactions.However, even accounting for
this long-range effect by further using the f 2 factor is not
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Figure 7. Examples of rotationally inelastic rate constants kj→j′(T) for for C
−
2 colliding with H2 and He. Rate constants obtained by

multiplying those of He by f1 and f2 factors are also shown.

enough to provide reliable scaled results for the case of
the C−

2 anion, as we had also demonstrated for the similar
CN− anion [67]. It is thus proven once again that for He
and H2, two of the most important species in astronom-
ical environments, explicit treatment of actual quantum
dynamics for both species is essential for finally obtain-
ing accurate rate constant values to be used in any further
chemical networks modelling.

The rate constants for the rotationally inelastic transi-
tions corresponding to those of Figure 6 for temperatures
between 5 and 100K are shown in Figure 8, comparing
those for C−

2 /p-H2(j = 0) andC−
2 /Ar. These are given for

N states and are obtained in a similar manner to when we
obtained the pseudo-singlet cross-sections, i.e. by sum-
ming all the relevant rate constant components at each
temperature.

Following the behaviour, we have already noticed for
the scattering cross-sections, the rate constants for the
	N = 2 transitions are now the largest. The rate con-
stants for collisions with p-H2(j = 0) are about three or
four times larger than those for Ar for corresponding
transitions. This is also a consequence of the reduced
massμ effect as this quantity appears in the denominator
of Equation (8). The ratio of both systems reduced mass
is (μC−

2 /Ar/μC−
2 /H2

)1/2 ≈ ( 15
1.86 )

1/2 = 2.8 and therefore,
if the scattering cross-sections were exactly equal, the
rates for C−

2 /p-H2(j = 0) would be around three times

larger than those for C−
2 /Ar. The even greater difference

is therefore due to the additional role in the dynamics
of the differences between the relative strengths of the
coupling multipolar coefficients of the two systems, as
discussed earlier. The larger rate constants which we have
found here for collisions with the molecular hydrogen
will therefore lead to even faster thermalisation times
than those we had found for the case of Ar, as will be
demonstrated by the results presented in the next section.

The results obtained here can also be usefully com-
pared to those yielded by similar systems. For example,
the cross-sections and rate coefficients for rotationally
inelastic transitions in the case of C−

2 colliding with Li
and Rb were found to be quite similar to each other
[26] and far larger (between 4 and 10 times) than those
reported here for the p-H2(j=0) partner, as a consequence
of the much stronger interactions shown by the former
partners as we had mentioned earlier in this paper. The
CN− anion can also be considered for comparison since
we had found that its rotationally inelastic collisions with
p-H2(j = 0) and with Ar yield cross-sections and rate
coefficients which are more similar with each other than
what we have found with C−

2 , particularly for the low	N
transitions [34].

It is also of interest at this point to define a further indi-
cator of energy-transfer efficiency, which can be defined
as a quenching function, QN(T), which for each of the
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Figure 8. Rotationally inelastic rate constants kN→N′(T) for corresponding transitions of Figure 6 for C−
2 collidingwith p-H2(j = 0) (solid

lines) and Ar (dashed lines).

systems that we shall consider combines at a given value
of N the rates of de-excitation to all lower energy states
allowed by selection rules:

QN(T) =
∑
j,N′,j′

kNj→N′
j′
(T) (11)

To make its effect to be seen more directly in quan-
titative terms, we compare the results of the quenching
functions above for two different collision partners of the
title anion: the He atom and the p-H2(j = 0) molecule.
In the examples given by Figure 9 the quenching func-
tions obtained for both p-H2(j = 0) and He as buffer
gases with the molecular anion are calculated starting
from two different rotational states, which are populated
in the trap range of temperatures, and at different initial
temperatures.

The data in that Figure clearly show the larger rota-
tional cooling efficiency exhibited by having the hydro-
gen molecule as a buffer partner to the present molecu-
lar anion as opposed to the more usual He atomic gas.
The values of the computed QN(T) for the former part-
ner are uniformly a factor of four-to-five larger than
in the case of the latter gas. The actual consequences
when modelling the kinetics of the thermalisation pro-
cesses will be more specifically discussed in the next
Section.

The rate constants for C−
2 /p-H2(j = 0) for all transi-

tions between j = 0.5 and j = 8.5 from 5–100K in 1K
intervals are given in the supplementary information.

5. Kinetic modelling of thermalisation time in
cold ion traps

The rate constants for rotationally inelastic collisions pre-
sented in Section 4 can be used to model the thermal-
isation kinetics of C−

2 molecules in an ion trap, using
p-H2(j = 0) as the only component as a buffer gas so that
we can focus on the collisional de-excitation of themolec-
ular anion only as the dominant process. The evolution of
the C−

2 anion’s rotational state populations ni(t) induced
by collisions are modelled by solving the following rate
equations

dni(t)
dt

=
∑
j�=i

nj(t)Cji(T) − ni(t)
∑
i�=j

Pij(T). (12)

Pij(T) are the rates for the destruction of the population
of level i, while its formation rates are given by the Cji(T)

coefficients. The coefficients are given as a function of the
inelastic rate coefficients and the gas density η as

Pij(T) = ηki→j(T) (13)

Cji(T) = ηkj→i(T). (14)
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Figure 9. Computed quenching functions for C−
2 interacting with p-H2(j = 0) (solid lines) and He (dashed lines) as function of the

expected range of trap temperatures. Two different initial rotational states are shown as examples for both systems. See main text for
further comments.

The initial rotational populations and the collisional tem-
perature T of the trap are parameters to be selected.
Equations (12) were solved using the fourth order Runge-
Kutta method. The rates due to spontaneous radiative
processes are usually negligible in such simulations due to
the high buffer gas pressure resulting in collisional rates
being the dominant process in changing the molecule’s
rotational state [68]. ForC−

2 , this is an even better approx-
imation since the anion has no dipole moment and
thus dipole transitions are forbidden. The populations
of the rotational states approach their steady-state val-
ues after a time interval, a consequence of the principle
of detailed balance. As mentioned earlier, only the pop-
ulations of the rotational N states will be considered
here.

In the current trap experiments involving 12C−
2 , the

density of the anion is assumed to typically be of the order
of 103/cm3. Hence, ion-ion collisions are not relevant at
those conditions and temperatures.

Figure 10 shows the simulation of C−
2 thermalisation

using He, Ar and H2 as buffer gases at 20K. The initial
rotational populations ni(t = 0) of the anion are set to
those of a Boltzmann distribution at 100K and the buffer
gas density η is chosen as 1010 cm−3 or 109 cm−3, typical
for ion traps [69].

Below 50K the vapour pressure of argon decreases
sharply so that argon buffer gas can only be employed
in experiments above this temperature [70]. The 20 K

temperature for the simulation in Figure 10 is, therefore,
feasible forHe andH2 but notAr and the latter is included
for comparison purposes.

In Figure 10, the vertical dashed line is used to indi-
cate the time when the rotational states reach thermal
equilibrium which was defined to be when the N = 0
state’s population n0 remains unchanged in the forth dec-
imal place. This definition is the same as that chosen in
our previous work onCN−/He/Ar/H2 collisions [34] and
allows comparisons between these systems.

From the data shown in that Figure it can be seen that
using the hydrogen molecule as a buffer gas leads to the
fastest thermalisation time, with the C−

2 rotational pop-
ulations reaching steady-state values in around only 1 s.
This compares to 3 s for Ar and just over 7 s for He. This
is a consequence of the larger rotationally inelastic rate
coefficients for C−

2 /p-H2(j = 0) scattering computed and
discussed in the previous Section, which is in turn linked,
as described above, to the varying strengths of the inter-
actions between these species. To further underline how
efficient H2 is as a buffer gas, we report in Figure 10 a low
pressure simulation where the gas density η of H2 was set
an order of magnitude lower, at 109 cm−3, in comparison
with the two noble gases. In this case, we find the ther-
malisation time to be of about 8 s, which is still similar to
that shown there for He with η = 1010 cm−3.

Figure 11 shows a similar simulation but for a gas
temperatures of 60 K. At this higher temperature, the
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Figure 10. Thermalisation of C−
2 rotational N states during collisions with He, Ar and H2 at 20 K. Initial populations are taken from a

Boltzmann distribution at 100 K. Gas pressure η is set as 1010 cm−3 except for the ‘low P’ plot where 109 cm−3 was used. Vertical dashed
line indicates when populations reach steady-state value as defined in the main text.

Figure 11. Thermalisation of C−
2 rotational states during collisions with He, Ar and p-H2(j = 0) (right panel) at 60 K Other parameters

are the same as those of Figure 10.
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thermalisation times are slightly shorter as the popula-
tions are closer to their initial values at 100 K. The results
are similar to those at 20 K with H2 providing the fastest
thermalisation time of just under 1 second while for Ar,
around 2 s are required. Again the low-pressure H2 sim-
ulation shows thermalisation times which are somewhat
comparable to those given when using He at the higher
gas pressure indicated in the Figure.

It is also of interest to compare the results presented
here for the C−

2 thermalisation process in the traps to
those obtained for the CN− anion, for which we have
already carried out similar simulations in our earlier
work [34]. The trends shown by those results turn out
to be essentially the same, with the thermalisation times
induced on the latter molecular anion by the p-H2(j = 0)
partner gas being about twice as fast as those due to Ar
and He, with He again turning out to be the slowest. To
give a more specific comparison, at 60 K the thermali-
sation times for CN− were 1, 2 and 3 s for p.H2(j = 0),
Ar and He, respectively. An important difference in the
case of the CN− rotor is that	N = 1 transitions are also
allowed, therefore different state-changing kinetics and
energy gaps are possible than for C−

2 . Nevertheless, these
molecular anions have shown from our calculations to
exhibit similar rotational thermalisation times when the
same buffer gases are used in the kinetics simulations.

6. Quadrupole transitions & critical densities

As the C−
2 molecule is a homonuclear diatomic, it has

no permanent electric dipole moment and thus spon-
taneous emission of light via dipole transitions are for-
bidden. Instead, the molecule can lose energy via slower
quadrupole transitions. Following the derivation pre-
sented a while ago by Wolniewicz, Simbotin and Dal-
garno [71] the probability for these transitions to occur
from an initial state ν′,N′ to a final state ν′′,N′′ is given
as

A(ν′N′, ν′′N′′)

= 1.4258 × 104(Eν′N′ − Eν′′N′′)5

× |〈χν′N′ |Q(R)|χν′′N′′ 〉|f (N′,N′′) s−1. (15)

where the numerical factor on the r.h.s. converts atomic
units to s−1. For the rigid rotor approximation applied
here, the integral over the radial coordinate can be taken
as a constant, thereby giving

A(N′,N′′)

= 1.4258 × 104(EN′ − EN′′)5Q(re)f (N′,N′′) s−1.
(16)

The angular coefficient f (N ′,N′′) for the N′′ = N′ − 2
transitions of interest here is given as

f (N′,N′′) = 3N′(N′ − 1)
2(2N′ − 1)(2N′ + 1)

. (17)

The quadrupole moments of C−
2 were calculated for

re, using MOLPRO, to have values of xx = yy =
0.69043 and zz = 1.38086 in atomic units. For linear
molecules such as C−

2 , the relationship zz = −2xx =
−2yy holds [72]. It is thezz component which is mea-
sured experimentally [73] and this is taken as Q(re) in
Equation (16).

The quadrupole transition probabilities for C−
2 com-

puted using Equation (16) and neglecting the fine split-
ting, are presented in Table 1 and compared those
for para-H2. The probabilities for C−

2 are found to be
extremely small due to the dependence of the transition
probability on a large power in the (	E)5 term. The rota-
tional constant forH2 is around 60 cm−1, to be compared
to 1.7438 cm−1 for C−

2 . This much smaller energy spac-
ing for the anion, further raised to the fifth power in
Equation (16), accounts for the orders of magnitude dif-
ferences between the computed lifetimes for C−

2 and for
para-H2.

To assess the gas density values required so that the
rates for collisional state-changing processes canmatch in
size those with the competing emission via spontaneous
decay, the concept of a critical density is often used in
the astrophysical literature [67,74]. The latter quantity is
defined as

nicrit(T) = Aij∑
j�=i kij(T)

(18)

where Aij is the Einstein A coefficient for spontaneous
dipole emission. Critical densities are is used in astro-
nomical contexts to asses the possible densities required
for local thermal equilibrium (LTE) to be reached and
are usually applied for rotational transitions in molecules
that can occur in the interstellar medium (ISM) or which
have been observed there already.

Since in C−
2 , dipole emission is forbidden, the anion

can only lose energy spontaneously via the far slower
quadrupole emission process. The transition probabili-
ties given for C−

2 in Table 1 are found to be so small in
comparison to the rotationally inelastic collisional rate

Table 1. Quadrupole transitions probabilities for	N = −2 tran-
sitions for C−

2 and para-H2 [71]. Units of s−1.

Transition C−
2 H2

2 → 0 9.7 × 10−19 2.9 × 10−11

4 → 2 9.6 × 10−18 2.8 × 10−9

6 → 4 1.0 × 10−15 2.6 × 10−8

8 → 6 5.0 × 10−15 1.1 × 10−7
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coefficients, for both para-H2(j = 0) and He, that criti-
cal densities easily reach the values which are expected
to exist for the estimated conditions in several molec-
ular clouds. For example, when inserting the values for
quadrupole emission from Table 1 into Equation (18),
and further using the rate coefficients for para-H2(j = 0)
obtained in the present work, we obtain that the nicrit
values are around 10−6 cm−3. On the other hand, the
expected molecular densities of diffuse molecular clouds
are estimated to be around 102 cm−3, whereas dense
molecular clouds are considered to be between 103 – 106
cm−3 [75,76]. Thismeans that the rotational levels of C−

2 ,
if this specific anion would be found to be present in the
interstellar medium, should be under much higher den-
sities and therefore be able collisionally reach for its rota-
tional state populations a Local Thermal Equilibrium(
LTE) situation. For observational purposes, the latter
should be a useful piece of information when searching
within the rotational substructure of the traditional elec-
tronic band employed in astronomical observations of
the title anion [43].

7. Conclusions

We have calculated rotationally inelastic cross-sections
and corresponding rate coefficients for the case of C−

2
colliding with molecular hydrogen, using a new ab ini-
tio PES which describes their interaction for the case of
the para-H2(j = 0). The quantum scattering calculations
were simplified by averaging over the H2 orientations to
obtain a 2D-PES for that specific situation. The cross-
sections for C−

2 /p-H2(j = 0) and C−
2 /Ar collisions were

found to be similar leading to larger rate coefficients for
the molecular hydrogen partner on account of the much
smaller mass of this specific system. This in turn gave
shorter thermalisation times, thereby showing that para-
H2(j = 0) is an efficient buffer gas partner for coolingC−

2 .
We have further compared the rate coefficients for the
C−
2 /p-H2(j = 0) ensemble with those of C−

2 /He, where
the present results showed that scaling factors are not
sufficient to allow the former system to be realistically
approximated by scaling the latter with a fixed numerical
prescription as discussed by us in the previous sections.

As C−
2 has no permanent dipole, spontaneous tran-

sitions can only occur through very slow quadrupole
transitions, for which we have calculated here the cor-
responding Einstein coefficients for spontaneous emis-
sions between rotational states. Combining these radia-
tive emission findings with the collisional inelastic rate
coefficients computed in this study, allows us to suggest
that, in case the C−

2 anion would be present in the ISM
and in exo-planetary atmospheres, then it should be in
a rotational LTE within the various ISM environments

discussed in the previous Section. This result should
be useful for planning possible new observations of the
rotational substructure of the Herzberg-Lagerqvist spec-
trum associated with the B2�+

u –X2�+
g electronic band

employed in astronomical searches of the present molec-
ular ion [43].

The calculations we have presented here could nat-
urally be further extended to check the quality of the
reduced-dimensionality, 2D approximationwe have used
in the present study. This would include completing the
grid calculations we have done so far to attain a denser
4D PES and then carrying out the scattering calcula-
tions treating C−

2 and H2 as rigid rotors. This would
also allow a comparison of para- and ortho-H2 partners
in collisions with C−

2 . However, the fairly large rota-
tionally inelastic rate coefficients obtained here for the
C−
2 /p.H2(j = 0) system collisions, and the clearly effi-

cient thermalisation modelling we have presented, sug-
gest that it is worth considering molecular hydrogen as
a possible buffer gas to also quench the internal vibra-
tional motion of C−

2 , a result providing an important pre-
requisite for subsequent laser cooling experiments and
simulations. We have already shown, in fact, that for the
case of Ar as a buffer gas partner, the vibrational quench-
ing rate constants for ν = 2 and ν = 1 are of reasonable
magnitude [33]to be of interest in cold ion trap studies.
However, and as discussed earlier in the present study,
Ar can only be used down to around 50 K, which would
be a significant limitation for cold ion studies. In con-
trast, because of its low reactivity with C−

2 and because it
remains gaseous down to a few Kelvin, molecular hydro-
gen could be a more suitable buffer gas to further be
employed for vibrational quenching of C−

2 . This will be
the subject of another study currently in preparation in
our group.
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