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Cold and ultracold collisions involving rotationally hot oxygen molecules are investigated using quantum-
mechanical, coupled-channel, coupled-states, and effective-potential scattering formulations. Quenching rate
coefficients are given for initial rotational levels near the dissociation threshold. The stability of the oxygen
“super rotors” against collisional decay is compared to previous investigations involving hydrogen molecules
where the rotational inertia was significantly smaller. In contrast to hydrogen, all possible states of rotationally
hot oxygen are quenched very rapidly during a collision with a buffer gas helium atom, and the quenching
efficiency is always dominated by pure rotational transitions.
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I. INTRODUCTION

Experimental schemes to produce diatomic molecules in
highly excited rotational states have been proposed[1,2] and
recently realized[3]. Theoretical studies have suggested that
the collisional dynamics of such rotationally hot molecules
would be particularly interesting at low temperatures[4–8].
For example, it has been demonstrated that rotationally ex-
cited hydrogen molecules may undergo rapid quenching dur-
ing cold collisions with a helium atom due to quasiresonant
vibration-rotation (QRVR) transitions [4,5]. Alternatively,
hydrogen “super rotors” in certain states may experience vir-
tually no collisional quenching at all[6,8]. The fate of the
molecule depends only on its initial rovibrational state and
whether a nearby QRVR transition is energetically allowed.
This all-or-nothing behavior produces sharp structures in the
rotational distribution of total quenching rate coefficients
[4,5]. It is natural to consider whether other diatomic systems
would exhibit a similar kind of quenching behavior during a
cold or ultracold collision. Some preliminary studies were
performed for rotationally excited oxygen molecules[8]. It
was found that all states with rotational levelj less than 40
would be rapidly quenched in collision with a buffer gas
helium atom due to pure rotational deexcitation. However,
this is not a fair comparison of the near-dissociation colli-
sional dynamics, which is where one might expect similar
interesting behavior to occur. While the hydrogen molecule
is fully dissociated byj =40, the oxygen molecule must be
excited toj =120 or so before comparable QRVR transitions
are accessible and toj <160 before any interesting near-
dissociation behavior might occur[8]. Unfortunately, the nu-
merically exact coupled-channel(CC) scattering formulation
becomes intractible as the rotational levels are increased to
such large values. Alternative formulations such as the
coupled states(CS) and effective-potential(EP) approxima-
tions offer a possible means to compute the desired large-j
scattering data. However, it is necessary to establish the ap-
plicability of CS and EP approximations in the cold and ul-
tracold temperature regime. In this work, we calculate CC,
CS, and EP cross sections for rotational levels where each
formulation is able to produce results. After determining the
accuracy of the approximate methods, we extend the calcu-
lations all the way to dissociation.

We also investigate the translational energy dependence
of the cross sections and rate coefficients, extending previ-
ously published results[9] to include highly rotationally ex-
cited initial states. Oxygen molecules are open shell with
electron spin equal to one(this is responsible for its para-
magnetism). Therefore, there exists a nonzero coupling be-
tween the electron spin and the nuclear rotational angular
momentum. As in previous studies[9,10,11] we assume that
this coupling is small compared to the potential energy and
its anisotropy. Paramagnetic molecules such as oxygen offer
possibilities for buffer gas cooling and trapping[12]. Conse-
quently, ultracold collisions of oxygen molecules with he-
lium atoms [9,13] and with other oxygen molecules[14]
have been reported recently. The present results add to this
body of work. It also provides a point of comparison to the
rotational quenching studies of hydrogen molecules[6,8] and
molecular ions[15], and with rotational resonance studies
[16,17] at ultracold temperatures. For hydrogen molecules,
the rotational distribution of zero-temperature quenching rate
coefficients revealed a qualitative structure that was indepen-
dent of the colliding partner[18]. Therefore, we expect that
the qualitative features obtained here for a helium collision
partner would likely extend to other buffer gas atoms or mol-
ecules. In the following section, we review the CC formula-
tion that will allow us to determine the accuracy of the CS
and EP approximations in the ultracold temperature limit.

II. COUPLED-CHANNEL FORMULATION

The atom-diatom Hamiltonian in the center-of-mass
frame is given by

H = −
1

2m
¹r

2 −
1

2m
¹R

2 + vsrd + VIsr,R,ud, s1d

wherer is the distance between the oxygen atoms,R is the
distance between the helium atom and the center of mass of
the diatom,u is the angle betweenr andR, m is the reduced
mass of the diatom, andm is the reduced mass of the helium
atom with respect to the diatom. The three-dimensional po-
tential energy surface is separated into a diatomic potential
vsrd and an interaction potentialVIsr ,R,ud. The diatomic
Schrödinger equation
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F 1

2m

d2

dr2 −
js j + 1d
2m r2

− vsrd + ev jGxv jsrd = 0 s2d

is solved by expanding the rovibrational wave functionxv jsrd
in a Sturmian basis set. The full wave function is expanded
in a set of channel functionsfn;sv jl dg:

CJMsRW ,rWd =
1

R
o
n

CnsRdfnsR̂,rWd, s3d

fnsR̂,rWd =
1

r
xv jsrdo

mj

o
ml

s jlJ umj,M − mldYmj

j sr̂dYml

l sR̂d,

s4d

where l is the orbital angular momentum of the atom with
respect to the diatom,J is the total angular momentum,M is
the projection of J onto the space-fixedz axis, and
s jlJ umj ,M −mld denotes a Clebsch-Gordon coefficient. Oper-
ating the Hamiltonians1d on the channel functionss3d leads
to a set of coupled equations,

F d2

dR2 −
lmslm + 1d

R2 + 2mEmGCmsRd = o
n

CnsRdkfmuUIufnl,

s5d

where Em is the translational energy andlm is the orbital
angular momentum in themth channel. The reduced interac-
tion potentialUI is expanded in Legendre polynomials,

UIsR,r,ud = 2m VIsR,r,ud = o
l=0

`

UlsR,rdPlscosud s6d

and the solution to Eq.s5d is matched asymptotically to free
waves to obtain the scattering matrixSv jl ;v8 j8l8

J . The cross
sections are given byf19g

sv j→v8 j8 =
p

2mEv js2j + 1doJ=0

`

s2J + 1d o
l=uJ−j u

uJ+j u

o
l8=uJ−j8u

uJ+j8u

ud j j 8dll8dvv8

− Sv jl ;v8 j8l8
J u2. s7d

Inspection of Eq.s7d reveals the difficulty of using the CC
approach for rotationally hot molecules. The dimensionality
of the scattering matrix grows rapidly with increasingj due
to the exact treatment of the angular-momentum coupling.
For typical moleculessi.e., any molecule other than hydro-
gend the highly rotationally excited near-dissociation dynam-
ics will require a decoupling approximation in order to ob-
tain a numerical result.

III. DECOUPLING APPROXIMATIONS

The coupled states(CS) approximation[20,21] begins
with

CJVsRW ,rWd =
1

R
o
v,j

Cv jsRdxv jsrdYjVsu,0d, s8d

whereV is the body-fixed projection of bothJ and j . The
centrifugal term in the total Hamiltonian will give diagonal
matrix elements proportional toJsJ+1d+ js j +1d−2V2. The
CS approximation is made by neglecting the off-diagonal
Coriolous couplings that arise in the body-fixed frame. Dif-
ferent variations of the CS approximation have recently been
studied by Kremsf22g. It was found that theJ labeled variant
introduced by Packf20g performed best for He+COcolli-
sions at ordinary temperaturesf22g. This version does not
generally allows-wave scattering for rotationally excited
states of the diatom. Therefore, we use thel-labeled vari-
ant originally proposed by McGuire and Khourif21g
which assumes that the diagonal eigenvalue of the orbital

angular-momentum operatorl̂2 is approximated bylsl +1d
where l is a conserved quantum number. This procedure
allows s-wave scattering and yields the set of coupled
equations

F d2

dR2 −
lsl + 1d

R2 + 2mEv jGCv jsRd = o
v8,j8

Cv8 j8sRd

3kv jVuUIuv8 j8Vl, s9d

where

kv jVuUIuv8 j8Vl = o
l=0

lmax

s− 1dVfs2j + 1ds2j8 + 1dg1/2

3S j8 l j

0 0 0
DS j8 l j

V 0 − V
Dkxv juUluxv8 j8l.

s10d

The s¯d denotes a 3j symbol and theh¯j below denotes a
6j symbol. Equations9d shows that the CS formulation re-
quires a set of calculations for each value ofV. The EP
formulation is independent ofV with potential matrix ele-
ments given byf23g

kv j uUIuv8 j8l = o
l=0

lmaxF s− 1d j+j8+u j−j8u

s2l + 1d
Îs2j + 1ds2j8 + 1dG1/2

3S j8 l j

0 0 0
Dkxv juUluxv8 j8l. s11d

In the CS and EP formulations, the orbital angular momen-
tum of the atom is decoupled from the orbital angular mo-
mentum of the diatom and is assumed to be a conserved
quantity. Therefore, the number of channels is the same as
the number of statessv , jd. The CS potential matrix element
s10d and the EP matrix elements11d are considerably simpler
than the CC potential matrix element
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kv jl uUIuv8 j8l8l = o
l=0

lmax

s− 1d j+j8−Jfs2j + 1ds2j8 + 1ds2l + 1d

3s2l8 + 1dg1/2HJ l j

l j8 l8
JS j8 l j

0 0 0
D

3Sl8 l l

0 0 0
Dkxv juUluxv8 j8l s12d

whose dimension increases rapidly withj . The CS and EP
approximations require matching the solution of Eq.s9d to
asymptotic free waves to obtain the respective scattering ma-
tricesSv j ;v8 j8

JV andSv j ;v8 j8
l . The collision cross sections7d may

then be replaced by the respective CS or EP cross section:

sv j→v8 j8 =
p

2mEv js2j + 1doJ=0

`

s2J + 1d o
V=0

Vmax

s2 − dV0dud j j 8dvv8

− Sv j ;v8 j8
JV u2, s13d

sv j→v8 j8 =
p

2mEv j
o
l=0

`

s2l + 1dud j j 8dvv8 − Sv j ;v8 j8
l u2. s14d

The set of coupled equationss5d and s9d may be conve-
niently solved using the general inelastic scattering program
MOLSCAT [24]. The rate coefficients may be obtained from
the usual thermal averaging procedure

Rv j→v8 j8sTd = s8kBT/pmd1/2 1

skBTd2E
0

`

sv,j→v8,j8sEkd

3exps− Ek/kBTdEk dEk, s15d

whereT is the temperature andkB is the Boltzmann constant.
The total quenching rate coefficientsRv jsTd are given by

Rv jsTd = o
v8 j8

Rv j→v8 j8sTd. s16d

The sum in Eq.s16d includes contributions from all possible
exit channels. The total quenching rate coefficient is an im-
portant quantity in cooling and trapping experiments. Typi-
cally, the ratio of the elastic rate coefficient to the total
quenching rate coefficient must be very large in order for a
collisional cooling schemese.g., buffer gas cooling, evapo-
rative coolingd to be effective. Otherwise, the energy re-
leased in the deexcitation process will lead to unwanted heat-
ing of the gas and limit further cooling efforts.

IV. RESULTS

Figures 1 and 2 show zero-temperature cross sections and
rate coefficients for3He+H2. The details of the CC calcula-
tions are the same as those reported previously[8] so will not
be repeated here. The CS results were computed by restrict-
ing V=0 in Eq. (10) as suggested by Krems[25]. This pro-
cedure yields cross sections that are qualitatively similar to
the more accurate CC results for both elastic and inelastic
scattering. The EP results are less accurate than CS for this
system, however, the qualitative behavior is still quite similar

to the CC results, particularly for the inelastic cross sections.
The elastic cross sections generally appear to be more sensi-
tive to the decoupling approximations than the corresponding
inelastic cross sections. The accuracy of the CS inelastic
cross sections is about the same whenV is summed over as
it is whenV is restricted to zero. In the results that follow, a
sum over all possibleV was used for the cross sections ob-
tained by the CS approximation, unless stated otherwise.

For 3He+O2, we have performed our scattering calcula-
tions using the potential energy surface of Groenenboom and
Struniewicz[26]. For the oxygen diatom, we used the poten-
tial of Friedman[27] as modified by Babb and Dalgarno

FIG. 1. Elastic scattering cross sections for3He+H2 in the limit
of zero temperature. In each calculation the molecule is initially in
the v=0 vibrational level with initial rotational quantum numberj .

FIG. 2. Rate coefficients for total inelastic quenching for3He
+H2 in the limit of zero temperature. In each calculation the mol-
ecule is initially in thev=0 vibrational level with initial rotational
quantum numberj . The peaks atj =12 and j =24 are due to the
opening of theD j =−4Dv andD j =−2Dv transitions. The EP and CS
approximations are able to reproduce the shape of the more accurate
CC calculations.
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[28]. In all of our calculations, the anisotropy of the potential
energy surface was well described usinglmax=10, and 20
integration nodes for 0,u,90°. Pure rotational transitions
were converged to within a few percent for basis sets re-
stricted to j −10ø j ø j +2 with vmax=1. Rovibrational tran-
sitions required additional rotational channels to be included,
so we have conservatively restricted the basis set toj −20
ø j ø j +2 where j is the initial level of interest. Figure 3
shows the total quenching rate coefficientR0jsT→0d as a
function of j . The numerically exact CC results are given
along with approximate CS and EP results. The CC and CS
results are smoothly varying with a maximum value atj
=10. The EP results show a strong nonphysical oscillation
for j ,15. For j .15, the EP results settle down and become
smoothly varying withj . The CS data slightly underestimates
the rate coefficients while the EP data are nearly a factor of 2
greater than the CC results for largej . Although it was not
possible to perform CC calculations forj .40, the CS and
EP formulations allowed us to obtain converged results for
all possible values ofj . Because the total quenching rate
coefficients are dominated by pure rotationalD j =−2 transi-
tions, it is possible to extrapolate the CC results and fit the
j .20 data for each scattering formulation using

lim
T→0

Rv jsTd = A expsDE/Bd, s17d

where DE is the energy gap between the initial and final
rotational levels. The exponential scale parameterB is
140.845 cm−1 and the coefficientA is 1.5, 3.5, and 2.0
310−11 cm3s−1 for CS, EP, and CC respectively.

Figure 4 shows the rate coefficients for rovibrational tran-
sitions in which the vibrational level is increased by one unit.
Both CS results(Vmax=0 and Vmax= j +2) show a similar
structure with sharp increases occurring at the opening of a

new channel. TheVmax=0 calculations provide a factor ofj
speedup over the full CS calculations and are comparable in
speed to the EP calculations. The EP results show less struc-
ture at the lowj thresholds but qualitatively similar behavior
to CS asj is increased. TheD j =−8 transition becomes en-
ergetically allowed atj ù71, theD j =−6 transition atj ù91,
and theD j =−4 transition atj ù130. A very small disconti-
nuity may be seen in Fig. 3 atj =130 due to theD j =−4
transition which provides a small contribution to the total
quenching rate coefficient. The molecule dissociates before
theD j =−2 transition becomes energetically allowed. The ro-
tational distribution of zero-temperature rate coefficients
given in Fig. 4 is reminiscent of the staircase plot for the
fixed D j /Dv ratios that was found in classical trajectory stud-
ies of QRVR transfer[29]. The structure is a consequence of
the balance between energy and angular-momentum con-
straints[30] and appears to be a universal feature of atom-
diatom collisions independent of the specific system. How-
ever, the distribution may appear differently for each system.
For example, in Fig. 2 the rate coefficients for He+H2 show
a sharp increase at the opening of a QRVR transition fol-
lowed by a smooth decrease withj until the next QRVR
transition is energetically accessible. Figure 4 shows that the
rate coefficients for He+O2 are much flatter in between the
different thresholds but become more like the H2 results asj
increases. This is because the transitions become more spe-
cific and efficient as the angular-momentum gap is reduced.
The smooth decrease withj following a QRVR threshold is a
consequence of the increasing energy gap between the initial
and final rovibrational levels. The issue of whether the sharp
increase plays an important role in the rotational relaxation
depends on the magnitude of the rovibrational rate coeffi-

FIG. 3. Rate coefficients for total inelastic quenching for3He
+O2 in the limit of zero temperature. The CC and CS results are
smoothly varying with a maximum value atj =10. The EP results
show a strong nonphysical oscillation for low values ofj . The CS
data slightly underestimates the rate coefficients while the EP data
are nearly a factor of 2 greater than the CC results for largej .

FIG. 4. Rate coefficients forDv=1 transitions in the limit of
zero temperature. CS calculations were performed usingVmax=0
and Vmax= j +2. Both CS calculations show similar structure with
sharp increases occurring at the opening of a new channel. The
D j =−8 transition becomes energetically allowed atj ù71, theD j
=−6 transition atj ù91, and theD j =−4 transition atj ù130. The
molecule dissociates before theD j =−2 transition becomes energeti-
cally allowed. The EP results show less structure at the lowj thresh-
olds but qualitatively similar behavior to CS asj is increased.
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cients relative to the pure rotational rate coefficients. For
hydrogen molecules, the pure rotational quenching rate coef-
ficients were dominated by the rovibrational rate coefficients
whenever QRVR transitions were energetically open. Figures
3 and 4 show that this is not the case for oxygen. The pure
rotational quenching rate coefficients are always dominant
for all j and the rovibrational transitions play a negligible
role in the relaxation. In addition, the rotational quenching is
quite large so it is clear that a super rotor made of oxygen
would be much more fragile than one made of hydrogen.

Figure 5 shows cross sections for theDv=0,D j =−2 tran-
sition as a function of the incident kinetic energy. The mol-
ecule is in thev=0 level for all data shown. Shape reso-
nances occur at about the same translational energy for each
initial j level. The locations of the shape resonances are also
the same as those reported previously[9] for the v=1,j =1
level. The magnitudes of the cross sections shown in Fig. 5
are much greater than those given in Ref.[9] because of the
availability of pure rotational quenching, which dominates
over the less efficient rovibrational quenching. Wigner
threshold E−1/2 behavior occurs for energies less than
10−2cm−1, in agreement with the cross sections given in Ref.
[9].

Figure 6 shows the rate coefficients for theDv=0,D j =
−2 transition as a function of temperature. The molecule is in
the v=0 level for all data shown. The shape resonances in
the cross sections(see Fig. 5) give rise to steps in the rate
coefficients for temperatures around 1–10 K. The Wigner
threshold limiting behavior occurs for T,10−2 K yielding
very efficient ultracold quenching rate coefficients of about
10−11 cm3 s−1, in agreement with the results shown in Fig. 3.
All data shown in Fig. 5–7 were computed using the CC
scattering formulation. Figure 7 shows cross sections for
elastic scattering as a function of translational energy. The
molecule is in thev=0 level with j =3,5,7, and 9. The

Wigner threshold law for elastic scattering requires the cross
section to approach a constant value as the collision energy
tends to zero. This occurs for energies below 10−3 cm−1

which is a factor of 10 lower than the onset of inelastic
threshold behavior. Structure in the elastic cross section due
to shape resonances occurs just below 1 cm−1 as in the case
of inelastic scattering(see Fig. 5). A similar structure was
found [9] at this energy forj =0 as were the oscillations in
the cross section for energies between 1 and 10 cm−1. The
zero-energy cross section for elastic scattering is extremely
small, typically around 10 Å2 for the rotational levels shown
in Fig. 7. This is more than 500 times smaller than the zero-
energy elastic cross section for hydrogen molecules[5] and

FIG. 5. Cross sections for theDv=0,D j =−2 transition as a
function of translational energy. The molecule is in thev=0 level
for all data shown and the calculations were performed using the
CC formulation. Shape resonances occur at about the same transla-
tional energy for each initialj level. The Wigner threshold limiting
E−1/2 behavior occurs for E,10−2 cm1.

FIG. 6. Rate coefficients for theDv=0,D j =−2 transition as a
function of temperature. The molecule is in thev=0 level for all
data shown. The shape resonances in the cross sections give rise to
steps in the rate coefficients for temperatures around 1–10 K. The
Wigner threshold limiting behavior occurs forT,10−2 K.

FIG. 7. Cross sections for elastic scattering as a function of
translational energy. The molecule is in thev=0 level for all data
shown and the calculations were performed using the CC
formulation.
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suggests that collisional cooling would be very difficult for
oxygen molecules even in the absence of inelastic quenching
collisions.

Figure 8 shows cross sections for theDv=0,D j =−2 tran-
sition as a function of energy. These cross sections were
calculated using the EP approximation which allowed higher
values of j to be considered. The curves appear to be very
similar to those in Fig. 5 which were computed using the CC
formulation. The shape resonances in the cross sections oc-
cur at the same energies as before. Because of the decoupling
of angular momenta, the EP approximation allows for the
resonant partial waves to be more easily identified. The
strong resonances around 1 cm−1 are due to thel =4 centrifu-
gal barrier, and the weaker resonances around 4 cm−1 are a
result of thel =5 centrifugal barrier. Similar behavior was
found using the CS approximation. Figure 9 shows the cor-
responding elastic cross sections for the EP calculations.
Again, the curves appear to be very similar to those com-
puted for smallerj using the CC formulation(see Fig. 7).
The minima near 0.02 cm−1 found in the CC elastic cross
sections for low rotational levels are absent in the EP results
for highly excited states. Although the decoupling approxi-
mations tend to be less reliable for elastic scattering, the EP
and CS results suggest that the zero-energy elastic cross sec-
tions are even smaller for highly rotationally excited states
than for the low-lying rotational states.

V. CONCLUSIONS

We have investigated cold and ultracold collisions involv-
ing rotationally excited oxygen molecules using quantum-
mechanical CC, CS, and EP scattering formulations. For
large rotational levels, the CS and EP approximations give
results that are within a factor of two of numerically exact
CC results. This amount of error is acceptable considering

the potential-energy surface is not designed for ultracold
temperatures and the spin-rotation coupling has been ne-
glected. The qualitative agreement between the three scatter-
ing formulations is encouraging, and we conclude that the
decoupling approximations provide a means to obtain reli-
able estimates for states with large internal angular momen-
tum. It is found that all possible states of rotationally hot
oxygen are quenched very rapidly during a collision with a
buffer gas helium atom, and the quenching efficiency is al-
ways dominated by pure rotational transitions. This finding is
in contrast to rotationally hot hydrogen molecules, which has
very low quenching efficiency when QRVR transitions are
closed and very high quenching efficiency when QRVR tran-
sitions are open.

Although the quenching efficiency for QRVR transitions
was found to be small for oxygen, a staircase plot was found
for the rate coefficients as a function of rotational level. This
feature of rovibrational transitions occurs as a result of the
opening of new channels as the rotational level is increased.
Resonances in the scattering cross sections were seen as a
function of translational energy. The elastic cross section at
low energy was very small for all rotational levels. The small
elastic cross sections and the efficient pure rotational quench-
ing behavior indicate that the near-dissociation dynamics of
molecular oxygen would be less interesting and probably
more difficult to study experimentally than the corresponding
case of molecular hydrogen.
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FIG. 8. Cross sections for theDv=0,D j =−2 transition as a
function of translational energy. The molecule is in thev=0 level
and the calculations were performed using the EP approximation.
The shape resonances near 1 and 4 cm−1 are due tol =4 and l =5
centrifugal barriers, respectively.

FIG. 9. Cross sections for elastic scattering as a function of
translational energy. The molecule is in thev=0 level and the cal-
culations were performed using the EP approximation. The zero-
energy elastic cross sections are extremely small for highly rotation-
ally excited states.
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