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Cold reactive and nonreactive collisions of Li and Rb with C,~:
Implications for hybrid-trap experiments
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We present a theoretical investigation of cold reactive and nonreactive collisions of Li and Rb atoms with
C,~. The potential energy surfaces for the singlet and triplet states of the Li-C,~ and Rb-C,~ systems have
been obtained using the CASSCEF followed by ic-MRCI approach with extended basis sets. The potential energy
surfaces are then used to investigate the associative detachment reaction and to calculate rotationally inelastic
cross sections at low collision energies by means of the close-coupling method. The results are compared to
those obtained for other anionic systems such as Rb-OH™, and the implications for hybrid-trap experiments
and sympathetic cooling experiments are explored. Furthermore, we discuss the possibility to perform Doppler
thermometry on the C,~ anion and investigate the collision process involving excited electronic states.
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I. INTRODUCTION

The study of atomic and molecular dynamics in the cold
and ultracold regimes, which started several decades ago, is
a very prolific domain of research. The ability to confine
and cool down atoms at below-microkelvin temperatures us-
ing laser schemes has resulted in numerous exciting break-
throughs, while the study of cold molecules, which present
additional internal degrees of freedom, have led to interesting
areas of research [1-3] ranging from precision spectroscopy
[4] and tests of fundamental constants [5] to quantum control
of chemical reactions [6]. A broad range of experimental
methods such as Stark deceleration [7], sympathetic cool-
ing [8,9], and even direct laser cooling [10] can be used
to cool down molecular gases. In particular, molecular ions
offer interesting possibilities since they can be easily trapped
using radio-frequency [11] or Penning [12] traps. This allows
subsequent cooling using a cold (such as cryogenic helium)
or ultracold (such as laser-cooled atoms) buffer gas. So far,
most experimental groups have been focusing on molecular
cations. However, following the discovery of anions in various
astrochemical environments [13—15], the proposal of laser-
cooling schemes for atomic [16] and molecular [17] anions,
and the prospects of sympathetic cooling of antimatter using
cold anions [18], an increasing theoretical and experimental
effort has been devoted to negatively charged systems. The
most general approach to produce cold ions is sympathetic
cooling. One of the most important features is that radio-
frequency traps are state independent and usually have rather
deep wells [11] (around 1 eV), which prevents inelastic colli-
sions from causing trap losses of the ions. However, reactive
collisions may still lead to losses through charge transfer or
other mechanisms that involve neutralization of the ions. In
the case of anions, one such mechanism is the associative elec-
tronic detachment (AED) reaction, AB™ + C — ABC + ¢
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The reaction occurs through the crossing of the ABC and
ABC™ potential energy surfaces (PESs), defining the autode-
tachment (AD) region where the anionic state is embedded
in the continuum of the neutral state and can spontaneously
eject its excess electron [19]. The autodetachment rate is
very large when the AD region is reached [20], often around
10'4-10' s~!'. In order to get a low AED rate, one general rule
would be to choose a closed-shell AB™ species with a large
electron affinity. Several such candidates have been recently
proposed for sympathetic cooling with ultracold alkali-metal
and alkaline earth atoms [21]. However, the position of the
AD region will still depend on the atomic collision partner.
For example, trap losses have been experimentally observed
for the Rb + OH™ system [22]. We have previously shown
that choosing another alkali-metal or alkaline earth atomic
species would not lead to detachment [23] since the vertical
detachment energy of MOH™ depends on M. An other exam-
ple is the CN™ anion for which the AED reaction can occur
for some collision partners despite having a large electron
affinity (3.862 eV) [24,25]. In conclusion, it is difficult to rely
on general molecular properties to predict whether or not to
expect AED reactions at low temperatures without explicitly
calculating both the anion and neutral PESs. This is especially
true when dealing with open-shell species.

In the present paper, we investigate the possibility to
sympathetically cool the C,~ anion using ultracold Rb or
Li atoms. The choice of Rb is motivated by its current use
in hybrid-trap experiments involving molecular anions [22]
while Li is the lightest alkali metal. The results for other alkali
metals are expected to lie somewhere in between, as shown
for collisions of OH™ with alkali-metal atoms [21,23]. The
molecular anion C,~ has been widely studied both theoreti-
cally [26-29] and experimentally [30—34], in particular in the
context of astrochemistry since it has been predicted to exist
(but not yet detected) in some astrophysical environments
[35]. C,™ is an open-shell species with 22;' symmetry and an
electron affinity of 3.2 eV [26]. It possesses several electronic
excited states that could be used in laser-cooling schemes
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[17,36,37]. Furthermore, these excited states may be used to
perform fluorescence imaging and Doppler spectroscopy in
the context of sympathetic cooling experiments [38]. This
nondestructive method should allow one to map the position
of the anions and estimate their translational temperature. It
could be compared to destructive measurements such as pho-
todetachment tomography [22]. Thus, in addition to threshold
photodetachment spectroscopy [32], several ways of measur-
ing the translational and rotational temperature of C,~ can
be used. Furthermore, the ability to control the excited state
of Li or Rb through a tuning of the magneto-optical trap
(MQOT) laser’s intensity or via the repumping laser when a
dark spontaneous optical trap (dark SPOT) scheme is used
[39], as well as C,~ using an electronic transition, opens up
the possibility to study excited-state dynamics.

In an ideal situation, the energy is thermally distributed
along the different degrees of freedom and the ions should
quickly thermalize with the buffer gas. However, in practice,
the presence of the laser field, the coupling of the ion motion
with the rf field [40,41], collisions with the background gas
[42], reactive collision with the buffer gas, and blackbody
radiation inside the reactive chamber lead to a nonequilibrium
situation. Therefore, the cross sections and rate constants
related to the different processes are needed to correctly
describe such an environment.

This work is structured as follows: In Sec. II, we present
the calculation of the potential energy surfaces for the Rb-C, ™~
and Li-C,~ complexes. In Sec. III, we investigate the AED
reaction, both from ground-state and excited-state channels.
In Sec. IV, we use the PESs to perform close-coupling cal-
culations and extract rotationally inelastic cross sections and
rate constants corresponding to the (de)excitation of C,~ in
collisions with Li and Rb atoms.

II. POTENTIAL ENERGY SURFACES

The interaction between Rb(>S) or Li(%S) and C,~(* E;r)
leads to singlet and triplet ¥ molecular states for the linear
case (Cyp point group), which become A’ states at bent ge-
ometries (C, point group) and A; for the “T-shaped” structure
(Cy, point group). All our calculations have been performed in
the C; point group, and subsequent symmetry considerations
are therefore discussed using the C, terminology. The singlet
and triplet molecular states arise from different electronic
configurations. For the Rb-C,~ singlet state the valence elec-
tronic configuration is 8a”9a?2a"*10a", where the first three
molecular orbitals are mainly formed by the 2p atomic orbitals
of the carbon atoms. The main electronic configuration of the
triplet molecular state is 8a”?9a’'2a"*10a’, where the 104’
molecular orbital has a large contribution from the 5s atomic
orbital of Rb. Both configurations become degenerate at large
distance and adiabatically lead to the C,~(* ThH+ Rb(3S)
dissociation channel. The same is also true for the Li-C,~
states. This system is a typical multireference case where a
single-reference method such as the coupled-cluster approach
will not be suitable. Therefore, the complete active space self-
consistent field (CASSCF) method has been used to obtain a
set of state-averaged molecular orbitals. For Rb-C, ™ the active
space includes ten ¢’ and three a@” molecular orbitals, corre-
sponding to the valence atomic orbitals of the two C atoms

FIG. 1. Jacobi coordinates defining the M-C,~ molecular sys-
tem, where M = Li or Rb.

and the 4s, 4p, and S5s atomic orbitals of Rb. For Li-C, ™, the
active space includes all orbitals of Li and the valence orbitals
of the C atoms, resulting in eight &’ and two ¢” molecular
orbitals. The internally contracted multireference configura-
tion interaction with single and double excitation (ic-MRCI) is
then applied to the CASSCF wave function for each state [43].
In addition, a correction for the size inconsistency problem
(Davidson correction) has been taken into account [44-46].
This correction is usually denoted by MRCI4-Q since it allows
one to account for the effect of quadruple excitations. The
AWCVS5Z basis set [47] has been used for the Li atoms with
inclusion of the ls electrons into the correlation treatment.
The Rb atom is described by the ECPMDF28 (shortened to
MDF) electron core potential (ECP) [48]. The latter allows
the 4s, 4p, and 5s electrons to be explicitly correlated. The
corresponding orbitals are described by the companion spdfg
basis set of the MDF ECP [48]. Following our previous work
on alkali-metal and alkaline earth hydroxides [23,49], both Rb
and Li basis sets have been extended with 3s, 2p, 1s, and 1f
even-tempered diffuse functions. We have also investigated
the influence of the core 1sc electron correlation on the PES,
which is often neglected. When including the lsc orbitals,
we have used the core-correlation-consistent AWCVQZ basis
set for the C atoms while the AVQZ basis set has been used
otherwise. All calculations have been performed using the
MOLPRO 2012 package [50]. In order to compute the PES for
further scattering calculations, the M-C,~ system (with M =
Li or Rb) is described by the Jacobi coordinates Ry, 6, and
r illustrated in Fig. 1. Since we investigate low-temperature
collisions, the vibration of C, ™ is not expected to be important
and the distance r was held fixed at 1.268 A [34] so that the
C,~ molecule will be treated as a rigid rotor.

The potential energy curves for M-C,~ (where M = Li or
Rb) at 6 = 0° and 6 = 90° are shown in Fig. 2 for both the
singlet and the triplet A" states and with the 1lsc electrons
correlated. The energy is given relative to the C,~(* Z;) +
M(S) dissociation limit. As can be seen, the triplet state
is an excited state of the M-C,~ molecular species. The
adiabatic excitation energies at § = 0° are around 0.08 and
0.15 eV for Rb-C, ™ and Li-C, ~, respectively. At 6 = 90°, this
energy difference becomes 0.06 and 0.51 eV, respectively. The
depth of the potential well for the singlet and triplet states is
largest at 6 = 90° and smallest at & = 0° for both systems.
The equilibrium geometry of the M-C,~ species in both spin
multiplicities therefore corresponds to a T-shaped structure
while the collinear structure (6 = 0°) corresponds to a saddle
point. The larger difference between the singlet and triplet
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FIG. 2. Potential energy curves for the 'A’ (solid) and A
(dashed) states of Li-C,~ and Rb-C,~ for & = 0° and 90°. The
calculations were performed at the SA-CASSCF/MRCI+-Q level of
theory with the 1sc orbitals correlated while the distance » was fixed
at1.27 A.

states for Li-C,~ may be explained by the stronger mixing
of the 2pc and nsp; atomic orbitals, hence leading to larger
energy gap between the &’ orbitals of Li-C,~ and a larger
excitation energy. The value of the well depth for Li-C,~
and Rb-C,™ at the angles 8 = 0° and & = 90° in both spin
multiplicities and with or without correlating the 1sc electrons
is given in Table I. The effect of the 1sc correlation is rather
small (Iess than 3%) but depends on both the distance Ry, and
the angle 6. It is worth noting that including the 1s¢ electrons
into the correlation treatment leads to considerably larger
computational effort: the number of contracted configuration
state functions and the memory used increases by a factor
of 5, and the calculation time by a factor of 14. However,
correlating the core orbitals of C,~ was necessary to achieve
convergence and avoid root-flipping problems in the repulsive
region of the PES.

The well depth of Rb-C,~ (1.33 eV) is similar to that
for other systems such as Rb-CN™ (1.20 eV), Rb-NCO™
(1.25eV), Rb-C,H™ (1.36 V), and Rb-C4H™ (1.17 V) [21],
but smaller than for Rb-OH™ for which the interaction energy
at the minimum is about 2 eV [51]. The well depth of Li-C,~
is about 1.7 times larger than for Rb-C, ™, in agreement with
the trend observed for several other systems where Li com-
pounds are found to be more strongly bound [21,23]. Unfortu-
nately, no experimental results are available at the moment for

comparison. It should be noted, however, that properties of
C,~ such as the electron affinity, the equilibrium bond length,
and the excited-state energies are all well described by the
MRCI method [26].

The anisotropy of the potential plays an important role
in rotationally inelastic collisions of C,~ with Rb or Li. A
rough estimation of the anisotropy may be obtained by taking
the energy difference between extremum structures (6 = 0°
and 8 = 90°). The values obtained are given in Table I. For
Rb-C,~ (X'A") and Rb-C,~ (1%A) the AEy_oo values are
similar and can be compared to other systems such as Rb-CN™
(0.07 eV) and Rb-NCO™ (0.14 V), and Rb-C,H™ (1.01 eV),
Rb-C4H™ (1.05 eV) [21], and Rb-OH™ (1.20 eV) [51]. For
singlet Li-C,~ the AEy_g¢- is larger than for Rb-C,~ while
being similar for the triplet state. Differences between the
singlet and triplet PESs are therefore significantly larger for
Li-C,~. A more rigorous picture of the anisotropy can be
developed by performing an expansion of the PES in Legendre
polynomials, as described in Sec. IV.

The long-range interaction energy is dominated by the
classical charge-induced dipole interaction, V (R) = —a /2R*.
The polarizabilities of Rb and Li obtained by fitting this
expression to our Rb-C, ™ and Li-C, ™ potentials at long range
(from Ry = 18 A to Ry = 100 A) are 16543 for Li and 3144}
for Rb, in excellent agreement with the experimental values
[52] of 1644 and 319a;, respectively. The agreement slightly
decreases when the lsc correlation is neglected (168a3 and
308aj, respectively).

III. REACTIVE COLLISIONS

The only open reactive channel in the considered tem-
perature range (7T < 300 K) is the AED reaction M S) +
Cz’(zE;) — MC;,(*A;) + e The reaction usually occurs
when the PESs of the anion and neutral species cross, defining
the autodetachment region. In this region, the spontaneous
ejection of the excess electron usually takes place with a large
rate [20] (around 10'*-10" s7!). In order to verify if the
anion and neutral PESs cross, we have computed the potential
energy surface for both neutral species, Rb-C, and Li-C,. The
CASSCEF followed by MRCI+Q method with all electrons
correlated was used for the calculations. The neutral ground
state (A") was incorporated along with the singlet and triplet
anionic states into the state-averaged procedure in order to
obtain a common CASSCF wave function. Again, the states
are labeled according to the C, point group in which the cal-
culations have been performed. The results are shown in Fig. 3

TABLE 1. MRCI4Q well depth (E™") for = 90° and 0°, and energy difference between 6 = 0° and 6 = 90° at R, (AEg-_gg). Values

given with and without correlating the 1sc orbitals.

ENin (eV) EXn (eV) AEgo_ope (€V)
1 S%losed 1 SEPC“ 1 s%losed 1 Sgpen 1 sélosed 1 S(C’Pen
Li-C,~ 1A' —2.363 —2.300 —1.705 —1.690 0.658 0.610
34 —1.787 —1.788 —1.532 —1.539 0.254 0.248
Rb-C,~ 1A' —-1.327 —1.331 —1.109 —1.113 0.219 0.218
A —1.263 —1.268 —1.030 —1.037 0.234 0.231
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FIG. 3. PECs of the anion singlet (thin solid line) and triplet (dashed line) states, and of the neutral doublet state (bold solid line) for 6 = 0°
and 90° for the Rb-C,~ (left panel) and Li-C,~ (right panel) molecular systems. See text for computational details.

for the two extremum structures, namely, & = 0° and 90°. As
can be seen, the anionic and neutral curves cross above the
dissociation limit of the entrance channel, suggesting a small
rate for the AED reaction at room temperature and below.
In particular, the rate should be considerably smaller than
for OH™ + Rb for which the PESs of the neutral and anion
cross below the energy threshold for a large portion of the
angular space [49]. In the absence of energetically accessible

crossings between anion and neutral PESs, the electronic
detachment can only occur through nonadiabatic couplings.
The resulting detachment rates are usually small [20] but
depend on the reduced mass, the nature of the anionic wave
function, and the energy difference between anion and neutral
PESs [53]. Therefore, differences between systems (Rb-C,~
and Li-C,7) and between singlet and triplet reactivity could
be seen.
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FIG. 4. Low-lying potential energy curves for the Rb-C,~ (top) and Li-C, ™~ (bottom) molecular species at = 0° (left) and 90° (right). The

two dissociation limits at which the molecular states correlate are shown. The grey region corresponds to the autodetachment region. Energy
is given relative to the ground-state dissociation energy.
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FIG. 5. Energy (in eV) of the different channels involving collision between Rb (left) or Li (right) with C,~. The neutral and charge-transfer
channels are shown in bold and blue, respectively. The different excitation energies and electron affinity of Li, Rb, and C,~ are taken from the

NIST database.

The C,~ anion supports several bound excited electronic
states, allowing the use of Doppler thermometry to measure
its translational temperature. The latter method implies an
excitation of the C, ™ anion into one of its stable excited states.
By doing so, collisions between excited C,~ and Rb may
occur, leading to a different reactivity. In order to investigate
the possible outcome of such collisions, we have calculated
the excited PESs of the molecular states that correlate to the
M(S) + C,~(?I1,) dissociation channel, where I, is the
first electronic excited state of C,~. The CASSCF followed
by MRCI+Q method with closed 1sc orbitals has been used.
The results are shown in Fig. 4 for both M = Li and M = Rb
at 8 = 0° and 90°. The term symbols of the molecular states
are given in their “true” point group (i.e., Cy, and Cq, for
6 = 90° and 0°, respectively) and, in parentheses, in the C;
point group which defines intermediate geometries. The grey
region corresponds to the autodetachment region defined as
E > E, a1 As can be observed the excited-state curves
cross the autodetachment region below the energy of the en-
trance channel. This suggests that the AED reaction M (>S) +
Co (I1,) —» MC,(CA) + e is likely to occur with a large
probability. Furthermore, the rate should be close to the
Langevin rate since all collisional angles lead to crossing into
the autodetachment region. Higher excited states of C,~ such
as the 2 %, state may be used for Doppler thermometry instead
of the first excited ZI"IM state. However, since the molecular
states arising from the M S)+Cy %.5) entrance channel
lie above the one shown in Fig. 4, they will ultimately cross the
autodetachment region. The same can be said for collisions
involving Rb(?P), for which the entrance channel lies between
the two discussed above. The various entrance channels in-
volving excited states are shown in Fig. 5 for Rb and Li with

their respective energy relative to the ground-state channel.
Reactive channels involving bond breaking of C,~ will not be
accessible since the dissociation energy is about 8.1 eV (ob-
tained from CASSF followed by MRCI+-Q calculation with a
AWCVQZ basis set). Therefore, even the channel involving
both excited M(*P) and C,~(*X) states lies several eV
below the MC + C~ dissociation channel, which remains in-
accessible in the energy regime considered here. However, the
dissociative electronic detachment (DED) reaction M (*P) +
C, () — MES)+C(! %F)+e and charge-transfer
(CT) reaction M(P) +C,~CZ) — M~('S)+ (')
become energetically accessible. Both reactions will compete
with the AED channel, but the latter is likely to be dominant
since the system will first enter into the autodetachment region
before it can exit via the CT or DED channels.

In the case of Rb, the spin-orbit coupling may influence
the different potential energy curves. In order to verify that
the interaction between the A’ and A” states does not allow the
anionic states to drop below the neutral curve, we performed
spin-orbit (SO) calculations using the Breit-Pauli Hamiltonian
with the state interacting method for MRCI wave functions
implemented in MOLPRO [54]. Our calculations show that the
resulting SO interaction is negligible and does not affect the
dynamics in the sense that the AD region is still reached.

In conclusion, collisions involving excited species should
predominantly lead to AED reactions. Experimental measure-
ments could verify these hypotheses. Distinguishing the DED
from AED products is not straightforward since both reactions
lead to losses, and a specific detection method would therefore
be needed. Nonetheless, the CT products M~ should be easier
to detect. The AED rate from both >X} and 2TI, entrance
channels should be similar and close to the Langevin rate
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FIG. 6. Legendre coefficients v, (R)) for the singlet PES of
Rb-C,~ (dashed curves) and Li-C,~ (solid curves). Only the first
three terms of the expansion are shown.

since no additional long-range interactions have to be taken
into account. As has already been observed for N;r [55] and
OH™ [49], the rate should therefore be larger for the channels
involving M (*P).

IV. INELASTIC COLLISIONS

Since collisions of ground-state C,~ with either Li or Rb
atoms are nonreactive at low temperatures, we next investigate
the possibility of cooling the rotational degree of freedom of
C,~ through inelastic collisions. Rotationally inelastic cross
sections were calculated by means of the close-coupling (CC)
approach [56]. The method has been widely used on a variety
of molecular systems and details on the underlying theory may
be found elsewhere [57]. Here, we only briefly recall the main
equations of the CC approach. The method is based on an
expansion of the total wave function into an angular basis set:

V=R Y la) Xa(Ru), )

where Ry, is the radial distance and y, are radial functions
describing the nuclear motion. In the case of atom-diatom
(rigid rotor) collisions, the angular functions |«) are described
by the quantum numbers /, j, and J, which are eigenvalues
of the angular momentum operator of the colliding system,
the angular momentum operator of the rigid rotor, and the
total angular momentum operator, respectively. We thus have

1000

Cross section (A%)

-
o
o

150 200 250 300
Ecol\ (Cmq)

0 50 100 350
FIG. 7. Rotationally inelastic cross sections for Li-C,~
state; dashed lines, triplet state.

(left) and Rb-C,~

|ay = |1 jJ). Integration of the time-independent Schrodinger
equation over the angular variables leads to a set of coupled
differential equations:

+Zl/ /J|

2

K2 d? L
£ Xy g 0

V(Ry, 0
T dR2 + Ry, 0) + ——

2)

where the first term is the kinetic energy operator, E is the
total energy, j>/2I is the angular momentum operator of
the rigid rotor, V is the potential energy surface, and L is
the angular momentum describing the relative motion of the
colliding partners. The potential V (R, ) can be expanded
over Legendre polynomials:

V(Ry, 0) = Z ;. (Ry )P, (cos 0).
A

=Exi,

3)

The three largest coefficients vy (R),) obtained for the Rb-C,~
and Li-C,~ singlet potentials are shown in Fig. 6.

The potential allows for the coupling between different j
levels through the following matrix elements:

(LjJ\V (R, I j'T) “4)

where the A, j, and j values are subjected to the triangular
inequalities |j — j/| < A < j+ j [57]. Systems which ex-
hibit strong anisotropy (large v, for high A values) will have
larger inelastic cross sections. Moreover, in the present case
of atom—homonuclear-diatom collision the potential V (R, 6)
only contains even A terms (see Fig. 6) so that only Aj =2
transitions are allowed. In addition, due to symmetry upon
permutation of the total wave function, only rotational states
with even values of j are present in C,~ when considering the
most abundant isotope '2C.

The rotational constant and higher-order terms for C, ™ are
taken from Ref. [58]. These values have been used to construct
the angular basis for the close-coupling calculations with
inclusion of rotational states up to j = 30. The CC equations
were solved by means of the hybrid modified log-derivative
Airy propagator [59] implemented in MOLSCAT [60] over a
grid of distances from 3ay to 200ay. For distances below
50 A, the usual log-derivative propagator is used while for
Ry > 50 A the Airy method is employed. Inelastic cross
sections were obtained for collision energies up to 400 cm ™!
for Li-C,™ and Rb-C, ™ in the singlet and triplet states.
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(right) scattering in the initial state j = 4. Solid lines, singlet
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FIG. 8. Aj = 2 rotationally inelastic cross sections for Li-C,~ (left) and Rb-C, ™ (right) collisions in various initial states. Solid lines,

deexcitation; dashed lines, excitation.

Rotationally inelastic cross sections for scattering of C,~
with Li and Rb atoms are shown in Fig. 7 for the initial
state j = 4, the most populated rotational state at 7 = 100 K.
As expected, the excitation cross sections to the states j = 6
and j = 8 show a sharp increase at the threshold, when the
transition becomes energetically possible, and both excitation
and deexcitation cross sections decrease when the difference
Aj between the initial and final states increases. The cross
sections present a dense resonance structure, which is a com-
bination of shape and Feshbach resonances.

It can be seen that the cross sections for Li and Rb
atoms are of similar magnitude although they are larger
for Rb. For Li-C,~ collisions, the differences between the
singlet and triplet PESs on the dynamics are negligible. On
the other hand, larger differences occur for Rb-C,~. These
differences depend both on the initial rotational state and
on the Aj between the initial and final rotational states.
Overall, the differences between the cross sections for both
spin multiplicities are surprisingly small given the variation
in the PESs discussed above. This may be explained by the
fact that at low collision energies the long-range interaction
dominates the dynamics. In what follows, the cross sections
are averaged over the spin multiplicity using the statistical
ratio 1:3.

Figure 8 shows the Aj =2 inelastic cross sections for
various initial rotational states of C,~. We observe again that
the cross sections are consistently larger for Rb-C,~ than
for Li-C,~, although the shape of the cross sections is sim-
ilar. In addition, while the excitation cross sections decrease
with an increase in the initial rotational state j; of C,~, the

x107°

Kinel (cmaAsA)

deexcitation cross sections increase with j;. The same behav-
ior was also observed for Rb-OH™ collisions [61].

All the results presented here were obtained with the most
accurate PESs, i.e., those for which the 1sc electrons are
correlated. We performed additional calculations on the PESs
without 1sc correlation and found that the effect on the cross
sections is limited but can reach a few percent.

The cross sections were averaged over a Maxwell-
Boltzmann energy distribution to calculate the state-to-state
rate coefficients for temperatures between 1 and 100 K:

2 )3/2 1
kBT T

The rate coefficients for the transitions involving the first
four rotational levels of C,~ are shown in Fig. 9. The rate
coefficients for excitation increase rapidly at low temperature,
as expected from the cross sections shown in Figs. 7 and 8.
On the other hand, the deexcitation rate coefficients show
little variation over the range of temperatures 1-100 K, with
values around 1 x 10~ cm?

k(T) = ( /OooEe_E/kBTa(E)dE. (5)

cm?®s~!. The deexcitation rates for
transitions A j = 4 are approximately three times smaller than
for Aj =2, except for the transition j =2 — 0 which is
much smaller. It can also be observed that the rate coefficient
for a given transition is larger for Li than for Rb. While the
cross sections were larger for Rb than for Li, this effect is more
than compensated for by the presence of the reduced mass in
Eq. (5). These values can be compared to the Langevin rates
of 5.01 x 10~2 cm?s~! for Li-C,~ and 3.75 x 1072 ¢cm? s~!
for Rb-C, ™.

Kinel (Cm3-5_1)

FIG. 9. Rate coefficients for transitions involving the first four rotational levels of C,~ in collisions with Li (left) or Rb (right).
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Based on these large inelastic rate coefficients, the rota-
tional cooling of C,~ with ultracold Li or Rb atoms can be
expected to be efficient. The present results are also expected
to be representative of the alkali-metal series as the PESs for
the interaction of C,~ with other alkali-metal atoms (Na, K,
Cs) are likely to be similar to those for Li-C,~ and Rb-C;, ™.

V. CONCLUSION

We have carried out a theoretical study of cold Li-C,~ and
Rb-C,~ collisions in the context of hybrid-trap experiments.
We have investigated the associative detachment reaction
which, in the considered energy regime, is the only accessible
reactive channel. Based on the potential energy surfaces of
the ground singlet and triplet states of the anion and the
corresponding neutral, we predict the rate of the associative
detachment reaction to be very small. In addition, we have
shown that the reaction is likely to occur with a rate close to
capture theory when considering collisions involving excited
electronic states of C,~ and/or Rb or Li. By reducing the
fraction of excited Rb in the MOT (decreasing the laser
intensity or using a dark SPOT) or by using an alternative
trap (e.g., a dipole trap) one could either decrease or hinder
the loss through the excited channels. The associative de-
tachment reaction will also be important when considering
collisions with excited electronic states of C,~ which could
be used for fluorescence imaging or Doppler thermometry.
The atom trap should thus be switched off before performing
such measurements in order to avoid losses. Alternatively,
the electronic state dependence of the reactivity could be
investigated. Furthermore, we have calculated the rotationally
inelastic cross sections for scattering of C,~ with Li and
Rb atoms. Similarly to the Rb-OH™ case, we found the

cross sections and corresponding rate constants to be rather
large, suggesting a fast thermalization of the ion rotational
temperature considering low translational temperatures. The
cross sections obtained when using either the singlet or triplet
potential are surprisingly similar. When considering the most
abundant '2C isotope, only even- j rotational states are present
in C,~ and only Aj = even transitions are allowed. There-
fore, producing a sample of anions in their ground rotational
state should be feasible if the translational temperature is
sufficiently low. In addition, since C,~ is a homonuclear
diatomic species, light-induced rotational dipole transitions
are forbidden, meaning that excitation of the rotational state
through blackbody radiation should be hindered, or at least
very small. The knowledge of the scattering cross sections and
the typical trap dynamics (which leads to nonthermal energy
distributions [39]) could be used to build accurate models of
the collision dynamics occurring in hybrid-trap experiments.
Finally, based on the similarity of the potential for different
anions interacting with various alkali-metal atoms [21,23], our
conclusions are expected to hold for collisions of C,~ with
Na, K, or Cs atoms.

ACKNOWLEDGMENTS

The Fonds National de la Recherche Scientifique de Bel-
gique (FRS-FNRS) is greatly acknowledged for financial sup-
port (FRIA grant and IISN 4.4504.10 project). Computational
resources have been provided by the Shared ICT Services
Centre, Université libre de Bruxelles, and by the Consortium
des Equipements de Calcul Intensif (CECI), funded by the
Fonds de la Recherche Scientifique de Belgique (F.R.S.-
FNRS) under Grant No. 2.5020.11.

[1] L. D. Carr, D. DeMille, R. V. Krems, and J. Ye, New J. Phys.
11, 055049 (2009).

[2] O. Dulieu, R. Krems, M. Weidemiiller, and S. Willitsch,
Phys. Chem. Chem. Phys. 13, 18703 (2011).

[3] R. Krems, B. Friedrich, and W. Stwalley, Cold Molecules:
Theory, Experiment, Applications (CRC Press, Boca Raton, FL,
2010).

[4] H. Loh, K. C. Cossel, M. C. Grau, K.-K. Ni, E. R. Meyer, J. L.
Bohn, J. Ye, and E. A. Cornell, Science 342, 1220 (2013).

[5] H. L. Bethlem and W. Ubachs, Faraday Discuss. 142, 25 (2009).

[6] G. Quéméner and P. S. Julienne, Chem. Rev. 112, 4949 (2012).

[7] S. Y. van de Meerakker, N. Vanhaecke, and G. Meijer, Annu.
Rev. Phys. Chem. 57, 159 (2006).

[8] O. Asvany and S. Schlemmer, Int. J. Mass Spectrom. 279, 147
(2009).

[9] C. Zipkes, L. Ratschbacher, S. Palzer, C. Sias, and M. Kohl,
J. Phys. Conf. Ser. 264, 012019 (2011).

[10] I. Kozyryev, L. Baum, K. Matsuda, B. L. Augenbraun,
L. Anderegg, A. P. Sedlack, and J. M. Doyle, Phys. Rev. Lett.
118, 173201 (2017).

[11] R. Wester, J. Phys. B: At. Mol. Opt. Phys. 42, 154001 (2009).

[12] K. Blaum, Y. N. Novikov, and G. Werth, Contemp. Phys. 51,
149 (2010).

[13] P. Chaizy, H. Reme, J. Sauvaud, and C. D’Uston, Nature
(London) 349, 393 (1991).

[14] M. McCarthy and C. Gottlieb, Astrophys. J. Lett. 652, L141
(2006).

[15] V. Vuitton, P. Lavvas, R. Yelle, M. Galand, A. Wellbrock,
G. Lewis, A. Coates, and J.-E. Wahlund, Planet. Space Sci. 57,
1558 (2009).

[16] C. W. Walter, N. D. Gibson, D. J. Matyas, C. Crocker, K. A.
Dungan, B. R. Matola, and J. Rohlén, Phys. Rev. Lett. 113,
063001 (2014).

[17] P. Yzombard, M. Hamamda, S. Gerber, M. Doser, and
D. Comparat, Phys. Rev. Lett. 114, 213001 (2015).

[18] A. Kellerbauer, C. Canali, A. Fischer, and U. Warring,
Hyperfine Interact. 194, 77 (2009).

[19] J. C. Y. Chen, Phys. Rev. 156, 12 (1967).

[20] J. Simons, J. Phys. Chem. A 102, 6035 (1998).

[21] M. Tomza, Phys. Chem. Chem. Phys. 19, 16512 (2017).

[22] J. Deiglmayr, A. Goritz, T. Best, M. Weidemiiller, and
R. Wester, Phys. Rev. A 86, 043438 (2012).

[23] M. Kas, J. Loreau, J. Liévin, and N. Vaeck, J. Chem. Phys. 146,
194309 (2017).

[24] S. V. Jerosimié, F. A. Gianturco, and R. Wester, Phys. Chem.
Chem. Phys. 20, 5490 (2018).

042702-8


https://doi.org/10.1088/1367-2630/11/5/055049
https://doi.org/10.1088/1367-2630/11/5/055049
https://doi.org/10.1088/1367-2630/11/5/055049
https://doi.org/10.1088/1367-2630/11/5/055049
https://doi.org/10.1039/c1cp90157e
https://doi.org/10.1039/c1cp90157e
https://doi.org/10.1039/c1cp90157e
https://doi.org/10.1039/c1cp90157e
https://doi.org/10.1126/science.1243683
https://doi.org/10.1126/science.1243683
https://doi.org/10.1126/science.1243683
https://doi.org/10.1126/science.1243683
https://doi.org/10.1039/b819099b
https://doi.org/10.1039/b819099b
https://doi.org/10.1039/b819099b
https://doi.org/10.1039/b819099b
https://doi.org/10.1021/cr300092g
https://doi.org/10.1021/cr300092g
https://doi.org/10.1021/cr300092g
https://doi.org/10.1021/cr300092g
https://doi.org/10.1146/annurev.physchem.55.091602.094337
https://doi.org/10.1146/annurev.physchem.55.091602.094337
https://doi.org/10.1146/annurev.physchem.55.091602.094337
https://doi.org/10.1146/annurev.physchem.55.091602.094337
https://doi.org/10.1016/j.ijms.2008.10.022
https://doi.org/10.1016/j.ijms.2008.10.022
https://doi.org/10.1016/j.ijms.2008.10.022
https://doi.org/10.1016/j.ijms.2008.10.022
https://doi.org/10.1088/1742-6596/264/1/012019
https://doi.org/10.1088/1742-6596/264/1/012019
https://doi.org/10.1088/1742-6596/264/1/012019
https://doi.org/10.1088/1742-6596/264/1/012019
https://doi.org/10.1103/PhysRevLett.118.173201
https://doi.org/10.1103/PhysRevLett.118.173201
https://doi.org/10.1103/PhysRevLett.118.173201
https://doi.org/10.1103/PhysRevLett.118.173201
https://doi.org/10.1088/0953-4075/42/15/154001
https://doi.org/10.1088/0953-4075/42/15/154001
https://doi.org/10.1088/0953-4075/42/15/154001
https://doi.org/10.1088/0953-4075/42/15/154001
https://doi.org/10.1080/00107510903387652
https://doi.org/10.1080/00107510903387652
https://doi.org/10.1080/00107510903387652
https://doi.org/10.1080/00107510903387652
https://doi.org/10.1038/349393a0
https://doi.org/10.1038/349393a0
https://doi.org/10.1038/349393a0
https://doi.org/10.1038/349393a0
https://doi.org/10.1086/510238
https://doi.org/10.1086/510238
https://doi.org/10.1086/510238
https://doi.org/10.1086/510238
https://doi.org/10.1016/j.pss.2009.04.004
https://doi.org/10.1016/j.pss.2009.04.004
https://doi.org/10.1016/j.pss.2009.04.004
https://doi.org/10.1016/j.pss.2009.04.004
https://doi.org/10.1103/PhysRevLett.113.063001
https://doi.org/10.1103/PhysRevLett.113.063001
https://doi.org/10.1103/PhysRevLett.113.063001
https://doi.org/10.1103/PhysRevLett.113.063001
https://doi.org/10.1103/PhysRevLett.114.213001
https://doi.org/10.1103/PhysRevLett.114.213001
https://doi.org/10.1103/PhysRevLett.114.213001
https://doi.org/10.1103/PhysRevLett.114.213001
https://doi.org/10.1007/s10751-009-0033-6
https://doi.org/10.1007/s10751-009-0033-6
https://doi.org/10.1007/s10751-009-0033-6
https://doi.org/10.1007/s10751-009-0033-6
https://doi.org/10.1103/PhysRev.156.12
https://doi.org/10.1103/PhysRev.156.12
https://doi.org/10.1103/PhysRev.156.12
https://doi.org/10.1103/PhysRev.156.12
https://doi.org/10.1021/jp981663u
https://doi.org/10.1021/jp981663u
https://doi.org/10.1021/jp981663u
https://doi.org/10.1021/jp981663u
https://doi.org/10.1039/C7CP02127E
https://doi.org/10.1039/C7CP02127E
https://doi.org/10.1039/C7CP02127E
https://doi.org/10.1039/C7CP02127E
https://doi.org/10.1103/PhysRevA.86.043438
https://doi.org/10.1103/PhysRevA.86.043438
https://doi.org/10.1103/PhysRevA.86.043438
https://doi.org/10.1103/PhysRevA.86.043438
https://doi.org/10.1063/1.4983627
https://doi.org/10.1063/1.4983627
https://doi.org/10.1063/1.4983627
https://doi.org/10.1063/1.4983627
https://doi.org/10.1039/C7CP05573K
https://doi.org/10.1039/C7CP05573K
https://doi.org/10.1039/C7CP05573K
https://doi.org/10.1039/C7CP05573K

COLD REACTIVE AND NONREACTIVE COLLISIONS OF ...

PHYSICAL REVIEW A 99, 042702 (2019)

[25] D. Khiri and G. Chambaud, J. Phys. Chem. A 119, 11461
(2015).

[26] W. Shi, C. Li, H. Meng, J. Wei, L. Deng, and C. Yang, Comput.
Theor. Chem. 1079, 57 (2016).

[27] J. A. Nichols and J. Simons, J. Chem. Phys. 86, 6972 (1987).

[28] P. W. Thulstrup and W. T. Erik, Chem. Phys. Lett. 26, 144
(1974).

[29] P. Aventini and R. Seiler, Commun. Math. Phys. 41, 119 (1975).

[30] A. E. Bragg, R. Wester, A. V. Davis, A. Kammrath, and D. M.
Neumark, Chem. Phys. Lett. 376, 767 (2003).

[31] P. L. Jones, R. D. Mead, B. E. Kohler, S. D. Rosner, and W. C.
Lineberger, J. Chem. Phys. 73, 4419 (1980).

[32] E. S. Endres, O. Lakhmanskaya, D. Hauser, S. E. Huber,
T. Best, S. S. Kumar, M. Probst, and R. Wester, J. Phys. Chem.
A 118, 6705 (2014).

[33] C. Barckholtz, T. P. Snow, and V. M. Bierbaum, Astrophys. J.
Lett. 547, L171 (2001).

[34] R. D. Mead, U. Hefter, P. A. Schulz, and W. C. Lineberger,
J. Chem. Phys. 82, 1723 (1985).

[35] S. Civis, Y. Hosaki, E. Kagi, H. Izumiura, K. Yanagisawa,
T. §edivcové, and K. Kawaguchi, Publ. Astron. Soc. Jpn. 57,
605 (2005).

[36] J. Fesel, S. Gerber, M. Doser, and D. Comparat, Phys. Rev. A
96, 031401(R) (2017).

[37] S. Gerber, J. Fesel, M. Doser, and D. Comparat, New J. Phys.
20, 023024 (2018).

[38] L. Gianfrani, Philos. Trans. R. Soc. A Math. Phys. Eng. Sci.
374, 20150047 (2016).

[39] B. Holtkemeier, J. Gldssel, H. Loépez-Carrera, and
M. Weidemiiller, Appl. Phys. B Lasers Opt. 123, 1 (2017).

[40] M. Cetina, A. T. Grier, and V. Vuleti¢, Phys. Rev. Lett. 109,
253201 (2012).

[41] B. Holtkemeier, P. Weckesser, H. Loépez-Carrera, and
M. Weidemiiller, Phys. Rev. Lett. 116, 233003 (2016).

[42] K. Ravi, S. Lee, A. Sharma, G. Werth, and S. A. Rangwala,
Nat. Commun. 3, 1126 (2012).

[43] P. J. Knowles and H.-J. Werner, Theor. Chim. Acta 84, 95
(1992).

[44] S. R. Langhoff and E. R. Davidson, Int. J. Quantum Chem. 8,
61 (1974).

[45] L. Meissner, Chem. Phys. Lett. 146, 204 (1988).

[46] H.-J. Werner, M. Kdllay, and J. Gauss, J. Chem. Phys. 128,
034305 (2008).

[47] T. H. Dunning, J. Chem. Phys. 90, 1007 (1989).

[48] 1. S. Lim, P. Schwerdtfeger, B. Metz, and H. Stoll, J. Chem.
Phys. 122, 104103 (2005).

[49] M. Kas, J. Loreau, J. Liévin, and N. Vaeck, J. Chem. Phys. 144,
204306 (2016).

[50] H.-J. Werner, P. J. Knowles, G. Knizia, F. R. Manby, M.
Schiitz, P. Celani, T. Korona, R. Lindh, A. Mitrushenkov, G.
Rauhut, K. R. Shamasundar, T. B. Adler, R. D. Amos, A.
Bernhardsson, A. Berning, D. L. Cooper, M. J. O. Deegan,
A. J. Dobbyn, F. Eckert, E. Goll, C. Hampel, A. Hesselmann,
G. Hetzer, T. Hrenar, G. Jansen, C. Koppl, Y. Liu, A. W.
Lloyd, R. A. Mata, A. J. May, S. J. McNicholas, W. Meyer,
M. E. Mura, A. Nicklass, D. P. O’Neill, P. Palmieri, D. Peng,
K. Pfliiger, R. Pitzer, M. Reiher, T. Shiozaki, H. Stoll, A. J.
Stone, R. Tarroni, T. Thorsteinsson, and M. Wang, MOLPRO,
version 2012.1, a package of ab initio programs, 2012; see
http://www.molpro.net.

[51] L. Gonzalez-Sanchez, M. Tacconi, E. Bodo, and E A.
Gianturco, Eur. Phys. J. D 49, 85 (2008).

[52] R. W. Molof, H. L. Schwartz, T. M. Miller, and B. Bederson,
Phys. Rev. A 10, 1131 (1974).

[53] J. Simons, J. Am. Chem. Soc. 103, 3971 (1981).

[54] A. Berning, S. Marcus, H.-J. Werner, P. J. Knowles, and
P. Palmieri, Mol. Phys. 98, 1823 (2000).

[55] F. H. J. Hall and S. Willitsch, Phys. Rev. Lett. 109, 233202
(2012).

[56] A. Arthurs and A. Dalgarno, Proc. R. Soc. A. 256, 540 (1960).

[57] D. Flower, Molecular Collisions in the Interstellar Medium,
2nd ed., Cambridge Astrophysics Series Vol. 42 (Cambridge
University Press, Cambridge, U.K., 2007).

[58] G. Herzberg and A. Lagerqvist, Can. J. Phys. 46, 2363 (1968).

[59] D. Manolopoulos and M. Alexander, J. Chem. Phys. 86, 2044
(1987).

[60] J. M. Hutson and S. Green, MOLSCAT computer code, version
14, distributed by Collaborative Computational Project No. 6 of
the Engineering and Physical Sciences Research Council, U.K.,
1994.

[61] L. Gonzélez-Sanchez, F. Carelli, F. Gianturco, and R. Wester,
Chem. Phys. 462, 111 (2015).

042702-9


https://doi.org/10.1021/acs.jpca.5b08867
https://doi.org/10.1021/acs.jpca.5b08867
https://doi.org/10.1021/acs.jpca.5b08867
https://doi.org/10.1021/acs.jpca.5b08867
https://doi.org/10.1016/j.comptc.2016.01.015
https://doi.org/10.1016/j.comptc.2016.01.015
https://doi.org/10.1016/j.comptc.2016.01.015
https://doi.org/10.1016/j.comptc.2016.01.015
https://doi.org/10.1063/1.452345
https://doi.org/10.1063/1.452345
https://doi.org/10.1063/1.452345
https://doi.org/10.1063/1.452345
https://doi.org/10.1016/0009-2614(74)89105-0
https://doi.org/10.1016/0009-2614(74)89105-0
https://doi.org/10.1016/0009-2614(74)89105-0
https://doi.org/10.1016/0009-2614(74)89105-0
https://doi.org/10.1007/BF01608753
https://doi.org/10.1007/BF01608753
https://doi.org/10.1007/BF01608753
https://doi.org/10.1007/BF01608753
https://doi.org/10.1016/S0009-2614(03)01060-1
https://doi.org/10.1016/S0009-2614(03)01060-1
https://doi.org/10.1016/S0009-2614(03)01060-1
https://doi.org/10.1016/S0009-2614(03)01060-1
https://doi.org/10.1063/1.440678
https://doi.org/10.1063/1.440678
https://doi.org/10.1063/1.440678
https://doi.org/10.1063/1.440678
https://doi.org/10.1021/jp504242p
https://doi.org/10.1021/jp504242p
https://doi.org/10.1021/jp504242p
https://doi.org/10.1021/jp504242p
https://doi.org/10.1086/318909
https://doi.org/10.1086/318909
https://doi.org/10.1086/318909
https://doi.org/10.1086/318909
https://doi.org/10.1063/1.448960
https://doi.org/10.1063/1.448960
https://doi.org/10.1063/1.448960
https://doi.org/10.1063/1.448960
https://doi.org/10.1093/pasj/57.4.605
https://doi.org/10.1093/pasj/57.4.605
https://doi.org/10.1093/pasj/57.4.605
https://doi.org/10.1093/pasj/57.4.605
https://doi.org/10.1103/PhysRevA.96.031401
https://doi.org/10.1103/PhysRevA.96.031401
https://doi.org/10.1103/PhysRevA.96.031401
https://doi.org/10.1103/PhysRevA.96.031401
https://doi.org/10.1088/1367-2630/aaa951
https://doi.org/10.1088/1367-2630/aaa951
https://doi.org/10.1088/1367-2630/aaa951
https://doi.org/10.1088/1367-2630/aaa951
https://doi.org/10.1098/rsta.2015.0047
https://doi.org/10.1098/rsta.2015.0047
https://doi.org/10.1098/rsta.2015.0047
https://doi.org/10.1098/rsta.2015.0047
https://doi.org/10.1007/s00340-016-6591-9
https://doi.org/10.1007/s00340-016-6591-9
https://doi.org/10.1007/s00340-016-6591-9
https://doi.org/10.1007/s00340-016-6591-9
https://doi.org/10.1103/PhysRevLett.109.253201
https://doi.org/10.1103/PhysRevLett.109.253201
https://doi.org/10.1103/PhysRevLett.109.253201
https://doi.org/10.1103/PhysRevLett.109.253201
https://doi.org/10.1103/PhysRevLett.116.233003
https://doi.org/10.1103/PhysRevLett.116.233003
https://doi.org/10.1103/PhysRevLett.116.233003
https://doi.org/10.1103/PhysRevLett.116.233003
https://doi.org/10.1038/ncomms2131
https://doi.org/10.1038/ncomms2131
https://doi.org/10.1038/ncomms2131
https://doi.org/10.1038/ncomms2131
https://doi.org/10.1007/BF01117405
https://doi.org/10.1007/BF01117405
https://doi.org/10.1007/BF01117405
https://doi.org/10.1007/BF01117405
https://doi.org/10.1002/qua.560080106
https://doi.org/10.1002/qua.560080106
https://doi.org/10.1002/qua.560080106
https://doi.org/10.1002/qua.560080106
https://doi.org/10.1016/0009-2614(88)87431-1
https://doi.org/10.1016/0009-2614(88)87431-1
https://doi.org/10.1016/0009-2614(88)87431-1
https://doi.org/10.1016/0009-2614(88)87431-1
https://doi.org/10.1063/1.2822905
https://doi.org/10.1063/1.2822905
https://doi.org/10.1063/1.2822905
https://doi.org/10.1063/1.2822905
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.1856451
https://doi.org/10.1063/1.1856451
https://doi.org/10.1063/1.1856451
https://doi.org/10.1063/1.1856451
https://doi.org/10.1063/1.4950784
https://doi.org/10.1063/1.4950784
https://doi.org/10.1063/1.4950784
https://doi.org/10.1063/1.4950784
http://www.molpro.net
https://doi.org/10.1140/epjd/e2008-00148-5
https://doi.org/10.1140/epjd/e2008-00148-5
https://doi.org/10.1140/epjd/e2008-00148-5
https://doi.org/10.1140/epjd/e2008-00148-5
https://doi.org/10.1103/PhysRevA.10.1131
https://doi.org/10.1103/PhysRevA.10.1131
https://doi.org/10.1103/PhysRevA.10.1131
https://doi.org/10.1103/PhysRevA.10.1131
https://doi.org/10.1021/ja00404a002
https://doi.org/10.1021/ja00404a002
https://doi.org/10.1021/ja00404a002
https://doi.org/10.1021/ja00404a002
https://doi.org/10.1080/00268970009483386
https://doi.org/10.1080/00268970009483386
https://doi.org/10.1080/00268970009483386
https://doi.org/10.1080/00268970009483386
https://doi.org/10.1103/PhysRevLett.109.233202
https://doi.org/10.1103/PhysRevLett.109.233202
https://doi.org/10.1103/PhysRevLett.109.233202
https://doi.org/10.1103/PhysRevLett.109.233202
https://doi.org/10.1098/rspa.1960.0125
https://doi.org/10.1098/rspa.1960.0125
https://doi.org/10.1098/rspa.1960.0125
https://doi.org/10.1098/rspa.1960.0125
https://doi.org/10.1139/p68-596
https://doi.org/10.1139/p68-596
https://doi.org/10.1139/p68-596
https://doi.org/10.1139/p68-596
https://doi.org/10.1063/1.452154
https://doi.org/10.1063/1.452154
https://doi.org/10.1063/1.452154
https://doi.org/10.1063/1.452154
https://doi.org/10.1016/j.chemphys.2015.05.027
https://doi.org/10.1016/j.chemphys.2015.05.027
https://doi.org/10.1016/j.chemphys.2015.05.027
https://doi.org/10.1016/j.chemphys.2015.05.027



