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We report on crossed-beam experiments and quantum-mechanical calculations performed on the

COðj ¼ 0Þ þ H2ðj ¼ 0Þ ! COðj ¼ 1Þ þ H2ðj ¼ 0Þ system. The experimental cross sections determined

in the threshold region of the COðj ¼ 0! j ¼ 1Þ transition at 3:85 cm�1 show resonance structures in good

qualitative agreement with the theoretical ones. These results suggest that the potential energy surface which

describes the CO-H2 van der Waals interaction should be reinvestigated for good quantitative agreement.
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Shape resonances, also called orbiting resonances in
elastic or inelastic collision processes, are associated
with quasibound states trapped behind the centrifugal
barrier within the shallow potential well which results
from the weak van der Waals interaction of the colliding
partners as they approach [1]. They correspond to particu-
lar quantum-scattering states, or partial waves, each char-
acterized by a fixed value of total angular momentum J
which is conserved throughout the collision. The presence
of resonance structures may be revealed by sharp enhance-
ments of the integral cross section when the collision
energy of the colliding partners matches the energy of
the quasibound states. Whereas resonances of this type
have been identified in several elastic collision experiments
performed in the 1970s [2–6], they have so far eluded
experimental observation for inelastic collision events [1].
Quantum-mechanical (QM) calculations performed on po-
tential energy surfaces (PESs) generated by ab initio meth-
ods predict rich resonance structures in the threshold regions
of rotational transitions for many inelastic collision pro-
cesses between stable molecules or radicals and molecular
hydrogen or helium [7–13]. Their observation relies on
high-resolution crossed-beam scattering experiments oper-
ating in the vicinity of the cold energy regime where most
of these features appear. Arguably, the most promising
crossed-beam methods for observing such phenomena
would employ slow beams of state-selected molecules pre-
pared by Stark or Zeeman deceleration [13–18]. However,
state-selected and decelerated beams need to be coupled
with cryogenic cooling for H2 or He supersonic beams and
low beam-intersection angles to obtain the prerequisite low
energies [13,16]. Indeed, in a collision experiment between
two beams of colliding species sharing a reduced mass �,
with laboratory frame velocities �1 and �2 and beam-
intersection angle �, the collision energy in the center-of-
mass frame or more precisely the relative translational
energy is given by

ET ¼ 1
2�ð�1

2 þ �2
2 � 2�1�2 cos�Þ: (1)

The lowest relative translational energies are attained only
when both laboratory frame velocities are approximately
equal. In this respect, deceleration of a single beam does
not suffice.
The COðj¼0ÞþH2ðj¼0Þ!COðj¼1ÞþH2ðj¼0Þ sys-

tem is suitable for study by both theoretical and experi-
mental means and is also of paramount importance in the
interstellar medium. Molecular hydrogen is by far the most
abundant molecule in space, followed by carbon monox-
ide. The ubiquity of CO in galactic and extragalactic
sources makes it an excellent tracer of physical conditions,
provided its rates of excitation and relaxation by inelastic
collisions with H2 are precisely known. Previous QM
calculations describing CO rotational cooling in the low
temperature conditions of the interstellar medium have
demonstrated the importance of resonances and their sen-
sitivity to the underlying PES that is utilized [7,8]. Here,
we report on the first high-resolution crossed-beam experi-
ments to provide the collision energy dependence of state-
to-state integral cross sections (otherwise known as the
excitation function) in the vicinity of the cold regime,
and the experimental results are compared with those of
new QM calculations.
We performed experiments with Eq. (1) in mind: both

beam velocities were decreased to the lowest possible
matched values while reducing the beam-intersection angle
as much as physically possible. We obtained low velocity
CO and para-H2 beams from cryogenically cooled Even-
Lavie fast-pulsed valves [19] (see Table I). The cooling not
only slowed down the beams while enhancing their velocity
resolution but also quenched most of the internal-state
population to the ground rotational state. A minimal energy
ET ¼ 5:5 cm�1 was obtained in a recent study of the
Sð1D2Þ þ H2ðj ¼ 0; 1Þ ! SHþ H reaction [20] and ET ¼
9:8 cm�1 when utilizing a neat para-H2ðj ¼ 0Þ beam [21]
in an apparatus designed with a minimum intersection angle
� ¼ 22:5

�
. For the present study, the apparatus was up-

graded to attain � ¼ 12:5�, allowing energies below the
threshold of the COðj ¼ 0! j ¼ 1Þ rotational transition at
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3:85 cm�1 to be achieved. The COmolecules were detected
in the beam crossing region by 2þ 1 resonance-enhanced
multiphoton ionization (REMPI) time-of-flight mass spec-
trometry using two-photon ðE 1�; � ¼ 0 X 1�g

þ;
� ¼ 0Þ transitions around 215.217 nm [22]. The para-H2

beam purity was checked by recording ðC 1�u; � ¼ 2 
X 1�g

þ; � ¼ 0Þ Rð0Þ and Rð1Þ 3þ 1 REMPI transitions

near 289.52 nm, respectively [23], from which a population
ratio j ¼ 0> 95% was inferred. The spectrum of the CO
beam (Fig. 1) recorded around the origin of the ðE 1�;
� ¼ 0 X 1�g

þ; � ¼ 0Þ transition shows a prominent

Sð0Þ line surrounded by weak Sð1Þ, Rð1Þ, and Qð1Þ lines.
The population ratios determined from the intensities of the
Sð0Þ and Sð1Þ transitions are 0.99 and 0.01 for j ¼ 0 and 1,
respectively, corresponding to a rotational temperature
T � 1 K. The excitation functions were obtained with the
probe laser tuned to theQð1Þ line which is unaffected by the
wing of the intense Sð0Þ transition. The residual population
of j ¼ 1 was subtracted by pulsing the CO beam at 10 Hz

and the para-H2 beam at 5 Hz. Cross sections in arbitrary
units were directly obtained from the REMPI signal inten-
sities I and the relative velocity �r of the CO and H2 beams
as� ¼ I=�r. Indeed, the density-to-flux transformation [24]
induces negligible corrections because the laboratory frame
velocity of the inelastically scattered CO is practically
the same as the laboratory frame velocity of the CO
beam due to energy and linear momentum conservation.
At the highest ET of 22:5 cm�1, the center-of-mass velocity
of COðj ¼ 1Þ, w01 ¼ 33 m s�1, is low compared to

�1 ¼ 941:5 m s�1. The integral cross sections displayed in
Fig. 2(a) between ET ¼ 3:3 cm�1 and 22:5 cm�1 result
from the accumulation of scans of the beam-intersection
angle to reach a statistical uncertainty ca. 10% at the 95%
confidence interval. This excitation function shows a thresh-
old behavior followed by 3 successive waves �, �, and �
which are clearly the manifestation of resonances. The very
sharp rise at the threshold value ET ¼ 3:85 cm�1 is the
consequence of the low energy spread of the experiment
evaluated as �ET (half-width at 1=e: HWE) ¼ 0:077þ
0:051 ET–3:6� 10�6 ET

2, hence 0:24 cm�1 at threshold.

Note that the COðj ¼ 0! j ¼ 2Þ transition yields some
background signal starting at the threshold value of
11:54 cm�1 since the Qð2Þ line overlaps Qð1Þ within the
laser bandwidth. However, this signal remains negligible
due to the lower two-photon transition probability of Qð2Þ
with respect to Qð1Þ [25].
Second, we performed quantum-mechanical scattering

calculations using our diatom-diatom code initially
developed for H2 þ HF collisions [26] and the CO-H2

ab initio PES determined by Jankowski and Szalewicz
[27]. This surface is based on a five-dimensional grid of
ab initio points including the dependence on the H-H
separation while the C-O separation was fixed. The authors
used the coupled-cluster method with single, double,
and noniterative triple excitations. Full close coupling
calculations were made using the rigid rotor approximation
in the ET ¼ 0:1–50 cm�1 energy range with 0:01 cm�1
increments. The rotational basis set included jH2

¼ 0

and 2 and jCO ¼ 0 to 10. The addition of more closed
channels of CO or H2 was seen to alter the magnitude of
the COðj ¼ 0! j ¼ 1Þ cross sections by less than 1%.
The highest value of total angular momentum J needed to
reach convergence at the highest energies sampled was
J ¼ 19. The propagation was carried out to a maximum
distance of 60 bohr, and convergence was checked as a
function of the propagator step. The individual partial
wave contributions and the resulting integral cross sections
are shown in Fig. 2(b). Many sharp shape resonances are
present, as well as the Feshbach resonance corresponding
to the opening of the COðj ¼ 0! j ¼ 2Þ channel at
11:54 cm�1 which starts to compete with the 0! 1 tran-
sition. The theoretical integral cross sections are further
convoluted over the collision energy spread and are pre-
sented in Fig. 2(a) alongside the experimental results for a

TABLE I. Characteristics of the molecular beams used in the
determination of the integral cross sections.

Beam Ta (K) �b (ms�1) ��c (ms�1) Sd ��e (deg)

CO (1% in He) 75 941.5 24.6 >38 0.9

Para-H2 (neat) 10 948.4 40.7 >23 2.2

aTemperature set point of the cold head. Because no cold shield
is used, the effective temperature of the pulsed valve is limited
by losses due to thermal radiation. The effective temperature
deduced from the beam velocity of a He beam at the lowest set
point of the cold head is 35 K higher.
bVelocity at the peak. The velocities of the beams are determined
from time-of-flight measurements between the crossing point
(detection of H2 or CO by REMPI) and 399 mm downstream
with a fast-ionization gauge inserted perpendicular to the mo-
lecular beam.
cVelocity spread, determined from the broadening of the beam
profiles measured as described in note b.
dSpeed ratio S � �=��HWE (Gaussian limit of the Maxwell-
Boltzmann distribution).
eAngular divergence (HWE).
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FIG. 1. 2þ 1 REMPI spectrum of the COðE 1�;
� ¼ 0 X 1�g

þ; � ¼ 0Þ transition. The Sð1Þ, Rð1Þ, and Qð1Þ
lines are magnified by a factor of 10 for clarity (a.u.: arbitrary
units).
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direct comparison with the experiment. The very sharp
features of Fig. 2(b) are smeared out by the energy spread.
Nonetheless, three waves persist but with a doubled peak
structure for waves � and � and all shifted towards higher
energies.

It is well known that resonance features are strikingly
dependent on the PES used to perform the QM calcula-
tions. A main source of the discrepancy highlighted in
Fig. 2(a) could arise from the dissociation energy, D0, of
the CO-H2 complex respective to the ground-state (000)
level. Although the PES is recognized to reach spectro-
scopic accuracy for the infrared spectrum and the energy
levels of the complex, within 0:1 cm�1 on average, it
yields D0 ¼ 19:5 cm�1, whereas infrared spectroscopic
results converge towards D0 ¼ 22 cm�1 [28]. The mani-
fold of quasibound states trapped behind the centrifugal
barrier and screened by the variation of the relative trans-
lational energy near the COðj ¼ 0! j ¼ 1Þ threshold
could be shifted substantially by this 2:5 cm�1 difference.
In an effort to find an agreement with experiment, we
applied various scaling factors f > 1 to the PES, resulting
in a lowering of the global minimum and a concomitant
increase of the dissociation energy. The closest match is
found for f ¼ 1:05, which yields D0 ¼ 21 cm�1. The
results of the QM calculations are presented in Fig. 3,
and it can be seen that the resonance pattern is indeed

strikingly different. Most of the intense peaks have shifted
by ca. �1 to �1:5 cm�1, which can be accounted for by
the difference in D0 values between the original and the
scaled PES, whereas their shapes and strengths are strongly
modified. As a result, the initial doubled peak structure of
wave � has disappeared. The position of the three waves is
now in reasonable agreement with experiment. It becomes
clear that wave � borrows its intensity mainly from partial
waves J ¼ 1, 2, and 3; wave � from J ¼ 4, 6, and 8; and
wave � from J ¼ 5, 7, and 9. Nonetheless, an agreement
on the respective magnitudes of the 3 waves has not been
achieved yet. Interestingly, Jankowski and Szalewicz
themselves noticed that their ab initio PES furnished better
results for comparison with the temperature dependence of
experimental second-order virial coefficients when re-
scaled with a factor f ¼ 1:042 [27].
In conclusion, our measurements provide the first sensi-

tive probe of a PES under collision conditions approaching
the cold energy regime and the first experimental observa-
tion of partial wave resonances appearing in the integral
cross sections for an inelastic collision process. It has been
necessary to rescale the original ab initio PES in order to
obtain QM results in agreement with the experiment, de-
spite this initial PES being capable of reproducing infrared
transitions and energy levels of the CO-H2 complex with
an overall accuracy of 0:1 cm�1. Clearly, the criteria
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FIG. 2 (color online). (a) Experimental integral cross sections in arbitrary units (open circles with vertical error bars at a
95% confidence interval) and theoretical integral cross sections (solid curve) convoluted over the energy spread. (b) Partial wave
cross sections and resulting theoretical integral cross sections from QM calculations performed with the PES of Jankowski and
Szalewicz [27].
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demanded by very low energy scattering experiments
are even more stringent. In particular, this study shows
that a near-perfect representation of the asymptotic region
of the PES is of crucial importance.

This work extends the objectives of Contract No. ANR-
BLAN-2006-0247 with the Agence Nationale de la
Recherche and Contract No. 2007.1221 with the Conseil
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fully acknowledged.
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