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Abstract. Rate coefficients for cold and ultracold He+CO collisions are used together with radiative life-
times to investigate the relaxation of rotationally hot polar molecules in the presence of a cold or ultracold
helium buffer gas. Starting with an initial Gaussian distribution of highly excited rotational states, such as
might be produced by an optical centrifuge, the time-dependent relaxation of a collection of super rotors
is studied and in the case of CO an emission spectrum which contains the collisional information is pre-
dicted as a function of buffer gas density. Implications for the experimental detection of cold and ultracold
quasiresonant atom-diatom scattering is discussed.

PACS. 33.20.-t Molecular spectra – 34.50.Ez Rotational and vibrational energy transfer

Forced molecular rotation using an optical centrifuge [1,2]
or state-selective scheme [3] is a promising area of research
that may provide a new direction in collision physics and
chemistry. In particular, it is believed [3–6] that cold and
ultracold temperatures would provide a rich context in
which to study collisions with such highly excited “super
rotors”. Helium buffer gas cooling [7] has proven to be an
effective technique for loading molecules into a magnetic
trap [8] and it has recently been shown that the cooling
technique may be applied to a beam of molecules [9]. An
optical centrifuge [2] is capable of producing a beam of
molecular super rotors. Therefore, it should be possible to
direct such a beam into a buffer gas cell, or alternatively,
to use the buffer gas to pre-cool the molecules before turn-
ing on the optical centrifuge. If the molecules possess an
electric dipole moment, then the emission spectrum would
contain a clear signature of the collisions and an opportu-
nity to test fundamental phenomena such as the presence
of quasiresonant vibration-rotation (QRVR) energy trans-
fer. Atom-diatom collisions have been found to exhibit QR
behavior at ordinary temperatures [10] and calculations
have shown that QRVR energy transfer can occur at ul-
tracold temperatures [4]. In fact, ultracold temperatures
may provide the most interesting regime to study the QR
effect in atom-diatom collisions. QR collisions are charac-
terized by high efficiency and specificity. Time-dependent
dynamical studies have shown [10] that the collisions pro-
ceed via a series of impulsive subcollisions that occur when
the atom and diatom are collinear with the diatom near
its outer vibrational turning point. As the translational
temperature is decreased, the number of subcollisions in-
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Fig. 1. Orbits of resonant vibrational and rotational motion
for a diatomic molecule. The upper and lower left orbits cor-
respond to TR = 2TV and TR = 4TV , respectively, where TR

and TV are the rotational and vibrational periods. The upper
and lower right orbits correspond to TR = 3TV and TR = 5TV ,
respectively. For the evenly matched periods on the left, each
atom retraces a shared orbit. For the oddly matched periods
on the right, each atom retraces its own separate orbit.

creases. If the subcollisions add up in phase then a very
efficient and specific transition will occur. This generally
happens when the vibrational and rotational periods of
the diatomic molecule are in resonance. Figure 1 shows
some examples of resonant diatomic molecules. In each ex-
ample, the vibrational period is related to the rotational
period by an integer value. This allows retracing of the or-
bits of each atom. For homonuclear molecules, only even
integer values are allowed and the atoms share the same
orbit. Heteronuclear polar molecules can have odd inte-
ger matching of the vibrational and rotational periods. In
this case, the orbits still retrace themselves, but each atom
has its own orbit. Because of the retraced orbits, when a
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resonant molecule interacts with an approaching atom, the
subcollisions will add up in phase. The dominant transi-
tion will, therefore, follow a propensity rule [10] that is
determined by the integer value of the matching diatomic
periods. For example, the cases shown at the top of Fig-
ure 1 would have a propensity to undergo ∆j = −2∆v
and ∆j = −3∆v transitions, respectively. If the molecule
is not in resonance, the orbits do not retrace themselves
and the subcollisions do not add in phase. Highly efficient
and specific transitions can still occur, however, even when
the orbits do not perfectly retrace themselves, an obser-
vation that led to the name quasiresonance [10]. Although
QRVR transfer is not an energy resonant process, the ini-
tial rotational levels where the transitions typically take
place may be estimated by looking at the energy gaps be-
tween the initial and final diatomic states. Figure 2 shows
the energy gaps for CO(v = 1, j) where v and j are the
respective vibrational and rotational quantum numbers.
The energy gaps for other vibrational levels are similar
with the exception that the v = 0 plot would not include
downward vibrational transitions. Our main interest in
this kind of plot concerns the boxed regions where the
energy gaps are small. In fact, at the crossing point the
energy gap is positive and the QRVR transition is ener-
getically not allowed. This differs from QRVR collisions at
ordinary temperatures where the transitions can occur by
borrowing energy from the translational motion. For cold
and ultracold temperatures, however, there is very little
translational energy in the collision and the energy gaps
that are positive will remain closed. On either side of the
crossing point, the energy gap becomes negative and the
QRVR transition is energetically open. Therefore, there
will be a very sharp jump in the total quenching rate co-
efficient as a function of initial rotational level. For v = 0,
this jump will appear as a “step” at the j-value where the
vibrationally upward QRVR transition becomes open. For
v > 0, there will be jumps on either side of the j-values
with positive energy gaps, and the distribution will ap-
pear to have a “hole” at these j-values. In the case of
ultracold He+H2 collisions, the jump in the total quench-
ing rate coefficient for QRVR ∆j = −2∆v transitions is
about 5 orders of magnitude [5]. For He+CO collisions,
the jumps are typically a single order of magnitude or
so [11], and the jumps are almost completely negligible
for He+O2 collisions [12].

The time-dependent relaxation of CO super rotors is
investigated using the ultracold collision rate coefficients
tabulated by Florian et al. [11]. The radiative lifetimes are
obtained from the data of Chandra et al. [13] for j ≤ 140
and from smooth extrapolations for j > 140. The kinetic
rate equation is

dnvj

dt
=

∑

v′j′

{(
τ−1
v′j′→vj + Rv′j′→vj [He]

)
nv′j′

−
(
τ−1
vj→v′j′ + Rvj→v′j′ [He]

)
nvj

}
(1)

where it is understood that the sums over v′ and j′ exclude
v and j. This kinetic equation assumes that the positive
source terms do not depend on translational energy. This
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Fig. 2. Energy gaps between initial and final ro-vibrational
states for CO. The boxed regions show where QRVR transi-
tions typically occur. In both cases, the energy gap is posi-
tive at the crossing point between the two curves. Interesting
threshold behavior may be expected for cold collisions near
these j-values.

will be a valid assumption if the elastic rate coefficients
are much larger than all of the inelastic rate coefficients
so that collision products are translationally cold imme-
diately after an inelastic transition. The coupled states
approximation used by Florian et al. [11] generally does
not compute reliable elastic cross-sections, so it is diffi-
cult to confirm this assumption for He+CO. However, in
the case of He+H2 the elastic cross-sections for high-j
strongly dominate the inelastic cross-sections for a wide
range of translational energies [5]. Also, QRVR transi-
tions are either suppressed at ultracold temperatures or
else have small energy gaps that allow the collision prod-
ucts to remain translationally cold. Therefore, this kinetic
model may still be a reasonable approximation even when
the elastic collision rates are small. Equation (1) may be
conveniently recast as a matrix equation

dnm

dt
=

∑

n

Mmn nn (2)

with
Mmn = τ−1

v′j′→vj + Rv′j′→vj [He] (3)

and

Mmm = −
∑

v′j′

(
τ−1
vj→v′j′ + Rvj→v′j′ [He]

)
. (4)

Figures 3–6 show the solution to equation (2) assuming
an initial Gaussian distribution of CO molecules centered
at j = 180 with v = 0. A constant buffer gas density
of 1015 cm−3 was used for each of the calculations. After
5 ms, the v = 0 distribution has decreased in density and
shifted downward in j. The loss of density for v = 0 is due
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Fig. 3. Density of CO(v = 0, j) as a function of time. The frames are separated by 5 ms following an initial Gaussian distribution
centered about j = 180 with v = 0. The buffer gas density is 1015 cm−3 and the CO density is normalized to unity.

to transitions to the v > 0 levels (see Figs. 4–6) which were
initially unpopulated. After 10 ms, the v = 0 distribution
has continued to shift downward with a peak emerging
at j = 173. This is the same location as the “step” in
the zero-temperature rate coefficient distribution [11]. For
v > 0, the peaks in the densities for j = 170−173 be-
gin to become more prominent. These values of j are the
same locations as the “holes” in the distribution of rate
coefficients [11]. The interpretation of this time evolution
is becoming clear: the initial v = 0 distribution of super
rotors redistribute via ∆j = −3∆v transitions which are
quasiresonant. At a step or hole location where the QR
transition is energetically unavailable, the total quench-
ing rate coefficient is greatly suppressed and the densities
of super rotors begin to peak. After 15 or 20 ms, the peaks
are even more prominent and the density at j ≈ 180 has
dropped by 2−3 orders of magnitude. The population of
vibrationally excited states occurs only through a rapid
succession of very specific and efficient ∆v = +1, ∆j = −3
transitions. These transitions move a significant density of

molecules all the way up the vibrational ladder, particu-
larly when the buffer gas density is large. For time steps
that are greater than about 20 ms, the densities begin to
gradually move downward in both v and j as a result of
pure rotational collisional transitions, vibrationally down-
ward QRVR transitions, and radiative decay. If the buffer
gas density is increased, then this time scale would be
shorter, however, the overall behavior would be very simi-
lar. Also, if the initial distribution of super rotors was cen-
tered about a different j-value, then the time-dependence
would follow a path that is controlled by the nearest set
of QRVR steps and holes [11].

The time-dependent densities may be integrated to
produce an emission spectrum. The intensity of the emis-
sion spectrum is given by

Ivj→v′j′ = τ−1
vj→v′j′

∫
nvj(t) dt (5)

where v′ = v − 1 with j′ = j + 1 for the P-branch
and j′ = j − 1 for the R-branch spectrum. Because nvj
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Fig. 4. Density of CO(v = 1, j) as a function of time. The frames are separated by 5 ms following an initial Gaussian distribution
centered about j = 180 with v = 0. The buffer gas density is 1015 cm−3 and the CO density is normalized to unity. The initially
unpopulated v = 1 manifold is rapidly populated due to the efficiency of ∆v = +1, ∆j = −3 transitions.

represents the fraction of CO molecules that are in the
state (v, j), the spectral intensity in equation (5) is nor-
malized to a single CO molecule. Figures 7 and 8 show
the intensity versus wavelength spectrum that would be
produced by the experimental conditions described above.
The R-branch spectrum shows several sets of lines sepa-
rated by ∼50 nm. Each set of lines was produced by a
different vibrational level as indicated in the figure. The
number of lines in each set is equal to the number of rota-
tional levels contained in each “hole” in the distribution of
rate coefficients. For a buffer gas density of 1015 cm−3, the
contributions from v > 5 are negligible. Spectral lines from
higher vibrational levels would be obtained using a larger
buffer gas density. In fact, it should be possible to obtain
spectral lines corresponding to vibrational levels going all
the way to dissociation by simply increasing the buffer gas
density and using shorter integration times. The P-branch
spectrum also shows a characteristic set of lines that could
be used to analyze the collisions. The contributions from

the various vibrational levels are not as well-separated,
however, and the spectrum appears more congested than
the associated R-branch spectrum.

Figures 3–8 were obtained using rate coefficients that
were computed in the limit of zero temperature [11]. As
the temperature is increased, the structure in the rate
coefficient distributions will eventually disappear as the
closed QRVR transitions become energetically accessible.
A temperature-dependent study of He+CO rate coeffi-
cients [11] showed that the hole in the v = 1 distri-
bution at j = 171−173 disappeared for temperatures
greater than 30 K but remained prominent for temper-
atures as large as 300−500 mK. This is the same temper-
ature range as the buffer gas cooling experiments of Doyle
and co-workers [7–9]. Therefore, the emission spectrum
predicted in Figures 7 and 8 would be nearly identical to
one obtained at 300−500 mK and could be achieved us-
ing a standard buffer gas setup [7] without the need for
magnetic trapping [8]. An optical centrifuge [1,2] has the
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Fig. 5. Density of CO(v = 2, j) as a function of time. The frames are separated by 5 ms following an initial Gaussian distribution
centered about j = 180 with v = 0. The buffer gas density is 1015 cm−3 and the CO density is normalized to unity. The initially
unpopulated v = 2 manifold is rapidly populated due to the efficiency of ∆v = +1, ∆j = −3 transitions.

capability to produce an initial distribution of molecu-
lar super rotors. By centering this distribution near an
energy gap crossing point (see Fig. 2) it should be pos-
sible to obtain an emission spectrum that is characteris-
tic of each of the QRVR propensity rules. For example,
the initial distribution about j = 180 that was assumed
in the present calculations produces a spectrum that is
characteristic of QRVR ∆j = −3∆v transitions. A sim-
ilar study using an initial distribution centered around
j = 230 would produce a spectrum that is characteris-
tic of QRVR ∆j = −2∆v transitions. Initial distributions
that include vibrational excitation would introduce addi-
tional opportunities for studying cold or ultracold QRVR
transitions.

Cold or ultracold collisions involving molecular su-
per rotors is an interesting subject in that it com-
bines quantum mechanical translational motion with

nearly classical rotational motion. A qualitative corre-
spondence between fully quantal and fully classical QR
behavior has been demonstrated theoretically [4] and it is
hoped that QRVR energy transfer in a cold or ultracold
atom-diatom collision would soon be investigated experi-
mentally. Polar molecules such as CO offer an opportunity
to perform such investigations due to the signal arising
from the radiating electric dipole moment. At low trans-
lational temperatures, the rotational distribution of total
collisional quenching rate coefficients contains sharp struc-
ture due to the presence or absence of QRVR transitions.
This structure would exert a strong influence on the emis-
sion spectrum, and therefore, an experimental measure of
the QRVR phenomena at cold or ultracold temperatures.

This work was supported by NSF Grant No. PHY-0244066.
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Fig. 6. Density of CO(v = 3, j) as a function of time. The frames are separated by 5 ms following an initial Gaussian distribution
centered about j = 180 with v = 0. The buffer gas density is 1015 cm−3 and the CO density is normalized to unity. The initially
unpopulated v = 3 manifold is rapidly populated due to the efficiency of ∆v = +1, ∆j = −3 transitions.

4.5 4.6 4.7 4.8 4.9 5
wavelength (µm)

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

In
te

ns
ity

v=1
v=2
v=3
v=4
v=5

Fig. 7. R-branch emission spectrum produced by an initial
Gaussian distribution of CO molecules centered at j = 180
and v = 0 with a helium buffer gas density of 1015 cm−3. The
excited vibrational levels are populated by QRVR collisions
and the associated radiative decay from each level is indicated
in the figure.
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Fig. 8. P-branch emission spectrum produced by an initial
Gaussian distribution of CO molecules centered at j = 180
and v = 0 with a helium buffer gas density of 1015 cm−3. The
excited vibrational levels are populated by QRVR collisions
and the associated radiative decay from each level is indicated
in the figure.
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