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ABSTRACT

We present an extensive range of quantum calculations for the state-changing rotational dynamics involving two simple molecular anions
that are expected to play some role in the evolutionary analysis of chemical networks in the interstellar environments, C;H™ (X12+)
and C;N~ (X327), but for which inelastic rates are only known for C,H™. The same systems are also of direct interest in modeling
selective photo-detachment experiments in cold ion traps where the He atoms function as the chief buffer gas at the low trap temper-
atures. This study employs accurate, ab initio calculations of the interaction potential energy surfaces for these anions, treated as rigid
rotors, and the He atom to obtain a wide range of state-changing quantum cross sections and rates at temperatures up to about 100 K.
The results are analyzed and compared for the two systems to show differences and similarities between their rates of state-changing
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I. INTRODUCTION

The discovery of carbon chain anions in interstellar and
circumstellar media has triggered and stimulated a large num-
ber of theoretical and experimental studies on these species (e.g.,
see Refs. 1-3). Their structures and spectral features, as well as
the clarification of their importance and of their role in inter-
stellar chemistry and in gas phase ion-molecule reactions in gen-
eral, have therefore also attracted many specific studies’® on
their behavior. Recent examples have been our experimental work
on the absolute photodetachment (PD) cross section measure-
ments for hydrocarbon chain anions,” which has been nicely
matched and confirmed by a computational study of the same
systems.”

The possible, and likely, existence of anions in astrophysical
sources was first predicted theoretically and considered in earlier
chemical models,”'’ although the first negative hydrocarbon C¢H~
was only detected in 2006, thereby also solving the problem of the
unidentified lines discovered by Kewaguchi et al.'* This identifica-
tion was soon followed by the detection of other negatively charged
species, such as C4H,"” CgH,' C3N7,!° CsN7,Y and CN7.1°
The majority of these species were first detected in a well-observed
Circumstellar Envelope (CSE) IRC+10216, although these and other
hydrocarbon anions were also discovered later on in other molec-
ular clouds.”” As to be expected, the study and search for interstel-
lar anions of both simple and increasingly more complex structural
properties are still current and relevant. More specifically, a simple
species, such as C;H™ (X'=7), has been expected to be amenable
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to observation with the new astrophysical instruments such as ata-
cama large millimeter/submillimeter array (ALMA), especially since
ithad already been observed as a stable molecule in laboratory exper-
iments.”””! Furthermore, its parent neutral form C,H (XZZ+) has
already been a well-known astrophysical molecule discovered by
observation as early as 1974,” thereby suggesting that the corre-
sponding C;H™ anion should also be present, although perhaps as
only a very low-abundance species, a fact justified in terms of its high
chemical reactivity and therefore expected rapid destruction upon
formation. In fact, actual current numerical models predict that the
formation of larger carbon chain anions should in any case be more
probable than that for similar but smaller chains as the CH ¥
hence somehow supporting the difficulties for its observation.

The detection of carbon chain anions and parent neutral species
in various astronomical environments has stimulated many compu-
tational studies of their collisions with He and H, to obtain rotation-
ally inelastic excitation and de-excitation rates. Examples include the
series C,H/C,H™,”* ™" C4H™,*® C¢H/C¢H™,”*" CN/CN~,*'~® and
CsN/CsN™.7

Despite that the actual origin of many of the hydrocarbon
anions has not yet been solved, it is generally accepted that gas-phase
processes are crucial for their formation and therefore the many
observed hydrocarbon radicals C,H may also be the main precur-
sors for the formation of C,H™ anions through electron attachment
or association processes, whereas associative detachment processes
would contribute to the generation of initial, neutral C,H species.
As an example, a new mechanism for the formation of C;H™ from
C,H; had been proposed not long ago' from laboratory experi-
ments. Recent experiments in our group have also investigated the
reactions of C;H™ with C;H» as a means of forming larger C,,H™
and C,,, chains.”

Along similar lines, another small C-bearing molecule, the
neutral C,N radical (X*I1,), had also been detected earlier on in
the interstellar medium,"’ where the molecule was observed at the
1-2 mK level toward the same circumstellar envelope (CSE) of
IRC+10216 already mentioned earlier, using the facilities of the Ari-
zona Radio Observatory (ARO). Lambda doublets of the | = 4.5 —
3.5and the J = 6.5 — 5.5 transitions at 106 GHz and 154 GHz in the Q
= 1/2 ladder were measured with the ARO 12 m telescope, as well as
the J = 9.5 — 8.5 lines near 225 GHz, using the ARO Sub-Millimeter
Telescope (SMT).*! Considering other species in the same environ-
ment, it is interesting to note that the [CN]/[C,N]/[C3N] abundance
ratio was found to be ~500/1/50, thus indicating again that one could
expect a rather low abundance for the neutral radical C;N. For the
corresponding anionic counterpart, however, no observational evi-
dence within the same CSE has been reported thus far, also suggest-
ing a low abundance of the latter once formed within this chemical
network.

Despite this absence of direct detection, both the above
anionic molecules, C;N~ and C;H", have been the object of sev-
eral laboratory studies, which have analyzed in some detail the
photo-detachment (PD) mechanisms of these species and sev-
eral other structural properties.”” "’ Furthermore, in general terms,
we should note here that possible astrophysical abundances of
either observed or not yet observed species have to be under-
stood in terms of molecular stabilities, reaction probabilities, and
of both radiative and collisional excitations and relaxation of
internal molecular modes: the accurate knowledge of all these
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facts can indeed help us to better explain the existence of a molecule
and the probability of it being observed. The molecular stability and
the spectroscopic properties of both the C;H™ and C,N™ anions
have been studied in various earlier investigations,“'”‘*’" while the
modeling of molecular emission in the interstellar medium (ISM)
environments where they could be expected to exist requires colli-
sional rate coefficients with the most abundant interstellar species
such as He and H,. Collisional data have already been presented
for the C;H™ anion interacting with He,” while no corresponding
calculations, as far as we know, exist for the collisional rotation-
state changes of C,N~ interacting with He. The actual ab ini-
tio potential energy surface (PES) is also not known for this sys-
tem. The quantum dynamics of both these anions, besides not
being extensively studied under CSE conditions, has also been only
partially discussed under the operating low temperatures of ion
cold traps.”® The present work is therefore directed to acquiring
novel knowledge about the quantum dynamics of C,N™ in col-
lision with He under both astrochemical and cold ion trap con-
ditions, further implementing a comparison between its dynam-
ical behavior and that of the C;H™ polar anion under similar
conditions.

Section II only briefly reminds readers about the features of
the anisotropic potential energy surface involving C;H™ and He
atoms, since it has been presented and analyzed already in ear-
lier work.” It instead presents in greater detail the new calcula-
tions of the ab initio points related to the Rigid Rotor (RR) PES
associated with the interaction between C;N~ (X*27) and the neu-
tral He atom. The two interaction potentials will then be com-
pared, and their level of spatial anisotropy will be analyzed and
discussed.

Section III presents the state-changing rotationally inelastic
cross sections for both systems and discusses the effects from
spin-spin and spin-rotation structural features on the C,N~
system vis-a-vis the C;H™ (X'Z") system. The corresponding inelas-
tic rates at the temperatures of interest are also presented, com-
pared, and discussed. Section IV examines the possible evolution-
ary dynamics of C;N~ anions under the conditions of a cold
trap when they are undergoing laser-driven photo-detachment pro-
cesses. A comparison with the corresponding behavior of the C;H™
system is also presented and discussed. Conclusions are given
in Sec. V.

Il. FEATURES OF THE AB INITIO INTERACTIONS
OF C;H™ AND C;N~ WITH He ATOMS

The electronic ground state of C;N~ was taken to be (xX°=7)
as indicated in earlier work.”” The molecular geometry of this lin-
ear anion is roc = 1.344 A and rcy = 1.207 A and was given in the
experiments from Garand et al."” We have optimized the molec-
ular geometry using the multi-reference configuration interaction
(MRCI) + Davidson correction’””’ employing the aug-cc-pvVQZ’'
basis set obtaining rcc = 1.360 A and rey = 1.212 A. The ab initio
calculations of the 2D grid of points in Jacobi coordinates (R, 6)
were carried out with the program package MOLPRO 2012,
For all the present calculations, we have employed the internally
contracted multi-reference configuration interaction method (IC-
MRCI),””” using the aug-cc-pVQZ basis set’’ on all atoms. The
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reference space for the MRCI calculations consists of a complete
active space by distributing 14 electrons in 15 orbitals. All single and
double excitations from the reference configurations are included in
the variational calculation. The effect of quadruple excitations is esti-
mated via the Davidson correction.””” Since the MRCI approach
does not provide a size-consistent method, we have included a cor-
rection for size-consistency by using the Davidson correction that
estimates the contributions of quadrupole excitations, as discussed
in Refs. 54 and 55. The Basis-Set-Superposition-Error (BSSE) cor-
rection was not included in this study because this procedure is
not well defined when multi-reference methods are employed. In
any event, our previous experience with small anions interacting
with He has shown us that the corresponding rigid-rotor PES is
only marginally modified by BSSE corrections in the well regions
and on the onset of the repulsive walls. We therefore expect that it
would also be not very significant in the present case. We further
checked the quality of the asymptotic form of the interaction by cal-
culating the corresponding potential term for the situation where
He approaches with an angle of 90° to the molecular axis. In this
situation, the terms of the potential involving the higher order Leg-
endre polynomial should be zero (by symmetry) and the spherical
part should dominate. The computed value of the coefficient for the
asymptotic potential gives us the value of the spherical polarizabil-
ity of the He atom, which comes out to be 1.379 ag. This value is
in good agreement with a recent result from QED calculations™ of
1.38376078.

To further test possible differences coming from our differ-
ent post-Hartree-Fock methods we have used, we have carried
out a comparison between MRCI(Q) and perturbative estimate of
the energy contribution from triples (CCSD-T) calculations for the
approach of the He partner at an angle of 90° with respect to the
axis of the C;N™ ion. In the comparison, the potential energy curves
for CCSD-T and MRCI(Q) are set to zero at 25 A. We found that
both curves have their minimum at 3.5 A, with the largest difference
between the two curves occurring at the location of the minimum
configuration: —=59.9 cm™" for CCSD-T compared to —54.5 cm™ " for
MRCI(Q).

The angular grid involved calculations of radial “cuts” every
5° from 0° to 180°. The radial grid included a higher density of
points around the various minima regions at each selected angle.
A total of 44 radial points were used between 2.3 A and 26 A.
We have not included the basis-set-superposition-error procedure
because such a procedure turns out not to be well defined for multi-
reference methods. The global minimum for the complex was found
at a distance of around 3.545 A from the center-of-mass, located
at an angle of around 80°, with a well depth of around 58 cm” L.
The data shown by the two panels of Fig. 1 provide a pictorial view
of the new PES calculated for the C;N™/He system (upper panel),
while it also shows, for comparison, the PES already calculated in
earlier work for the similar anion of C;H™ interacting with He.”
One sees in the two panels the similarities between the two inter-
action potentials since both exhibit the presence of a minimum
energy region of their complex with He. The more shallow well of
the lower panel is extensively off the Cy, geometry, while the deeper
well on the upper panel appears to be more localized and closer to
the center-of-mass than it is the case in the lower panel. Given the
larger number of electrons in the C;N™ case, the corresponding well
is therefore deeper than that of the C;H /He complex”’ and more
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r sin(8)(A)

r cos(0)(A)

FIG. 1. Computed PESs for the two molecular anions of the present study. The
data are presented as in-plane maps in 2D with r cos 6 and r sin 6 as coordinates.
Energy levels in cm=". Upper panel: C,N~ from present calculations and lower
panel: CoH™ from Ref. 27.

localized in space. Both potentials will be asymptotically driven by
the polarizability term involving the spherical, dipole polarizabil-
ity of the He partner and therefore will behave very similarly in
their long-range regions because of it. The differences in their short-
range features, however, will be reflected later in the size differences
between their collisional state-changing probabilities discussed
in Sec. I1I.

The localization of the excess charge provided by the extra
bound electron of the anion is also an interesting item for the new
CyN7/He PES presented here. The Mulliken charges in the asymp-
totic situation (e.g., with the helium at a distance of 26.55 A from the
center-of-mass of the anionic target) turn out to be as follows (when
computed with the MRCI/aug-cc-pVQZ of the post-HF treatment):
Ci = -0.59049, C, = +0.22532, and N; = —0.634 83. Here, C; is
the central carbon atom so that the geometry of C;N™ is given as
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C1-C;-N; with no extra charge on the interacting He atom, as
expected. The direction and value of the dipole moment are there-
fore given as 2.1818 D, placed along the positive direction of the
molecular z-axis from the C;-end of the molecule, a result from the
delicate balance between excess charges in this molecule. One should
also note that the approach of the He atom along the direction of 0°
is on the N-side of the C;N™ anion. The same angle corresponds
to the approach on the H-side of the C;H™. Another type of pre-
sentation of the PESs for both systems, to be used in the scattering
calculations below, is obtained by numerically generating the radial
coefficients of the multipolar expansion of the Rigid Rotor (RR) 2D
potential energy surfaces,

V(r=reR,0) = > Va(R)Py(cosb), (1)
A

where 7, is the geometry of the equilibrium structure of the anion
and the sum over the contributing A values went up to 19, although
only the dominant, stronger terms are shown in Fig. 2. The panels

100 T
Vo ——
L Vi --- |
80 V2
V3
60 | Vp o — -
- Vg — — -
IE 40 - b
5 -
- C2N - He
E 20
=
S e e R
_20 - -
_40 - -

V,(R)/cm™

R/A

FIG. 2. Computed multipolar coefficients calculated from the initial PES data.
Upper panel: lower values of the dominant radial coefficients for the C,N~ anion
and lower panel: same data but for the C,H™ anion. Energy values are in cm~"
and distances in A.
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of this figure also compare the present findings for C,N~ with the
earlier data for C;H™.” The expansion coefficients for the C,N™-He
PES are provided in the supplementary material.

The radial coefficients presented in Fig. 2 underline once more
both the general similarities between the two systems and impor-
tant differences, which will vary their dynamical behavior we shall
analyze below. If we look at the spatial anisotropy of the multipolar
coefficients, we see that the spherical terms (A = 0) are very similar to
each other in both strength and spatial extension around their well
regions. On the other hand, the radial coefficients with A = 1, 2, and 4
are all uniformly repulsive in the short-range region for C;H™, while
only those for A = 2 and 4 are so for the C;N~ anion. These dif-
ferences indicate that the AN transitions between rotational levels,
those for which the acting torques from the anisotropic PES coef-
ficients will be stronger, could be those with AN with odd values
for C;N™ and with even values for the C;H™. The presence of such
possible propensity effects will be further discussed when analyzing
the computed inelastic cross sections and rates in Sec. I1I. Another
important elements of distinction/similarity are the relative spacings
in energy between the rotational states for both systems, which are
presented in Fig. 3.

To simplify the comparison, we report only the energy spac-
ing between N-level separations, without showing the spin-spin and

C,H C,N
60 |- 12
6
11
50 |
10
5
. 40
IE 9
)
B 30
0] 4 8
C
L
7
20 |
3 6
5
10
2 4
3
1 2
O — 0 0

FIG. 3. Schematic location of the rotational energy levels for the molecular anion
of the present study. For the case of C;N~ (X®2™), only the pseudo-singlet levels
without splitting effects are shown (see the main text for further details).
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spin-rotation splitting for C;N™. The sizes of these splitting con-
stants are not known or available as yet, and we will be discussing
further in Sec. I1I how their effects will be included in the dynam-
ics of the present study. Their energy splittings would in any event
not be visible on the chosen energy scale in this figure. We clearly
see, however, that the density of states over the examined range
of about 60 cm™!, which should cover most of the relevant energy
range of the CSE environments and of the cold ion trap operation, is

0.6

0.4

@)
N
pzd
zzzzzzzzzz
OCOWO~NOONPAPWN-O
I
I

= I L T (R R T T

b4
]

Py

0.8 CZH

[T R
OO WN-_O

ZZZZZZZ

T/K

FIG. 4. Steady-state distributions of relative molecular populations of rotational
levels for temperatures up to 30 K. Upper panel: the C,N~ anion and lower panel:
the C,H™ anion (see the main text for further discussion).
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dramatically different between the two systems, with the C;N™ anion
showing twice as many states being accessible within this energy
range. The markedly higher “crowding” of rotational states per unit
energy for the latter molecule translates into a higher number of
them being significantly populated at equilibrium temperatures in
either environments.

The use of a Local Thermal Equilibrium (LTE) population
scheme is often employed as a starting condition of ISM kinetic
modelings. Additionally, photo-detachment experiments in cold
traps usually start, as we shall further discuss in a Sec. IV, with
thermal equilibrium of the molecular internal states being achieved
at the temperature of the trap. A comparison between steady-state
rotational level populations, over the range of temperatures of inter-
est, is reported for the two anions by the two panels in Fig. 4.
We clearly see in them that, as an example, at temperatures in a
cold trap around 25 K, the C;N™ anion in the left panel signif-
icantly populates levels up to N = 10, while the C;H™ anion on
the right panel only has states up to N = 6 significantly populated.
Such differences of behavior will be further discussed in Secs. 111
and IV when the inelastic cross sections and rates will be com-
puted first to numerical convergence and then the possible dynam-
ics of laser-induced PD processes in traps will be analyzed at low
temperatures.

Since the efficiency of state-changing collisional processes for
rotational states is affected, among other features also discussed
below, by the size of the energy gaps between the involved levels, we
shall therefore expect that the marked differences shown in Fig. 3
will be reflected in differences between inelastic rates for the two
anions.

. QUANTUM CALCULATIONS OF STATE-CHANGING
ROTATIONALLY INELASTIC CROSS SECTIONS
AND RATES

The inelastic cross sections involving collisional transitions in
both the title molecules were calculated using our in-house mul-
tichannel quantum scattering code ASPIN, which we have already
described in many earlier publications of our group’” *’ and there-
fore will not be repeated here in detail. Interested readers are referred
to the above publications for consultation.

The ground state of the C,N™ anion is %7, the same as
the OH" molecule for which we have previously studied low-
temperature collisions with He in detail.”"** The conclusions of this
previous work inform the calculations presented here. In the OH"
(>T7) state, we have three levels for each total angular momentum
>1: the rotational levels are in fact split by spin-spin and spin-
rotation coupling effects. In the pure Hund’s case (b), the elec-
tronic spin momentum $ couples with the nuclear rotational angu-
lar momentum N to form the total angular momentum j, given by
j=N+ 8" As a consequence of this coupling term, the rota-
tional levels of the molecule may be labeled not only by the above
quantum numbers defined in the Hund’s case (b) but also by their
parity index €. The levels in molecules of odd multiplicity with par-
ity index equal to +1 are labeled e, and those with parity index
equal to —1 are labeled £°' However, we shall omit this index
in the following discussion since we shall not be using it in our
analysis.
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The extensive work we have done on collision of He with
the OH" (°Z7) molecule’"*” has already shown that the AN # 0
transitions involve much larger energy values than those which
cause changes in the spin quantum number § that is responsible
for the separations between j states. Thus, one can say that rota-
tional quenching transitions have much larger energy gaps than
those which simply cause spin-flipping processes within each N-
labeled manifold. In a full close-coupling (CC) approach to the
quantum dynamics, the molecular Hamiltonian includes, in addi-
tion to the rotational contribution, a nuclear coupling contribution,
which induces hyperfine energy splitting. These splittings are how-
ever lower than typically 107> cm™’, i.e., they are much lower than
the rotational spacings investigated in this work, as we shall further
show later in this paper. In such a situation, a possible approach
would be to neglect the hyperfine splitting and to decouple the spin
wave functions from the rotational wave functions using an angular
momenta recoupling scheme (e.g., see Ref. 63), which simplifies con-
siderably the dynamics of the problem. The latter is then reduced to
solving the simpler spin-less CC equations associated with the more
usual T case. This approximate approach of treating the target as a
pseudo-singlet case has been found in earlier works of our group™”*
to yield results very close to the exact cross sections. Hence, the
“recoupling approach” outlined above will be considered as our ref-
erence approach in the following calculations, where our results will
be compared with those carried out for the exact '3 case of the C;H™
molecular anion.

For C;N™-He (reduced mass p = 3.619 amu), scattering cal-
culations were carried out for collision energies between 1 cm™
and 500 cm ™! using steps of 0.05 cm™! for 0-6 cm™, 0.17" for 6-
100 cm™, 0.2 cm™" for 100-200 cm™ ', 1.0 cm™" for 200-400 cm ™,
and 2 cm™! for 400-500 cm™'. This fine energy grid was used to
ensure that important features such as the many resonances appear-
ing in the cross sections were accurately accounted for, and their
contributions correctly included when the corresponding rates were
calculated, as discussed below. The CC equations were propagated
between 1.7 A and 100.0 A in 2000 steps using the log-derivative
propagator” up to 60 A and the variable-phase method at larger dis-
tances”’ up to 100 A. The potential energy was interpolated between
calculated V)(req|R) values using a cubic spline and extrapolated
below and above the ab initio grid using linear and polynomial func-
tions, respectively, as implemented in ASPIN.”” As our ab initio grid
goes to 26 A and the scattering energies of interest are not in the
ultracold or high energy regimes, the details of the potential extrap-
olation have a negligible effect on the scattering cross sections. To
test this point, however, we have always extended the radial inte-
gration with an extrapolated potential of the R™*-type out to 100 A
or more to reach convergence of the final cross sections. We have
also found that to employ the correct dipole polarizability coeffi-
cient for the extrapolated potential instead of the value produced
by ASPIN from the ab initio potential only changed the final cross
sections by less than 1.0%, and only at the lowest energies. The rota-
tional basis set was increased with increasing energy from N = 20
to N = 36 at the highest energy considered. The number of par-
tial waves was also increased with increasing energy reaching J = 96
at the highest energy. Inelastic cross sections were computed for all
transitions between N = 0 and N = 15, which was deemed to be
sufficient to model buffer gas dynamics in a cold trap up to about
50 K (see below), while the same range of levels is expected to be
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the one most significantly populated during low-energy collisional
exchanges with He atoms within ISM environments dynamical con-
ditions. Scattering calculations for C,H™ were carried out by us in
a former study® using the PES of Dumouchel et al.”” as discussed
above.

Another quantity that we shall compute from the cross sections
is the state-to-state inelastic rotational rates over a range of temper-
atures from thresholds up to about 100 K to cover the range of T
values expected to be significant for processes in the ISM environ-
ments we are discussing here. Hence, once the state-to-state inelastic
integral cross sections are known, the rotationally inelastic rate con-
stants kx_.n7(T) can be evaluated as the convolution of the cross
sections over a Boltzmann distribution of the relative collision ener-
gies. In the following equation, all quantities are given in atomic
units:

_8 v f " Eoyon (B)e 5TdE. ()
k] T3 0

knon(T) = (
Both the calculations of inelastic cross sections and of their cor-
responding rates over the range of temperatures mentioned ear-
lier have been carried out using the new interaction PES for the
C,N"/He system and via the earlier PES already computed for the
C,H ™ /He system.”” The comparison between our findings for these
two systems will be carried out below by presenting our computed
data.

The present results for the inelastic cross sections, over a range
of 100 cm™", are reported in the four panels of Fig. 5. The upper
two panels show excitation processes, while the lower two panels
present de-excitation cross sections for both systems. The solid lines
refer to the calculations for C;N™, while the dashed lines are those
for C;H™.

It is interesting to note that in the low-energy range up to
about 20 cm™! all of the cross sections reported in the four panels
show the evidence of resonance effects in both systems. The rela-
tive strength of the interaction potentials and the presence of many
more rotational states available for the C;N™ make the cross sec-
tions for the latter anion exhibit a much denser sequence of res-
onant features, as expected from the larger mass of the molecular
partner (hence, a larger number of partial waves contributing to
shape resonances) and form the stronger coupling with the nearby
closed channels during the scattering (hence, the presence of Fes-
hbach resonances). Since no experiments are as yet available on
the scattering behavior of these anions, we shall not carry out any
detailed analysis of the features seen in our calculations. They will
however contribute to changing the size of the related inelastic rates
we shall further discuss later and will be taken into account in our
calculations.

In the upper two panels where excitation processes are
reported, we see that in the left panel, showing AN = 1 transitions,
at energies beyond the resonance regions, the excitation from the
lowest rotational state of C;H™ is the largest over the whole range,
despite that the amount of energy transferred between levels is also
the largest. Two structural factors could contribute to this dynam-
ical difference: (i) the smaller value by about 30% of the reduced
mass of the C;H™, which affects relative sizes of wavevectors, and (ii)
the presence for only this molecule of an attractive well in the radial
coefficient with A = 1, which directly couples the levels involved in
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FIG. 5. Rotationally inelastic cross sec-
tions for the CoN~ (solid lines) and the

C,H~ (dashed lines) anions. The upper
panels report excitation processes, while

o~

< 100

c

il

3

n 10 k

[7)) H

17} K

2 :

o :

1E E 1TF
. I ! I ! !
0 20 40 60 80 100 0 20

o~

<C

~

c

Ke]

©

o}

N

»

1)

o

O 1k

1 Il 1 Il 1

the lower panels describe de-excitation
processes (see the main text for further
discussion).
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that transition during collision. The marked increase in energy gap
when one considers transitions still with AN = 1 but between excited
states (i.e., between the j = 2 and j = 3 levels) for the C;H™ system in
the same upper-left panel, is the dominant factor, which causes that
inelastic cross section to be the smallest. On the other hand, the two
excitation cross sections involving the same levels but for the C,N™
anion, which are in that same panel, are closer to each other. This is
due to the much smaller energy gap between its levels, which does
not offset the greater strength of the interaction potential for the lat-
ter molecule compared to the former, hence making the C;N™ anion
more efficiently excited by collisions with He to its upper rotational
states.

The upper-right panel of Fig. 5 shows now excitation processes
involving AN = 2 transitions. In the low-energy resonance regions,
the cross sections are uniformly smaller than those discussed before
for the C;N™ anion, while those for the C;H™ anion are instead
larger in size and also larger than those pertaining to the other anion.
This difference can be linked to the differences in behavior between
their corresponding multipolar coefficients, as shown in Fig. 2. The
C,H" partner presents both terms with A = 1 and A = 2 with marked
attractive wells and steeply repulsive walls, while the other anion
only shows this behavior for the A = 2 coupling term. It therefore
follows that both direct and indirect potential coupling effects are
dynamically efficient for the C;H™ anion, while only one is effective
fOI‘ CzN_.

When turning to the collisional de-excitation processes in the
lower panels of Fig. 5, we see in the left panel that the transitions with
AN = -1 for the C;N™ and the C,;H™ anions yield markedly larger
cross sections than those for de-excitation transitions with AN = -2,
a behavior attributed again to the role played by the increase in the
energy gaps in the case of the latter processes. In addition, the dif-
ferences in the coupling strength between the two PESs discussed

40

Collision Energy / cm™

60 80 100
1

earlier cause the AN = -2 transitions for C;N~ to be the smallest of
them all. It is also interesting to note that, in the lower-left panel, the
smallest of the cross sections is that for the AN = —1 transition of the
C,H™ partner. The much larger energy gain transferred into relative
energy between collision partners makes this system have a reduced
interaction time, which, in turn, makes sudden collisions more effec-
tive. Since such a gain is larger for AN = -2 processes than for the
AN = -1 transition, it makes sense that the cross sections for the lat-
ter are smaller than those for the former process when C;H™ is con-
cerned. The differences in energy gains are however much smaller
for C;N~, where the differences between multipolar coefficients play
a more important role than the smaller changes in the interac-
tion times, thus making the AN = -1 transitions to be the larger
ones.

On the whole, the present quantum calculations of the relative
state-changing collision probabilities for the two title systems indi-
cate a clear similarity of general behavior and of relative efficiency
for such processes at the energies of interest for ISM conditions,
although changes linked to their structural features can distinguish
between their interactions with the He atom and play a significant
role in their relative dynamics.

The results reported by Fig. 6 indicate in the behavior of the
rotationally inelastic collisional rates over a range of temperature
covering values of interest for cold ion traps and also for ISM envi-
ronments where the present anions are expected to be present. As
with the cross sections of Fig. 5, the upper two panels report excita-
tion processes, while the lower two panels show the behavior of the
de-excitation processes. Solid lines refer to the C;N~ anion, while
the dashed lines are for the C,H™ case.

It is interesting to note, when looking at the results in the two
upper panels, that the differences in size between rates for AN =1
and those for AN = 2 are fairly small in the case of the C;N™ target
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while are markedly larger for C;H™ as a target. This is again due to
the greater effects of the energy gaps between rotational states, which
exist between the two anions, as shown in Fig. 3. These types of dif-
ferences are also present in the de-excitation rates reported by the
two lower panels, where again we see that the differences in size of
the rates for each of the anion are all within less than one order of

Temperature / K

magnitude. As expected, we see that the rates follow closely the indi-
cated differences discussed earlier between cross sections for both
systems.

The data reported by the four panels of Fig. 7 make a picto-
rial comparison between sizes of specific rate values at two different
temperatures: at 15 K in the two upper panels and at 50 K in the two
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lower panels. They confirm what was discussed earlier and underline
the delicate interplay between the structural and dynamical differ-
ences controlling the state-changing collisions between rotational
states in the two anions.

The upper two panels of Fig. 7 compare two de-excitation rates
for two different initial states: N = 2 in the left panel and N = 4 in the
right panel. The following comments can be made:

(i) the rates for the C;N™ anion are larger for AN = -1 pro-
cesses while becoming smaller than those for C;H™ for
AN = -2 processes. The switching is related to the differences
in multipolar coefficients discussed earlier.

(ii) for the same types of transitions at the higher temperature
shown in the lower two panels, we see that the inversion of
relative magnitudes when going from AN = —1 processes to
the AN = -2 is still present and linked to different coupling
strengths of their state-changing dynamics.

Indicators on possible propensity rules for the size-dependence
of the cooling (de-excitation) rates from an initial rotational state
and down to different final levels are reported in the two pan-
els of Fig. 8. The variations in size of the rates from the ini-
tial N = 8 to all final levels below are shown at two different
temperatures.

Figure 8 verifies directly what we have already discussed when
analyzing the cross sections and the rates, i.e., those in the collisional
cooling (de-excitation) cascades within each system are linked to the
differences in the structural features of the interactions between the
anionic partners and the He atom. It is immediately clear that tem-
perature does not play a significant role and that structural features
are largely driving the differences. In the case of the C;N™ anion,
increasing the AN values down the ladder uniformly reduces the
size of the inelastic rates as the energy gaps uniformly increase. Such
differences are smaller than those for C;H™ where larger energy
spacings occur between levels. Within this decrease in size, how-
ever, we still see that for C;N7, the transitions involving odd AN
values are larger than those with even values, while the opposite is
true for the C;H™. This is again linked to the dynamical couplings
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induced by the attractive A = 1, 3, and 5 odd terms of the multipo-
lar expansion of the C;N7, as shown in Fig. 2. On the other hand,
for the C,H™ anion, we see an even more marked effect linked to
the relative strength of the multipolar coefficients (see again Fig. 2),
since the A = 2 and 4 potential coupling terms have a shallow attrac-
tive well in the outer radial range and become strongly repulsive
around the turning point values at the energies of interest. We
therefore see that they induce rotational torques during dynamics,
which would favor transitions into final states where even AN values
occur.

It follows from the above considerations that collisional repop-
ulation of rotational levels will take different preferential paths in the
two title systems, a result that would suggest the final presence in the
relevant environments of different populations for their molecular
rotational states.

Rates for all transitions between N = 0 and N = 8 for
C,H™ and between N = 0 and N = 15 for C;N~ are provided
in the supplementary material for temperatures between 0 K and
100 K.

IV. MODELLING QUANTUM DYNAMICS OF LASER
PHOTO-DETACHMENT PROCESSES IN COLD TRAPS

One of the important processes, which can take place in cold
ion traps'*”’ where molecular anions can be confined, involves
studying the internal state evolution under laser-induced detach-
ment of the extra anionic electron. The study of the photo-
detachment of molecular anions is obviously more complicated than
for atomic PD processes due to the increasing number of acces-
sible pathways, which become available in the case of molecular
targets. Molecules exhibit a higher density of lower-lying electronic
states while one must further consider the increase in the density
of states due to the additional vibrational motion, i.e., rovibrational
and pre-dissociative states of the initial anion are actively present
as the bound electron is moved into the continuum by the laser
beam. The analysis of the PD mechanism for molecular negative
ions also provides an important tool for the studies of reaction
dynamics, where one wants to employ the initial anionic partner in
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FIG. 8. Size changes of rotationally
inelastic collisional rates for the C,N—
(left panel) and the C,H™ (right panel)
anions. The two curves in each panel
refer to two different temperatures as
reported in the captions. The rates are
calculated from the N = 8 state in
each molecule, at the two temperatures
shown, and the downward rates are
given as a function of the final state for
each anion (see the main text for further
discussion).
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a reaction to be specifically produced in a given rovibrational state
of its ground electronic state as the neutral is generated in the PD
reaction.

This process follows this sequence of events: (i) collisional
population re-distribution among the rotational levels of the anion
loaded in the trap and interacting with He, as the prevalent buffer
gas, at a given trap temperature, and (ii) switching on of the photo-
detaching laser after the previous rotational population equilibra-
tion has been achieved. One could then decide to vary the laser’s
operational wavelength to selectively depopulate different rotational
states of the anion present in the trap after step (i), producing
the ejected electron either at the threshold or away from it, or
simply follow the total anion losses in the trap during the photo-
detachment (PD) step; (iii) test the dynamical effects from changing
other operating conditions such as buffer gas density, trap equili-
bration temperature, laser power, and laser wavelength in order to
find the best choices for the PD processes tailored to the specific
systems.

To follow the above steps in modeling the PD process, the state-
changing collisional rates for the molecular anion of interest need
to be known at different operating temperatures. Furthermore, we
need to know as best as possible the PD rates (obtained from the PD
cross sections as functions of the initial rotational state, as we have
previously discussed"**’). As a comment about the calculated cross
sections and rates for state-to-state inelastic processes, it suffices to
say that the dominant inelastic processes we found for the present
systems are those for which the state-changing values of AN = 1, 2
and for which the rates at a temperature of, say 20 K, are of the order
of 107" in units of cm® s™'. As a comparison, the corresponding
spontaneous emission Einstein A coefficients for the C;H™ anion
(in units of s71) vary to be from about 1073 to 107> times smaller
than the collisional rate constants for this system.*® We shall there-
fore chiefly consider only collision-induced effects in the present
analysis.

For modeling the rotational population evolution dynamics,
the master equations need to be solved using the collisional ther-
mal rates already computed above, at each chosen trap temperature
and for the range of selected He density, which are expected to be
experimentally achieved,

dﬂi(i’) 3
dr

S ni(£)Ci(T) - n,—(t)(ZP,j(T) + Kf”). (3)

J#Ei i#j

The quantities P;;(T) are the rates for the destruction of level i,
while its formation rates are given by the C;i(T) terms. During the
collisional step, i.e., before the laser is switched on, the coefficients
are given as P;j(T) = nueki—j(T) and Cji(T) = nuekj— i(T). These rela-
tionships describe the “collision-driven” time evolution process of
thermalization of the relative populations of the rotational levels
of the anion, which are reached at the selected buffer gas temper-
ature and for a given density #g. in the trap. Once thermalization is
reached and the PD laser is turned on, Kf D is the additional destruc-
tion rate of the selected level i caused by the PD laser. The set of rates
K,P D is critical in the experiments, in general, and for the present
numerical simulations because they drive the destruction of both the
population of one specific rotational level i and of all the molecular
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ions, which have been populating that specific state during the pre-
vious thermalization step in the traps. As the trapped anion is still
undergoing collisions with the buffer gas, there is now competition
between the laser-induced de-population of a rotational level and its
collisional re-population in the trap.

In the experiments of this study, these rates depend on the laser
photon flux and on the overlap between the laser beam and the ion
cloud within the trap. Since these parameters, as well as the absolute
values of the state-to-state PD cross sections, are presently unknown
for the title molecular anions, we shall introduce a scaling parameter
that we have already discussed in our earlier work'***" according
to which the relation between the required rate and the estimated
cross section is given by

K = a(v)ok’ (v). (4)

The above scaling parameter a(v) accounts globally for model-
ing the relative role of different features of the photo-detachment
experiment, which are effectively the laser-driven features of the
PD dynamics. They include quantities such as laser-flux and spatial
overlap, which compete with the pure collisional rates that repopu-
late the anion’s rotational levels via its interaction with the buffer gas.
The specific scaling of that parameter within the modeling allows
us to simulate either a “collision-dominated” situation or a “PD-
dominated” situation whenever the laser strength is markedly varied
by taking the a(v) to be either equal to 1.0 or one or more orders
of magnitude smaller, as shown in our earlier work'*""" and as
discussed below. The values of o5”(v) can be obtained through an
analysis that we have presented before.**" " Briefly, the PD cross
section is given as

Ninax ’ 2
ok’ (v) o< Y. [CNoto| (B~ E)?O(E - Eyy). 5)
N’=0

Here, ©®(E — Ey) is a step function so that only transitions
with E;, < E are considered, and the Clebsch-Gordan coefficient
enforces the selection rule AJ” = +1 for the specific PD process
under consideration. Since the rotational levels’ relative popula-
tions initially also sum to one, they have a limited effect on the
relative sizes of the PD cross sections and the PD curve identified
by the above equation. Hence, the most important factors are the
selected value for the p exponential parameter, a factor linked to
the dipole selection rules of the photon-induced electron detach-
ment and to the dominant partial wave (angular momentum) of
the ejected electron, as discussed in Refs. 48 and 65-67. The actual
wavelength v of the laser source with respect to the threshold of
the specific electron-detachment process is also an important fea-
ture in the discussion of the PD processes, as we shall further show
below.

Following the prescription indicated in Eq. (5), we have cal-
culated the relative values of the photo-detachment cross sec-
tions for the C;N™ anion. The data for the C;H™ anion we use
here for comparison were presented before,”* " and therefore, we
shall only discuss them during the analysis of the compared data
below.

Tables I and II report three different choices for the exponential
parameter already defined in the equation for the photo-detachment
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cross section. They were chosen according to what is known about
the experimental findings on the C;N™ anion, as discussed, for
example, in Ref. 43. Briefly, the photo-detachment process origi-
nates from the linear anion in its (X°Z7) electronic ground state
with a molecular orbital (MO) configuration given as (core) 7t o? 7.
Removal of an electron from the highest occupied 7 or ¢ MO pro-
duces the neutral (X*II) or neutral (a*X7) final states since they are
both accessible from the initial anionic states. As already shown in
previous work, " photo-detachment from a 7 or & MO at thresh-
old energies can be mainly described as proceeding via either s + d
partial-wave contributions from the ejected electron or via a p-wave
scattering contribution. Accordingly to the previous definition of
the PD cross section, we can then assign to each of the outgo-
ing electron channels different values of the exponential parame-
ter p = 0.5 for s-wave scattering, 1.5 for p-wave scattering, and 2.5
for d-wave scattering. These two tables therefore report our rela-
tive estimates of the cross sections for all three possible values of
the exponential parameter. The data in Table I present our results
for the case in which the laser frequency is chosen to be resonant
with the value of the electron affinity (EA) for the present anion,
while the data in Table II indicate the cross section values when
the laser frequency is increased by 50 cm™" above threshold. The
data clearly indicate that the relative values of the PD cross sec-
tions are affected by both the initial value of the anion rotational
state N and the specific dominant partial wave for the outgoing elec-
tron. Such a difference will be clearly reflected in the dynamical
modeling of the loss rates in the trap that we will further present
below.

The computational results for the case of the C;H™ anion in
the trap were already reported earlier by us in previous work'*"
and will not be repeated here. New calculations have been carried
out for comparison and are given for the C;N™ anion by the four
panels shown in Fig. 9. The laser action is switched on after 5 s,
which is well beyond the time needed for the collisional equilibra-
tion of the populations of the rotational levels to the temperature
of the trap of 15 K. Earlier experiments*’ indicate that two peaks
are associated with the transitions to the neutral (X*II) state due
to the splitting into two spin-orbit components. In the case of the
C;N, this splitting was found to be 38 cm™}, close to earlier esti-
mates and calculations of 40 cm™'. We shall not include this value
in estimating the energy of the ejected electron since the EA value

3

TABLE . Relative values of ok° (v) for C;N~ as a function of the rotational state
N, given by the first column, and the different p values reported by the next three
columns. The value of v is fixed to be that of the electron affinity (EA) at 2.7489 eV.

N p=05 p=15 p=25
0 0.00 0.00 0.00
1 0.23 0.03 0.003
2 0.35 0.06 0.01
3 0.44 0.11 0.03
4 0.51 0.16 0.05
5 0.58 0.22 0.08
6 0.64 0.28 0.12
7 0.69 0.35 0.18
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TABLE II. Same data as in Table |. Relative values of of° (v) as a function of p for
v=EA+50cm~".

N p=05 p=15 p=25
0 1.000 1.000 0.934
1 0.999 0.999 0.935
2 0.999 0.999 0.936
3 0.999 0.999 0.938
4 0.999 0.999 0.940
5 0.998 0.999 0.942
6 0.997 0.999 0.946
7 0.996 0.999 0.947

is much larger (i.e., around 2.75 eV) and the location of the upper
(a*=7) is about 9000 cm™! above the lower (X°II) neutral state.
The photo-detachment process into the latter neutral product will
therefore involve at the threshold the p values of either 0.5 or 2.5.
The data presented in Fig. 9 in three of the panels show changes
in trap operation for the case of s-wave scattering, while all three
options for the p parameter are reported in the lower-right panel
of the same figure to compare their effects on the total anion loss
rates.

The most dramatic difference with the earlier studies we have
done on the PD population evolutions in small molecular anions in
cold traps®® " is the far higher number of populated rotational
states of C;N™ even at the low temperature of 15 K in the trap. In
the data shown in all panels, the laser frequency has been kept res-
onant with the molecular EA of 2.7489 eV and the density of the
buffer gas kept constant at 10'° cm™>. The upper left panel employs
the p exponent at 0.5, a value corresponding to the expected thresh-
old behavior of the ejected electron from the ground (X*27) state
of the anion undergoing photo-detachment of its outer 7 MO into
a free electron at threshold energy and the (X?T0) state of the neu-
tral. We see that all rotational states up to N = 8 are populated after
collisional equilibration of the molecular rotational state population
within the trap. On the reported time scale, the PD laser is switched
on at t = 0 and the first 5 s evolution of fractional population
losses is shown. We clearly see that essentially a uniform exponen-
tial decay if followed separately by each of the populated states in the
trap.

As a different p exponent value is chosen, however, we see that
the photo-detachment loss rates on the upper right panel corre-
spond now to a threshold electron being ejected from an outer o
orbital of the initial anion into a free electron plus the next (a*X~)
state of the final neutral molecule. Here, the loss rates evolve much
more slowly, and on the same time scale, we see that their relative
populations remain much higher in the trap. Such differences of
behavior should be amenable to detection in possible experiments.
When the p exponent is further changed to the value correspond-
ing to the higher energy component in the partial-wave expansion
of the ejected electron from an outer 7 MO into the (X*IT) ground
electronic state of the neutral molecule, we see from the changes of
fractional populations of the rotational states populated initially at
15 K (lower-left panel of this figure) that the decay rates become even
smaller and some of the higher rotational states are hardly depleted
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during the shown time interval that was essentially emptying them
in the data of the upper-left panel. This clearly indicates that the
dominant partial-wave component for the ejected electron markedly
affects the photo-detachment efficiency described by the value of
the PD rates included in the previous set of coupled evolutionary
equations.

A summary of such effects is presented in the lower-right panel
of Fig. 9, where the total values of the fractional population losses
are given for the three different choices of the p exponent in the
expression for the PD cross section shown earlier. We clearly see the
marked differences in the rate losses within the allotted time inter-
val, indicating again that such differences in trap depletion behavior
could be experimentally detectable.

Another interesting comparison is reported in the four panel
of Fig. 10 where we compare the laser-induced population losses in
the traps for two different values of the buffer gas density: on the
two left panels, this value is kept at 10'° ¢cm™3, while the data in
the two left panels are taken to be 10'* cm™. The laser frequen-
cies are selected to be resonant with each of the chosen molecules
in the data reported by the two panels on the left of this figure, while
the data in the two panels on the right show an increase in the laser
photo-detachment energy by 50 cm™. Besides showing the varia-
tions of the computed global losses when varying the operational
conditions of the trap for the two title anions, we have also added as
a comparison the results we have obtained for another system stud-
ied in photo-detachment experiments in traps: the CN™ anion that
we have discussed in some of our recently submitted work.”*” The
latter anion is a closed-shell, (*£) molecule with a permanent dipole
moment of 0.709 D. Its EA value has been recently measured very

accurately to be 3.6843(2) eV,%” and at the threshold, the process is
considered to chiefly give rise to an s-wave scattering electron mod-
ified by the dipole of the anion so that a value of the p exponent of
around 0.44 can be realistically chosen, as discussed in an upcoming
publication.”’

The upper-left panel of Fig. 10 presents two choices for the
present C;N™ anion of the p exponent describing its PD cross sec-
tion energy dependence and associated with the dominant s-wave
and dominant p-wave behavior of the ejected electron at the thresh-
old, as already discussed earlier. For the C;H™ anion, the threshold
behavior of the ejected electron is known to be chiefly controlled
by p-wave scattering,“’ and therefore, the total loss rates reported
in this panel employ the p = 1.5 exponential value. It is also inter-
esting to note that the permanent dipole moments, involved in the
evaluation of the transition moments defining the PD cross sec-
tions, show the largest value (3.09 D) for the C;H™ anion, followed
by the C;N™ (2.18 D), and then by the CN™ (0.709 D). How-
ever, these values are not dominating the PD process in the trap
since collisional efficiency and density of rotational states in the
three systems are also important contributors. Thus, we see that
the slowest anion losses in time occur for the two largest expo-
nents describing the dominant partial waves of the ejected elec-
trons. On the other hand, the two cases where at threshold s-
wave scattering dominates exhibit here faster anion losses in the
trap.

This relative behavior is also maintained by the data seen
in the upper-right panel of Fig. 10: the trap setting, which
has been changed, is the density of the buffer gas atoms, thus
making the PD process to be driven by the increased collision
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FIG. 10. A comparison of the computed
results for the PD-induced rotational pop-
ulation decays for three different polar
anions reported in the captions, under

different trap conditions. The trap tem-
perature is set to 15 K, while the two

T top panels select the laser frequency to
be resonant with each EA value of the
anion. In the lower two panels, the laser
frequency is more energetic by 50 cm="
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numbers and the increased role of the collisional repopulations of
the rotational states of the trapped molecule, referred to earlier as a
“collision-dominated” photo-detachment process. We can therefore
say that the more important differences between similar molecu-
lar anions are linked to their structural properties that decide the
dominant partial wave during the threshold ejection of the extra
electron.

As the photon energy is increased well above the EA thresh-
olds in each system, as shown in the lower two panels of Fig. 10,
we see how remarkably the anion losses are driven by the energet-
ics of the laser and not by the structural features of the individual
target: the present examples now exhibit markedly higher rates of
decaying fractional populations of their anions. Additionally, the
rates are the same for all of them without having their structural dif-
ferences playing any significant role during the trap processes. We
also clearly see that increasing the presence of collisional effects (in
the lower-right panel) does not have any significant role in modi-
fying the anion loss rates. In all the present systems, we also note
that a single exponential decay can describe their rates, indicating
that no structural features involving relative re-population between
different rotational states are important enough to modify the rates
during decay processes. This fact was also indicated by the individual
decay rates shown by different rotational states of the C;N™ anion
shown in the panels of Fig. 9. At the considered trap conditions of
temperature, much fewer rotational states (i.e., up to j = 3) are signif-
icantly populated for the C;H™ anion and for the CN™ anion (also up
toj=3).

Finally, by changing the value of « in Eq. (4), the time
for anion loss for PD is modified. This accounts for details of
a PD experiment as shown in our previous study of PD pro-

cesses involving the ortho-NH; and para-NH; anions”” where the

Time (s)

value of a was scaled to experimental ion losses. An order of
magnitude decrease in the value of « leads to an order of magni-
tude increase in trap time. Thus, our calculations also find that for
o values scaled down to 0.1 or 0.01, the survival of anions in the
traps can be extended up to hundreds of seconds for the present
systems.

V. CONCLUSIONS

In this work, we have analyzed in detail the structural fea-
tures of the interaction potential energy between He atoms and
two small linear anions, which have been often considered to be
present (albeit not yet detected) in ISM when modeling the chem-
istry of such an environment, C;H™ (X'=7) and C,N™ (X°27). We
have employed the ab initio computed PESs to further evaluate the
network of state-changing cross sections involving their lower rota-
tional states in each of these systems, which would be significantly
populated at the expected temperatures of interstellar conditions.
The computed cross sections were then employed to obtain the cor-
responding state-changing rates over a range of temperatures also
significant for interstellar environments. The calculations found dif-
ferent relative sizes between rates in both systems and the pref-
erence of transitions involving the AN = 2 selection rule for the
C,H™ anion, while transitions with AN = 1 are dominating for
the C,N~ anion. These differences of behavior can be linked to
the structural differences between coupling dynamical terms in the
interaction potentials, which guide rotational state-changing colli-
sions for either molecular anion. Differences in propensity rules
involving transitions with larger AN values also indicate that the
C,N™ anion would favor transitions with odd values of AN, while the
even values are those favored for C;H™. On the whole, however, our
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calculations find that both anions behave similarly in terms of effi-
ciency of collisional state-changing probabilities, while specific dif-
ferences between processes are clearly present and can be amenable
to observations.

We have also modeled the behavior of both molecular anions
when uploaded to cold temperature ion traps (e.g., for temperatures
around 15 K as an example) and using He as a buffer gas in the
traps. In particular, we have modeled the photo-detachment pro-
cesses of both anions after collisional equilibration of their populated
rotational states at the trap temperature. By modifying trap oper-
ating conditions such as the density of the buffer gas, the energy
of the photo-detaching laser, and its power via scaling the corre-
sponding PD rates driven by the laser, we have found differences
of behavior between the two systems and indicated their crucial role
in controlling the global loss rates of trapped anions of the dominant
partial wave of the ejected threshold electron. The latter parameter
depends on the selection rules of the PD process and on the ini-
tial and final electronic states of the anionic and of the final neutral
molecule. The increase in the photon energy of the laser is also sig-
nificantly affecting the loss rates and is seen in our modeling that can
shift operating conditions from being either chiefly collision-driven
events or laser-driven events, as we have already discussed in our
earlier work. "%

The availability of accurately determined state-changing rota-
tional rates at the temperature of the ISM for molecular ions
employed in these networks is expected to document more realisti-
cally the values for such quantities within kinetic models of chemical
processes and energy exchange processes in this environment. We
also suggest that our specific results for estimating the rates of ion
loss changes in cold ion traps under different trap conditions could
help in the preparation of future experiments on these anions.

SUPPLEMENTARY MATERIAL

See the supplementary material for the V) multipolar coeffi-
cients for the C,N~/He PES, the computed rates for C,H /He, the
computed rates for C;N ™ /He, and a readme file explaining the for-
mat and units of the rates. The supplementary material also contains
a Fortran routine for the C;N"/He potential energy values of the
new PES.
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