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Vibrational relaxation of CO in ultracold 3He collisions
C. Zhu,a) N. Balakrishnan,b) and A. Dalgarno
Institute for Theoretical Atomic and Molecular Physics, Harvard–Smithsonian Center for Astrophysics,
60 Garden Street, Cambridge, Massachusetts 02138

!Received 18 January 2001; accepted 25 April 2001"

We present results of quantum mechanical scattering calculations on the vibrational relaxation of
CO induced by collisions with 3He at ultracold temperatures and compare them with the
corresponding results for the 4He–CO system. The low energy cross sections are controlled by
shape resonances supported by the van der Waals well. For a thermal rotational population the cross
sections for the quenching of the v!1 vibrational level are larger for 3He than for 4He collisions.
Because of the absence of a Feshbach resonance, the cross sections at low energies for the
quenching of the j!1 rotational level are much smaller than those for 4He–CO. Very good
agreement is found for the rate coefficients for the vibrational relaxation of the v!1 level with the
measurement data that are available at temperatures above 35 K. There are small discrepancies
between the calculated rate coefficients with earlier calculations for the relaxation of the v!1
vibrational level, similar to those found for 4He–CO collisions, but the discrepancies tend to be
larger with decrease of temperature. © 2001 American Institute of Physics.
#DOI: 10.1063/1.1379581$

I. INTRODUCTION

Currently, there is much interest in ultracold molecules
because of their potential applications in such areas as ultra-
high resolution molecular spectroscopy, controlled chemical
reactions, and determination of accurate intermolecular
potentials.1–5 Several experimental approaches are being de-
veloped for cooling and trapping molecules which include
photoassociation of ultracold atoms,3 buffer gas cooling
techniques,4 and cooling by time-varying electric fields.5 In
order to improve trapping efficiency, theoretical studies on
collisional quenching of rovibrational levels of trapped mol-
ecules, which may lead to trap loss, are needed.

In previous papers,6–12 we have studied ultracold
quenching processes in H–H2,6,7 He–H2,8–11 and 4He–CO12
collisions. We have shown that Wigner’s threshold law13
holds, which asserts that in the zero temperature limit inelas-
tic cross sections are inversely proportional to the velocity of
the incident atom.6,8,12 Wigner’s law is satisfied by construct-
ing for each initial molecular rovibrational level a complex
scattering length7 whose imaginary part is directly related to
the zero temperature value of the corresponding inelastic
quenching rate coefficient.

The relaxation of vibrationally excited carbon monoxide
in collisions with 4He and 3He atoms has been investigated in
several studies by Reid et al.14–17 in which they demon-
strated the important role of resonances associated with the
long range attractive van der Waals well of He–CO. Their
most recent calculations adopted the potential energy surface
of Heijmen et al.18 and invoked the coupled-states formalism
to describe the scattering. The theoretical rate coefficients are
in closer agreement with the measurements15,19 than previous

calculations due largely to the improved potential energy sur-
face but differences persist. The experiments were carried
out at temperatures above 35 K.

We employed the same improved surface in a study of
the scattering of 4He atoms by CO which focused on the
behavior of the rate coefficients at low temperatures.12 We
used a full quantum-mechanical close-coupling description
and showed that the vibrational quenching rate coefficient
passes through a minimum at a temperature near 20 K and
then increases at lower temperatures until it reaches a con-
stant value at temperatures below 0.1 K. We confirmed the
importance of resonances and argued that the limiting value
of the rate coefficient at zero temperature is determined by
the positions and widths of any low energy Feshbach reso-
nances that are present and hence by the van der Waals well.
Our theoretical rate coefficients above 35 K are in somewhat
better agreement with experiment due presumably to our use
of the close-coupling method.

We present here a similar study of the scattering of 3He
by CO and find enhanced rate coefficients for the vibrational
relaxation of CO compared to 4He, in agreement with
measurements.15,19 3He is preferred over 4He at low tempera-
tures because of its higher vapor pressure.

II. THEORETICAL METHOD
Details of the theoretical approach are given in our pre-

vious paper.12 Rovibrational transition cross sections
%v j→v! j! where v j and v! j! are, respectively, the initial and
final vibrational and rotational quantum numbers are evalu-
ated as functions of the incident kinetic energy Ev j using
coupled channel scattering calculations within the total an-
gular momentum representation of Arthurs and Dalgarno.20
The cross sections are averaged over a Boltzmann distribu-
tion of velocities of the incident 3He atom at a specified
temperature T to determine the corresponding rate coeffi-
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cients Rv j→v! j!(T). By averaging the rate coefficients over a
thermal population of rotational levels in the initial vibra-
tional level, we get the vibrational relaxation rate coefficient

Rv!T "

!
& j!2 j"1 "exp##!'v j#'v0"/kBT$&v!$v , j!Rv j→v! j!!T "

& j!2 j"1 "exp##!'v j#'v0"/kBT$
,

!1"
where the summation over j includes all the occupied rota-
tional levels and 'v j is the eigenenergy of the initial rovibra-
tional level. The inelastic quenching cross section %v j

in (Ev j)
and the corresponding rate coefficient Rv j(T) from a given
diatomic level v j are given by

%v j
in !Ev j"! &

v! j!
%v j→v! j!!Ev j" !2"

and

Rv j!T "! &
v! j!

Rv j→v! j!!T ", !3"

where the summations exclude the term v! j!!v j .
In the zero temperature limit, Wigner’s threshold law13

holds, and the elastic cross section %v j
el and inelastic cross

section %v j
in can be expressed in terms of the scattering

length,7

%v j
el !Ev j→0 "!4(!)v j

2 "*v j
2 " !4"

and

%v j
in !Ev j→0 "!4(*v j /kv j , !5"

where )v j and *v j are the real and imaginary parts of the
scattering length and kv j is the wave vector of the initial
channel. The limiting value of the quenching rate coefficient
is related to *v j by7,8

Rv j!T→0 "!4(*v j+/, , !6"

where , is the reduced mass.
We used the nonreactive molecular scattering program

MOLSCAT21 to calculate the cross sections. The coupled-
channel Schrödinger equations were solved using the
R-matrix method.22 Cross sections were computed in the en-
ergy range 10#5-Ev j-1050.0 cm#1 to evaluate the rate co-
efficients. At the lowest incident energies 10#5-Ev j
$10#3, only the s wave contributes and only J!0 needs to

FIG. 1. Elastic scattering cross section from the v!0,j!0 level of CO in
collisions with 3He as a function of the center of mass collision energy. The
resonances are labeled by the corresponding partial wave quantum numbers
in the upper panel.

FIG. 2. Inelastic quenching cross sections from v j!10, 11, 12, and 13
levels of CO in collisions with 3He as functions of the center of mass
collision energy.

TABLE I. Comparison between the quenching cross sections from the
v!1, j!0 level of CO in collisions with 3He calculated using the present
coupled-channel approach and the coupled-state approach of Reid et al.

Kinetic energy
!cm#1"

%10
in (Å2)

Present work Reid et al. !Ref. 16"

5 0.199%10#6 0.266%10#7

10 0.171%10#6 0.108%10#6

15 0.514%10#7 0.397%10#7

25 0.434%10#7 0.300%10#7

35 0.479%10#7 0.361%10#7

55 0.507%10#7 0.378%10#7

70 0.572%10#7 0.417%10#7

85 0.663%10#7 0.482%10#7

130 0.105%10#6 0.754%10#7

240 0.292%10#6 0.206%10#6

390 0.899%10#6 0.628%10#6

790 0.745%10#5 0.516%10#5

1050 0.200%10#4 0.138%10#4
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be considered, where J is the total angular momentum quan-
tum number. For higher energies, in order to secure conver-
gence higher angular momentum partial waves were in-
cluded, specifically, J!0–1 for 0.001-Ev j$0.01 cm#1, J
!0–6 for 0.01-Ev j$1.0 cm#1, J!0–10 for 1.0-Ev j
-10.0 cm#1, J!0–24 for 10.0$Ev j-100.0 cm#1, and J
!0–40 for 100.0$Ev j-1050.0 cm#1.

III. RESULTS AND DISCUSSION

Figure 1 shows the elastic scattering cross sections in the
v!0, j!0 channel. The upper panel uses a linear scale, and
the lower panel uses a logarithmic scale. The resonances that
appear are shape resonances which we label in the upper
panel by the angular momentum quantum number l of the
partial waves in the incident channel. The shape resonances
are supported by the long range van der Waals well. In con-
trast to 4He–CO, no Feshbach resonances are found in
3He–CO scattering at least for the rovibrational levels inves-
tigated here. The zero energy 3He–CO elastic cross section is
3.36%102 Å2, about a factor of 2 larger than the 4He–CO
value of 1.57%102 Å2.

The quenching cross sections given by Eq. !2" are shown
in Fig. 2 as functions of the kinetic energy for vibrational and
rotational quantum numbers v j!10, 11, 12, and 13. The
narrow oscillations that are seen in the energy range Ev j
!0.1–100.0 cm#1 are due to the shape resonances identified
in the elastic scattering. As the energy approaches zero, only
the s wave contributes and the cross sections are inversely

proportional to the velocity of the incident atom. The oscil-
lations in the 0.1 cm#1 -Ev j-100.0 cm#1 region tend to be
suppressed as j increases from j!0 to j!3.

Table I compares our quenching cross sections for v j
!10 calculated using the coupled-channel approach with
those obtained using the coupled-state approach by Reid
et al.16 In the energy range from 5.0 to 1050.0 cm#1, the
discrepancy is less than a factor of 2. The real and imaginary
parts of the scattering lengths for v!0, j!0–5, and v!1,
j!0–1 are listed in Table II and compared with those for
4He–CO collisions taken from Ref. 12. For v!1, j!1, * is
composed of two parts, one due to pure rotational quenching
within v!1, and the other due to rovibrational quenching.
The contribution from pure rotational quenching is domi-
nant. The contribution from vibrational quenching is given in
parentheses. While the zero temperature quenching rate co-
efficient !given by *" for v!1, j!0 is about an order of
magnitude larger for 3He–CO collisions than that for
4He–CO, the corresponding results for v!0, j!1, and
v!1, j!1 are an order of magnitude smaller for 3He–CO
than for 4He–CO due to the absence of Feshbach resonances
in 3He–CO collisions. The existence of Feshbach resonances
is very sensitive to the details of the potential and their oc-
currence near the threshold of a level can dramatically influ-
ence the limiting value of the elastic and inelastic cross sec-
tions. The absence of the Feshbach resonance for 3He–CO is
attributable to the different reduced mass for 3He–CO be-

FIG. 3. Rate coefficients for the quenching from the v j!10, 11, 12, and 13
levels of CO in collisions with 3He as functions of temperature.

FIG. 4. Thermally averaged rate coefficient #Eq. !1"$ for the relaxation of
the v!1 vibrational level of CO in collisions with 3He as a function of the
temperature. The experimental data !Ref. 15" and the theoretical results of
Reid et al. !Ref. 16" are shown by filled circles and triangles, respectively.

TABLE II. The real and imaginary parts of the scattering lengths !in Å" for 3He–CO and 4He–CO collisions. For v!1, j!1, the rotational quenching
dominates and the contribution from vibrational quenching is shown in the parentheses.

v , j 0,0 0,1 0,2 0,3 0,4 0,5 1,0 1,1

)v j (3He–CO) 5.17 #0.66 #0.18 0.039 0.25 0.48 4.51 #0.84
*v j (3He–CO) 0.0 0.19 0.59 0.86 1.11 1.30 5.0%10#9 0.19(3.7%10#9)

)v j (4He–CO) #3.53 127.70 #27.67 #15.23 #9.83 #6.95 #4.32 76.56
*v j (4He–CO) 0.0 9.35 16.85 15.40 13.37 11.46 2.90%10#10 2.08(4.15%10#8)
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cause the same interaction potential is employed for both
3He–CO and 4He–CO scattering. The large difference be-
tween the scattering lengths for 3He–CO and 4He–CO for
other rotational levels included in Table II are due to the
position of the last bound state relative to the threshold. The
closer it is to the threshold the larger is the value of the
scattering length.

In Fig. 3 we show the quenching rate coefficients at
temperatures between 10#4 and 100 K for v j!10, 11, 12,
and 13. These quenching rate coefficients have essentially
the same magnitude for T.50K. As the temperature de-
creases, they behave differently, but each eventually attains a
finite limiting value as the temperature approaches zero, in
agreement with Wigner’s law.6 The hump in the rate coeffi-
cient curves in the temperature range 0.1–10 K is due to the
contributions from the shape resonances shown in Fig. 2.
The enhancement is the largest for the v!1, j!0 level be-
cause the shape resonances are most pronounced for that
level. With the increase in rotational excitation, the reso-
nances become suppressed and their effect becomes less
prominent in the rate coefficients.

Figure 4 compares the rate coefficients averaged over a
thermal distribution of initial rotational levels in the v!1
vibrational level, as given in Eq. !1", with the experimental
data15 and the theoretical results of Reid et al.16 Our results
are in better agreement with the experimental data than those
of Reid et al. We also found that except for the point at T

!35K, the theoretical results are consistently smaller than
the experimental data, as is the case for the 4He–CO
system.12 We believe this is due to the inaccuracy of the
potential energy surface used because the scattering calcula-
tion is numerically exact. Our results as well as those of Reid
et al. show an upward trend in the rate coefficient as the
temperature passes through 20 K and approaches zero. No
experimental data are available for temperatures lower than
35 K. Future experiments may reach temperatures low
enough to provide a test of the theoretical prediction.

The vibrational relaxation rate coefficients of 3He–CO
are an order of magnitude larger than the 4He–CO values in
the temperature range given in Fig. 4. The ratio of the zero
temperature rate coefficients for the quenching of the v!1,
j!0 level is 22. The differences come from the elastic scat-
tering lengths associated with the energies of the quasibound
levels and from the greater overlap of the initial and final
vibrational wave functions of the lighter isotope.23,24

In Fig. 5, we show the distributions of final rotational
levels in the v!0 level from the quenching of v j!10, 11,
12, and 13 levels at a center of mass collision energy of
Ev j!10#3 cm#1. The distributions are similar for all ener-
gies lower than 10#3 cm#1. The oscillatory behavior of these
distributions is due to the competition between terms with
even and odd orders in the Legendre polynomial expansion
of the interaction potential. Figure 6 shows the distribution
of final rotational levels in the v!0 level from the quench-
ing of the v!1, j!0 level at center of mass collision ener-

FIG. 5. Distribution of final rotational levels in the v!0 vibrational level
due to quenching of v!1, j!0–3 levels of CO in collisions with 3He at
center of mass collision genergy 10#3 cm#1.

FIG. 6. Distribution of final rotational levels in the v!0 vibrational level
due to quenching of the v!1, j!0 level of CO in collisions with 3He at
center of mass collision energies 100 cm#1 !upper panel" and 500 cm#1

!lower panel".
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gies of 100 and 500 cm#1, respectively. The distribution
reaches out to higher j levels as the collision energy in-
creases.

IV. SUMMARY AND CONCLUSIONS

Vibrational and rotational quenching of the 3He–CO sys-
tem at ultracold temperatures has been studied using the
quantum mechanical coupled channel approach. The inelas-
tic quenching cross sections are found to be inversely pro-
portional to the velocity of the incoming atom in the zero
temperature limit in agreement with Wigner’s threshold laws.
We construct complex scattering lengths whose imaginary
parts are directly related to the corresponding zero tempera-
ture quenching rate coefficients. Our calculations agree well
with the experimental rate coefficients for the quenching of
the v!1 level at temperatures above 35 K. We are in agree-
ment with Reid et al. that the rate coefficient passes through
a minimum at 20 K and we predict the zero temperature
quenching rate coefficient for the v!1, j!0 level to be
4.0%10#18 cm3 s#1. The small value of the rate coefficient
for vibrational quenching compared to pure rotational
quenching suggests the interesting possibility of cooling and
trapping rotationally cold, vibrationally excited CO mol-
ecules.
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