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a b s t r a c t

The potential energy surfaces for C�2 (2Sþ
g ) interacting with He, Ne and Ar are calculated using ab initio

quantum chemistry methods. The PES are used to carry out coupled-channel quantum scattering cal-
culations for the three systems to obtain the rotationally inelastic scattering cross sections from which
the rotationally inelastic state-changing rate coefficients are computed. These rate coefficients are then
used to compute thermalisation times of C�2 in an ion trap employing He, Ne or Ar as different, and
possible, buffer gases. A detailed analysis of their comparative collisional efficiencies is presented for
guidance in trap modeling studies.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Arguably the most studied molecular anion is C�
2 [1e24] but

despite decades of research, it is still of interest as a potential
candidate for laser cooling [25e28] which has so far not been
achieved for a charged molecule. The low lying excited electronic
states A2Pu and B2Sþ

u of C�2 have favourable branching ratios with
the ground X2Sþ

g state with Franck-Condon factors for both excited

states’ n0 ¼ 0/n
00 ¼ 0 transition calculated to be at least 70%

[22,29]. Simulations have shown that laser cooling of C�
2 can in

principle reach milikelvin temperatures using Doppler or Sisyphus
cooling in Paul or Penning traps [25,26] and photodetachment
cooling could allow even lower temperatures to be accessed [27].
Laser cooling of C�2 anions could allow sympathetically cooling
other anions [26] or even antiprotons [27] which could then permit
the efficient production of antihydrogen atoms, the latter species
currently being investigated to test fundamental principles of
physics [30,31].

In a previous work we have calculated the cross sections and
rate coefficients for rotationally inelastic collisions of C�

2 with he-
lium, a partner often employed as a buffer gas in ion traps. The rates
. Gianturco).
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for rotational excitation and quenching were similar to those for
other ionic molecules interacting with helium [32]. Helium has also
been suggested as a buffer gas for initially cooling the vibrational
motion of C�

2 before laser cooling [25]. As C�
2 has no oscillating

dipole, the vibrational levels are long lived with the ground elec-
tronic state’s v ¼ 2 levels persisting for over 5 s [11]. Collisions are
thus the only viable means of quenching these states efficiently.
Very recently, we have carried out additional calculations for the
cross sections and the rate coefficients describing the vibrational
quenching of C�

2 in collisions with He. Those calculations showed
that such rate constants are very small, orders of magnitudes lower
than those for rotations and of the same order of magnitude as
those for neutral systems. These results are currently being
extended to other possible noble gases as potential buffer gas
choices in a trap and will be presented elsewhere [33], to investi-
gate other options which could be more efficient at quenching the
internal motion of the C�2 anion.

In this work we shall focus instead on the interaction of C�
2 with

the noble gases helium, neon and argon, employing ab initio
quantum chemistry methods, but when the anion’s bond length is
kept fixed at its equilibriumvalue and treated as a rigid rotor during
quantum scattering calculations.

Comparing the rotational excitation and de-excitation cross
sections and rate constants for He, Ne and Ar is an important step
for then additionally considering vibrational quenching as in the
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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work currently in preparation that will be presented elsewhere
[33]. The computed rotational thermalisation time which we shall
discuss below will then be used to assess the efficiency of each gas
to cool the internal rotational motion of the anion once taken to be
already in its ground vibrational state.

The paper is organised as follows. Section 2 gives details of the
ab initio quantum chemistry calculations used to construct
analytical potential energy surfaces (PES) for each system. The PES
of C�

2 interacting with He, Ne and Ar are compared with their
similarities and differences discussed. Section 3 presents details of
the coupled channel quantum scattering calculations for collisions
of C�

2 with each of the noble gases considered. The inelastic cross
sections and corresponding rate constants for rotational transitions
are compared for each system. In Section 4 we model the ther-
malisation of C�

2 in ion traps at different cryogenic temperatures
using He, Ne or Ar as a buffer gas and assess how quickly the anions
rotational populations approach the Boltzmann distributions.
Finally, our conclusions are given in Section 5.
2. Ab initio calculations and potential energy surfaces

The interaction energy between C�2 (2Sþ
g ) and Ne and Ar

respectively, was calculated ab initio on a Jacobi grid with 41 radial
(the distance from the centre of mass of C�2 to the atom location) R
points ranging from 2.6 to 25.0 Å and q (the angle between R and
the C�2 internuclear axis) from 0 to 90+ in 10+ intervals. The radial
grid included a higher density of points around the minima regions
at each selected angle. The C�

2 bond length was frozen at its equi-
librium value of 1.269 Å [22]. Energies were calculated using the
CCSD-T method for open shell systems as implemented in MOLRPO
[34,35] with complete basis set (CBS) extrapolation using the aug-
cc-pVTZ, aug-cc-pVQZ and aug-cc-pV5Z basis sets [36,37]. The
basis-set-superposition-error (BSSE) was also accounted for at all
calculated points using the counterpoise procedure [38]. For some
small values of R at small angles q, 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. Details of the C�

2eHe
ab initio PES are provided in a recent publication from our group
[39].

An overview of the PES of each system is given using contour
plots in Fig. 1 which also shows the potential energy V for each
system at linear and perpendicular geometries. The minimum en-
ergy for each system occurs for perpendicular geometries and is: �
27 cm�1 at 4.5 Å for He, � 114 cm�1 at 3.7 Å for Ne and �
488 cm�1 at 3.7 Å for Ar. From Fig. 1 it can be seen that each sys-
tem’s PES has a fairly similar appearance with the well depth being
the main difference which increases as expected from He to Ne to
Ar. This is obviously due to the increasing number of electrons on
the atoms and on the much larger dipole polarizability that dom-
inates the long-range attractive terms with a value of 1.383 a30 for

He, 2.660 a30 for Ne, and 11.070 a30 for Ar [40]. It can also be seen
from the contour plots of Fig. 1 that the PES for each system are
fairly isotropic, particularly for C�2 -He.

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

V
�
req j R; q� ¼Xlmax

l

Vl

�
reqjR

�
Pl
�
cosq

�
(1)

where, because C�
2 is a homonuclear target and thus symmetric

around q ¼ 90+, only even terms of the Legendre series are required
with integer label l. Using a nine term expansion, i.e. with lmax ¼
2

16, gave a root-mean-square error to the ab initio data of 0.64 cm�1

for the C�2eNe system and 1.4 cm�1 for the C�
2eAr system for ge-

ometries with potential energies below 1000 cm-1.
The radial coefficients Vl

�
req
��R� for the most important terms in

the expansion, l ¼ 0;2 and 4, are plotted in Fig. 2. As expected the
spherical V0 term changes the most between the systems
decreasing its minimum value from � 25 cm�1 for He, to �
100 cm�1 for Ne and � 422 cm�1 for Ar. This termmostly accounts
for the greatest well depth for each system in the series. The V2
term is also seen for each system to have a smaller minimum before
increasing in value, with the depth of theminimum increasing from
He to Ne to Ar. This will cause the most important Dj ¼ 2 transition
cross sections and rates to increase in the series as will be discussed
below. The V4 term is quite similar for each system and is repulsive.

The increase in well depth and corresponding decrease in value
of the V0 expansion term is similar to what is calculated for the
CNʌ-/He and CN-/Ar systems which we have recently investigated
[41]. These somewhat similar systems will be used as comparisons
when discussing the thermalisation times below.

The PES and Legendre expansion coefficients for the C�
2 system

interacting with noble gas atoms can be compared to the anion’s
interaction with the open-shell, highly polarizable atoms Li and Rb
recently studied by Kas et al. [23]. For these systems, there is a far
stronger interactionwith the minimum of the PES at perpendicular
geometries of around �18;000 and � 10;500 cm�1 for Li and Rb
respectively. The V0 terms reflect this with minima of around
12,000 (1.5 eV) and 8000 cm�1 (1.0 eV) respectively.

The expansion parameters Vl

�
req
��R� for the C�2 -Ne and C�

2 -Ar
PES and are provided in the supplementary information as well as
the Fortran subroutines which give potential energies as a function
of Jacobi coordinates for both systems.
3. Quantum scattering calculations and inelastic rate
coefficients

Quantum scattering calculations for the collision of C�
2 with Ne

and Ar were carried out using our in-house quantum scattering
computational code ASPIN [42] with the anion treated as a rigid

rotor (RR). The ground electronic state of C�
2 is 2

Sþ
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 dou-
blets so that each resultant rotational level j (other than the ground
j ¼ 0:5) is split into two values with j ¼ N±0:5. The energy of the
rotational levels are given as

εjN ¼

8>>>><>>>>:
BNðN þ 1Þ þ 1

2
gN j ¼ N þ 1

2

BNðN þ 1Þ � 1
2
gðN þ 1Þ j ¼ N � 1

2

(2)

where B is the rotational constant taken as 1.74 cm�1 [22] and the
spin-rotation constant, g can be taken from experiment with a
value of 4.25� 10�3 cm�1 [8]. Although the scattering of a struc-
tureless particle from a 2S state target [43] is implemented in
ASPIN, we instead treat the C�2 anion as pseudo-singlet (1S). In our
recent paper on C�

2 -He scattering [39] we showed that cross sec-
tions and rates constants obtained from a pseudo-singlet treatment
of the anion were almost identical to those obtained by summing
the relevant spin-split cross sections from an explicit doublet
treatment. Since the main aim of this work is to compare ther-
malisation times when changing buffer gas, we have carried out
scattering calculations treating the C�

2 anion as pseudo-singlet.



Fig. 1. Contour plots of C�
2 (2Sþ

g )-He/Ne/Ar PES projected onto Cartesian coordinates. Bottom right plot shows V at linear and perpendicular geometries for each system. Energies in
cm�1.

Fig. 2. Computed radial coefficients of the expansion in Eq. (1) for C�2 interacting with
He (solid lines), Ne (long-dashed lines) and Ar (short-dashed lines). Only the first
three, most important radial functions are shown.
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With this approximation, only even j states are required in the
calculations, due to the nuclear statistics of the 12C�

2 molecule with
zero-spin nuclei.

ASPIN makes use of the Coupled-Channel (CC) method to solve
the Sch€odinger equation for scattering of an atom with a diatomic
molecule. The method has been described in detail before [42,44]
and only a brief summary will be given here. For a given total
angular momentum J ¼ lþ j, the scattering wavefunction is
expanded as

JJMðR;QÞ¼ 1
R

X
j;l

f JljðRÞY
JM
jl ðbR; brÞ (3)

where l and j are the orbital and rotational angular momentum

respectively, Y JM
jl ðbR ;brÞ are coupled-spherical harmonics for l and j
3

which are eigenfunctions of J. The index M indicates the projection
of J onto the space-fixed axis. The values of l and j are constrained,
via Clebsch-Gordan coefficients, such that their resultant summa-

tion is compatible with the total angular momentum J [42,44]. f JljðRÞ
are the radial expansion functions which need to be determined.
Substituting the expansion into the Sch€odinger equation with the
Hamiltonian for atom-diatom scattering [42,44] leads to the CC
equations for each J 

d2

dR2
þK2 �V� l2

R2

!
fJ ¼0: (4)

Here each element of K ¼ di;j2mðE�εiÞ (where εi is the channel
asymptotic energy), m is the reduced mass of the system, V ¼ 2mU is

the interaction potential matrix between channels and l2 is the
matrix of orbital angular 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. Therefore, at the end of the propagation one
can use the Log-Derivative matrix to obtain the K-matrix by solving
the following linear system:

ðN0 �YNÞ¼ J0 � YJ (5)

where JðRÞ and NðRÞ are matrices of Riccati-Bessel and Riccati-
Neumann functions [42]. From the K-matrix the S-matrix is easily
obtained and from it the state-to-state cross sections. The rotational
state-changing cross sections are then obtained as

sj/j’ ¼
p

ð2jþ 1Þk2j
X
J

ð2Jþ1Þ
X
l;l’

��dlj;l’j’ � SJlj;l’j’’
��2: (6)

To converge the CC equations, a rotational basis set was used
which included states with up to j ¼ 20within the coupled-channel
(CC) expansion. The CC equations were propagated between 1.7 and
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100.0 Å in 2000 steps using the log-derivative propagator [45] up to
60 Å and the variable-phase method [46] at larger distances up to
100 Å. The convergence of the scattering calculations with respect
to basis set, number of terms in PES expansion, propagation dis-
tance 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 VlðreqjR Þ values using a cubic
spline and extrapolated below and above the ab initio grid using
linear and polynomial functions respectively as implemented in
ASPIN [42]. As our ab initio grid goes to 25.0 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. Hence, replacing the extrapolated
potential from ASPIN with VðRÞ ¼ �a

.
2R4 using the experimental

polarizabilities given above resulted in a negligible change in
scattering cross sections, even at the lowest energies considered.

Scattering calculations were carried out for the C�
2eNe system

for collision energies between 1 and 500 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,
1.0 cm�1 for 200-400 cm�1 and 2 cm�1 for 400-500 cm�1. The
C�
2 -Ar cross sections have more resonance features (see below) and

so the grid was slightly modified so that a spacing of 0.2 cm�1 for
100-300 cm�1 was used and 1.0 cm�1 for 300-400 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 and their contributions correctly included when the
corresponding rates were calculated. The number of partial waves
was increased with increasing energy. For the C�

2 -Ne systemwith a
reducedmass m of 10.9068 amu, partial waves of up to J ¼ 124were
used while for the heavier C�

2eAr systemwith m ¼ 14:9947 amu, up
to J ¼ 196 was required at the highest collision energies consid-
ered. Inelastic cross sections were computed for all transitions
between j ¼ 0 to j ¼ 8 which should be sufficient to model buffer
gas dynamics in a cold trap up to about 100 K. Details of scattering
calculations for the C�2eHe system have been given in our previous
Fig. 3. Rotationally inelastic excitation scattering cross sections for C�
2 colliding with He (sol

Dj ¼ 4 (right panels) transitions from the j ¼ 0 (top panels) and j ¼ 2 (bottom panels) rotat

4

work [39].
The rotationally inelastic excitation scattering cross sections for

C�
2 colliding with He, Ne and Ar are presented in Fig. 3 for Dj ¼ 2

and 4 transitions from the j ¼ 0 and j ¼ 2 rotational states. As
anticipated from the discussion of the PES and Legendre expansion
in Section 2, Dj ¼ 2 transitions are by far the largest for all three
systems, a reflection of the importance of the V2 term in Eq. (1). The
size of the scattering cross sections also uniformly increase on
going fromHe to Ne to Ar as also anticipated from our discussion on
the relative features of their PESs. Fig. 3 also shows how the region
of scattering resonances increases in energy on going fromHe to Ar.
This is likely due to the increasing reduced mass m of the system
resulting in the occurrence of more numerous shape-resonances in
the inelastic cross sections for the heavier systems.

Rotationally inelastic de-excitation scattering cross sections are
shown in Fig. 4 for various example transitions. In this case a log
scale is used due to the larger range of magnitudes of the cross
sections. The large de-excitation cross sections at low energies is a
general feature in inelastic collisions and can be rationalised as the
incoming atom having more time to interact with the molecule. As
with Fig. 3, the scattering cross sections uniformly increase in
magnitude on going from He to Ne to Ar due to the increasing
interaction of the atoms with the anion.

The rotationally inelastic rate constants kj/j’ðTÞ can be evalu-
ated as the convolution of the scattering cross sections over a
Boltzmann distribution of the relative collision energies:

kj/j’ðTÞ ¼
 

8
pmk3BT

3

!1=2 ð∞
0

Esj/j’ðEÞe�E=kBTdE: (7)

The rate constants for the rotationally inelastic transitions cor-
responding to those of Fig. 3 for temperatures between 5 and 100 K
are shown in Fig. 5. Following the scattering cross sections, the rate
constants for D j ¼ 2 transitions are the largest. Unlike the cross
sections however, the rate constants for He and Ne are very similar
over the temperature range. This is a consequence of the reduced
id lines), Ne (long-dashed lines) and Ar (short dashed lines) for Dj ¼ 2 (left panels) and
ional states.



Fig. 4. Rotationally inelastic de-excitation scattering cross sections for C�
2 colliding with He (solid lines), Ne (long-dashed lines) and Ar (short dashed lines) for various transitions.

Fig. 5. Rotationally inelastic excitation rate constants kj/j’ðTÞ for corresponding transitions of Fig. 3.
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mass mwhich appears in the denominator of Eq. (7). Thus, although
the inelastic cross sections for C�2 -Ar are large enough to ensure
that the corresponding rates remain the largest despite the largest
value of m, for C�

2 -Ne the larger m is combined with only a modest
increase in scattering cross sections, a feature which results in the
computed rate constants being similar to those for C�

2 -He. This
result from our study will have implications for the thermalisation
times discussed below, where the He and Ne partners of the trap-
ped anionwill be shown to give similar results under the conditions
considered.
5

Fig. 6 shows the de-excitation rate constants corresponding to
those of the transitions shown in Fig. 4. Rate constants for C�

2 -Ar
collisions are again the largest for all transitions. For He and Ne the
situation is more complicated with the larger rate constant
depending on the specific transition. For j ¼ 2/0, He has larger
rate constants while for j ¼ 4/0, Ne is larger. The other panels of
Fig. 6 show a temperature dependence on the He and Ne rate
constants such that for both the j ¼ 4/2 and j ¼ 6/4 transitions,
Ne gives the larger values at lower temperatures but then He is
larger. Again, this subtle interplay of structural and dynamical



Fig. 6. Rotationally inelastic de-excitation rate constants kj/j’ðTÞ for corresponding transitions of Fig. 4.
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features in driving the relative sizes of the rate constants at
changing temperatures will affect the thermalisation times of C�

2
with the buffer gases, as further discussed below.

The results obtained here can be compared to similar systems.
The cross sections for rotationally inelastic transitions of C�

2
colliding with Li and Rb were reported by Kas et al. [23] and were
found to be quite similar to each other. The cross sections for
various transitions between j ¼ 0 to j ¼ 8 levels varied from be-
tween 1000 and 100 Å2. As a specific comparison, the cross sections
for j ¼ 0 to j ¼ 2 increased rapidly near threshold (10 cm�1) to
around 1000 Å2 before steadily reducing to about 80 Å2. The above
cross sections are around 4 times larger than those for the case for
C�
2 -Ar reported here, although they become similar in size at the

higher collision energies. The corresponding rate coefficients for
both Li and Rb colliding with C�

2 given in [23] vary from about 4 to
10 times larger than those reported here for the present noble gas
atoms. It provides a clear example of the role played by the larger
polarisabilities of the Li and Rb partners in driving the inelastic
dynamics of the present anion.

The cross sections and rates can also be compared to CNʌ-/He
and CNʌ-/Ar collisions which we have also recently studied [41]
under similar trap conditions. The interaction potential and Leg-
endre expansion terms for those systems are similar to those for
C�
2 -He and C�

2 -Ar reported here but with the important distinction
of being heteronuclear. A similar increase in magnitude of cross
sections and rate constants was also observed for CNʌ- when
comparing He and Ar collisions. Further comparisons with this
system in relation to thermalisation times are made in the next
section.

The rate constants for C�
2 -Ne and C�

2 -Ar for all transitions be-
tween j ¼ 0 and j ¼ 8 from 5 to 100 K in 1 K intervals are given in
the supplementary information. Those for C�

2 -He have been pre-
viously given in a separate publication [39].
6

4. Thermalisation times in cold ion traps

The rate constants for rotationally inelastic collisions presented
in Section 3 can now be used to model the thermalisation kinetics
of C�

2 molecules in an ion trapwith He, Ne or Ar used as a buffer gas.
To follow the evolution of the C�

2 anion’s rotational state pop-
ulations niðtÞ, the following rate equations, describing such evolu-
tion as induced by collisional energy transfer with the chosen
buffer gas, are solved:

dniðtÞ
dt

¼
X
jsi

njðtÞCjiðTÞ � niðtÞ
X
isj

PijðTÞ: (8)

The PijðTÞ are the rates for the destruction of the population of
level i, while its formation rates are given by the CjiðTÞ coefficients.
The coefficients are given as a function of the inelastic rate co-
efficients and the gas density h as

PijðTÞ¼ hki/jðTÞ (9)

CjiðTÞ¼ hkj/iðTÞ: (10)

The initial rotational populations and the collisional tempera-
ture Tof the trap are parameters to be selected for each simulation’s
run. Eq. (8) 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 [32]. For C�2 this is an even
better approximation since the anion has no dipole moment and
thus dipole transitions are forbidden.

For ion trap experiments, often helium is employed as a buffer
gas due to its low boiling point at ambient pressure of 4 K. This



Fig. 7. Boltzmann populations of C�
2 rotational states up to 100 K (left panel) and

rotational energy levels (right panel).
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allows a range of trap temperatures to be chosen depending on the
specific experiment [47]. Fig. 7 shows the Boltzmann distribution
for the rotational states of C�

2 between 1 and 100 K and the cor-
responding rotational energies. For this temperature range it can be
seen that rotational states between j ¼ 0 to j ¼ 8 are significantly
populated and need to be included in the thermalisation
simulations.

Fig. 8 shows the simulation of C�
2 thermalisation using He, Ne

and Ar as buffer gases at 20 K. The initial rotational populations
niðt¼ 0Þ of the anion are set to those of a Boltzmann distribution at
100 K and the buffer gas density h is chosen as 1010 cm�3, typical
for ion traps [47]. The boiling points of these buffer gases are very
different at ambient pressures: 4 K for He, 27 K for Ne and 87 K for
Ar. The 20 K temperature for the simulation in Fig. 8 is therefore
feasible for He and Ne but not Ar and the latter is included for
comparison purposes. It is also of note that, under the low-pressure
trap conditions the buffer gases can be employed below their
boiling points without substantial losses via condensation in the
trap and argon has been used as a buffer gas down to about 55 K
[48].

In Fig. 8 the vertical dashed line is used to indicate the time
when the rotational states reach thermal equilibrium which was
defined to be when the j ¼ 0 state’s population n0 remains un-
changed in the fourth decimal place. This definition is the same as
that chosen in our previous work on CNʌ-/He,Ar collisions [41] and
allows comparisons to made between systems.

The populations of the rotational states for all panels in Fig. 8
approach their steady-state values shown in Fig. 7 after a time
Fig. 8. Thermalisation of C�
2 rotational states during collisions with He (left panel), Ne (cent

considered in the process is reported on the left panel of the figure. Initial populations are
Vertical dashed line indicates when populations reach steady state value as defined in the ma
referred to the Web version of this article.)

7

interval, a consequence of the principle of detailed balance. Ther-
malisation times for C�2 with He or Ne buffer gas are similar at
around 7 and 6 s respectively. This is a consequence of the similarity
of the rate coefficients for rotationally inelastic transitions as dis-
cussed in Section 3. For Ar, the thermalisation time is about twice as
fast at 3 s but as discussed, the use of Ar would likely not be feasible
at 20 K. Nevertheless, this numerical simulation shows that the
larger rate constants we had found earlier for Ar result in a corre-
spondingly faster thermalisation dynamics.

Fig. 9 shows a similar thermalisation but for gas temperatures of
60 K, feasible for all gases. At this higher temperature, the ther-
malisation times are shorter as the populations are closer to their
initial values at 100 K. At this temperature the thermalisation times
are in order Ar < Ne < He, increasing by 2 s intervals. That Ar is the
fastest is a result of the larger rotationally inelastic rate constants
for all transitions. For Ne and He the difference in thermalisation
times will depend on the specific temperature due to the similarity
and temperature dependence of the rate constants, as discussed in
Section 3.

The results presented here for C�2 thermalisation times with He
and Ar can be compared to the CN� anion for whichwe have carried
out similar simulations [41]. At 20 K (and for the same gas density
h ¼ 1010 cm�3), the thermalisation times for CN� with He is 5 s,
slightly faster than found here for C�

2 . At 60 K the thermalisation
times for CN� with He and Ar are 3 and 2 s respectively. For Ar this
is the same as the thermalisation time for C�

2 but faster than for
C�
2eHe at this temperature (6 s). Thus for v the same trend in

thermalisation time is observed as for CN�, namely that the larger
noble gas atoms give faster times due to their stronger interaction
with the anions. The specifics are different however. Probably the
most important difference is that for CN�, Dj ¼ 1 transitions are
also allowed in the collision networks and are therefore driving a
different state-changing kinetics than that in the case of C�

2 .
Finally it is worth noting that for CN� the thermalisation times

for H2 as a buffer gas were also considered and found to be even
faster than for Ar: 1.5 s at 20 K and 1 s at 60 K. It would be inter-
esting to also consider the thermalisation of C�

2 using hydrogen as a
buffer gas, particularly as it has been shown to have low reactivity
with C�

2 [14]. This would also be of interest for astronomical
modeling of molecular clouds or circumstellar envelopes should C�2
ever be detected in these regions as has been suggested [49e52].
5. Conclusions

The interaction of C�
2 with the noble gases He, Ne and Ar have

been calculated using ab initio quantum chemistry methods and
re panel) and Ar (right panel) at 20 K. The colour code for the different rotational states
taken from a Boltzmann distribution at 100 K. Gas pressure h chosen as 1010 cm�3.
in text. (For interpretation of the references to colour in this figure legend, the reader is



Fig. 9. Thermalisation of C�
2 rotational states during collisions with He (left panel), Ne (centre panel) and Ar (right panel) at 60 K Other parameters are the same as those of Fig. 8.
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used to generate analytical potential energy surfaces. The PES have
been used to carry out quantum scattering calculations to obtain
rotationally inelastic scattering cross sections and corresponding
rate constants. As expected, the strength of interaction of the gases
with C�

2 increased in the order He < Ne < Ar due to the increasing
number of electrons and polarizability of the larger atoms. The
rotationally inelastic scattering cross sections increase in the same
order, reflecting this stronger interaction. The rate constants
broadly followed the same pattern but due to the larger mass of Ne,
the rate constants for He and Ne were found here to be quite
similar.

The rotational state-changing rate constants were in turn used
to model the thermalisation times for C�

2 in ion traps using He, Ne
or Ar as possible buffer gases. Thermalisation times were found to
be quite similar for He and Ne with the latter slightly faster, while
Ar was always found to be the fastest buffer gas in driving ther-
malisation of the rotational levels of the trapped anion.

The results presented here suggest that it is worth considering
Ne and Ar as possible gases to quench the internal vibrational
motion of C�2 , a prerequisite for subsequent laser cooling experi-
ments [25]. We have shown that for He, the vibrational quenching
rate constants for n ¼ 2 and n ¼ 1 are very small [33] and thus
cooling will be inefficient. The stronger interaction of C�2 with Ne
and Ar calculated here may also result in larger vibrational
quenching cross sections and therefore allow faster cooling kinetics
to the anion’s n ¼ 0 vibrational level.
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