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Abstract
We report close-coupling (CC) quantumdynamics calculations for collisional excitation/de-
excitation of the lowest four rotational levels ofOD− and ofOH− interacting with Rb atoms in a cold
ion trap. The calculations are carried out over a range of energies capable of yielding the corresponding
rates for state-changing events over a rather broad interval of temperatures which cover those reached
in earlier cold trap experiments. They involved sympathetic cooling of themolecular anion through a
cloud of laser-cooled Rb atoms, an experiment which is currently being run again through a
Heidelberg–Innsbruck collaboration. The significance of isotopic effects is analysed by comparing
both systems and the range of temperatures examined in the calculations is extended up to 400 K,
starting from a fewmK. Both cross sections and rates are found to bemarkedly larger than in the case
ofOD−/OH− interacting theHe atoms under the same conditions, and the isotopic effects are also
seen to be rather significant at the energies examined in the present study. Such findings are discussed
in the light of the observed trap losses ofmolecular anions.

1. Introduction

The study ofmolecular collisions at low temperatures haswitnessed very substantial advances in the last few
years because of the great variety of areas, both fundamental and applied, in which they can play a role and help
us to further understand the specific quantum features of the events observed. Such features indeed become
increasinglymore evident as the systems’ temperature is reduced down to its lowest possible values [1–3].

Thus, observingmolecular collisions at very low temperatures, from a few kelvins and down tomillikelvins,
has foundmany applications ranging from fundamental precisionmeasurements [4], quantum information
processing [5], quantum controlled chemistry [6] and themolecular process of the cold interstellarmedium [7].

Molecular ions have also played a prominent role in these investigations and therefore a variety cooling
schemes have been developed to produce specificmolecular systems in their lowest vibrational and rotational
internal levels [8–10]. The importance of such different procedures rest on their capability ofmanipulating and
preparingmolecular ionswhich can then be used further on, andwithin state-controlledmolecular processes,
with reactive partners [11].

It has therefore beenmade evident in this specific area that translational temperatures as low as a few
millikelvins can be obtained by sympathetically cooling themolecular ions using laser-cooled atomic ionswhich
are jointly confined in a radiofrequency trap [10]. The existing long-range interactions, on the other hand, will
prevent themolecular ions preparedwithin such setups to also achieve internal cooling of their quantum states.

Another possible alternative which has also been considered involves using cold neutral atomswhich can
thusmore efficiently exchange energy with the initially trappedmolecular ions by having closer collisional
encounters in the trap: the use of standard cryostats which employHe as a coolant is however limited to
temperatures above about 4 K [12].
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The next step in this search for an increasinglymore efficient way to coolmolecular ions has therefore been
provided by the presence of hybrid-atom-ion-traps, whereby laser-cooled neutral atoms have been employed to
further reduce the internal temperatures ofmolecular ions [13]. In such arrangements, therefore, a
radiofrequency trap is superimposedwith amagneto-optical trap (MOT)which then allows themolecular ions
to be immersed in a cloud of laser-cooled heavier atoms, which can in turn collisionally cool internal degrees of
freedom in the translationally coldmolecular ions [14].

It has become apparent rather quickly, however, that one needs to locally achieve efficient collisional
conditions in order to be able to obtain the internalmolecular cooling step as rapidly as possible. Thus, recent
experiments [15]have already been discussing the behaviour of a specificmolecular anion (OH−) interacting
with a cloud of laser-cooled Rb atoms andmanaged to preliminary show the achievement of a relative
temperature of 400±200 K. Furthermore, very recent experiments on the samemolecular ion, but this time
made to interact withHe atoms [16], have definitely been able to show that an efficient cooling of internal
rotational levels of theOH− ionic partner at a relative temperature of about 15 K is occurring within the trap.

Within both setups, it was alreadymade clear by those studies that a direct knowledge of the partial
collisional cross sections for the collisional changes of rotational quantum levels of theOH− partner with either
He or Rb atoms is a necessary ingredient for the understanding of the kinetic network that ultimately controls
thefinal populations of j=0molecular ions. Another interesting piece of information extracted from those
experiments, and needing the possible verification fromdirect quantum calculations, has been the comparison
in size andT-dependence of the various rates observed for eitherOH− orOD−. In other words, the investigation
of isotopic effects.

To study this end, we therefore investigate in this work the consequences of isotopic change forOH−/OD−

systems in collisionwith cold Rb atoms. Sincewe have already looked at such effects for the case of theHe atoms
as collisional partners [16], wewish to extend that study to the present system and additionally reach the
temperature conditions of the existing experimental data. Therefore, in the present calculations we also intend
to link the possible experimental outcomes to be achieved down to a few kelvin (and currently carried out in an
Heidelberg and Innsbruck collaboration [17])with the preliminary experiments that have already obtained
temperatures around 200–400 K [15]. To do so, it therefore becomes necessary to extend calculations tomuch
higher energies than previously done for this system [18]. The following section therefore briefly outlines the
features of the interaction potential, as obtained from earlier ab initio calculations. It also summarises the
computational details for generating the partial inelastic cross sections, and the corresponding rates for
temperatures ranging from a fewK to 400 K.

The results for theOD−-Rb system are presented in section 3 and comparedwith theOH−-Rb system.
Conclusions are presented in the section 4.

2. The computational tools

2.1. The ab initio potential
The ground-state electronic structure of the RbOH− system is given by the interaction between theOH−

electronic ground state with term symbol 1S+ and the neutral rubidium atom, the ground state of which is
represented by S .2

1 2 It thus follows that the linear configuration of the complex has a term symbol of .2S+ Since
we are considering the targetmolecule to be a rigid rotor in its ground vibrational state, the spatial features of
that electronic interaction have been described by two Jacobi coordinates only (R,Θ, req). Here req, indicating the
equilibrium geometry of the anionic partner, was taken to be 0.79Å and the variables (R,Θ)were used on a
discrete gridwithin the radial interval of (1.9–18.00)Å, with a variable length of the radial step (see [18, 19] for
further details). The angular variable ranged, as expected, over the [0°–180°] interval withDQ=15°.

The ab initio calculations involved an all-electron correlation treatment with the exception of the ( S1 2)
oxygen core. The restricted coupled-cluster with singles, doubles and non-iterative triplesmethodwas used and
we employed a basis set of aug-cc-pVQZ forH andO atoms. The Rb atomwas treatedwithin the effective core
potential approach, in order to reduce the number of electronswhichwere explicitly included but to still account
for the relativistic effects in the core electrons; both the type of the effective-core potential and the basis set
chosen for the description of the rubidium atomwere taken from [20]. All the computational details are given in
[19], while we present here simply an overall view of those results to better explain and discuss the ensuing
dynamics of the quantum collisions. Just as a further reminder, in the calculations we followed the full
counterpoise procedure [21] to account for the effects of basis set superposition errors.

The 3Dplot of the potential energy surface (PES) of the title systemprovides useful information on the
overall features of the interaction potential: it is obvious from [18, 19] that the (OH−-Rb) complex gives rise to a
strongly bound system. The global energyminimum is located on the side of the oxygen atom, forΘ=180° in
our representation, at a distance from the centre-of-mass (c-o-m) of 2.44Å: it carries aminimumenergy value

2
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of 1.65×104 cm−1 which is clear indication of the presence of a strong chemical bond. The overall PES is also
strongly anisotropic (i.e.Θ-dependent) and exhibits a second,minimum forΘ=0° that is still wellmarked but
smaller than that of the other linear configuration: 6.27×103 cm−1. Since theOH− carries a negative charge
and a permanent polarisablemoment, and the Rb atom can be viewed as a polarisable dielectric, we further had
to generate the needed long-range expansion:

V R C
f R

R
C

f R

R
, cos 1LR 4,0

d

4 5,1
d

5

( ) ( )
( ) ( )Q = + Q

In (1) fd(R) describes radial damping functionswhich are used to extend the 2D-fitting to the external radial
regions. The C4,0 coefficient is linked to theRb polarisability, ,0a of 46.64 ,3Å~ not far from the experimental
value of 47.4±0.9 [22]. The additional dipole-polarisability term is included via the following expression:

C 2 25,1 0 ( )a m~

which, when using the previous value of the polarisability, produces afitted dipole value of 0.553, not far from
the ab initio value of 0.566 au [18].

2.2. Themultichannel quantumdynamics
TheOH−/OD−molecules exhibit, for their lowest rotational levels, the relative energy spacing reported already
in [18], andwhichwe shall further discuss later on. Suffices it to say for now that, in going from theOH− rotor
to theOD− rotor, the j=1 level changes by 17.17 cm−1, while the j=2, 3 and 4 reduce their respective
spacings in the followingways: j 1 2 74.28( )D - = cm−1 for theOH− and 39.94 cm−1 for theOD−; the

j 2 3 111.42( )D - = cm−1 for theOH− and 59.91 cm−1 for theOD−; while the j 3 4 148.56( )D - = cm−1 for
theOH− and 79.87 cm−1 for theOD−. On thewhole, therefore, themass effect which occurs in going fromOH−

toOD− reduces the rotational spacings bymarked, and relatively important, energy amounts. The effects of such
changes on the overall state-to-state dynamics will become evident from the results we shall report in the
following sections.

To handle the quantumdynamics we specifically employed the time-independent (TI) formulation of the
quantum scattering of a neutral atom (Rb) off a spherical rotor (OH−/OD−) following the general discussion of
this problem already detailed by us in our earlier work [18, 19, 23]. In the present, we shall only provide a brief
outline of its in-house implementation.

The TI scattering state of a systemof interacting partners can be expanded in terms of diabatic (asymptotic)
target eigenstates:

R x F R X x, . 3i

f
i f f

, ( ) ( ) ( ) ( )åY = ´+


Here i labels the (collective) initial states of the colliding partners and theXf are the eigenstates of the isolated
molecule (channel eigenstates). The Fi f are the channel components of the scatteringwavefunctionwhich have
to be determined by solving the Schrödinger equation subject to the usual boundary conditions

F R h R S h R Ras , 4i f if if( ) ( ) ( ) ( )( ) ( )d -  ¥
- +

where f denotes a channel which is asymptotically accessible at the selected energy (open channel) and h( ) is a
pair of linearly independent free-particle solutions. Usually, numerically converged scattering observables are
obtained by retaining only afinite number of discrete channels in (3). One thus gets a set ofM coupled
differential equations for the Fi f unknowns (which form amatrix solutionY) subject to the regularity
conditions of each solution at the origin (F 0 0i f ( ) = ) and to the boundary conditions given by (4).

In the case where no chemicalmodifications are expected to be energetically accessible for the target by the
impinging atom (as is in our present analysis: see further discussion below), the total scatteringwavefunction can
be expanded in terms of asymptotic target rotational eigenfunctions (within the rigid rotor approximation)
which are taken to be spherical harmonics andwhose eigenvalues are given by Bj j 1 .( )+ Here the B valuewas
taken to be 18.5701 cm−1 for theOH− and 9.98459 cm−1 for theOD−. The channel components of (3) are
therefore expanded into products of total angularmomentum eigenfunctions and of radial functions. These
radial functions are in turn the elements of the solutionsmatrix which appear within the familiar set of coupled,
second order homogeneous differential equations:

R R
k V

ld

d
0, 5

2

2
2

2

2
( )

⎧⎨⎩
⎫⎬⎭Y+ - - =

where Ek 2ij ij i
2[ ] ( )d m= - is the diagonalmatrix of the asymptotic (squared)wavevectors and
l ll 1ij ij i i

2[ ] ( )d= + is thematrix representation of the square of the orbital angularmomentumoperator. This

3

New J. Phys. 17 (2015) 123003 LGonzález-Sánchez et al



matrix is block-diagonal with two sub-blocks that contain only even values of l j( )¢ + ¢ or only odd values
of l j .( )¢ + ¢

One now further defines the additional LogDerivativematrix Y 1Y Y= ¢ - , where primed denotes
derivatives with respect toRwhich satisfy thewell-knownRiccatimatrix equation

R

Y
W Y

d

d
0 62 ( )+ + =

inwhich RW k V l2 2 2= - - is a term containing the potentialmatrix V.The scattering observables are
obtained in the asymptotic regionwhere the LogDerivativematrix has a known form in terms of free-particle
solutions and unknownmixing coefficients. For example, in the asymptotic region the solutionmatrix can be
written in the form

R R RJ N K, 7( ) ( ) ( ) ( )Y = -

where RJ( ) and RN( ) arematrices of Riccati–Bessel andRiccati–Neumann functions. Therefore, at the end of
the propagation one obtains the K matrix by solving the following linear system

N Y N K J Y J 8( ) ( )¢ - = ¢ -

and from the K matrix one gets easily the S-matrix and the cross sections.We have recently published an
algorithm thatmodifies the variable phase approach to solve that problem, specifically addressing the latter
point [24] andwe defer the interested readers to that reference for further details on our computational
implementation.

In the present calculations, therefore, we have usedmultipolar potential terms up to maxl =9 in (9)

V R V R P, cos 9( ) ( ) ( ) ( )å qQ =
l

l l

Here theV R( )l describe the relative strength of the anisotropy for eachmultipolar term.Wehave extended the
radial range of integration out to 15 000Å using a total of 30 000 integration steps. Themaximumnumber of
total angularmomentum valueswas extended up to Jmax=250, while the number of rotational channels always
included at least 15 closed channels above the last open channel at the given collision energy. The accuracy of the
abovefitting of the ab initio raw points ranged froma fewwavenumbers in thewell regions and the long-range
parts to about 10wavenumbers in the repulsive walls regions. The above parameters’ choices turned out to be
sufficient for both types of isotopicmolecular anions.

3. Results and discussion

3.1.OH− collisionswithRb at higher energies
Aswe have extensively discussed in the introduction section, detailed information on the size of the state-to-
state internal energy transfer efficiencies by collisions under trap conditions is one of the important ingredients
for understanding the likely values of the internal temperatures of the trapped ions, as well as the possible paths
ofmolecular losses by evaporation from the traps.Hence, to generate the corresponding rotational de-excitation
(and also excitation ) rates by collisions requires to computationally sample a fairly large range of energies for all
the processes expected to be involved.

More specifically, in our present study for the ions confined in cold traps, and undergoing sympathetic
coolingwith laser-cooled Rb atoms, we shall analyse first the earlier experiments [15], where the reached trap
temperaturewas estimated around 400±200 K. By further looking at these processes at lower temperatures we
shallmake contact with the current experiments which, at least in principle, plan to cool thismolecular anion, in
the trapwith Rb atoms, down to a few kelvins [17].

To be able to provide indications on the rotational state-changing rates that involve the lowest rotational
levels (e.g. j=0, 1, 2, 3) and occurwithmolecules which are taken to be already in their ground vibrational level
v=0 [15–17], we nowneed to extend our earlier calculations for theOH−-Rb system [18] to higher energies in
order to obtain final, inelastic rates up to 400 K. The latter constitutes the controlling temperature forwhich the
state-changing cross sections will be needed: it requires energy values up to about 3000 cm−1.

The excitation cross sections involving rotational levels for j=0, 1, 2 and 3 are reported by figure 1, where
all the individual inelastic processes are indicated up to a relative collision energy of 1000 cm−1. The further
extension up to 3000 cm−1 is reported for all the states involvedwithin the inset of the same figure.

The energy-dependence for these computed cross sections shows their rapid drop in valuewhen the collision
energy is increased: we see, in fact, that for an energy increase from about 50–200 cm−1, the 0 1( ) cross
sections decrease by a factor of almost five, while the other cross sections also decrease very drastically. Thus, at
the highest energy reached by the calculations in themain panel (1000 cm−1) and for their further increase out to
3000 cm−1 which is being reported in the inset, all theΔ j=1 cross sections are down in size to below about
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50 :2Å this is a reduction in size of nearly one order ofmagnitude, at least for the 0 1( ) process. This result
therefore tells us that the excitation processes in cold trapswill be themost efficient when the trap temperature
will be reduced down to its lowest expected values around 20–30 K, as extensively discussed in [18]. The
internally ‘hot’molecules would therefore have to relax to their ground state by heating the environmental gas by
collision.

If we now turn to the de-excitation (internally ‘cooling’) transitions, reported in themain panel offigure 2,
we see oncemore the dramatic effects which take placewhen increasing the collision energies for which the
state-changing dynamics is being analysed: the jD =−1 processes from j=1, 2 and 3 levels decrease several
orders ofmagnitude from a few cm−1 up to 500 cm−1. They all decrease down to about 30Å2 when the collision
energies reach 1000 cm−1 and all become uniformlywell below 20Å2 as we reach 3000 cm−1 of collision
energies. Thus, at low-T this system also show efficient de-excitation of its rotational levels by collisionwith the
cold Rb gas.

For both types of processes, therefore, the new calculations at higher energies tell us that the sizes of the
relative cross sectionsmarkedly change as the collision energy increases. On the other hand, one should also note
that they still remainmuch larger than those for the case ofOH− collisionswithHe [16], where the cross sections
up to 1000 cm−1 were only around 10 .2Å Since those values turned out to produce rotational de-excitation rates
that were sufficiently large to bring down to its ground state the trappedOH− ions [16], we argue now from the
present calculations that for this system the collisional ‘rotational cooling’ can occur even before the ionswould
leave the trap. This thereforemeans that, as in the case ofOH−+He, theOH−-Rb combination should also
efficiently ‘cool’ the anion’s rotational level populations under trap conditions.

In order to verify the above suggestionmore closely we have therefore computed the corresponding
rotational de-excitation rates at the higher temperatures of the ion trap obtained by the earlier experiments on
this system [15].We have carried out additional calculations for the corresponding state-changing rates by a
convolution over the Boltzmann’s distribution of relative velocities at the trap’s translational temperature

k T
k T

E E E k T E
1 2

exp d . 10j j j j

1 2

B

3 2

B( )( ) ( ) ( )
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟ òpm

s= - ¢  ¢

Here kB in the Boltzmann’s constant, E the relative collision energy andT the trap’s translational temperature.
We have calculated the above rates from a few kelvins up to 400 Kof trap temperature and employing

Ej j ( )s ¢ values up to 3000 cm−1. For the integration’s convergencewe startedwith E values above threshold by
about 10−3 cm−1 and employed for each k j j ¢ rate a unevenly spaced number of energy values which ranged up
to a total of over a thousand.Numerical convergence was thus checked to be better than 10−2.

The experiments described in [15] indicate that, at the expected temperatures of their trap (400± 200 K) the
inelastic rate coefficient for trap losses was estimated to be (2 1

1
-
+ )·10−10 cm 3 s−1. The possible origins of these

rate coefficients for loosingOH− ions from the trapwere linked to the knownmechanismof associative
detachment (AD):

Figure 1.Computed state-to-state excitation inelastic cross sections from initial rotational levels ofOH−. All transitions between
j=0 and j=3 are considered for the excitation channels. The inset shows the same cross sections at the higher energy considered in
this work. The colours online are labelling the different transitions.
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OH Rb RbOH e 11( )+  +- -

which has been estimated to be exothermic by 1.4 eV [25, 26]. However, recentmodel calculations regarding the
above process [27] suggested that theAD channels would be open only if theOH− ions in the trapwere
vibrationally excited to v 2, since no appreciable AD rate coefficients were found for vibrationally colder
molecules. However, given the fairly simplemodelling of the ADkinetics discussed in that work [27], the
question of the actual role of the process of (11) in the existing experiments still remains to be answered and
further calculations would be needed to settle itsmechanism and its efficiency under trap conditions. At the
present stage, therefore, our results do not include theAD channels in the rate calculations sincewe assume,
fromwhat stated by the experiments, that allmolecular anions populate the ground vibrational level and
therefore the ADprocess is probably still closed.We nowpresent infigure 3 the state-to-state behaviour of the
rotational de-excitation collisional rates up to the expected temperatures of the experiments in [15]. One should
keep inmind that on rotationally ‘cooling’ themolecular partner, the released energy enters the bath and
therefore gets redistributed between partners. Given the lightermass of themolecular anion, the latter is then
more likely to translationally ‘heat up’ in comparisonwith the Rb atom, thereby leaving the trap.

The data in that figure clearly show that the individual, partial rotational de-excitation rates for the lowest
three excited states ofOH− in the trap have a rather slow dependence on temperature: from50 to 450 K, each
rate changes atmost by a factor of 2 or less. The range of values spanned by all the rates covers about one order of
magnitude: all of them are defined roughly between 10−10 cm3 s−1 and 10−9 cm3 s−1.We also see that themost
efficient rotational de-excitation transitions are those from themore excitedOH− partners: from j=3 and
j=2.With the same token, de-excitation processes with jD >−1 yield rates of smaller sizes, as expected (see
earlier discussion at lowerT in [18]).

In order to provide amore global evaluation of the collisional ‘rotational internal cooling’ efficiency, we have
furthermodelled the rotational distribution ofOH− states in the trap as being a Boltzmann-like distribution at
each considered temperature. Hencewe have examined such global indicators fromT=200 to 450 K, a range
that spans the experimental findings on trap temperatures of the earliermeasurements [15].We have then
summed the computed rates byweighting each of themwith the relative distribution coefficients and at eachT
values.

Figure 2.Computed rotational de-excitation (internal ‘cooling’) collisional cross sections over the same range energies of figure 1, for
state-changing processes from thefirst three levels with j 0.> See text for further details.
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The results are reported in the same figure 3 by the curvemarkedwith filled-in triangles and conventionally
indicated by ‘heating’ or ‘cooling’, a simplified labelling referring only to the state of the internal rotational level
population of the anionic partnermolecule after collisions. One clearly sees there that, as expected, the global
rotational de-excitation rates also depend very little onT and remain close to the value of 1.06 10 9´ - cm3 s−1.
This is a rather efficient collisional de-excitation process ofOH− partners in the trapwith Rb: we therefore
expect that thismolecular system could rapidly be brought down to the j=0 level before leaving the trap
through some other loss process. One should also keep inmind, asmentioned earlier, that internal rotational de-
excitation processes actually increase the translational ‘heating’ of the bath. Since themolecular anion is the
lighter collisional partner, one alsowould expect that its translational temperature would increasemore and
would also contribute to trap losses. In fact, the experimental estimate on inelastic losses (also shown in the
figure) are very similar in size to our global value, a result which allows us tomake the following considerations:

(i) rotational de-excitation collisional efficiency could cause possible trap losses of the molecular anion in the
setup of the experiments in [15], although it was not explicitly considered in that study,

(ii) notmuch is known about vibrational heating rates in such traps, although theOH−molecules are expected
to be largely in their v=0 level. On the other hand, our earlier numerical estimates of vibrational inelastic
processes in another ion,MgH+, internally vibrationally de-excited in cold traps by buffer cooling viaHe
gas [28] indicated that such rates would be between two and three orders ofmagnitude smaller than their
rotational cooling counterparts;

(iii) one could therefore surmise that the large values of the global losses found in the experiments, which are of
the same order ofmagnitude as our present rotational cooling rates, could be possibly due either to the
presence of active AD channels as those described by (11) or to translationally heatedmolecules which can
leave the trap.

To further extend the present analysis of the efficiency involving the lower rotational levels of thismolecular
anion (taken to be also in its v= 0 level), we present in figure 4 the corresponding behaviour of the rotational
excitation rates for theOH− partners in the sympathetic trapwith Rb atoms. The rates shown involve collisional
excitations from the j=0, 1, 2 levels.

The computed excitation rates reported in the figure are seen to rapidly grow in size at each opening
threshold, reaching theirmaximumvalues within about 50 K for the jD =1 excitation process. By the time the
trap’s temperature reaches about 300 K,we see in fact that all these excitation processes become comparable in
size, reaching rate values around 1.0 10 9´ - cm3 s−1. On the other hand, the jD =2 and jD =3 transitions
are associatedwith processes for which the rates reach around 400 K a lower, and nearly common, value of
0.5 10 9´ - cm3 s−1. In order tomodel somewhatmore realistically the equilibration of relative populations

Figure 3.Computed rates for rotational internal ‘cooling’ ofOH− in collisions withRb atoms, over the range of temperatures up to
those sampled in the experiments. All down transitions from thefirst four rotational levels are considered. The different processes are
labelled both by colours online and by the different linemarkings given in thefigure. The global ‘heating’ and ‘cooling’ labels in the
figure refer only to the internal rotational level population of themolecular anion. They are estimated as described in themain text.
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between the levels considered as active for themolecular anion in the trap, we have also carried out a Boltzman
averaging of the excitation rates at the experimental trap temperatures: their values from about 200 K and up to
450 K are reported by thefilled-in dot curve in the samefigure 4. As a further comparison, we also report these
valueswithin the data of the earlierfigure 3. The data indicate oncemore a slow dependence of the global
‘internal rotational heating’within the range of temperatures considered, their overall value being around
1.2 10 9´ - cm3 s−1. Our present results also indicate a fairly high efficiency for the collisional state-changing
rates of the anionicmolecular partner in the trapwith Rb atoms. The comparisonwith the corresponding
estimates of the rotational de-excitation global rates offigure 3 indicates that both types of rotationally inelastic
global rates are a factor offive larger than the estimated rate losses of the experimental conditions. Since our
global rotational de-excitation rates could also cause, as we discussed before, losses of themolecular partner
from the trap’s environment, we could therefore argue that the translational heating of the bath in the trap
originating from the ‘rotational cooling’ computed rates is a relevant contributor to the observedmolecular
losses from the trap.Our present computational findings also indicate that the internal state excitations by
collision should be a very efficient path under the experimental conditions of the sympathetic cooling. It is also
useful to look at the individual state-to-state processes involving the j=0, 1 lowest rotational levels. From
figure 3we see that the rotational de-excitation rate ismuch larger than the corresponding rotational excitation
rate infigure 4 up to about 50 K, thus suggesting that if the experiments with the Rb atoms could be brought
down to the same temperature range as those carried out withHe atoms [16], we should then expect that the
molecular partner could be kept rather efficiently into its j=0 ground rotational state.

3.2. Isotope effects forOD− collisionswithRbunder trap conditions
A further aspect of our present analysis deals with the effects on the size and energy dependence of the inelastic
cross sections for theOD− partner collidingwith Rb atoms. To remind readers of the actual sequence of energy
spacings we report infigure 5 a comparison between levels.

A quick perusal of the energy spacings of the two systems tells us that the lowest three excited rotational levels
of the heavier isotopic variant cover roughly the same energy range (120 cm−1) as thefirst two rotational levels of
the lightermolecule.We therefore see that the reduction of the energy gaps during excitation/de-excitation
collisions will be likely to causemarked differences among the corresponding cross sections. Such differences
will be analysed below inmore detail. The data offigure 6 report a comparison between relative sizes and energy
dependence for the state-changing excitation cross sections from the lowest three rotational levels.

One of the differences between the two systems is themarked change in the threshold behaviour of the
lowest excitation cross sections from the j=0 initial levels. To reduce computational costs we have generated
fewer points for the case of the heavier isotopic variant, so that changes in the resonance structures are harder to
detect for the latter case. Amore detailed analysis of resonance effects is outside themain scope of the present
work, althoughwe seemuch larger cross sections near threshold for theOD− partner, this being so up to about

Figure 4.Computed rotational excitation rates for the title systemwithOH−, over the range of temperatures reaching those sampled
in the experiments. All ‘internal heating’ transitions from thefirst three rotational levels are considered. The global rotational
excitation rates are estimated as described in themain text.
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50 cm−1. On the other hand, as the collision energy increases theOH− excitation process becomesmore
efficient and remains so up to the largest energy examined by us. Such an effect could be linked to features of the
interaction PES that, for the present system, is exhibiting clear ‘chemical’ characteristics in the short-range
regionwhile being dominated by induction effects in the long-range region. Thus, the lower anisotropic
multipolar coefficients are very important for near-threshold collisions and behave similarly for both isotopic
variants. The heavier partner, on the other hand, involves smaller amounts of energywhich are being transferred
and therefore the reduced energy gapmakesmore probable its inelastic processes with respect to those of the
lighter partner: this is seen in our results. As the collision energy increases, however, the dominant angular

Figure 5.Computed rotational level ladders for the two isotopic variants examined in the present work. Adapted from [18].
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momenta for theOH− partner are less than in the case of theOD−, so that the former projectile penetratesmore
closely to the ‘chemical’ interaction regions than the heavier isotope. As a result, the coupling ismore strongly
controlled by the short-range potential features rather than by the simpler energy gap difference: the inelastic
excitation cross sections therefore become larger for theOH− than forOD−. A very similar behaviour is also
shownby all the other partial excitation cross sections reported by figure 6: the heavier isotopic system yields
larger inelasticity at near-threshold energies, while the lighterOH− produces larger inelastic cross section as the
collision energy increases sincemore virtual levels are dynamically coupled in this case via the closer approaches
of the lightermolecule: it thus samples the stronger, short-range region of the interaction. The computed partial
cross sections for the de-excitation collisions involving the jD =−n (with n=−1,−2 and−3) processes from
the j=1, 2, 3 initial levels are reported byfigure 7 in its three panels.

In the jD =−1 de-excitation process, since no threshold energy is present, we see that the energy gap
differences play an important role at all the energy considered, although the effects aremuchmoremarked at the
lowest collision energies: these ‘super-elastic’ processes transfermore internal energy to the relative translational
energies for the case of the lighter isotopic variant, thus reducing the interaction times for the lighter system in
comparisonwith the heavier one. This featuremakes theOH− dynamicsmore ‘sudden’, and hencemore
efficient. Furthermore, we also see that the differences in potential-induced, dynamical couplings, which also
depend on the number of trajectories involved in each case, becomemore important at the higher collision
energies, therebymaking the size of the two sets of quenching cross sections closer to each other (see panels in
thefigure 8). At the lowest collision energies, on the other hand, the rotational energy gap differences between
isotopic variants dominate the long-range dynamics, thereby affecting the quenching efficiency differences
between the two systems. The comparative behaviour of the other computed partial, state-to-state quenching
cross sections is further reported in the other panels of the samefigure 7.

The sets of calculations in thesefigures which involve the higher initial rotational levels showhowever a
more complex interplay between effects of energy gap differences and importance of potential-induced
dynamical effects. Thus, at the collision energies near the energy threshold the de-excitation efficiency of the
lighterOH− partner in themore excited initial states ismuch closer, and even smaller in some cases, to that for
the cooling efficiency of the heavier isotopic variant, and remains so for energies up to a fewmilli-cm−1:
depending of the value of the jD in the cooling transition, we see right at threshold the prevailing effects of either
the energy gap factor or the varying strengths of the anisotropic potential-coupling factor. As the collision
energies increase, however, we see that all the sets of cross sections for the lighter partner get to be clearly larger
and remain so up to the largest energies: the coupling potential strength is now the dominant factor in driving
the relative dynamics, as discussed earlier.

The data reported byfigure 9 indicate the low-T behaviour of the rotation-quenching rates for theOD−

collisions with the Rb partner in comparisonwith those already discussed earlier for its lighter counterpart. The
calculations cover the lower temperature region (up to about 35 K)which is expected to be the one likely to be
finally reached in the ongoing experiments for the title system: in the figurewe compare the present calculations

Figure 6.Computed rotational excitation cross sections for the two isotopic variants examined in the present work. All energy values
are given in cm−1. The heaviermolecular ion’s data are given by the curves furthermarkedwith crosses, with plus andwithfilled-in
squares, while those for the lighter variant are given by the plain lines. Transitions are labelled as in the inset of thefigure.
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for theOD− situationwith those computed earlier by us for its lighter counterpart [18].We see that, in general
terms, the entire range of cooling processes considered here covers nearly one order ofmagnitude in size,
varying from about 1.0 10 10´ - cm3 s−1 at the smaller end to about 1.0 10 9´ - cm3 s−1 at the larger end.
Furthermore, we also see that the relative behaviour of the partial de-excitation cross sections discussed earlier is
also reflected on the relative sizes of the corresponding rates: all rates for the lighter anion are invariably larger
than those for the heavier counterpart since the partial cross sections for the formermolecule have been shown
to be larger at the threshold energies (see figure 7). On the other hand, the opposite occurs for the partial rates
associated to the j 3 1( )D - and the j 3 0 :( )D - their corresponding partial cross sections were found to be
larger for the heavier isotopic variant (see figure 8) and therefore the cooling rates at low-T are behaving the same
way. Additionally, in the case of the j 2 1( )D - and the j 2 0( )D - quenching transitions, we see that the
corresponding rates remain larger for the lighter partner in spite of the corresponding cross sections infigure 7
being at threshold larger for the heavier isotopic variant: in this case, in fact, the change in relative size between
cross sections occurs at low enough collision energy to affect the corresponding rates at the considered
temperatures. In otherwords, we see oncemorewhat we have discussed earlier in this section: the relative
interplay of the dynamical and kinematics differences affects the relative sizes of the corresponding low-T rates,
although in both cases such rates remain rather large and definitely larger than for theHe collisional cooling
rates discussed several times throughout the present paper.

4. Conclusions

In the present workwe have analysed in detail the relative efficiency of the collisional state-changing partial cross
sections for bothOH− andOD−molecular anions in interacting with Rb atoms under cold trap conditions.We
have employed an ab initio evaluation of the interaction forces [19] and carried out a rigorous, TI treatment of
themultichannel quantumdynamics. The calculations have involved rotational excitation and corresponding

Figure 7.Computed rotational de-excitation cross sections for the two isotopic variants examined in the present work. All energy
values are given in cm−1. The heaviermolecular ion’s data are given by the curves furthermarked by crosses, while those for the lighter
variant are given by solid, plain lines. The quenching process involves the jD =−1,−2 and−3 transitions from the j=1, 2 and 3
initial levels.
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Figure 8.Computed rotational de-excitation cross sections for the two isotopic variants examined in the present work, this time at the
higher collision energies with respect to figure 7. The heaviermolecular ion’s data are given by the curves which have further crosses as
markings, while those for the lighter variant are given by plain lines. The transition labels are given by the colours and are also reported
in the inset in thefigure. The quenching process involves transitions from the j=1, 2 and 3 initial levels for both systems.

Figure 9.Computed rotational de-excitation rates of the two isotopic variants examined in the present work. The various lines with
furthermarkings refer to the heaviermolecular anion, while the plain lines report calculations for the lighter isotopic variant. The
markings of the various transitions are given by the inset within the figure. Seemain text for further details.
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de-excitation for both systems. The transitions considered have dealt with the lowest four rotational states of the
targetmolecules and the energy range for the analysis of isotopic effects has considered the possible experimental
situations of future, colderMOT-hybrid trapswhich can be achieved via interactionwith laser-cooled clouds of
Rb atoms and operate around and below 30 K of temperature. The results have clearly shown that the rotational
de-excitation ofOH−molecular anions is in generalmore efficient than that for its heavier isotopic counterpart,
this being especially so at the higher collision energies, while the threshold behaviour of their respective de-
excitation rates can change depending on the relative interplay of the strength of the potential-driven dynamics
and the energy gap role in the transitions. The corresponding rotational excitation processes, on the other hand,
indicate that theOD−molecular partners are uniformlymore efficiently excited at near-threshold energies while
becoming less efficient as the collision energies increase. Such a behaviour could be linked to the interplay
between dynamical coupling induced by potential anisotropic coefficients at the higher energies and themore
important role played by the energy-gap differences at the near-threshold energies. Another aspect of the
collisional state-changing dynamics whichwe have considered is the behaviour of the ‘internal rotational
cooling’ and ‘internal rotational heating’ rates for theOH− as the collision energies are increased up to about
3000 cm−1 and therefore the corresponding rates could be evaluated up to the temperatures reached by the
earlier experimental findings in the literature. Our present ab initio calculations found the state-changing rates
to exhibit a rather slow dependence on the temperatures and that they invariably remain smaller than the usual
estimates from the Langevinmodels. The lattermodel simply treats the overall reactivity as being driven by the
atomic polarisability and by the long-range charge-polarisation potential: our present analysis is obviouslymore
sophisticated in selecting the interaction forces between partners and in treating the inelastic dynamics. As
should be expected, [15], the Langevin rates constitute the upper limit to themore realistic calculations of the
present study. Furthermore, we found that simple evaluations of global rotational de-excitation rates or of
rotational excitation rates at temperatures up to 450 K indicate the efficiencies of the collisional state-changing
processes to be fairly large and to be comparable in sizewith the loss rates found in the experiments [15]. This
datum should suggest that the de-excitation processes could translationally ‘heat’ preferentially the lighter
partner in the trap and thus also contribute to the observed trap losses of themolecular anion. In conclusion, the
quantum calculations presented by this work have clearly shown that the efficiency of rotational state-changing
processes for bothOH− andOD−molecular anions in collisionwith cold Rb atoms under the kinematic
conditions of an ion trap can be very large and therefore likely to allow, at the lowest temperatures expected in
the trap (<40 K) by current experiments, that bothmolecular isotopic variants to be de-excited to their lowest
rotational levels on a time scale possibly shorter than the rates for actualmolecular losses occurring in the trap.
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