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The low-temperature rotational relaxation of CO in self-collisions and in collisions with the rare-gas atoms
Ne and He has been investigated in supersonic expansions with a combination of resonance-enhanced
multiphoton ionization (REMPI) spectroscopy and time-of-flight techniques. For the REMPI detection of
CO, a novel 2+ 1′ scheme has been employed through the A1Π state of CO. From the measured data,
average cross sections for rotational relaxation have been derived as a function of temperature in the range
5-100 K. For CO-Ne and CO-He, the relaxation cross sections grow, respectively, from values of∼20
and 7 Å2 at 100 K to values of∼65-70 and∼20 Å2 in the 5-20 K temperature range. The cross section for
the relaxation of CO-CO grows from a value close to 40 Å2 at 100 K to a maximum of 60 Å2 at 20 K and
then decreases again to 40 Å2 at 5 K. These results are qualitatively similar to those obtained previously with
the same technique for N2-N2, N2-Ne, and N2-He collisions, although in the low-temperature range (T <
20 K) the CO relaxation cross sections are significantly larger than those for N2. Some discrepancies have
been found between the present relaxation cross sections for CO-CO and CO-He and the values derived
from electron-induced fluorescence experiments.

1. Introduction

Low-temperature rotational energy transfer in CO molecules
plays an important role in many interstellar environments (see,
for instance, refs 1-3 and references therein). On the other hand,
CO is a relatively light diatomic molecule, isoelectronic with
nitrogen but possessing a dipole moment, and thus is an
interesting subject for a basic study of intermolecular interactions
and collisional processes with other light partners.

Many experimental methods have been applied to the
investigation of the rotational energy transfer of CO in self-
collisions and in collisions with rare-gas (Rg) atoms. These
methods include sound absorption,4,5 thermal conduction and
diffusion measurements,6-9 broadening and shifting of spectral
lines,10-20 and the application of electron-induced fluorescence
and diverse laser techniques, sometimes under bulk conditions21-23

but mostly in combination with supersonic expansions or
molecular beams.24-34 Since the mid-1990s, different spectro-
scopic studies of the CO-CO and CO-Rg van der Vaals
complexes have also been performed.35-44 State-resolved cross
sections and rate constants for energy transfer have often been
deduced from various sorts of experimental data by applying
models and scaling laws.18-23,26 However, the empirical state-
to-state rate constants derived from a particular experiment are
often ambiguous, depend on the assumptions of the specific

model used, and cannot always account for experimental data
of another kind (see, for instance, the discussions in refs 20,
22, 23, and 26). Empirical estimates of total (i.e., non-state-
resolved) cross sections or rate constants, though also ap-
proximate, are in general more reliable.

The joint analysis of a large group of experimental properties
and the progress in the theoretical methodology over the past
decade have provided a series of high-quality semiempirical and
ab initio potential energy surfaces (PESs) for the CO-X systems
under consideration in the present work.45-55 Dynamical
calculations on these PESs are producing a set of cross sections
and rate constants3,22,23,27,30,31,54,56-58 that can be used for the
simulation of the measurements, which provides a less ambigu-
ous comparison between experiment and theory than the
experimental inversion procedures mentioned in the previous
paragraph. The accuracy of the calculations is higher for
collisions of CO with atomic partners, for which better theoreti-
cal methods have been developed.

Experimental data on CO rotational relaxation at low tem-
perature (T < 80 K) have been derived from measurements in
supersonic expansions,26,27,29,33,34 mostly free jets, that are
especially suited for the generation of very cold gas-phase
molecules. The determination of relaxation rate coefficients or
cross sections from the analysis of the free jet data requires a
description of the supersonic flow, which can in principle be
obtained from the solution of the hydrodynamic equations,59

although in practice this is not always feasible. In some cases,
a detailed experimental characterization of free jet flow fields
is also becoming possible because of recent experimental
progress.60-62 In free jet expansions with axial symmetry, such
as the ones employed in our work, simple and reliable
expressions for the description of the jet axis are available if
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isentropic behavior can be assumed, which is often the case
(see refs 63 and 64 and references therein).

Another kind of supersonic expansion used for kinetic studies
of gases at low temperatures is obtained using the CRESU
(cinétique de reaction en ecoulement supersonique uniforme)
technique.65,66This method is based on the use of converging-
diverging Laval nozzles instead of free jets and produces flow
fields with constant temperatures over an appreciable region of
the expansion. A suitably designed Laval nozzle is needed for
each temperature. A combination of these uniform flows with
laser techniques can provide very detailed state-selective
information on relaxation processes. However, even the most
recent CRESU experiments, in which both initial and final
rotational states of the CO molecules in a constant temperature
supersonic flow are analyzed,34 require some degree of modeling
for the derivation of experimental cross sections and rate
coefficients.

In addition to the refined state-selective measurements, which
are in general restricted to a small set of states and collision
energies, the experimental estimate of average thermal cross
sections,σr(T), provides a most valuable information on overall
rotational relaxation at low temperatures. Belikov et al.27,32,33,67-70

used the electron-induced fluorescence (EIF) technique to derive
state-resolved and thermally averaged cross sections for the
rotational relaxation of diatomic molecules (N2, CO) in self-
collisions and in collisions with rare-gas atoms. These authors
measured rotational temperatures along the axes of free jets and
applied a thermal conduction model to couple translational
temperatures and rotational states populations, assuming isen-
tropic expansions. The EIF technique has been widely used for
the measurement of rotational temperatures of diatomic mol-
ecules in free jets, but the interpretation of its data is not
straightforward and has led sometimes to ambiguous or con-
troversial results (see comments in refs 71-73 and references
therein).

In a systematic series of studies,73-76 our group has applied
a combination of resonance-enhanced multiphoton ionization
(REMPI) and molecular beam time-of-flight (TOF) techniques
to the investigation of the rotational relaxation in N2-N2, N2-
He, and N2-Ne collisions. In these experiments, terminal
rotational and translational temperatures were measured in the
molecular beams extracted with a skimmer from the axes of a
series of free jet expansions of N2 and of diluted mixtures of
N2 in rare gases. Thermal cross sections were derived over the
∼5-100 K temperature range by applying a simple thermal
conduction model. The cross sections for N2-N2 and N2-He
were compared with the EIF values of Belikov et al.,68-70 which
showed approximate accordance for the N2-He results76 but a
noteworthy disagreement for the N2-N2 rotational relaxation
data in the low-temperature range73 (below 20 K), where the
EIF cross sections were found to be much larger than ours. In
later studies, Montero and co-workers77-79 used free-jet Raman
spectroscopy for the investigation of the rotational-translational
state-resolved cross sections in N2-N2 and N2-He collisions
and also estimated thermally averaged cross sections below 20
K.77,79The results for N2-He, supported by an accurate close-
coupling (CC) quantum mechanical calculation,79 were in
agreement with the previous measurements70,76 within the
experimental uncertainty. In the case of N2-N2, the Raman cross
sections77,78 were at variance with the large EIF values68 and
corroborated the results from the molecular beam REMPI
experiments.73

In recent studies,27,32,33the EIF technique has also been used
for the determination ofσr(T) in free jets of CO and of CO-

Rg mixtures. Below 100 K, the EIF thermal rate constants for
rotational relaxation in CO-CO collisions were similar in
magnitude to those obtained in the earlier EIF experiments68

on the relaxation of N2, showing a rise from 10 Å2 at 100 K to
100 Å2 at 20 K. Appreciable differences were found between
these cross sections and values from line-broadening data,14,15,80

ultrasound absorption,5 and classical trajectories.56 In the case
of CO-He collisions, the EIFσr(T) values, determined between
6 and 140 K, grow from 10 to 50 Å2 with decreasing temperature
and are in good agreement with the results of various theoretical
calculations50,81,82down to 20 K. Data on terminal rotational
and translational temperatures for CO-He supersonic expan-
sions from REMPI, infrared (IR) absorption, and molecular
beam time-of-flight measurements have also been reported.26,29,33

To compare all these results on a common basis, Belikov et
al.33 performed infinite order sudden (IOS) state-resolved rate
constant calculations on various potential surfaces. With these
values and with other rate constants from the literature,83 Belikov
et al.33 estimatedσr(T) down to 5 K. The joint analysis of the
free jet data and the measured terminal temperatures showed
apparent inconsistencies, and none of the potentials used in the
IOS calculations could account for the entire set of data
available. Given the just-mentioned disparity in the variousσr(T)
for CO and the discrepancies between the low-temperature EIF
results for N2 and those from other methods, commented in the
previous paragraph, additional investigations of the rotational
relaxation of CO with different techniques are timely.

In the present study, we have applied the methodology
formerly used73-76 for N2 to the study of the rotational relaxation
in CO in self-collisions and in collisions with rare-gas atoms.
Thermally averaged rotational relaxation cross sections in CO-
CO, CO-Ne, and CO-He collisions have been derived in the
∼5-100 K temperature interval. As far as we know, these are
the first relaxation cross sections for CO-Ne in this temperature
range. The results are discussed and, whenever possible,
compared to previous experimental and theoretical studies.

2. Experimental Section

The experimental setup used for the present measurements
is essentially the same as that employed in our previous
investigations on the rotational relaxation of the N2 mol-
ecule,73,75,84and only the relevant details are given here. Free
jets of pure CO and of mixtures of CO diluted in He or in Ne
(with calibrated CO mole fractions of 0.12 or 0.10, respectively)
were generated in supersonic expansions with a pulsed solenoid-
driven valve (General Valve) with an effective diameterdeff of
0.42 mm ((10%), a pulse frequency of 10 Hz, and a pulse width
of 0.5-1 ms. The pulsed source was operated at room
temperatureT0 and at stagnation pressuresp0, covering the
appropriate range of the relevant parameterp0deff between 0.5
and 100 mbar‚cm (p0deff is proportional to the inverse of the
Knudsen number). The background pressure in the expansion
chamber was always kept in the 10-4-10-5 mbar interval by a
2000 L s-1 oil diffusion pump. Molecular beams were extracted
by collimating the central part of the free jets with a 0.5 mm
diameter skimmer at∼3-5 cm downstream from the nozzle.
The molecular beam travelled along an arrangement of intercon-
nected vacuum chambers toward the analyzers. In the detection
chambers, pumped with turbomolecular pumps, the pressure was
kept in the 10-7 mbar range.

Time-of-flight distributions of the molecular pulses, generated
by the narrow (1 mm width) slits of a mechanical chopper placed
in the chamber behind the skimmer, were measured for the CO
molecules and for the He and Ne atoms by means of an electron
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bombardment quadrupole mass spectrometer (QMS). The output
of the QMS was sent to a digital scope where it could be
adequately processed and stored. Extensive averaging of the
TOF spectra (up to 64 000 averages) was needed for the weakest
expansions. Terminal flow velocities,u∞, and parallel transla-
tional temperatures,T|,∞, for CO, He, and Ne were derived from
the deconvolution of the TOF spectra with a Maxwellian
velocity distribution along the axial (“parallel”) streamline of
the jet, superimposed onto the flow velocity. The flight path
between chopper and detector was 49 cm, and the geometric
gate function of this chopper was approximated by a Gaussian
with a fwhm of 24µs.

The terminal rotational temperatures,Tr,∞, of CO were
obtained from the fit simulation of the REMPI spectra measured
on the different molecular beams.73,75 For that purpose, the
molecular beam interacted with UV laser pulses at 21 cm
downstream from the skimmer. The UV laser was focused with
a 25 cm focal length lens, and the pulsed valve and the laser
pulses were synchronized at a repetition rate of 10 Hz. In the
first attempt, we tried to use the 2+ 2 REMPI scheme, in which
the same laser pulse used to excite the initial two-photon
transition also ionizes the excited molecules, based on the two-
photon resonant excitation of CO to the A1Π(V)3) r Ì1Σ+(ν)0)
transition band, the scheme being similar to that used by Smith
and co-workers.29 The required tunable laser radiation around
289 nm was generated by a Nd:YAG pumped dye laser
(Continuum NY80-20/ND60) operated with a mixture of
rhodamine 590 and 610 optimized to produce a flat output power
in the region of interest. The resulting laser pulses were linearly
polarized and had time and frequency widths of 6 ns and 0.1
cm-1 (fwhm), respectively. The experiments were performed
with a power of 2 mJ/pulse, and the CO+ ions formed were
detected by means of a time-of-flight mass spectrometer of the
Wiley-McLaren type provided with a dual microchannel plate.
A typical 2 + 2 REMPI spectrum obtained under the experi-
mental conditions indicated above is shown in the top panel of
Figure 1, corresponding to an expansion of pure CO atp0deff )
85 mbar‚cm. As can be seen, with this 2+ 2 REMPI scheme,
the lines of the spectrum are found to be very broad, even
causing some lines to be only barely seen. It is likely that the

laser power used is responsible for the observed broadening,
which may be due to saturation of the Ar X transition. To
avoid this problem, a 2+ 1′ REMPI scheme was used, in which
the two-photon excitation corresponding to the A1Π(V)3) r
Ì1Σ+(V)0) transition band was carried out with a first laser
pulse at∼289 nm of about 1 mJ per pulse or less and the
ionization step was performed with a second nanosecond laser
pulse at 220 nm of about 500µJ per pulse, with zero time delay
with respect to the excitation laser. The 220 nm laser radiation
was produced by frequency-mixing the fundamental and second
harmonic of a 532 nm Nd:YAG (Quanta Ray Pro 230) laser-
pumped dye laser (Continuum ND60) operating in the wave-
length range 620-680 nm. The 220 nm laser was focused using
a 50 cm focal length lens and spatially overlapped with the 289
nm laser beam. The ion signal was corrected with the square of
the laser intensity at each wavelength. The 2+ 1′ REMPI
spectrum obtained under the same experimental conditions (pure
CO andp0deff ) 85 mbar‚cm) is shown in the middle panel of
Figure 1. As can be seen, the different lines of the spectrum
now appear to be much narrower than those obtained under the
2 + 2 REMPI scheme, and the weakest lines are also clearly
appreciated. Considering that the CO ionization potential (IP)
is 14.014 eV,85 the 2 + 1′ REMPI scheme described above
provides a total energy of 14.22 eV, just above the IP of CO.
The 2 + 1′ REMPI scheme was then adopted in the present
work to measure all the CO REMPI spectra.

The procedure for the evaluation of rotational distributions
from the CO REMPI spectra is described in detail in ref 73 for
N2. In the present case, the same procedure was used, employing
the two-photon line strength factors of the A1Π r Ì1Σ+

transition and the spectroscopic constants taken from ref 85.
The low vibrational levels of the A1Π state of CO are not
appreciably perturbed by predissociation, and the A1Π(V)3)
r Ì1Σ+(V)0) transition has been previously used for the
determination of ground-state rotational populations of CO in
LIF and REMPI29 experiments. The REMPI rotational line
intensities were corrected with the appropriate two-photon line
strengths and then least-squares-fitted to a Boltzmann dis-
tribution. No significant deviations from Boltzmann distribu-
tions were observed. The simulation of the 2+ 1′ REMPI
spectrum shown in the middle panel of Figure 1 is depicted in
the bottom panel of that figure and corresponds to a rotational
temperature of 3 K. The agreement found between the measured

Figure 1. (a) 2+ 2 REMPI spectrum of the A1Π(V)3) r X1Σ+(V)0)
transition in CO recorded in a molecular beam corresponding to an
expansion withp0deff ) 85 mbar‚cm. (b) Same as (a) but using a 2+
1′ REMPI scheme. (c) Simulation of the spectrum with a rotational
temperature of 3 K.

Figure 2. Experimental (top) and simulated (bottom) 2+ 1′ REMPI
spectrum of the A1Π(V)3) r X1Σ+(V)0) transition from an effusive
beam of pure CO at 298 K.
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and simulated spectra is very good. Figure 2 shows the 2+ 1′
REMPI spectrum measured for an effusive CO beam, and the
corresponding simulation of the spectrum with a rotational
temperature of 298 K is also shown. At this temperature, an
estimate of the populations based on conventional Boltzmann
plots is hampered by the overlap between transitions from
different branches.

3. Results and Discussion

The present experiments include REMPI spectra and TOF
distributions recorded in expansions of pure CO and of CO
diluted in Ne and He. For illustration, Figure 3 shows a typical
set of REMPI spectra measured for pure CO, along with their
fit simulations, which in each case provide the terminal rotational
temperature of CO. Figure 4 displays the time-of-flight mea-
surements for three CO expansions. The time-of-arrival profiles
of the CO molecules could be well reproduced with the “drifting
Maxwellian” velocity distribution63,73 usually assumed for
supersonic molecular beams. Translational temperatures and
speeds were derived from these simulations. For the spectra of
Figure 3, Boltzmann plots of the populations of the different
rotational levels were obtained by integrating the lines of the S
branch and by correcting them with the respective line strengths.
These plots are represented in Figure 5 and show that for each
expansion the terminal ground-state distribution of rotational
levels can be characterized by a single temperature, in good
agreement with that derived from the comparison of simulated
spectra. This was found to be the general case; the set of
measured REMPI spectra could be simulated, within experi-
mental uncertainty, by assuming Boltzmann rotational popula-
tions. Figures 3 and 4 illustrate the growing rotational and
translational cooling attained with increasing number of colli-
sions (increasingp0deff) in the expansion.

The entire set of terminal rotational temperaturesTr,∞,
translational temperaturesT|,∞, and flow speedsu∞, derived from

the REMPI and TOF measurements, is represented in Figure 6
(pure CO expansion), Figure 7 (CO-Ne mixture), and Figure
8 (CO-He mixture). In addition, the experimental rotational
temperatures and their estimated uncertainties are listed in Table
1. As can be seen, in the three cases the rotational temperatures

Figure 3. Typical molecular beam REMPI spectra (top of each panel)
corresponding to different expansions of pure CO together with their
simulations (bottom of each panel) with indication of the corresponding
rotational temperaturesTr,∞.

Figure 4. Molecular beam time-of-arrival distributions for three
different expansions of pure CO at values ofp0deff similar to those of
Figure 3. The points represent the experimental data, and the lines
represent the corresponding simulations. The terminal flow velocities,
u∞, and parallel translational temperatures,T|,∞, derived from the
simulations are also indicated.

Figure 5. Boltzmann plots of the S branch corresponding to the spectra
shown in Figure 3.
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of CO are systematically higher than the translational temper-
atures over the entire range ofp0deff values investigated. This
clearly indicates that the rotation of the CO molecules is not in
thermal equilibrium with the translational degrees of freedom
of the expanding gas. Furthermore, in the case of the CO-He
mixture (Figure 8) forp0deff < 10 mbar‚cm, the terminal
translational temperatures of CO are higher and the final flow
velocities are lower than those of He. These differences inT|,∞
and in u∞ were also observed in our former study of N2-He
mixtures76 and show that the number of collisions of the weakest
expansions is not enough to maintain translational equilibrium
between the two mixture components when the momentum
transfer between them is comparatively inefficient because of
the mass disparity. In addition, it is worth noting that from a
comparison of expansions with similarp0deff values, the
strongest CO cooling (both translational and rotational) is
obtained in the collisions with Ne.

To explain the observed behavior of the terminal temperatures
and speeds and to obtain an estimate of the thermally averaged
rotational relaxation cross sections of CO in self-collisions
(σr,CO-CO) and in collisions with Ne (σr,CO-Ne) and He (σr,CO-He),
we have employed the thermal conduction treatment used in
our previous studies.64,74-76 The entire approach is based on a

“sudden-freeze” model for the otherwise isentropic expansion,
in which the appropriate energy transfer between the transla-
tional and rotational degrees of freedom is introduced by means
of a fitted thermal relaxation cross section, as described below.
In addition, for the general case of lack of equilibrium between
the translational degrees of freedom of the two species of the
binary mixture, as observed for CO and He, a translational
coupling between the CO molecules and the isentropic thermal
bath provided by the rare gas is introduced to account for the
different local translational temperatures.76 With these consid-
erations, the evolution of the relevant temperatures is represented
by the following differential equations:

Figure 6. Terminal flow velocities (top) and temperatures (bottom)
in expansions of pure CO. Upper panel: symbols, experimental data;
line, model calculations using eq 5. Lower panel: closed circles,
experimental terminal translational temperatures; dashed line, model
calculation with eq 6; open triangles, experimental terminal rotational
temperatures; solid line, result of the integration of eq 4 with theσr,CO-CO

of Figure 9.

Figure 7. Terminal flow velocities (top) and temperatures (bottom)
in expansions of CO (10%)+ Ne. Upper panel: solid circles,
experimental data for CO; open circles, experimental data for Ne; line,
model calculations using eq 5. Lower panel: closed circles, experi-
mental terminal translational temperatures for CO; open circles, same
for Ne; dashed line, model calculation with eq 6; open triangles,
experimental terminal rotational temperatures; solid line, result of the
integration of eq 3 with theσr,CO-Ne of Figure 9.

dTt,CO

dt
) - 1

τc,CO-X
(Tt,CO - Tt,X) (1a)

dTr,CO

dt
) - 1

τr,CO-CO
(Tr,CO - Tt,CO) - 1

τr,CO-X
(Tr,CO - Tt,X)

(1b)
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where (τc,CO-X)-1 and (τr,CO-X)-1 are the characteristic collision
frequencies for translational and rotational relaxation, respec-
tively, between CO and the collision partner X) Ne or He.
These collision frequencies are related to the corresponding
average cross sections by the expression

wherek is Boltzmann’s constant,n the local density,µCO-X

the reduced mass of the CO-X colliding pair, andøCO the mole
fraction of CO in the gas mixture. The subscriptm ) c or r
denotes translational (collisional) or rotational relaxation so that
σc,CO-X andσr,CO-X are the collision cross sections and the cross
sections for rotational relaxation, respectively. In the case of

ideal translational equilibrium in the binary mixture (Tt,CO )
Tt,X), only eq 1b applies and the system reduces to

Furthermore, for the pure CO expansions we are left with the
simplified equation

In the present work we have solved eqs 1a and 1b for the
analysis of the CO-He expansions, eq 3 for the CO-Ne
expansions, and eq 4 for the pure CO expansions. The
phenomenological thermal cross sections used in eqs 1-4 can
be related to state-to-state cross sections or kinetic coefficients
by means of theoretical models. One of them is applied at the
end of this section.

The sudden-freeze expansion model relies on the isentropic
(adiabatic-isoenthalpic) treatment of the expanding gas, which
in our case is propagated at a givenp0deff until the experimen-
tally observed translational terminal temperature is reached.
Within this expansion model, the terminal speed and transla-
tional temperature are given by63

wheremeff ) øCOmCO + øXmX in eq 5 is the average mass of
the binary mixture andS∞,X ) u∞,X/(2kT∞,X/mX)1/2 is the terminal
speed ratio of the dominant component of the mixture X) CO,
Ne, or He. Within the sudden-freeze model, the terminal speed
ratio is typically expressed as86

Figure 8. Terminal flow velocities (top) and temperatures (bottom)
in expansions of CO (12%)+ He. Upper panel: solid circles,
experimental data for CO; open circles, experimental data for He; line,
model calculations using eq 5. Lower panel: closed circles, experi-
mental terminal translational temperatures for CO; open circles, same
for He; open triangles, experimental terminal rotational temperatures;
dashed line, model calculation with eq 6; dotted and solid lines, results
of the integration of eq 1 forTt,CO andTr,CO using theσr,CO-CO of Figure
9 andσc,CO-He ) [56C6,CO-He/(kT)]1/3 with C6,CO-He taken from ref 87.

(τm,CO-X)-1 ) (8kTt,X

π )1/2

n(1 - øCO)µCO-X
-1/2σm,CO-X (2)

TABLE 1: Experimental Terminal Rotational Temperatures
for the Expansions of CO, CO (10%) in Ne, and CO (12%)
in He (See Also Figures 6-8)

p0deff, mbar‚cm Tr,∞, K p0deff, mbar‚cm Tr,∞, K

CO
0.78 75( 10 6.08 15( 4
1 55( 8 8.52 15( 2
1.2 65( 10 12.06 15( 2
1.66 50( 10 19.36 10( 2
2.3 40( 5 23.84 9( 2
3.4 25( 5 48 7( 2
5.08 23( 5 52 6( 2

CO/Ne
0.94 60( 5 2.76 13( 3
0.96 60( 10 3.76 12( 2
1.36 42( 10 5.68 7( 3
1.48 28( 5 6.54 7( 2
1.88 25( 5 10.7 5( 2
2.34 17( 2 14.46 4( 2

CO/He
1 110( 20 5.48 22( 5
1.5 70( 10 8 15( 4
1.7 90( 15 12 8( 3
1.9 60( 10 13.2 10( 3
2.54 35( 5 16 5( 2
3.2 35( 5 26.8 5( 2

dTr,CO

dt
) - 1

τr,CO-CO
(Tr,CO - Tt) - 1

τr,CO-X
(Tr,CO - Tt) (3)

dTr,CO

dt
) - 1

τr,CO-CO
(Tr - Tt) (4)

u∞,X ≈ S∞,X(2kT0

meff
)1/2[1 - γ - 1

γ
S∞,X

2 ]-1/2

(5)

T|,∞,X ≈ T0[1 + γ - 1
γ

S∞,X
2 ]-1

(6)

S∞ ) F

(Kn0)
G

(7)
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whereF andG areγ-dependent constants andKn0 is the source
Knudsen number,63 given by Kn0 ) (2)1/2n0deffσc,0, wheren0

andσc,0 stand for the source number density and collision cross
section, respectively. The collision cross section can be ap-
proximately expressed as63,86

whereC6 is the isotropic attractive term of the intermolecular
potential. The main dependence of the speed ratio onKn0 and
thus on the number of collisions is carried by theG exponent.
Within the model of Beijrinck and Verster,86 G takes the value
0.545 forγ ) 5/3 and the value 0.353 forγ ) 7/5. In the present
work, we have takenF andG as fit parameters and have adjusted
them to get a good match to theT|,∞,X values measured for the
dominant component of the expanding mixture. The fittedT|,∞,X,
as given by eq 6, as a function ofp0deff are shown in Figures
6-8 (dashed lines). The values ofC6 and those of theF andG
best fit parameters used in eqs 7 and 8 are listed in Table 2.

Note that theG exponent obtained for the CO case is close
to the value predicted by the isentropic sudden-freeze model of
Beijrinck and Verster86 for the expansion of diatomic molecules
and that those for expansions dominated by He or Ne are
reasonably close to the value predicted for monatomic gases.
The final flow velocities calculated with eq 5 using the
parameters of Table 2 are compared in the upper panels of
Figures 6-8 to the values determined from our time-of-flight
measurements. In general, the agreement is very good, and even
for the least favorable case, corresponding to the weakest
expansions of the CO-He mixture, the difference between the
calculated and measuredu∞,He is only 8%. All these results
support the initial assumption of approximate isentropic behavior
in the supersonic expansions.

For the derivation of the temperature-dependent rotational
relaxation cross sectionsσr,CO-X(T), the differential equation
system of eq 1, or the simplified version of eq 3 or eq 4, was
integrated numerically for eachp0deff value along the jet axis
until the sudden-freeze point given by eq 7, at which theTt,X in
the model reaches a value consistent with the experimental
terminalT|,∞,X. At this point, the calculated rotational temper-
ature was compared to the measuredTr,∞, andσr,CO-X(T) was
varied parametrically until a good fit to the experimental data
was obtained. The determination of rotational relaxation cross
sections from the analysis of the measurements on the CO-Ne
and CO-He mixtures requires previous knowledge ofσr,CO-CO(T),
and this latter thermal cross section was determined in the first
place from the pure CO data. To integrate eq 1, it is necessary
to introduce the value of the cross section,σc,CO-He, for collisions
between CO and He. In this work, for the calculation of this
temperature-dependent cross section, eq 8 has been applied with
C6,CO-He/k ) 0.77× 10-43 K cm6 taken from ref 87. Thus, the
integration of eq 1 providesT|,∞ for CO (dotted line of Figure
8), and it is important to remark that theseT|,∞,CO values have
not been fitted to the points but are directly obtained from the
classicalσc,CO-He expression usingC6 values from the literature.
In fact, the good agreement between the calculated curve and

the measured data forT|,∞,CO lends support to the picture
underlying the present model by which not only the rotation
but also the translational motion of CO, coupled to the He cold
bath throughσc,CO-He, cannot follow the rapid cooling of the
rare gas when the collision frequency becomes too low.

The dependence of the rotational relaxation cross section with
temperature was represented by the following suitable empirical
expression, introduced in previous studies:

The terminal rotational temperatures provided by the model are
shown in Figures 6-8 along with the experimental values,
whereas the corresponding CO-X rotational relaxation cross
sectionsσr,CO-X(T), built with the parametersA, B, C, andD
listed in Table 3, are displayed in Figure 9. The parameters of
eq 9 are chosen to reproduce as closely as possible the curves
of Tr vs p0deff in Figures 6-8. The uncertainties inσr,CO-X(T)
are estimated by varying the different parameters subject to the
constraint that the calculatedTr,∞ values lie within the error bars
of the entire set of experimentalTr. A conservative estimate of
these uncertainties is given by the error bars in Figure 9. It
should be emphasized that any other sufficiently flexible
empirical function could be employed and that no specific
physical meaning is attributed to eq 9. TheA, B, C, and D
parameters, which reproduce the experimental results best, are
listed in Table 3 with the only purpose of providing a convenient
analytical representation for the variousσr,CO-X(T).

Figure 9 shows that the temperature dependence of the
σr,CO-CO, σr,CO-Ne, andσr,CO-He relaxation cross sections follows
a similar qualitative trend as that previously observed for N2 in
our previous studies.74-76 For each CO-X collision pair,
σr,CO-X(T) displays initially a monotonic growth as the tem-
perature decreases from 100 K to 15-20 K. At sufficiently low
temperature, however, the cross section levels off and shows a
maximum, which is especially marked inσr,CO-CO at T ≈ 20 K

TABLE 2: Attractive Terms of the Intermolecular
Potentials (C6) Used in Eq 8 and Fit ParametersF and G in
the Expression of the Terminal Speed Ratio (Eq 7)

C6/k × 10-43, K‚cm6 F G

CO 6.18 (ref 87) 1.1 0.31
Ne 0.76 (ref 63) 0.36 0.58
He 0.15 (ref 63) 0.18 0.65

σc,0 ) (53
T0

C6

k )1/3

(8) Figure 9. Thermal cross sections for rotational relaxation,σr(T), in
CO-CO, CO-Ne, and CO-He (solid lines) derived from the measure-
ments of the present work and comparison with the corresponding cross
sections for N2-N2,73 N2-Ne,74 and N2-He 76 (dashed lines), measured
with the same technique.

TABLE 3: Best-fit Parameters for Eq 9 Obtained in the
Present Experiments for the Rotational Relaxation Cross
Sections as a Function of Temperature of CO in Collisions
with CO, Ne, and He

A B C D

CO-CO 17.0 0.35 10 0.20
CO-Ne 6.5 1.60 6 0.20
CO-He 2.5 1.53 6 0.20

σr,CO-X(T) ) A(300
T )B-(C/T)D

(9)
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and hardly appreciable forσr,CO-Ne andσr,CO-He. These last two
cross sections maintain roughly constant values of∼65-70 Å2

and∼20 Å2, respectively, in the temperature rangeT ≈ 5-20
K, whereas the self-relaxation cross sectionσr,CO-CO decreases
from ∼60 Å2 at 20 K to roughly2/3 of this value atT ≈ 5 K.
In a previous study,74 we argued that this change of behavior
at low temperature is probably associated with the reaching of
the adiabatic regime of inefficient rotational-translational
energy transfer. In view of the relatively large uncertainties in
the cross section depicted in Figure 9, it might be tempting at
first to use an average constant relaxation cross section; however,
this procedure does not give a good fit to the experimental data
over the entire temperature range studied. Specifically a decrease
of σr,CO-CO(T) below 20 K is needed to account for the final
rotational temperatures of the strongest expansions.

Another relevant aspect is that the progressionσr,CO-CO >
σr,CO-Ne > σr,CO-He is observed at the higher temperatures
covered in our work (T > 20 K), whereas interestingly, at lower
temperatures it is found thatσr,CO-CO < σr,CO-Ne, indicating that
CO-Ne collisions become more effective than those between
CO molecules for the rotational cooling. Again, as can be seen
in Figure 9, this same qualitative behavior is found in the
relaxation of N2. It may be tentatively asserted that transitions
between rotational levels of the colliding diatomic molecules
(rotation-rotation transfer in CO-CO or N2-N2 collisions) gain
in relative importance at these low temperatures and diminish
somewhat the rotational de-excitation caused basically by the
rotation-translation energy transitions.

According to our results, the cross sections for rotational
relaxation of CO are systematically larger than those of N2,
σr,CO-X > σr,N2-X, with the possible exception of He collisions
at temperatures close to 100 K, where they are very similar. In
the higher temperature range, the difference between the CO
and the N2 cross sections, although always within the mutual
experimental uncertainty, is systematic, and below∼20 K, the
cross sections for rotational relaxation of CO in self-collisions
and in collisions with Ne become neatly larger than those for
N2. This is possibly due, at least in part, to the presence of a
small permanent dipole moment in the CO molecule that should
give rise to stronger attractive interactions, especially in the case
of the larger and thus more polarizable collision partners (CO
and Ne). The importance of attractive interactions in inelastic
collisions88 is expected to increase markedly at low temperatures.
However, the magnitude of the CO dipole moment (0.11 D) is
very small. On the other hand, the fact that in CO the center of
charge is slightly displaced with respect to the center of mass
might produce a torque favoring rotation-translation transfer.
In addition, the relaxation of N2 is driven by 2-quanta transitions
due to the ortho-para symmetry of the molecule, and this will
make rotation-translation transfer more adiabatic, and thus less
likely, in the low-temperature limit.

The thermal relaxation cross sections of Figure 9 will be
discussed below in relation with other results extracted from
various experimental sources and from theoretical calculations
by different groups, but before doing so, we will directly
compare some of the terminal temperatures measured in our
laboratory to available literature data. Terminal translational
temperatures in supersonic molecular beams of pure CO and
of a CO-He mixture (10% in CO) were measured by Bassi et
al.26 using the same TOF procedure as in the present work and
are compared with our values in Figure 10. TheT||,∞ values for
expansions of pure CO are in very good agreement with our
data. In the CO-He expansions the measurements by Bassi et
al.26 also show a breakdown of the translational equilibrium

between CO and He, in qualitative accordance with our results.
It can be observed that whereas theirT||,∞ values for the He
seed gas are very similar to ours, except perhaps for their two
weakest expansions, those for CO are systematically larger by
about 2 K for p0deff > 10 mbar‚cm. Taking into account the
estimated experimental uncertainty of 1 K in this temperature
range, the difference might not be so significant. However, one
can also speculate on a slight heating of the jets due to the
formation of some clusters in the strongest expansions of Bassi
et al.,26 carried out with a 10 times smaller nozzle diameter
and thus with much larger values ofp0

2deff, which is a rough
measure of the clustering likelihood.63 Confidence on the CO
and He translational temperatures observed in our experiments
for p0deff > 10 mbar‚cm is supported by the remarkable
agreement between theT||,∞ values obtained in our measure-
ments and those computed directly with the CO-He collision
cross sections from the literature.87

Figure 11 shows the terminal rotational temperatures of CO
from 2 + 2 REMPI measurements reported by Ahern et al.29

for supersonic expansions of pure CO and of very dilute (1%)
mixtures of CO in He. The results agree with our measurements
within the experimental uncertainty. It is worth noting that the
degree of cooling attained in the CO-He expansions of these
authors is comparable to that of our mixture, which is 10 times
more concentrated in CO. This supports the previous assumption
that in our experiment rotational cooling is also mostly driven
by the He thermal bath, whose temperature corresponds ap-
proximately to that of an isentropic expansion of a monatomic
gas. Bassi et al.26 measured the terminal populations of CO
rotational levels in supersonic beams using diode IR laser
excitation and bolometer detection. These authors noted that
the rotational populations deviated from a thermal distribution

Figure 10. Comparison of final translational temperatures in expan-
sions of pure CO (upper panel) and of CO-He mixtures (lower panel).
Upper panel: solid circles, data from ref 26; open circles, data from
the present work; dashed line, same as in Figure 6. Lower panel: solid
triangles and solid circles, final translational temperatures reported in
ref 26 for He atoms and CO molecules, respectively, expanded from a
CO (10%) + He mixture; open triangles and open circles, final
translational temperatures measured in this work for He atoms and CO
molecules, respectively, expanded from a CO (12%)+ He mixture;
dashed and dot lines, same as in Figure 8.
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and did not provide rotational temperatures in their work.
Nevertheless, approximate values ofTr,∞ can be obtained by
fitting these state populations to a Boltzmann function, and the
resulting temperatures are represented in Figure 11. As can be
seen, for pure CO expansions these terminal rotational temper-
atures lie within the experimental uncertainty of our data. In
the case of the CO-He mixture, the fit of the rotational
populations of Bassi et al.26 leads to rotational temperatures
somewhat smaller than those of the present work forp0deff <
10 mbar‚cm, whereas for higherp0deff values the agreement is
good.

Since both Bassi et al.26 and Ahern et al.29 report terminal
CO rotational populations rather than rotational temperatures,
a comparison between their measurements and the thermal
rotational populations assumed for the approximate simulation
of our spectra should be instructive. Such a comparison is shown
in Figure 12 for the first three rotational levels of CO in CO-
He expansions. The global agreement between the present results
and those from the earlier experiments is quite good,89 although
some discrepancies are found in thep0deff ≈ 5-13 mbar‚cm
interval, where thej ) 0 populations determined by the other
two groups, especially by the group of Bassi et al.,26 are larger
than those corresponding to the present thermal simulations of
the spectra and consequently give rise to the lower approximate
Tr,∞ shown in Figure 11. In expansions of pure CO, the rotational
distributions (not shown) determined by Bassi et al. and by
Ahern et al. deviate less from the Boltzmann shape and are in
better agreement with those of the present work.

To the best of our knowledge, cross sections or rate constants
for rotational relaxation in CO-Ne collisions below 100 K have

not been previously reported. On the other hand, there is a
substantial amount of data for low-temperature rotational energy
transfer processes in CO-CO and CO-He collisions. An
extensive comparison of the experimental and theoretical results
available for CO-CO and CO-He systems can be found in
refs 32 and 33. Some of these literature cross sections are
compared in Figure 13 with those of the present work. We focus
first of all on the relaxation cross sections for pure CO shown
in the upper panel of this figure. State-to-state rate constantskij

for rotational energy transfer in CO were determined from the
broadening and shifting of Raman lines in the 273-1173 K
temperature range by alternatively applying the “modified
exponential gap” (MEG)14 and the “energy corrected sudden”
(ECS)80 fitting laws. Estimates ofσr,CO-CO(T) down to 20 K,
obtained from an extrapolation of these results, were reported
by Belikov.32 As can be seen in Figure 13, the corresponding
cross sections lie in both cases within the estimated uncertainty
of our values, although the ECS fitting law provides a closer
agreement with our results. Thermal relaxation cross sections
at 77 K, obtained in ultrasound absorption experiments5 and in
classical trajectory calculations56 performed on the ab initio PES
of van der Pol et al.,45 are also in good agreement with our
values. However, a striking discrepancy is found between the
EIF results32 and all the rest. The EIF cross sections grow very
fast with decreasing temperature. At 100 K they are roughly 3
times smaller than ours but become twice as large at∼20 K.

The reason for this contrasting behavior is unclear, especially
considering that the systematic discrepancies found between our
REMPI data and the EIF experiments are significantly more
marked for CO-CO and for N2-N2

73 self-collisions than for
the CO-He (see below) or N2-He70,76 collisions. The differ-
ences between the cross sections from the two types of

Figure 11. Comparison of final rotational temperatures in expansions
of pure CO (upper panel) and of CO-He mixtures (lower panel). Upper
panel: solid circles, present data; open circles, data from the fit of the
IR rotational populations of ref 26 to a Boltzmann distribution; open
triangles, temperatures from the REMPI measurements of ref 29; solid
line, same as in Figure 6. Lower panel: solid circles, present data;
open circles, temperatures derived from a fit of the IR rotational
populations of ref 26 to a Boltzmann distribution; open triangles,
temperatures from the REMPI measurements of ref 29 corresponding
to a CO (1%)+ He mixture; solid line same as in Figure 8.

Figure 12. Relative terminal populations of the first three rotational
levels of CO in the same supersonic expansions of CO-He mixtures
of Figure 11: solid circles, populations corresponding to the rotational
temperatures used to simulate the experimental spectra of the present
work; open circles, rotational populations derived from the IR measure-
ments of ref 26; open triangles, rotational populations from the REMPI
measurements of ref 29.
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experiment are not likely due to the data reduction procedure.
The derivation ofσr(T) from the EIF data is also based on the
use of a linear relaxation equation for the average rotational
energy along the jet axis of an assumed isentropic expansion, a
model very similar to that of this work (see eqs 1-4).

The CO-He atom-diatom system is more amenable to
rigorous theoretical treatments than its CO-CO diatom-diatom
counterpart, and accurate quantum close-coupling calculations
of state-resolved relaxation rate constants,kij , have been reported
down to 5 K.3,83 In particular, thekij values determined by Green
and Thaddeus,83 which include transitions between rotational
levels with j e 6, have been the reference values for the
astrophysics community since 1976. More recently, improved
rate constants incorporating transitions up toj ) 14 were
reported by Cecchi-Pestellini et al.3 who used the accurate SAPT
PES of Heijmen et al.49 in their calculations. The improved state-
to-state rate constants corrected the previous ones by factors
within 30% and indicated that thekij values are influenced at
low temperature by shape resonances associated with the
attractive van der Waals well.3,58 Recent experimental rate
coefficients for total removal from selected rovibronic states,
determined between 294 and 15 K from spectroscopic measure-

ments performed in a CRESU apparatus,34 were in very good
agreement with those calculated with thekij of Cechi-Pestellini
et al.

The comparison of the above-mentioned calculations with
the present results requires the evaluation of thermal relaxation
cross sections from the theoreticalkij values. This can be done
by suitably weighting the state-resolved rate constants at a given
temperature. We have employed the following approximate
expression,67,90 which has been often used to this aim:20,33,67,79

whereEi andEj are the energies of thei andj rotational levels,
〈V〉 is the average collision velocity at temperatureT, kij is the
rate coefficient for thei f j transition at the same temperature,
and 〈En〉 ) ∑iNi*Ei

n are the moments of the rotational energy
distribution withNi*, the equilibrium population of thei level,
given by

wheregi is the nuclear statistical weight of the state (1 in all
cases for CO) andQ is the partition function.

Theσr,CO-He(T) calculated with eq 10 using the close coupling
kij values of Green and Thaddeus83 and of Cecchi-Pestellini et
al.3 are represented in the lower panel of Figure 13 together
with the results of the present work. The EIF experimental data
of Belikov et al.33 are also included for direct comparison. Note
that the calculations with the data from Green and Thaddeus
are limited to the 5-40 K range because at higher temperatures
contributions fromj > 6, not available in ref 83, begin to be
important according to eq 10. In addition, Figure 13 also
includes, in principle, less accurate theoretical relaxation cross
sections obtained from infinite-order sudden (IOS)33 and clas-
sical trajectory calculations50,54 below T ) 100 K. As can be
observed, between 20 and 100 K the entire set of experimental
and theoretical cross sections, despite a certain scatter, lie mostly
within the mutual uncertainty and are therefore in reasonable
agreement with each other. In contrast, at temperatures less than
20 K, theσr,CO-He(T) from our REMPI experiments and that
from the EIF measurements diverge gradually. The EIF cross
sections grow monotonically with decreasing temperature until
50 Å2 at T ) 6 K, which is more than 2 times greater than the
values obtained in the present work, where the cross section
stabilizes at a value close to 20 Å2 for T less than∼20 K. The
close-coupling theoretical relaxation cross sections correspond-
ing to thekij of Green and Thaddeus83 are closer to the EIF
points, while those calculated with the more recent values of
Cecchi-Pestellini et al.3 lie somewhere in between. In any case,
these theoreticalσr(T) should be considered with care, since
the validity of eq 10 is dubious close to the regime of adiabatic
rotation-translation energy transfer,67,91 which is approached
for the lowest temperatures.73 Finally, the exceptionally good
overlap observed in Figure 13 between our values ofσr,CO-He(T)
and those from IOS state-to-state rate constants calculated
on the POT0 PES82 over the entire temperature range
5-100 K is probably fortuitous, since in addition to the use
of eq 10, thekij from the IOS approximation at low temperatures
is expected to be less accurate79 than the results from the CC
calculations.

Figure 13. Comparison of available thermal relaxation cross sections
for CO-CO (upper panel) and CO-He (lower panel) collisions. Upper
panel: solid line, present results; open circles, EIF values from ref 32;
dashed line, estimate reported in ref 32 from the application of the
ECS fitting law to line broadening data;80 dotted line, estimate reported
in ref 32 from the application of the MEG fitting law to line broadening
data;14 inverted triangle, from the ultrasound absorption experiments
of ref 5; black square, from the classical trajectory calculations of ref
56. Lower panel: solid line; present results; open circles, from the EIF
measurements of ref 33; dotted line, calculated with eq 10 using the
CC state-to-state rate coefficients of ref 83; dashed line, calculated with
eq 10 using the CC state-to-state rate coefficients of ref 3; dash-dot-
dot line, IOS calculation33 on POT0 PES;82 Dash-dot line, classical
trajectory calculations from ref 50; black square, classical trajectory
calculation from ref 54.

σr(T)〈V〉 ) ∑
i)0

∑
j>i

Ni*kij

(Ej - Ei)
2

〈E2〉 - 〈E〉2
(10)

Ni* )
gi(2i + 1)e[-Ei/(kT)]

Q
(11)
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4. Summary and Conclusions

Translational and rotational relaxation taking place in super-
sonic expansions of pure CO or CO diluted in Ne or He has
been investigated by means of REMPI and TOF techniques. In
all cases studied, the final rotational temperatures of CO were
found to be higher than the translational temperatures of both
mixture components. In the weakest expansions, the terminal
translational temperatures of CO were also higher than those
of He, indicating a breakdown of the thermal equilibrium
between the two coexpanding species in a similar way as found
previously in N2-He mixtures. By application of a thermal
conduction model to describe the rotation-translation energy
transfer in the gas expansion, rotational relaxation cross sections
σr,CO-X (with X ) CO, Ne, He) were derived in the∼5-100
K temperature interval. The same model could reproduce well
the translational disequilibrium between CO and He by assuming
a classical collision cross section (with aT -1/3 dependence)
and using literature values for the attractive term of the CO-
He interaction.

The temperature dependence of the CO rotational relaxation
cross sections follows a similar qualitative trend as previously
observed for N2. For each collision pair,σr,CO-X shows initially
a monotonic growth as the temperature decreases from 100 K
to values of tens of kelvin. At sufficiently low temperature,
however, all theσr,CO-X cross sections systematically level off
andσr,CO-CO even shows a maximum atT ≈ 20 K. This change
of behavior at low temperature, also found for N2, is likely to
be associated with the reaching of the adiabatic regime of
inefficient rotational-translational transfer as discussed in detail
in a previous work.73 As far as we know, theσr,CO-Ne(T) reported
in this work constitutes the first estimate thus far for the
relaxation cross section of the CO-Ne system. A progression
σr,CO-CO > σr,CO-Ne > σr,CO-He is found at the higher temper-
atures, which changes atT < 20 K to the reverse trendσr,CO-Ne

> σr,CO-CO, thereby indicating that the CO-Ne collisions
become more effective for the rotational cooling at sufficiently
low temperature. Finally, it is found thatσr,CO-X > σr,N2-X

systematically over the entire temperature range. The implication
of this is that the rotational relaxation of the dipolar CO
molecule, in both self-collisions and collisions with rare-gas
atoms, is more efficient than for the homonuclear N2 molecule,
an aspect that becomes especially noticeable at low temperature,
T < 20 K.

The present cross sections for relaxation in CO-CO collisions
are in good agreement with various literature experimental
estimates available below 100 K but are largely at variance with
the values derived from EIF measurements between 100 and
20 K. We are not aware of previous determinations of relaxation
cross sections for the CO-CO system at temperatures smaller
than 20 K. In the case of CO-He collisions, good accordance
is found with available theoretical and experimental data in the
20-100 K temperature interval. Below 20 K the cross sections
from this work are smaller than those from EIF measurements.
Approximate estimates of the thermal relaxation cross section,
based on accurate state-to-state rate constants, lie between ours
and the EIF data. Further studies of CO relaxation cross sections
at low temperatures, especially state-resolved experimental
values and accurate theoretical estimates of the cross sections,
would be desirable.
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