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Rotational Quenching in Ionic Systems at Ultracold Temperatures
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The behavior of the rotational quenching for a molecular ion in collision with closed-shell neutral
gases is investigated. We confirm that Wigner’s threshold law for inelastic scattering holds in the
presence of a long-range interaction due to polarization forces decreasing as the inverse fourth power of
the distance but find that, because of the contributions of the higher angular momenta, its range of
applicability is markedly reduced when compared to the scattering by neutral species. The calculations
of the quenching cross sections make evident the special features of ionic systems at ultralow collision
energies and yield rate coefficients of the order of 10�9 cm3 s�1, much larger than those found for the
quenching of neutral molecules.
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variety of theoretical approaches has been attempted kinetic energy [22]
The possibility of obtaining and storing samples of
ultracold molecules is opening new perspectives in chem-
istry. While optical cooling can be readily achieved for
dilute atomic samples of alkali and alkaline-earth metals
[1] and of metastable helium [2,3], its application to
molecules is complicated by the absence of closed optical
transitions. Molecules irradiated with laser light would be
optically pumped into dark states well before transla-
tional cooling is completed [4]. A variety of methods
has been discussed to obtain ultracold molecules.
Among them, the photoassociation (PA) of translation-
ally cold atoms has been considered [5,6]. Refined
versions of PA including effects from Feshbach resonan-
ces [7] and processes involving two-photon Raman [8]
schemes have also been proposed. Raman PA of cold
atoms has been experimentally verified and realized for
Cs2 [9], Na2 [10], and Rb2 [11]. Theoretical treatments of
the dynamical and chemical behavior of an atomic-
molecular Bose-Einstein condensate predict a class of
interesting phenomena [12] that could be the subject of
experimental investigation. Recent studies are probing
ultracold atomic systems in which electric charges may
play an important role [13]. These include ultracold plas-
mas [14], ultracold Rydberg gases [15], as well as ioniza-
tion experiments [16].

It is important, in the framework of theoretical and
experimental discussions of cold molecules, to analyze
the behavior of rotational quenching cross sections in the
ultracold temperature limit, particularly so for ionic sys-
tems which have been seldom studied. Indeed, a correct
modeling of the low-energy dynamics in these systems
could be helpful to better understand microscopic nucle-
ation in cold rare gas clusters where often the accretion
core is deemed to be an ionic molecule [17]. An interest-
ing class of experiments has been performed [18,19] and a
0031-9007=02=89(28)=283201(4)$20.00 
[20,21] to explain the experimental data and the magic
numbers they seem to reveal. The efficient quenching of
the internal degrees of freedom of the ionic core could
explain the high rates of evaporation of the neutral sol-
vation shells and the survival of the final stable geometric
configurations. It is essentially the same dynamics which
controls the collisional cooling of such systems in
the ultralow energy temperatures reached in a cold trap
environment.

Theoretical studies on the low energies dynamics be-
tween atoms and molecules have been performed for the
several neutral systems H-H2 [22,23], He-H2 [24–26],
He-CO [27–29], and He-O2 [30]. Each of these studies
has provided cross sections and rates for rovibrational
quenching and proved their behavior to be in agreement
with the limiting Wigner law. The behavior of the cross
section at ultralow energies is mostly determined by the
long-range tail of the potential for a neutral-neutral col-
lision as shown in Ref. [25]. Here we investigate the
inelastic and elastic cross sections in the case of long-
range interactions such as those occurring in a collision
between a charged molecule and a neutral atom. The
anisotropy of our potentials is strong in the short-range
region while the long-range potentials are determined by
the polarizability of the atom.

The theoretical analysis of a low-energy inelastic col-
lision can be achieved by performing a series of close
coupling calculations for decreasing energies and then
extracting from the resulting cross sections the complex
scattering length

a�j � ��j � i��j; (1)

where � and j are the initial quantum numbers of the
molecular state. The imaginary part can be obtained from
the total quenching cross section in the limit of zero
2002 The American Physical Society 283201-1
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FIG. 1. Interaction potentials for Ne2
�-Ne and He2

�-He as a
function of R for four different orientations.
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��j � lim
k�j!0

k�j
in
�j�E�

4
; (2)

where k�j is the relative velocity wave vector between the
collision partners. The imaginary part of the scattering
length yields the zero temperature quenching rate coef-
ficient

C�j�T ! 0� �
4 �h��j

�
; (3)

where � is the reduced mass of the system. Equation (2) is
a form of the Wigner threshold law, which in general
states that the total (and the state-to-state) inelastic cross
section for a deexcitation collision diverges in the limit of
zero kinetic energy as the inverse of the initial relative
velocity between the colliding partners. Wigner’s law
should hold for all potentials that vanish at infinity faster
than R�3.

We employed in the present study two rigid rotor
potential energy surfaces (PES’s) expressed in the usual
Jacobi coordinates R and �, calculated earlier in our
group using ab initio methods [21,31]. The long-range
points were fitted to the multipolar expansion for the
electrostatic interactions for which we employed the ex-
perimental values of the dipole polarizabilities � of the
neutral atoms [��He� � 1:38 a:u: [21] and ��Ne� �
2:67 a:u: [31] ] that interact with their homonuclear parent
ions (He2

� and Ne2
�):

Eab�R; �� � V�R; �� � Va �
�

2R4 ; (4)

where Eab are the total energies obtained from the
ab initio calculations: they extend out to an outer limiting
Rmax value (5 Å for He and 7 Å for Ne) beyond which
the He=Ne atomic polarizabilities are used to generate the
full interaction. Here Va is the asymptotic potential or the
isolated diatom. Since the ab initio calculation could not
be extended to the large-R region we employed a least
squares fitting of the above expression to produce the
interaction potential V�R; �� with the correct large-R
dependence. The two surfaces are reported in Fig. 1.
The potential presents a minimum at larger distances
for the Ne3

� surface as expected by the larger size of
the Ne atoms. The corresponding attractive well is deeper
for the Ne system at small angles (� � 0�-� � 30�),
while the opposite is true for larger angles. Therefore, a
more marked anisotropy occurs for the Ne system than
for the He case.

The anisotropy of the potential energy surfaces (the
source of rotational inelasticity) can be described by
expanding in Legendre polynomials according to

V�R; �� �
X

�

V��R�P��cos��: (5)

The spherical term V0 has a similar depth of
( � 500 cm�1), but the Ne2

�-Ne interaction has its mini-
mum at larger R values. The attractive regions of the
higher order terms are pushed to larger R in the case of
283201-2
Ne compared to He although the V� coefficients have
much stronger attractive tails for the Ne system than for
the He. The Legendre expansion converges less rapidly for
Ne because the surface has a larger anisotropy as exem-
plified by the presence of weaker minima at higher �
values. Enough multipolar coefficients were included to
reproduce the angular PES’s within a few percent of
the directly computed values (four terms for He and seven
for Ne).

We solved the close coupled (CC) equations in the rigid
rotor approximation, which excludes the possibility of
vibrational transitions and reactive collisions but should
yield reliable results for pure rotational transitions. For a
given partial wave of angular momentum l and initial
internal quantum angular number j the total angular
quantum number J ranges from jj� lj to j� l. For
s-wave scattering with l � 0, J � j.

For the He system we employed nine rotational levels
and for the Ne system 32 with ten partial waves for both.
The highest rotational level of He2

� is j � 16 and of
Ne2

� is j � 62. The rotational constants are 7:211 cm�1

for He [32] and 0:554 cm�1 for Ne [33]. In both cases we
integrated the equations from 0.5 Å out to 500 Å. The
matching R values were arranged to change automati-
cally for l � 0 incoming waves, to avoid the presence of
imaginary local wave vectors at the matching point. The
solution of the CC equations was accomplished by the use
of a new propagator we have developed [34] that is based
on the variable phase equations for mutichannel scatter-
ing [35,36] and is particularly efficient for long-range
interactions. The propagator is a hybrid method which
uses a standard log-derivative approach at short range and
the variable phase equations at long range.

The quenching cross sections for the rotational deexci-
tation of He2

� by He are shown in Fig. 2 as a function of
the collision energy for the transitions from j � 2, 4, and
6 with �j � 0, 2, and 4. The cross sections for the
transitions involving the �j � 2 jump are all of the
283201-2
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FIG. 2. Quenching cross sections for He2
�-He. Upper-left

panel: transitions involving a single quantum jump. Upper-
right panel: transitions involving double and triple jumps.
Lower panel: elastic transitions.
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FIG. 3. Quenching cross sections for Ne2
�-Ne. Upper-left

panel: transitions involving a single jump. Upper-right panel:
transitions involving double and triple jumps. Lower panel:
elastic transitions.
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FIG. 4. Partial contributions to the 2 ! 0 deexcitation cross
sections for the first three values of J for the He system (left
panel) and for the Ne (right panel) as a function of collision
energy. The dominant value of l for each J is indicated.
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same order of magnitude and reach the Wigner regime at
an energy of 10�4 cm�1. The energy is small compared to
neutral-neutral collisions, where the Wigner law’s regime
applies at energies below 10�2 cm�1 [27,29,30]. The dif-
ference is due to the long-range tail of the polarization
potential which enhances contributions from higher par-
tial waves.

A more complex behavior occurs for transitions with
�j > 2. The cross section for the 6 ! 0 transitions is an
order of magnitude larger than the one for the �j � 4
transitions shown in Fig. 2. The anisotropic coefficients
V� decrease rapidly with �, and their direct interaction
does not drive large changes in j. The large changes in j
must be a result of multiple dynamical couplings between
adjacent rotational levels. At ultralow energies the long
interaction time corresponds to several rotations of the
target ion.

The cross sections for the Ne systems are reported in
Fig. 3. The effects of multiple transitions are more evident
for Ne as expected for a system with a denser rotational
spectrum and stronger P2�cos�� anisotropy. The region in
which the cross section behaves as 1=v is not reached until
energies below 10�6 cm�1, because of the the larger
polarizability and extended long-range interaction.

The difference between the Ne and He systems arises
mostly from the greater magnitude of the polarizability
of Ne and the heavier mass, which both lead to an in-
creased contribution from large values of l.

The long-range potential scatters higher angular mo-
mentum partial waves than does one of shorter range:
classically trajectories with large impact parameters are
deflected only by the long-range part of the interaction. In
Fig. 4 we report the energy dependence of the J � 0, 1,
and 2 cross sections for both systems for the transition
j � 2 ! j0 � 0 and show in the inset the dominant l
value for each J. The longer range potential of the Ne
system scatters incoming waves with l > 0 more effec-
283201-3
tively though their contribution does vanish in the limit of
low energies where Wigner’s law for s waves applies.
However, lower energies are required to access the
Wigner law regime.

We present in Table I the real and imaginary parts of
the scattering lengths together with the limiting values of
the rate constants for the quenching process. Some of the
real contributions to the scattering lengths are large and
positive showing the presence of bound states of the
composite systems with energies close to the dissociation
threshold, as can be expected for such strongly interact-
ing partners. The large quenching rate coefficients of
order 10�9–10�10 cm3 s�1 attained at zero temperature
may cause significant loss in trapping experiments but
enhance the possibility of measuring the cross sections by
means of ion storage experiments.

The present study constitutes a first attempt to analyze
the behavior of rotational collisional quenching in ionic
283201-3



TABLE I. Scattering lengths and rate constants.

Initial j �j � �A� �j � �A� Cj�T ! 0� �cm3 s�1�

He2
�-He

2 �33:9 22.6 6:7� 10�10

4 �24:8 28.0 8:4� 10�10

6 �14:1 42.1 1:2� 10�9

Ne2
�-Ne

2 �371:6 55.5 3:3� 10�10

4 �103:6 124.5 7:3� 10�10

6 �256:7 117.9 7:0� 10�10
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molecular encounters in very low relative energy regimes.
We have chosen for this case study the ionic, homonu-
clear rare gas systems Ne2

� � Ne and He2
� � He which

are also of interest because of the role they play when
modeling ionic nucleation in rare gas clusters [31,37–39].
The calculations demonstrate that the region in which the
Wigner law applies is reached for ionic systems at much
lower collision energies than for neutral particles and that
the quenching rate coefficients as T tends to zero are of
the order of 10�9 cm3 s�1, considerably larger than for
neutral atom-molecule systems. We expect that also in
reactive events with ionic partners the rotational excita-
tion will play a significant role.

A. D. acknowledges the Chemical Sciences,
Geosciences and Biosciences Division of the Office of
Basic Energy Sciences, Office of Sciences, U.S.
Department of Energy. We thank the National Institute
for the Physics of Matter (INFM) and the Ministry for
University and Research (MURST) for partially funding
E. B.’s stay at the Center for Astrophysics where this work
was carried out and for funding the present research.
28320
*Corresponding author.
Email address: fa.gianturco@caspur.it

[1] W. Ketterle, D. S. Durfee, and D. M. Stamper-Kur, in
Bose-Einstein Condensation in Atomic Gases,
Proceedings of the International School of Physics
‘‘Enrico Fermi,’’ Course 140, edited by M. Inguscio,
S. Stringari, and C. Wieman (IOS Press, Amsterdam,
1999).

[2] A. Robert, O. Sirjean, A. Browaeys, J. Poupard,
S. Nowak, D. Boiron, C. I. Westbrook, and A. Aspect,
Science 292, 461 (2001).

[3] F. P. D. Santos, J. Leonard, J. Wang, C. J. Varrelet,
F. Prales, E. Rasel, C. S. Unnikrishnan, M. Leduc,
and C. Cohen-Tannoudji, Phys. Rev. Lett. 86, 3459
(2001).

[4] J.T. Bahns, W. C. Stwalley, and P. L. Gould, J. Chem.
Phys. 104, 9689 (1996).
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[13] R. Côté, Phys. Rev. Lett. 85, 5316 (2000).
[14] T. C. Killian, S. Kulin, S. D. Bergeson, L. A. Orozco,

C. Orzel, and S. L. Rolston, Phys. Rev. Lett. 83, 4776
(1999).

[15] I. Mourachko, D. Comparat, F. de Tomasi, A. Fioretti,
P. Nosbaum, V. M. Akulin, and P. Pillet, Phys. Rev. Lett.
80, 253 (1998).
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