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Collision-driven state-changing efficiency of
different buffer gases in cold traps: He('S), Ar(*S)
and p-H.(*X) on trapped CN—(1X)+
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We employ potential energy surfaces (PES) from ab initio quantum chemistry methods to describe the
interaction of the CN~(*Z) molecule, one of the small anions often studied at low temperatures, with
other possible gases which can be employed as buffer in cold ion traps: the He and Ar atoms and the
p-H, molecule. These PESs are used to calculate from quantum multichannel dynamics the corresponding
state-changing rate constants between the populated rotational states of the anion, the latter being
in its electronic and vibrational ground states. The different cross sections for the collision-driven
quenching and excitation processes at low temperatures are compared and further used to model CN™
cooling (de-excitation) efficiency under different trap conditions. The interplay of potential coupling
strength and mass-scaling effects is discussed to explain the differences of behaviour among the buffer
gases. The advantages of being able to perform collisional cooling at higher trap temperatures when
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1 Introduction

Cold and ultracold controllable atomic and molecular systems
attract great interest because the quantum nature of the world
is visibly manifested at low and ultralow temperatures, and
research on such systems can provide new insight into the
quantum theory of matter and of matter-light interactions.
Such an understanding is crucial for the progress of many areas
of physics as well as the development of future quantum
technologies.

Ion trapping techniques were developed in the 1950s by
Hans Dehmelt and Wolfgang Paul, who shared the 1989 Nobel
Prize in physics for their work." The two most commonly
employed types of ion traps are radio-frequency quadrupole
traps, or Paul traps and Penning traps™* (invented by Dehmelt,
but named after Frans Penning), which rely on static electric

“ Departamento de Quimica Fisica, University of Salamanca,
Plaza de los Caidos sn, 37008 Salamanca, Spain
? Department of Chemistry, Ko¢ University, Rumelifeneri yolu, Sariyer, TR-34450,
Istanbul, Turkey
¢ Institut fiir Ionenphysik und Angewandte Physik, Universitdt Innsbruck,
Technikerstr. 25, 6020, Innsbruck, Austria. E-mail: francesco.gianturco@uibk.ac.at
t Electronic supplementary information (ESI) available: An additional folder
containing the multipolar coefficients for the new CN /Ar RR-PES, a Fortran
routine for generating the actual PES values and all the computed state-to-state
inelastic rate coefficients as been made available by the authors. See DOI:
10.1039/d0cp03440a

This journal is © the Owner Societies 2021

using Ar and p-H, as buffer gases are also discussed.

and magnetic fields. Penning traps are generally not used in
combination with cold buffer-gas cooling,’ since the orbital
motion of the trapped ions would not be stable under collisions.
Instead, buffer-gas cooling has been used extensively in Paul
traps.” In recent years, the development of more sophisticated
methods involving octupole ion traps, which strongly suppress
disturbances of ion-atom collisions due to micromotion
throughout the extended volume of the atom trap,>® has allowed
the study of a variety of molecular anions trapped and stabilized
via collisional cooling induced by the chosen buffer gas, often
helium.” Hence, molecular ions can be cooled in collisions with
cold neutral atoms, thereby generating the efficient cooling of
rotational and vibrational degrees of freedom during collisions
with the trapped anions. This general cooling can be applied to
molecular ions and ionic clusters of almost arbitrary size and
complexity, albeit limiting the experiments to temperatures
above about 4 K due to the limitations from standard cryostats
based on the He buffer gas.

We also know however that, in principle at least, simple
molecular anions could be cooled efficiently to millikelvin
temperatures using Doppler or Sisyphus cooling in Paul or in
Penning traps.® Additionally, photodetachment cooling has
been tried and shown that even lower temperatures could be
accessed during the process.’

For the preparation of the trapped anions into their lowest
internal states by collisions with neutrals to be efficient, the
system has to exhibit a large ratio of elastic or rotationally
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inelastic collisions to reactive collisions, since the latter could
lead to a loss of the original ions by the opening of possible
charge-exchange channels.'® This last requirement therefore
explains the preference for using one of the noble gases as the
buffer gas in the cold ion traps. It is therefore of direct interest
when modelling possible operating conditions in the traps to
know the size and temperature dependence of the collision-
induced state-changing processes for the molecular anion
under study as the buffer gas selected is replaced by another,
to test a broader range of operating conditions. In our previous
1111 we have examined a variety of small molecular anions
and discussed the relative importance of their inelastic colli-
sion rate constants involving rotational states at different trap
temperatures. Recent experimental work in our group has also
been directed to photo-detachment studies of the CN™ anion
with He as the buffer gas of choice.'”*®

In the present study, we shall therefore revisit the behaviour
of the CN™ anion collisional inelastic rate constants involving
rotational states active at the temperatures we shall consider for
the cold traps. In particular, we shall obtain from first principle
quantum calculations the relative sizes of its state-changing
rotationally inelastic rate coefficients when using He, Ar or p-H,
as buffer gases in the traps. We will then compare the cooling
kinetics of these different systems as possible buffer gases and
show that the heavier gases can more rapidly cool the trapped
anion even at higher temperatures than using He.

In the recent literature, there have been several papers which
have dealt with rotational excitations of molecular anions of
astrophysical interest with other partners such as He and H,.
For example, in the work of Walker et al'” the rotationally
inelastic rate coefficients were calculated for the CcH™  anion
interacting with He and H,. It was found that the rate coefficients
for H, collisions for Aj = —1 transitions are of the order of
107" em® 57!, a factor of 2 to 4 greater than those for He.
Additionally, Lara-Moreno et al.'® have recently presented cal-
culations for the rotational state-changing collisions involving
the C;N™ anion with He as a partner where the rate coefficients
for the rotational transitions between 1 and 300 K were reported.
The same authors™® have also extended their calculations for
C3;N™ to collisions with H, as a partner and found unexpected
similarities between the rate coefficients of the rotational
de-excitations of CN~, C3N, and CgH . It therefore becomes
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interesting to further extend the comparison for the CN™ anion
by including a heavier noble gas like Ar, one which is also
employed as a buffer gas for experiments in cold traps.

2 Interaction potentials and
ab initio calculations

For the CN™/Ar system, ab initio calculations were carried out
in the present work using the MOLPRO suite of quantum
chemistry codes.”>*" The CN~ bond distance was kept fixed
at 1.181431 A throughout the calculation of the potential energy
points. The post-Hartree-Fock treatment was carried out using
the CCSD(T) method as implemented in MOLPRO**** and
complete basis set (CBS) extrapolation using the aug-cc-pVTZ,
aug-cc-pvVQZ and aug-cc-pV5Z basis sets**?** was carried out.
The basis-set-superposition-error (BSSE)*® was also included for
all the calculated points so that the full interaction was
obtained with and without the inclusion of the BSSE correction
and the two sets of results were compared as discussed below.

The 2D RR-PES (R,0) was calculated using 56 points in
R from 2.5 to 25.0 A and 19 angular values from 0 to 180°,
for a total of 1064 grid points. We report in Fig. 1 a pictorial
representation of the new RR-PES compared with one
describing the interaction with He atoms, already described
in detail in our earlier work.'® We will therefore not report
again all aspects of those calculations but only show the results
in comparison with the new PES for CN /Ar. In both systems,
we see that the largest attractive wells are located along the
linear structures, with the deeper one on the side of the N-atom
of the anion. However, we also see that the strengths of the
attractive wells are very different, with the one for the Ar partner
being nearly one order of magnitude larger on both sides of the
target molecule. This is obviously due to the larger number of
electrons in the Ar atom and on its much larger dipole polariz-
ability that dominates the long-range attractive terms. Its value
is 1.383 a,® for He,”” to be compared with 11.070 a,’ for Ar.”®
We also see that, in the case of Ar, the interaction well depths at
the two linear ends of the molecule are much more similar to
each other than in the case of He, a feature that we shall further
discuss below in terms of spatial anisotropy differences
between the two systems.
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Fig.1 A comparison of the 2D RR-PES for the interaction of the CN™ anion with He (right) and Ar (left) atoms. The 3D representations are also projected
on a plane showing level curves in both cases. See main text for further details.
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Another pictorial presentation of the RR-PESs for both
systems, a form which will be used in the scattering calcula-
tions discussed below, is obtained by numerically generating
the radial coefficients of the multipolar expansion of the RR-2D
potential energy surfaces:

V(r=re,R,0) = Z V;(R)P;(cos 0) 1)

where r. is the geometry of the equilibrium structure of the
anions, already defined above, and the sum over the contributing
A terms went up to 30 for Ar, although only the dominant,
stronger terms are shown in Fig. 2.

The panel in the left of the Fig. 2 reports the lower six terms
of expansion of eqn (1) for the newly computed interaction of Ar
with CN™, while the panel on the right shows for comparison
the same terms but for the CN /He interaction computed
previously.'® The following comments can be made: (i) the
relative depths of the two spherical terms of the multipoles is
clearly visible in the inset on the left panel for Ar and in the
right panel for the He partner. The one for the Ar atom is about
one order of magnitude larger than that in the case of He;
(ii) the next two anisotropic terms with 4 =1 and 2 also show for
the Ar case the presence of strongly attractive wells and steeply
repulsive walls at short range, while the data for He in the right
panel show instead that only the 4 = 2 term has a shallow well
before the repulsive region; (iii) the next three anisotropic
coefficients for the Ar PES remain uniformly repulsive at short
range with increasingly shallower wells slightly further out. On
the other hand, for the case of the He partner only the A = 4
term remains repulsive with essentially no well, while all the
other are strongly attractive at short range.

In conclusion, the comparison of the interaction potentials
for the two atoms indicates, as expected, a much larger strength
and greater spatial extension of the CN"/Ar RR-PES compared
with that of CN"/He, a difference which will be evident when
we shall discuss below the differences in the computed state-
changing cross sections and rate coefficients.

In order to further check the importance that the inclusion
of the BSSE correction could have on the new calculations for
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Fig. 2 Comparison of the numerically computed multipolar coefficients of
the two expansions using eqn (1), of the RR-PES describing the interaction
of He and Ar with the CN™ anion. See main text for further details.
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Fig. 3 Comparison of the numerically computed multipolar coefficients of
the two expansions using eqn (1), of the RR-PES describing the interaction
of Ar with the CN™ anion when either including the BSSE correction (solid
lines) or omitting it (dashed lines). See main text for further details.

the Ar interaction with CN ™, we have carried out the same set of
calculations of this new PES with and without the inclusion of
the BSSE correction. We know, in fact, that such corrections for
weakly interacting systems like those including an anionic
molecule with a closed-shell neutral gas, as is the case here,
are usually slightly affecting the overall depth of the attractive
wells while leaving the overall angular anisotropy unaffected:
such minor changes usually result only in a correspondingly
small effect on the spherical component of the multipolar
expansion of the 2D PES. The actual comparison of the results
is shown in the curves of Fig. 3. The solid lines report the
calculations obtained when the BSSE correction was included,
while the dashed lines indicate the calculated PES points
without the inclusion of the BSSE correction. As expected, we
see that the anisotropic coefficients, those which will drive the
relative flux distribution into the final inelastic channels during
collisions, are essentially unchanged in the two cases, with only
a minor modification of the well depth of the spherical com-
ponent. We therefore expect that the use of either PES will not
make much of a difference when carrying out the inelastic
dynamics, a point that we shall further discuss below when
calculating inelastic cross sections and rate coefficients.

The CN /H, PES has already been obtained from ab initio
calculations and employed to obtain rotationally inelastic colli-
sions using the full dimensionality of the problem.* In fact,
the CN"/H, system, with both molecules treated as rigid rotors,
is characterized by three angles 0, 6’ and ¢ and the distance R
between the centres of masses. The final V(R,0,0',¢) potential is
therefore a 4D potential energy surface between the two part-
ners. In the calculations reported by Klos and Lique, they found
that there were not significant differences between the inelastic
cross sections for the two species (para and ortho) of H, and
therefore that the collisional rates for the p-H, (j = 0) and for
the o-H, (j = 1) were found to be very similar.>® For collisions at
low temperatures (T < 100 K), the rotational excitation prob-
ability of H, itself is fairly low since the energy spacing between
the j = 0 and j = 2 levels in p-H, is much larger than in the case
of CN~."*?° We shall therefore only consider as a partner of the
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anion the p-H, (j = 0) system. In this case, only the leading
terms of the 4D multipolar expansion needs to be kept, thereby
allowing the resulting RR-PES to be simplified to the lower 2D
dimensionality as indicated by eqn (1).'®*® We will not report
this 2D PES again here, but note that its general features are
stronger than in the case of He and more similar to those
shown above for the Ar partner. Such differences will be further
analysed in the following sections.

3 Quantum dynamics: cross sections
and rate coefficients

Below we briefly outline the computational method to obtain
rotationally inelastic cross sections and rate coefficients for the
scattering of CN™ with He, Ar and p-H, (j = 0). The standard
time-independent formulation of the Coupled-Channel (CC)
approach to quantum scattering will not be repeated in detail
(see for example Taylor®® for a general formulation) since we
have already discussed it in many of our earlier works.*'**
Hence, only a short outline will be given.

For the case where no chemical modifications occur in the
molecule by the impinging projectile, the total scattering wave
function can be expanded in terms of asymptotic target rota-
tional eigenfunctions (within the rigid rotor approximation)
which are taken to be spherical harmonics and whose eigen-
values are given by Bj(j + 1), where B is the rotational constant
for the closed-shell CN~ anion: 1.87239 cm ™ '."® The channel
components for the CC equations are therefore expanded into
products of total angular momentum J eigenfunctions and of
radial functions to be determined via the solutions of the CC
equations,®** ie. the familiar set of coupled, second order
homogeneous differential equations:

d? , 2\
(mm —V—ﬁ)w 0. @)

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:

N =YN) =] - Y] (3)

where J(R) and N(R) are matrices of Riccati-Bessel and Riccati-
Neumann functions.*> From the K-matrix the S-matrix is easily
obtained and from it the state-to-state cross sections. We have
already published an algorithm that modifies the variable
phase approach to solve that problem, specifically addressing
the latter point and we defer the interested reader to that
reference for further details.*"**

In the present calculations we have generated a broad range
of state-to-state rotationally inelastic cross sections from the
collisional interaction of CN™ with Ar and compared them with
our earlier results of the collisions of the same anion with He
atoms."® Once the state-to-state inelastic integral cross sections

are known, the rotationally inelastic rate constants k;_, »(T) can
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be evaluated as the convolution of the cross sections over a
Boltzmann distribution of the relative collision energies:

8

1/2 po
R Eo,_ s (E)e E/mTyE 4
T R @)

ki (T) = (

The actual numerical details will be further expanded in the
following Section. The reduced mass values for the three
systems were chosen to be: 1.870645 amu for the CN™/p-H,,
15.752862 amu for the CN™/Ar system and 3.46860366 amu for
the CN /He system. The interplay between the changes in the
reduced mass values, appearing in the denominator in the equation
above, and the structural strength variations between their
corresponding PESs’ will be further discussed in the following
sections. When the dynamical outcomes will be analysed.

4 Results and discussion

Following the quantum method outlined earlier, we have
carried out new calculations for CN"/Ar rotationally inelastic
collisions over largely the same range of energies already
studied for collisions of the same anion with He and p-H,
(j = 0), both data already discussed in our earlier work.'® We
shall therefore employ those earlier cross sections and rate
coefficients for the comparisons we shall present in the current
work. For the CN " /Ar calculations, we have extended the radial
range on integration out to Rpax = 90 A for the higher energies
and further out to Ry = 750 A at the lowest energies consid-
ered. The extension is done, within our own scattering code, by
using the long-range exponents of the dominant terms which
progress as R * and as R > with coefficients obtained by
numerical interpolation from the outermost computed radial
values of the ab initio potential.

We have employed a set of coupled rotational levels up to
Jmax = 21 for the lower energies and extended that range up to
Jmax = 30 for the higher collision energies. Such index values
correspond to the number of rotational states included in the
full Coupled-Channel treatment of the quantum dynamics.

The range of total angular momentum values was taken up
to Jior = 200. The energy range was varied with different energy
intervals in the following way: 0.01-0.1 cm ™", AE = 0.001 cm ™/,
0.1-1 em !, AE = 0.01 cm ', 1-100 cm ™}, AE = 0.1 cm ™ %
100-200 cm™ %, AE = 0.2 cm™ %, 200-500 cm™ ', AE=1cm .

We have included the calculation of all physical transitions
that involved rotational levels up toj = 10 for the molecular anion
and some of the resulting observables will be presented below.

We carried out the multichannel quantum dynamics calcu-
lations using both the RR-PES which included the BSSE correc-
tion, and the RR-PES without the inclusion of the BSSE
correction. As expected, both sets of inelastic rate coefficients
turned out to be nearly identical at all energies considered, thus
confirming the lack of any effect from such modification of the
RR-PES on the quantum inelastic dynamics. Therefore, all the
results presented below were obtained via the RR-PES which
did not include the BSSE modification. A direct comparison of

This journal is © the Owner Societies 2021
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Fig. 4 Computed excitation cross sections for Ar (thick solid lines) and He
(thin dashes) as collision partners for the CN™ anion. The top two panels
show excitation processes from the j = 1 and j = 2 rotational states, while
the lower two panels present results for excitations fromj =5andj = 6
states of the anion. In each panels transitions with Aj = 1, 2 and 3 are shown
with the colour code indicated.

some of the final rates will be shown below to confirm the
present comment.

The data reported by Fig. 4 present a range of transitions
from various initial rotational states of the CN~ molecule in
collision with either Ar (thick solid lines) or He (thin dashed
lines). The following comments can be made:

(i) The transitions with Aj = 1 are the largest in size and
behaviour for both systems, a result which is independent of the
initial level since all such transitions in all panels follow this
trend. This feature indicates the dominance of the /4 = 1 multi-
polar coefficient of Fig. 2 for the dynamical coupling of both He
and Ar with the anion’s rotational states. (ii) All excitation cross
sections decrease in size, for both systems, as Aj increases,
indicating again the importance of the direct coupling from
A = 1 multipolar coefficient of Fig. 2 for He and Ar with the
anion in relation to the other dynamical coupling coefficients.
(iif) Furthermore, the inelastic transitions, with all values of Aj,
remain for the He partner always smaller than those obtained for
Ar. This indicates that the two sets of potential coupling coeffi-
cients (Fig. 2) for the CN™-He RR-PES are uniformly smaller than
those pertaining to the CN™/Ar system.

Rotationally inelastic collision processes involving CN~ with
He atoms and p-H, (j = 0) molecules have been already
discussed in our earlier work,'® where we highlighted that the
interaction between H, and CN  also leads to Associative
Detachment (AD) processes with the destruction of the anionic
molecule.?* This process, however, turns out to be rather slow
under cold trap conditions. It thus follows that the use of p-H,
as a partner in cold traps could also still be an interesting
alternative for which one can assess through calculations how
feasible would be to use it as a buffer gas at higher tempera-
tures than the more usual He noble gas.

It is therefore useful to compare the relative collision-driven
cooling efficiency of that molecular partner with the one of Ar,
since the interaction of H, with CN™ is already known to be

This journal is © the Owner Societies 2021
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Fig. 5 Computed comparison of the rotationally inelastic excitation
cross sections for the CN™/Ar system (thick solid lines) with those for
the CN™/p-H, (j = 0) system (thin dashes). See main text for further details.

stronger than that with He.'® We have employed the reduced
2D form of the relevant PES for the case of the p-H, partner
already presented in earlier work.>®

The following considerations can be made from the com-
parison between the two sets of cross sections in Fig. 5: (i) the
transitions with Aj = 1 are of very similar size and behaviour for
both systems, a result which turns out to be independent of the
initial level since all such transitions are similar in size and
energy behaviour; (ii) all excitation cross sections decrease in
relative size, for both systems, as Aj increases, indicating the
dominance of the 4 = 1 multipolar coefficients for the dynami-
cal coupling for both Ar and p-H, colliding CN~; (iii) addition-
ally, as Aj increases, the inelastic cross sections for p-H,
become smaller than those obtained for Ar. This is an indica-
tion that the potential coupling coefficients with 4 > 1 remain
relatively stronger for the CN™/Ar case than they are for the
CN /p-H, case, as we have already discussed in our earlier
work,'® showing that the 1 = 2 and 3 multipolar coefficients for
the p-H, case are similar in the dynamical coupling strength of
their repulsive regions.

On the whole, the comparison with a molecular system
like p-H, indicates that the Ar atom has a comparable-to-
higher collisional excitation/de-excitation efficiency involving
rotational states of CN~. This aspects will be further discussed
below when comparing the state-changing rotational rate
coefficients at different trap temperatures.

We now turn to the de-excitation (rotational cooling) pro-
cesses, reporting in Fig. 6 for CN/Ar, compared with the same
processes for CN™/He.

The comparison of the four panels of Fig. 6 follows
the general behaviour already discussed for the rotational
excitation collisions reported by Fig. 4. All the Ar-driven
state-changing processes are always larger in size than those
involving He atoms, this being true across the energy range
examined and for all types of Aj changing transitions we have
considered. The comparison of the similar types of transitions
between Ar and p-H, partners follow closely the same relative
size behaviour already shown by the excitation processes of
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Fig. 6 Computed de-excitation cross sections for rotational states of CN™
interacting with Ar (thick lines) and with He (thin dashes) atoms. The notation
is the same already used in Fig. 4 and 5. See main text for further details.

Fig. 6: transitions with Aj = 1 are similar in size and energy
dependence, while those with Aj > 1 are larger for the Ar
projectile than for p-H, and therefore are not shown in an
additional figure.

To further underline the relative behaviour of the inelastic
cross sections, we report in the panels of Fig. 7 the computed
relative efficiency (state-to-state cross sections) for the collisional
cooling of CN™ rotational levels interacting with Ar (crosses), He
(x marks) and p-H, (star marks). The greatest cooling efficiency
is clearly displayed by the Ar-driven collisions, while both p-H,
and He turn out to be less efficient partners, with the p-H,
partner showing intermediate size for its cooling cross sections.
All these comparative features will be more directly analysed
when looking at the computed inelastic rate coefficients over the
range of temperatures of interest in an ion trap.

The state-changing excitation rate coefficients were com-
puted by numerical quadrature of the corresponding cross
sections as indicated by eqn (4). The ones involving the lower

160 T

Ar ——
He —¢—
140 | p-Hy 1

120}

1004/

De-excitation from j = 6

E, =89cm™

col =

Cross section (A%)

Fig. 7 Computed de-excitation (rotational cooling) cross sections for the
three systems considered in the present work. The transitions are shown as
all originating from the j = 6 rotational state down to all the lower levels.
See main text for further details.
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for the excitation processes are reported in the four panels. The rate
coefficients reported have been multiplied by 10*° cm?® s, See main text
for further details.

rotational levels for the CN"/Ar and CN /He are given in the
four panels of Fig. 8. They report excitation processes from up
toj = 6 levels and are given by thick lines for the former system
and by plain thin lines for the latter. The excitation processes
are from different initial levels and in each panel the transi-
tions with the Aj = 1, 2 and 3 excitations are shown as colour-
coded in each panel.

The following considerations can be made by perusing the
panels of Fig. 8: (i) all excitation rates involving Ar as a partner
are consistently larger, for nearly all the considered transitions,
than those obtained with He as a buffer gas; (ii) the marked
difference is provided by the Aj = 1 excitations, where we see
that for excitations from j = 1 and j = 2 the rate coefficients with
He are close to those for Ar and remain so up to higher 7 values;
(iii) the same transitions with Aj = 1, but starting from more
excited levels like j = 5 and j = 6 (lower two panels in the figure),
are now larger for the He atom as a partner than they are for the
Ar atom. A possible explanation for this difference of behaviour
between the two systems could be suggested by the specific
shape of the radial multipolar coefficients of the two PESs
compared in the panels of Fig. 2. We know that the direct
potential coupling during the multichannel dynamics comes
from the torque applied during the collision by the anisotropic
potential with 4 = 1 terms. This means that the differences in
the shapes of the radial coefficients can tell us about the
relative efficiency of such coupling during the collisions. For
the case of the interaction CN~ with Ar, reported in the left
panel of Fig. 2, we see that the term in question has an
attractive well before its repulsive wall at shorter distances.
On the other hand, the same term for the interaction with He,
right-panel of the same figure, has a very deep attractive well in
the short range of radial distances. Such difference suggests
that the He projectile can penetrate more closely to the target
than the Ar atom and therefore apply for a longer range
of action the transition-driving torque generated as a direct
coupling by this multipolar term. The difference becomes less
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marked for the 4 > 1 terms, which are now between the two
systems in a relative order of size as that already seen for the
excitations from j = 1 and j = 2. It means that now the reduced-
mass difference in the kinematics takes over and the Ar
projectile becomes only slightly more efficient in inducing
rotational transitions.

To verify with a specific numerical example that to use the
RR-PES with and without including the BSSE correction does
not change the size and relative behaviour of the collision rate
coefficients, we report in the figure below Fig. 9 a comparison
for a set of excitation rate constants involving the initial
rotational level of CN™ colliding with the Ar atom.

One can clearly see from all the different collision rate
constants reported in that figure that to employ a BSSE-corrected
PES, at least for the case of anionic partner interacting with a noble
gas, leaves the final rate constants essentially unchanged.

The data reported by the four panels of Fig. 10 describe now
the state-changing inelastic rate coefficients for the transitions
involving de-excitation (rotational cooling) processes, comparing
the relative behavior of Ar and He as possible buffer gases. The
organization of the data presented in the four panels of this
figure is the same as that given into the similar panels of Fig. 8.

We clearly see that the majority of the rotational cooling rates
for Ar as an atomic partner are larger than those we have obtained
for the He as a buffer gas. This happens for all transitions, from
all initial rotational states chosen and for all the Aj values
selected. The only difference in behaviour is that shown by the
Aj = —1 de-excitation from the j = 5 level, where we see that the He
partner is very close in magnitude to that from CN /Ar process
(lower left panel Fig. 10). This behaviour of the rotational cooling
processes is in accord with what we had already discussed before
for the rotation excitation inelastic rates of Fig. 8.

A similar comparison of collision-driven rotational excita-
tion rate coefficients is reported in the four panels of Fig. 11,
where Ar and p-H, are now the two different partners of the
molecular anion. For the latter, the rates were calculated by

This journal is © the Owner Societies 2021

View Article Online

Paper

05— B osp— 1
R —

k-10"°/ cm® molecule™ 7"
&
a h

IR S R SR olbe v
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
25 T 25 T T T
554 —— 655 ——
CN™+Ar (points+line) gjg - 233 =
2 FCN"+He (line) ~ b 2 ~

\
osf~—o_ 05

ol v
10 20 30 40 50 60 70 80 90 100
T/K

ol v
10 20 30 40 50 60 70 80 90 100
T/K

k-10'°/ cm® molecule™ 7"
T
L

Fig. 10 Same sets of state-changing rates as in Fig. 8, but here for the
behaviour of de-excitation (cooling) processes for Ar (thick lines) and He
(plain thin lines) in collision with CN™. The reported rate coefficients have
been multiplied by 101° cm® s71. See main text for further comments.

Klos and Lique and obtained from the Basecol database.>” The
following comments can be made: (i) all the excitation rate
coefficients involving transitions with Aj = 1 changes are much
larger for the p-H, partner than those for the Ar atom. This
indicates again that the strength of the coupling potentials is
stronger for the former system than it is for the latter; (ii) as one
considers excitations with Aj > 1, we see that the p-H, partner
still generates larger rate coefficients, although without them
being very much larger than in the case of Ar. It is therefore the
different strengths of the multipolar potential coefficients with
A > 1 in the two different partners which controls the efficiency
of the direct coupling dynamics. One should also note that the
reduced mass for the CN™/p-H, is the smallest one for the three
systems we are considering here.

The results reported in the four panels of Fig. 12 present a
comparison between different rotation cooling transitions,
showing the behaviour of three different collision partners with
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Fig. 11 Computed excitation rates comparing the results for the Ar
partner (thick lines) with the p-H, case (thin plain lines). The reported rate
coefficients have been multiplied by 10'© cm® s, The transitions are the

same as those in Fig. 10. See main text for further discussion.
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CN™: He, Ar and p-H,. The two left-side panels in the figure
report de-excitation rates from the initial j = 6 level of the anion
into all its lower levels, while the right-side panels report the
same type of processes but starting from the j = 8 initial
rotational state. The temperatures of the rates considered also
change from T= 10 K (upper panels) to 7= 30 K in the lower two
panels of the same figure. The following comments can be
made: (i) all transitions involving state changes with Aj < —3
for all three collision partners indicate the cooling rates for
collisions with p-H, to be the largest of the series, with that
with Aj = —1 being the largest for both initial states and at
both temperatures; (ii) all cooling transitions involving the Ar
partner show that those with Aj = —1 are smaller than those
with Aj = —2, as to be expected from the behaviour of the
coupling potential terms already discussed earlier. The size of
the inelastic rates with Aj > —3 are now uniformly smaller, due
to the increase of the involved energy gaps and the decrease of
the coupling strength of the anisotropic potential, as discussed
before in this section; (iii) the cooling rate coefficients pertaining
to the He atom as a collision partner are smaller than those for
Ar and for p-H, at all temperatures and for both initial states
examined, with the exclusion of the Aj = —1 transitions from the
J = 6 state, which are larger than those for Ar. It is once more the
relative interplay of the 4 = 1 radial coefficient of the multipolar
potential expansion in Fig. 2, the larger energy gap for that
transition compared with that from j = 8, and the changes in the
reduced mass for the case of the Ar projectile (the largest of the
three systems) which provide the structural explanation of such
differences in the dynamics.

5 Comparison of cooling kinetics in an
ion trap

Given the information obtained from the calculations of the
previous section, we are now in a position to follow the
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microscopic evolutions of the anion’s rotational state popula-
tions by setting up the corresponding rate equations describing
such evolution as induced by collisional energy transfer with

the buffer gas in the trap as*®*’
dp
57 = () - p(2), (5)

where the quantity » indicates the density of buffer gas in the
trap, the vector p(¢) contains the time-evolving fractional rota-
tional populations of the ion rotational states, p;(¢), from the
initial conditions at time ¢ being: ¢ = ¢;,;ta1, and the matrix k(7)
contains the individual k;_,(T) rate coefficients at the trap
temperatures T discussed in this paper.

Both the vector p(t) values at ¢ = tjn;a and the collisional
temperature T of the trap corresponding to the mean collisional
energy between the partners are quantities to be specifically
selected in each computational run and will be discussed in
detail in the examples presented below. We shall disregard for
the moment the inclusion of the state-changing rates due to
spontaneous radiative processes in the trap. These quantities
are already known to be smaller than the collision-controlled
rates between the lower rotational levels of such systems, as
already shown by us in earlier studies,'® and are therefore not
expected to have any significant effect under the present trap
conditions.

It may be useful at this point to be reminded of the relative
populations of the rotational states of the trapped anion over a
range of temperatures achievable in the traps. The corres-
ponding steady-state populations are reported by the panels
of Fig. 13. The importance of such populations for the present
evolution kinetics will be further discussed below.

It is important to note at this point that, if the rate
coefficients of the k(7) matrix in eqn (5) satisfy the detailed
balance between state-changing transitions, then ast — oo, the
initial distribution will approach that of the effective equili-
brium temperature of the buffer gas as felt by the ions in the
trap, at least from a theoretical standpoint. These asymptotic
solutions correspond to the steady-state conditions in the
trap and can be obtained by solving the corresponding homo-
geneous form of equations given as dp(¢)/d¢ = 0.

We solved the homogeneous equations by using the singular-
value decomposition technique (SVD),*® already employed by us
in previous studies. The non-homogeneous eqn (5), starting
from our s Of 100 K to analyse the evolution kinetics at the
various lower T values considered, as shown below. They were
solved using the Runge-Kutta method for different translational
temperatures of the trap. Since the role of the gas density is
simply that of a scaling factor in the kinetics equations, we
present in the figures values which are among those likely to be
employed in trap experiments.’

A comparison of the kinetic evolutions of the different
populations of the rotational states of the trapped anion, at
the lowest trap temperature of 10 K and choosing the same
density of 10'® ecm ™~ for p-H, (top panel), Ar (central panel) and
He (bottom panel) is presented in the different panels of Fig. 14
below. The lighter He atom generates less efficient rotational
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Fig. 13 Computed steady-state (Boltzmann) populations of the rotational
states of the CN™ anion for temperatures up to 100 K. The inset shows an
enlargement of the relative populations for the lower T range up to 25 K.
The range in the inset covers the range of the boiling points for the He and
H, gases. See main text for further details and discussion.

state-changing collision dynamics than is the case for Ar and
the p-H, partner appear as the most efficient at these low
temperatures.

The vertical lines shown in each of the panels of Fig. 14
indicate the time value for which thermal equilibrium of the
state populations at the chosen 10 K temperature is achieved.
We see how markedly different are these values for the three

t(s)

Fig. 14 Computed time evolution of relative rotational populations for
the case of p-H, (top panel), Ar (central panel) and He (bottom panel) as
buffer gases in the trap. The trap temperature considered for this numer-
ical test is 10 K and the buffer gas density is chosen to be 10° cm™>.
Vertical lines indicate time values for which rotational states thermalization
to the trap temperature occurs with each partner gas. See main text for
further details.
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gases, suggesting again the most efficient to be molecular
hydrogen in comparison with the other two atoms. This differ-
ences in collisional de-excitation efficiency will be further
examined in the other figures of this section. It is important
to note at this point that our computational definition
of reaching the steady-state population at the chosen trap
temperature is that of following the j = 0 population until it
remains unchanged to its 4th decimal place. This definition
has been followed throughout our present calculations.

It is important to note now that Fig. 14 is simply presenting
a numerical experiment to indicate the differences in cooling
dynamics exhibited by the three different gases at an arbitrary
low T (in this case 10 K) below that selected to compute the
evolution of the cooling dynamics in the trap after loading the
molecular anion (7 = 100 K). We should be reminded, in fact,
that the physical boiling points of these buffer gases are really
very different at ambient pressures, a feature that will play an
important role in the present discussion of the comparative
results. For p-H, that value is 20.28 K, while for Ar is 83.8 K and
for He is 4.22 K. The temperature value chosen above for our
numerical experiment would therefore be only physically viable
for He but not for the other two. However, to compare their
behaviour at the same T value helps us to better visualize their
different collisional efficiently in cooling the trapped anion of
this study.

It is also of note to mention here that, under the low-
pressure trap conditions the buffer gasses can be employed
below their boiling points without substantial losses via con-
densation in the trap, as shown in earlier work by members of
our group,”” where the use of Ar as a buffer gas was carried out
down to about 55 K with marginal losses due to condensation
effects. More physically realistic, and significant, operating
conditions will be further discussed via the simulations pre-
sented below, the aim being to suggest easier (higher 7)
operating conditions, but still without efficiency losses, which
can be attained by changing the buffer gas from He.

The data reported by the two columns shown in Fig. 15
clearly show the marked differences of behaviour of the popu-
lation evolution of the rotational states of the trapped anion
when the buffer gas is changed from He to p-H,. The vertical
lines indicated in all panels report the time values for which
the steady-state population is reached in the trap, where the
collisional evolution has been started with T = 100 K. At both
the considered temperatures the hydrogen buffer is clearly
more efficient in driving rotational de-excitation processes in
the trapped molecular anion. In fact, our calculations indicate a
factor of more than three faster cooling (de-excitation) in the
case of p-H, in comparison with the He gas. Furthermore, the
higher T values show the expected, slightly shorter time delay
value in relation to that exhibited by the lower temperature in
the lower panels of the same figure.

A further comparison of the de-excitation efficiency exhibited
by all three possible buffer gases is reported in the three sets of
panels of Fig. 16. The temperatures of choice correspond now
to higher values, chosen so that the Ar buffer gas in the trap is
expected to remain in the gas phase or with only marginal
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Fig. 15 Calculations of cooling (de-excitation) efficiency under different
trap conditions, comparing He and p-H, as possible buffer gases. The
density of the buffer gas is taken to be 10*° cm™> and the temperatures
considered are 20 K and 40 K. The data in the left panels deal with p-H,
while those on the right side describe the results with He as a buffer gas.
See main text for further discussion.
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Fig. 16 Comparing time evolution of the relative rotational state popula-
tions in CN™ with the three different buffer gases of the present study: He
(right panels), Ar (center panels) and p-H, (left panels) taken at a density of
10*° cm~3 in the trap. Different higher temperatures are shown in com-
parison with the earlier figures. See main text for further details.

losses by condensation, as discussed in earlier work from
members of our group.?” The higher T values are shown by the
three upper panels while the lower temperatures taken as an
example are reported in the three lower panels. The trap density
of both buffer gases has been kept the same, as indicated in the
figure, and the initial uploading temperature of the molecular
gas has been selected to be 100 K for starting the collisional
de-excitation process. The steady-state condition has been
defined before in relation to the previous figures.

The data in the panels of that figure indicate once more
the marked changes in de-excitation efficiency displayed by the
different choices of buffer gases. The panels associated with the
lower temperature of our example indicate that rotational levels
up toj = 10 are being populated in the anion although only the
J = 9 level is being significantly populated. The exclusion, for
the calculations involving the He buffer, of the j = 9 and 10 in
the network of coupled evolutionary equations does not change
significantly the present results. The vertical lines report, as
before, the time value at which the steady-state population of
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the anion rotational levels reaches the stated trap temperature.
The panels for the Ar gas indicate a time interval, at both
temperatures, which shows to be intermediate between the
longest time delays reported for the He gas and the shortest
ones indicated for the p-H, example. The change of that time
interval with changing T to higher values does not alter this
ratio nor shortens the actual time delay values by much.

The Ar buffer gas, as discussed earlier when the collisional
rate constants were compared in the previous section, is clearly
seen to be less efficient than p-H, in terms of collisional
de-excitation capability (cooling): the vertical lines for the atomic
gas, in relation of those shown by the latter molecular buffer gas,
are around 40% slower on the present timescale than those
associated with the latter. On the other hand, the He gas provides,
as already discussed in our analysis of its dynamics in the previous
Section, the lest efficient buffer gas for the present molecular
anion. We can therefore say that either Ar or p-H, would be buffer
gases which can be used at higher trap temperatures and exhibit a
markedly higher cooling efficiency than that of the He buffer gas.
Such differences are obviously a consequence of the detailed
quantum dynamics of the state-changing collisional rate constants
which we have examined in the previous section.

6 Conclusions

In the present study we have analysed in detail the quantum
collisions which can take place in a cold trap, over a range of
trap temperatures chosen as examples, when the initial mole-
cular anion which is trapped there (in our case the CN™ anion)
is made to interact with different choices for the buffer gas
employed to drive the collisional de-excitations of the molecu-
lar rotational levels present at an initial temperature of 100 K,
i.e. markedly larger than that expected to be reached in the trap
after collisional thermalisation with the buffer gas of choice.

The quantum calculations were carried out using accurate
ab initio potential energy surfaces describing the interaction
with the title molecular anion and three different buffer gases:
He, Ar and p-H,. The relevant inelastic cross sections which we
have computed via the quantum Coupled-Channel (CC) method
have involved all the lower-lying rotational states of CN™ up to
J =10, with the latter state found to be only marginally populated
at the highest temperatures considered in this study.

The corresponding state-changing, rotationally inelastic rate
coefficients were obtained for all three gases considered and
found to be different in size within the series of gases, with
those induced by Ar and p-H, being fairly close to each other
and those associated with the He gas being markedly smaller.
As a consequence of the quantitative differences between
collisional rate constants found by our calculations, we have
further found that the evolutionary kinetics of the rotational
state populations for the trapped anion changes depending on
the actual buffer gas being considered. Hence, our analysis of
the time delays obtained from the calculations clearly shows
that the p-H, is the most efficient gas in driving collisional
de-populations of the higher rotational levels of the trapped
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anion, with Ar being just after it and behaving very similarly.
On the other hand, the He gas is invariably found to be the
slowest in driving collisional de-excitation processes, albeit
being able to go down to lower temperatures as those achieved
by the other two gases. In conclusion, our present calculations
indicate that different choices for the buffer gas can provide a
more rapid thermalization kinetics in the trapped anions and
can achieve this improvement at higher temperatures than
those indicated by He as a buffer of choice.

It follows from the present findings that whenever the trap
conditions are not going to be operating below 60 K or so, it
may be possible to employ a different buffer gas from He,
thereby reducing the time delays needed to bring the trapped
molecular anion’s rotational populations down to the selected
trap temperature.
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