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Prospects for cooling and trapping rotationally hot molecules

R. C. Forrey
Penn State University, Berks-Lehigh Valley College, Reading, Pennsylvania 19610-6009

~Received 20 March 2002; published 27 August 2002!

Cold collisions involving highly rotationally excited diatomic molecules are investigated. As the transla-
tional energy is lowered, the total inelastic cross section decreases sharply for specific channels where qua-
siresonant transitions are no longer energetically allowed. Rate coefficients are given for collisional quenching
of rotationally excited H2 ,D2 ,T2, and O2 at zero temperature. The specific rotational states that are stable
against collisional relaxation would be interesting prospects for cooling and trapping. The application of
collisional cooling methods together with recently developed schemes for producing rotationally hot molecules
may allow high densities of ultracold ‘‘super rotors’’ to be achieved.
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I. INTRODUCTION

Experimental schemes to produce diatomic molecule
highly excited rotational states have been proposed@1,2# and
recently realized@3#. The results of these experiments m
have important implications for both gas phase and surf
physics and chemistry@3#.

Theoretical calculations have revealed interesting beh
ior for the collisional dynamics of such rotationally hot mo
ecules at low temperatures@4–7#. One intriguing result of
the calculations@6# is the possibility for producing rotation
ally hot molecules that are stable against collisional rel
ation. The idea is to use molecular levels that would unde
a quasiresonant~QR! vibration-rotation ~VR! transition at
normal temperatures. At very low temperatures, the hig
efficient and specific QRVR transition may become clos
due to energy conservation. This effectively stabilizes
rotationally hot molecule against collisional deexcitation@6#.
For molecules that are also vibrationally excited, the ro
tional distribution of total quenching rate coefficients
nearly symmetric about the levels where QRVR transitio
are energetically closed@4#. This is due to highly efficient
energy transfer that allows vibrational excitation and deex
tation to occur with nearly equal probability. Observatio
from the optical centrifuge experiments@3# have suggested
that at least some of the highly rotating molecules are p
duced without vibrational excitation. For collisions that i
volve molecules in the vibrational ground state, the rotatio
distribution of total quenching rate coefficients is asymme
with respect to levels where QRVR transitions are clos
because the molecules cannot lose vibrational energy. In
work, we provide an extensive account of the rotational d
tributions for collisional quenching of the lowest-lying vibra
tional levels for several types of rotationally excited mo
ecules.

The collision partner in each calculation is a helium ato
however, the characteristic behavior in the distribution
rate coefficients applies to any weakly interacting syste
For example, when helium is replaced by argon, the shap
the rotational distributions for the lowest-lying vibration
quenching rate coefficients at zero temperature is unchan
@8#. Other rare-gas collision partners have been used
QRVR transfer experiments at ordinary temperatures@9#.
1050-2947/2002/66~2!/023411~7!/$20.00 66 0234
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The choice of helium as a collision partner at low tempe
tures is a natural one considering the experimental prog
in helium buffer gas cooling@10# and helium cluster isolation
spectroscopy@11#. Because some of the rotationally hot mo
ecules are stable against collision with other atoms and m
ecules, it is very possible that they would also be stable u
collision with a surface, such as a helium coated wall
droplet. If the sticking probability is large, then the so-call
‘‘super rotors’’ would be trapped by the surface for ma
rotational periods. An analogy with molecular predissoc
tion suggests that the molecules could be trapped in
manner for several milliseconds or more before being los
relaxation @5#. If the sticking probability is low, as in the
Wigner threshold regime where it approaches zero, the
may also be possible to use the surfaces as a mean
containing the highly rotating molecules.

It has been speculated@6,7# that the quasiresonant effec
should be most pronounced for light diatomic systems du
the small moment of inertia. Investigation of helium col
sions with hydrogen, deuterium, and tritium molecul
should provide insight into the importance of the moment
inertia in quasiresonance phenomena. We show the resul
this investigation, and based on these results, we draw
clusions for other systems such as Li2 and O2. The depen-
dence of the total inelastic cross section on the anisotrop
the potential-energy surface is also studied. We find that li
diatomic systems with small long-range anisotropy gener
allow very stable rotationally excited states when the QR
channels are closed. This is primarily due to the exponen
decay of the rate coefficients for pure rotational transitions
the energy gap between the initial and final state is increa
@12,13#. Heavier systems with large long-range anisotro
have rate coefficients for pure rotational transitions that
off more slowly with energy gap allowing more efficien
relaxation even when QRVR transitions are closed.

The paper is organized as follows: Section II briefly d
scribes the classical theory of quasiresonant scattering a
with a general description for estimating the collision
quenching behavior of any highly rotating diatomic syste
The usual quantum-mechanical formulation is reviewed
gether with the scattering length description for inelastic c
lisions in the limit of zero temperature. Section III presen
the results of the quantum calculations for several syste
©2002 The American Physical Society11-1



p
ar

-
n
in
al
RV
hig
rg

u

ia
is

io

d

m
s
a

rm

in
e
s

sic
s
ly
ta

om
n-

o-

l
en
ing

. In
at
ary
ro-

ar-
bers
nt
for
for
nd
of

ond
es.
e of

9
5
7

R. C. FORREY PHYSICAL REVIEW A 66, 023411 ~2002!
and provides an interpretation based on the theory develo
in Sec. II. Conclusions and speculations for future work
given in Sec. IV.

II. THEORY

It is well known @12,13# that rotational quenching de
creases rapidly with the energy gap between initial and fi
diatomic states. As the rotational level of the molecule
creases, the energy gap for pure rotational transitions
increases, and the efficiency decreases. Therefore, Q
may be the dominant energy-transfer mechanism at very
rotational levels. Several classical studies of QRVR ene
transfer have been reported@7,14–16# for atom-diatom col-
lisions at ordinary temperatures. It has also been shown@4,5#
that collisional quenching rate coefficients are strongly infl
enced by classical dynamics in theT→0 limit. If v andj are
the vibrational and rotational quantum numbers of the d
tom, then the general rule followed by QRVR transitions

DI 5njD j 1nvDv50, ~1!

whereI 5nj j 1nvv is the conserved action andnj andnv are
small integers. When the vibrational and rotational mot
are in approximate low-order resonance, the condition

n[nv /nj'vv /v j , ~2!

also holds, wherevv andv j are the classical vibrational an
rotational frequencies of the diatom. Ifn is an even integer
for homonuclear diatoms, then an integral number of co
plete vibrations will occur during each half rotation and e
sentially all of the classical trajectories will obey the qu
siresonant rule~1! for a single (nv ,nj ) pair @14#. This
produces a correlation betweenDv and D j that persists all
the way down to zero temperature@4,5#. If the QRVR tran-
sition is energetically allowed, this correlation takes the fo
of a propensity rule@14#

D j 52nDv. ~3!

Equations~1! and ~2! may be used to show that

DEint5
]H

]v
Dv1

]H

] j
D j 5\vvDv1\v jD j '0, ~4!

which is the condition that the internal energy change dur
the collision is as small as possible. As the translational
ergy approaches zero, the classical dynamics continue
satisfy Eqs.~3! and ~4! by allowing Dv andD j to be much
smaller than a single quantum. This means that the clas
analog of the quantum process is forbidden. Nevertheles
has been shown@4,5# that the quantum process is strong
influenced by the classical dynamics when the initial ro
tional level is near a quasiresonant valuej QR

(n) for integern.
One of the interesting features of ultracold atom-diat

collisions is the efficiency and specificity of the QRVR tra
sitions for a range ofj values centered atj QR

(n) . For a mol-
ecule that is oscillating harmonically with frequencyve , the
nth-order QR rotational level is
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j QR
(n) 5

ve

2nBe
, ~5!

where the rotational constantBe is inversely related to twice
the moment of inertia of the molecule. In the zer
temperature limit, thenth-order transition is typically closed
for j 5 j QR

(n) while the neighboringj values allow very effi-
cient QRVR energy transfer@4#. The largest rotational leve
with an energetically closed QRVR transition occurs wh
n52. Because the efficiency of pure rotational quench
decreases rapidly with increasingj, the j 5 j QR

(2) rotational lev-
els have the best chance to resist collisional relaxation
order to produce highly rotationally excited molecules th
are stable against collisional decay, it is usually necess
that the QR rotational level be less than the dissociation
tational level

j D5ADe

Be
, ~6!

whereDe is the dissociation energy. Table I shows the h
monic parameters and also the rotational quantum num
for hydrogen, lithium, and oxygen molecules. It is appare
from the table that the second-order QR rotational levels
Li2 and O2 occur at values that are greater than the levels
dissociation. Therefore, there is very efficient vibrational a
rotational energy exchange for the highly excited states
these molecules. Figures 1–3 show results that go bey
the harmonic approximation for all three of these molecul
The energy gaps were computed using the potential curv

TABLE I. Harmonic approximation.

Molecule ve(cm21) Be(cm21) De(cm21) j D j QR
(2) j QR

(4)

H2 4401.2 60.85 38292.5 25 18
Li2 351.43 0.6726 8517 113 130 6
O2 1580.2 1.446 42050.2 171 273 13

FIG. 1. Internal energy change versusj for collisions involving
the groundX1Sg

1 state of H2(v51,j ).
1-2
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Schwenke@17# for H2, Zemke and Stwalley@18# for Li2, and
Friedman@19# for O2 ~as modified by Babb and Dalgarn
@20#!. The internal energy change is plotted versusj for
H2 , Li2, and O2 molecules each in thev51 initial state. In
each figure, the increasing curves correspond toD j .0 tran-
sitions and the decreasing curves toD j ,0 transitions. When
the internal energy change is positive, the transition is
allowed for T→0 due to energy conservation. Interesti
behavior will generally be found nearj values where the
increasing and decreasing curves intersect for a givenD j 5
2nDv transition. This intersection point may be used
definej QR

(n) , replacing the approximate value given in Eq.~5!.
If the curves intersect at a positive value, then there will b
sharp decrease in the total inelastic deexcitation rate co
cient. The most pronounced behavior will occur forn52
because the pure rotational quenching contribution is a
very small. For H2 molecules, then52 case occurs atj
522 which is less than thej value for dissociation. It is thes
molecules that are most stable against collisional relaxa

FIG. 2. Internal energy change versusj for collisions involving
the groundX1Sg

1 state of6Li 2(v51,j ).

FIG. 3. Internal energy change versusj for collisions involving
the groundX3Sg

2 state of O2(v51,j ).
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@6#. The vibrational ground state may allow a range ofj
values that are less thanj QR

(2) to be stable against collision
even whenj QR

(2) is greater thanj D . This is due to the remova
of the quasiresonantDv521 transition. Because thej QR

(2)

values are greater than thej D values for Li2 and O2 mol-
ecules, there is no chance for bound vibrationally exci
states of these molecules to be stable against collision. H
ever, it may be possible for quasibound states withv.0 to
be stable if the dissociation lifetime is large enough@21#. For
example, the lithium molecule has many quasibound lev
whose tunneling widths forj ,130 are small enough tha
dissociation cannot occur on any reasonable time scale@2#.
Extrapolation of theD j 522Dv curves of Fig. 2 shows tha
there should be a positive energy-gap crossing in the vici
of j 5120. Therefore, the lithium molecule may posses
quasibound state whose stability against collision is limi
only by the rate coefficient for pure rotational quenching.

In the following section, we present results of numerica
converged quantum-mechanical calculations. The formu
are summarized below. The rate coefficients are given b

Rv j→v8 j 8~T!5~8kBT/pm!1/2
1

~kBT!2E0

`

sv j→v8 j 8

3exp~2Ev j /kBT!Ev jdEv j , ~7!

whereT is the temperature,kB is the Boltzmann constant,m
is the three-body reduced mass, andEv j is the translational
energy in the incoming channel. The energy-dependent c
section is given by

sv j→v8 j 85
p

2mEv j~2 j 11!
(
J50

`

~2J11! (
l 5uJ2 j u

uJ1 j u

(
l 85uJ2 j 8u

uJ1 j 8u

3ud j j 8d l l 8dvv82Sj j 8 l l 8vv8
J u2

, ~8!

wherel is the orbital angular momentum andJW5 jW1 lW is the
total angular momentum. The scattering matrixS is obtained
from the solution of the usual close-coupling equations@22#.
In the zero-temperature limit, the thermal average in Eq.~7!
simplifies and the rate coefficient is simply the cross-sect
times the collision velocity. The total collisional quenchin
~or relaxation! rate coefficient for a givenv and j level is
given by the sum ofRv j→v8 j 8 over all possible values ofv8
and j 8. Equations~7! and ~8! may be used to obtain th
components of the complex scattering lengthav j5av j
2 ibv j . The imaginary part is determined by

lim
T→0

Rv j~T!5
4p\bv j

m
, ~9!

and the real part by

sv j→v j54p~av j
2 1bv j

2 !, ~10!

which is the elastic-scattering cross section in the limit
zero energy. The cross sections are generally very sens
to the details of the potential-energy surface. It was sho
1-3
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@8# that the dimensionless ratiobv j /av j is not very sensitive
to the details of the potential-energy surface when the
bound state of the van der Waals complex is not too clos
zero.

III. RESULTS

Figure 4 shows the ratio of inelastic to elastic cross s
tion as a function of kinetic energy for collisions of3He with
H2(v50,j ). The inelastic cross section includes contrib
tions from all possible deexcitation channels, and is gre
reduced when the quasiresonantDv51,D j 522 transition
becomes energetically disallowed. This occurs for tran
tional energies in the range 100–1000 cm21. When the tem-
perature is below this energy range, the rotationally hot m
ecules are significantly more stable against collisio
relaxation. The curves shown in Fig. 4, which are consist
with those reported previously@6#, demonstrate that thev
50 states of the molecule allow a wider range of rotatio
levels to be stable against collision~e.g., thev52 states
allowed only thej 522 level to be stable against collisio
@6#!. For j >24, theDv51,D j 522 transition is energeti-
cally allowed as the translational energy is reduced to z
Therefore, the total inelastic cross section is quite large
j >24, and the ratios in /sel does not give the steplike be
havior shown in the figure. The sharpness of the step is gr
est for j 522 and decreases with decreasingj. The energy
where the step is located and the magnitude of the r
s in /sel increases with decreasingj. Wigner threshold behav
ior occurs for energies below 1022 cm21.

Figure 5 shows total quenching rate coefficients for co
sions of He with H2(v50,j ) in the limit of zero temperature
The rate coefficients, which include contributions from
possible deexcitation channels, decrease smoothly wij
with two obvious exceptions. Whenj >12, the Dv51,D j
524 transition is energetically allowed and we see a sud

FIG. 4. Ratio of inelastic to elastic cross section as a function
translational energy for collisions of3He with H2(v50,j ). The
inelastic cross section includes contributions from all possible
excitation channels.
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increase in the total quenching rate coefficient forj 512.
Likewise, whenj >24, theDv51,D j 522 transition is en-
ergetically allowed and we see a sudden increase in the
quenching rate coefficient forj 524. The qualitative behav
ior of the rate coefficients is identical for both isotopes of t
helium collision partner. The magnitude of the curve is ge
erally controlled by the location of the most weakly bou
state of the three-body complex.

Figure 6 shows the total quenching rate coefficients
collisions of 4He with H2(v, j ) in the limit of zero tempera-
ture. The rate coefficients, which include contributions fro
all possible deexcitation channels, reveal a character
curve forv.0 that is different from thev50 curve of Fig.
5. The reason is the availability ofDv521 quasiresonan
transitions. Like thev50 case, it is the pure rotational tran
sitions that dominate the quenching forj ,7. However,

f

-

FIG. 5. Quenching rate coefficients for collisions of He wi
H2(v50,j ) in the limit of zero temperature. The rate coefficien
include contributions from all possible deexcitation channels.

FIG. 6. Quenching rate coefficients for collisions of4He with
H2(v, j ) in the limit of zero temperature. The rate coefficients i
clude contributions from all possible deexcitation channels.
1-4
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when j 57 there is a strong contribution from theDv5
21,D j 54 transition and there is an upturn in the curves. F
j .7, theDv521,D j 54 transition is not energetically al
lowed and there is a sharp downturn in the curves. Whej
>12, theDv51,D j 524 transition is energetically allowe
as in thev50 case, and we see a sudden increase in the
quenching rate coefficient forj 512. Unlike thev50 case,
however, there is a smooth increase in the rate coefficien
13< j <20. This is due to the dominantDv521,D j 52 qua-
siresonant transition. Whenj 522 there is a sharp decrease
the total quenching rate coefficient due to the closing of
Dv521,D j 52 quasiresonant transition. Whenj >24 ~23
for v52), theDv51,D j 522 transition is energetically al
lowed as in thev50 case, and we see a sharp increase in
total quenching rate coefficient.

Figure 7 shows quenching rate coefficients for collisio
of 3He with D2(v50,j ) and T2(v50,j ) in the limit of zero
temperature. The characteristic behavior is the same a
Fig. 5 for H2(v50,j ). As the moment of inertia is increase
the rotational energy spacing decreases and the onset fo
opening of quasiresonant transitions is pushed out to hig
values of j. The opening of theDv51,D j 524 transition
occurs at j 516 for D2(v50,j ) and at j 519 for T2(v
50,j ), whereas the opening of theDv51,D j 522 transi-
tion occurs atj 534 for D2(v50,j ) and at j 542 for T2(v
50,j ). Because pure rotational quenching decreases e
nentially with increasingj, the states that are most stab
against collisional relaxation will be those states whosj
value is the largest possible value such thatD j 522Dv tran-
sitions are closed. This occurs atj 532 and j 540, respec-
tively, for D2 and T2. The quantitative results for D2 and T2
demonstrate that the QRVR effect does not have a str
dependence on the moment of inertia of the molecule.
stead thej QR

(n) and j D values simply increase and the chara
teristic behavior is not affected. This is in contrast to pre
ous speculations that the effect would be most pronoun

FIG. 7. Quenching rate coefficients for collisions of3He with
D2(v50,j ) and T2(v50,j ) in the limit of zero temperature. The
rate coefficients include contributions from all possible deexcitat
channels.
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for light systems@6,7#. Of course, if the moment of inertia i
large enough thatj QR

(n) . j D , then thenth-order QRVR effect
may be absent. Also, the moment arm influences the r
tional anisotropy of the interaction. The long-range anis
ropy in the potential-energy surface may be estimated us
the relation@30#

VL~R,g!'2
C6

R6 F11
a i2a'

a i12a'

P2~cosg!G , ~11!

wherea i and a' are the respective components of the
atomic polarizability that are parallel and perpendicular
the internuclear axis. If the moment arm is small, as in
case of H2, then the rotational anisotropya i2a' tends to be
small and the pure rotational quenching is less efficient.

As discussed in Sec. II, the numerical values of the cr
sections and rate coefficients are very sensitive to the de
of the potential-energy surface. Because potential-ene
surfaces are not designed for ultracold collisions, it is use
to present results of paramaters that are not as sensitive t
details of the surface. The ratiob/a is one such paramete
Figures 8–11 show results for this parameter as a functio
rotational level and energy gap for several systems. In Fig
and 9, the imaginary component includes only contributio
from pure rotational deexcitation. The curves are ve
smooth and the exponential decay with energy gap is cle
seen in Fig. 9. In Fig. 10, the ratiob/a is given as a function
of j for 4He collisions with H2 in the v50 andv52 states.
The rovibrational transitions are included in the calculatio
andbv j contains contributions from all possible deexcitati
channels. A comparison of Fig. 8 and Fig. 10 demonstra
that the structure in the curves is a consequence of allo
and forbidden QRVR transitions. The real part of the scat
ing length varies slowly so the characteristic behavior ofb/a
is similar to the total quenching rate coefficients shown
Figs. 5 and 6.

n

FIG. 8. Ratio of imaginary to real part of the complex scatteri
length as a function of rotational level. The imaginary partb j in-
cludes only contributions from pure rotational deexcitation ch
nels.
1-5
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Figure 11 includes results for H21H2 and He1O2 colli-
sions. The He1O2 calculations were performed using th
potential-energy surface of Groenenboom and Struniew
@23#. A full account of the calculations, which agree wi
those reported by Balakrishnan and Dalgarno for low ro
tional levels@24#, will be given elsewhere. The H21H2 cal-
culations were performed within the rigid-rotor approxim
tion @25# using the interaction potential of Zarur and Rab
@26#. The He1H2 and Ar1H2 results were obtained usin
the potential-energy surfaces of Muchnick and Russek@27#
and Schwenke, Walch and Taylor@28#, respectively. The re-
sults for He1O2 show that the decrease in relaxation ef
ciency with increasingj is extremely slow. Although it was
not possible to obtain converged results forj .40, the trend

FIG. 9. Ratio of imaginary to real part of the complex scatter
length as a function of the energy gap between initial and fi
diatomic states. The imaginary partb j includes only contributions
from pure rotational deexcitation channels.

FIG. 10. Ratio of imaginary to real part of the complex scatt
ing length as a function of rotational level for collisions of4He with
H2(v, j ) in the limit of zero temperature. The imaginary partbv j

includes contributions from all possible deexcitation channels.
02341
z
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in the data suggests that the quenching will remain too g
for any rotational level to be a viable candidate for cooli
and trapping.

IV. CONCLUSION

We have performed detailed quantum-mechanical calc
tions for cold collisions of helium atoms with hydrogen, de
terium, and tritium molecules. The rotational distributions
the total quenching rate coefficients show a characteri
behavior that is independent of the rotational inertia of
molecule. The QR and dissociation rotational levels both
crease with increasing inertia, but the characteristic beha
of the distributions is unaffected. From these observati
we may draw general conclusions about other diatomic s
tems from the knowledge of the term energies. Ifj QR

(2) is less
than j D for a given vibrational level, then the zero
temperature collisional quenching may be greatly suppres
for j 5 j QR

(2) . Many molecules have a value forj QR
(2) that is

greater thanj D . In this case, thev50 rate coefficients may
still be significantly suppressed forj ' j D , but there cannot
be any bound rotationallyand vibrationally excited mol-
ecules that are stable against collision.

Highly rotationally excited molecules may be produc
over a distribution of rotational levels using an optical ce
trifuge @3# or in a single state selected rotational level usi
the experimental scheme proposed by Stwalley and
workers @2#. It may also be possible to use the collision
properties to produce molecules in a single rotational le
for states withv.0 ~e.g., see thev52 curve of Fig. 6!. In
any experimental scheme, the key to producing rotation
hot molecules that are stable against collision is to cool
molecules to temperatures where translational energy ca
be used to facilitate a QRVR transition.

The optical centrifuge allows the use of a cold gas a
starting point for the excitation. Cooling and trapping tec

l

-

FIG. 11. Ratio of imaginary to real part of the complex scatt
ing length as a function of rotational level. The imaginary partb j

includes only contributions from pure rotational deexcitation ch
nels.
1-6
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niques that rely on elastic collisions could then be used
further reduce the translational temperature of specific st
of the molecule@6#. Because specific rotationally hot mo
ecules are stable against cold collisions, it may be possib
use a gas of such molecules as a means of storing ener
the density of the gas is not too large, then the molecu
would decay primarily through quadrapole radiation. In t
case of H2 the lifetime for quadrapole decay when 18, j
,22 is typically 3–4 days@29#. The rate coefficients for
He-H2 and H2-H2 collisions suggest that it may be possib
to maintain a large density of molecules for these valuesj
before ultimately losing them to collisional or radiative d
cay.

We have also performed calculations for helium collisio
with highly rotationally excited oxygen molecules. The rot
tional anisotropy of the He-O2 potential-energy surface i
large enough that the pure rotational quenching is very e
cient at all values ofj that were studied. Generally, stron
rotational anisotropy will limit the possibilities for coolin
ys

Y.

nd

nd

rit

m

nd

,
.
u

l-
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and trapping. The results reported in this work suggest
hydrogen molecules would offer the greatest stability aga
collisional relaxation. However, they would also be the m
difficult to rotate because the magnitude ofa i2a' is what
allows the diatomic molecules to be spun to such high ro
tional levels@1#. In a practical application, it may be desire
able to sacrifice some collisional stability in order to ga
other advantages. For example, a molecule with a magn
dipole moment would allow a convenient trapping sche
@10#. If the molecule retains enough collisional stability an
allows enough state selectivity~e.g., thev52, j 522 state of
hydrogen!, then it is conceivable that evaporative coolin
could be used in an effort to reach Bose-Einstein conden
tion.
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