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Experimental measurements and theoretical calculations of state-to-state rate coefficients for rotational energy
transfer of CO in collision with H, are reported at the very low temperatures prevailing in dense interstellar clouds
(5-20 K). Detailed agreement between quantum state-selected experiments performed in cold supersonic flows
using time-resolved infrared—vacuum-ultraviolet double-resonance spectroscopy and close-coupling quantum
scattering calculations confirms the validity of the calculations for collisions between the two most abundant

molecules in the interstellar medium.
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Carbon monoxide (CO) was first identified in the interstel-
lar medium (ISM) in 1970 towards the Orion nebula [1] and is
the most abundant molecule in the dense ISM after molecular
hydrogen (H;). Despite its small dipole moment (0.11 D), it
is the easiest molecule to detect in galaxies and is used to
estimate the masses of interstellar molecular clouds, whose
densest regions (so-called prestellar cores) are the progenitors
of stars. CO is also the main carbon reservoir in these star-
forming regions, where the temperature is ~10 K. Emissions
from the CO rotational state j = 1 to j = 0 at 115 GHz and
from j =2 to j =1 at 231 GHz are used as probes of such
cold environments and, more generally, as tracers of molec-
ular hydrogen which is invisible to radio telescopes mainly
because it has no dipole moment. The dominant cooling
mechanism in molecular clouds is the collisional excitation
of CO followed by rotational line emission, which enables the
gravitational collapse of the gas that ultimately leads to the
formation of stars and planetary systems.

CO molecules are not in local thermodynamic equilibrium
in interstellar clouds owing to the very low hydrogen density
(~10* cm™3). To understand the observed CO spectra and thus
the cooling rates of molecular clouds, radiative transfer calcu-
lations of the rotational state populations of CO must be made.
Essential input to these calculations includes absolute rate
coefficients for the rotational energy transfer (RET) of CO in
collisions with the dominant collider, H;, at the temperatures
found in molecular clouds (~5-20 K). These state-to-state
rate coefficients are typically obtained by quantum scattering
calculations on an ab initio potential energy surface (PES)
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describing the CO-H, interaction. At low temperatures, the
absolute values of these rate coefficients become especially
sensitive to the details of the PES, but direct experimental
measurements on an absolute scale at very low temperatures
are completely lacking. Indeed, to the authors’ knowledge no
such measurements involving H, exist for any diatomic or
polyatomic collision partner.

This Letter reports direct, absolute measurements of to-
tal and state-to-state rate coefficients for the RET of CO in
normal-H, (i.e., a para-H; to ortho-H, ratio of 1:3) at 5.5,
10, and 20 K. The results are compared to state-of-the-art
close-coupling quantum scattering calculations.

The CO-H; collisional system has been investigated the-
oretically [2-12] and experimentally [8,13,14] in the past.
The lowest temperature at which absolute rate coefficients
have been measured is 77 K [13]. Recently, six-dimensional
(6D) analytic CO-H, potential energy surfaces (PESs) were
obtained by Yang et al. [9] and by Faure et al. [11]. The
latter (known as Vjs) was calculated using the coupled-
cluster singles, doubles, triples, and noniterative quadruples
[CCSDT(Q)] method with very large basis sets, and was
used in full-dimensional time-independent quantum scatter-
ing calculations. In contrast to Yang et al. [9], Faure et al.
[11] concluded that the full 6D approach was not needed
at low temperature. Using a 4D treatment in which the 6D
potential was averaged over ground-state monomer vibrations,
an equally good agreement was obtained with the relative
state-to-state cross sections measured in the crossed-beam
experiments of Chefdeville et al. [8]. Excellent agreement be-
tween theory and experiment was also observed in CO + D,
crossed-beam experiments [14] (using an earlier V}, potential
[6]) and in the measurement of CO-H, virial coefficients [15].

©2022 American Physical Society
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FIG. 1. Representative IRVUVDR data from the kinetic and spectroscopic experiments at 7 = 5.5 K and [H,] = 3.2x10'® cm~>. Raw
data are shown in black. The short-delay VUV LIF spectrum of CO (v = 2), with a fit shown in blue, was acquired at a time delay between
the IR pump-laser pulse and the VUV probe-laser pulse of 50 ns after initial preparation of the j; = 1 rotational state. The intensities of
neighboring rotational lines are proportional to the state-to-state rate coefficients for RET into those levels. The spectrum at long-time delay,
with a fit shown in red, was acquired once thermal equilibrium of rotational states was reached, 2 us after the pump-laser pulse. The spectra
have been fitted using Voigt line profiles. The decaying signal is the intensity at the peak of the R(1) spectral line as a function of time delay,

fit (in red) to a single-exponential decay.

The current measurements were made using a CRESU
(Cinétique de Réaction en Ecoulement Supersonique Uni-
forme or Reaction Kinetics in Uniform Supersonic Flow)
apparatus [16,17]. The CRESU technique uses the supersonic
expansion of a buffer gas through convergent-divergent Laval
nozzles to produce uniform supersonic flows of cold gas. Each
nozzle works under specific gas-pressure conditions to cool
the gas to a given temperature. Special double-walled nozzles
designed for H, buffer gas allow precooling to 77 K by liquid
nitrogen to obtain a flow temperature as low as 5.5 K. These
have only been used once before, down to 11 K by the Rennes
group to study the F 4 H, reaction [18]. Further details of
these special Laval nozzles and their characterization can be
found in the Supplemental Material [19].

CO molecules are prepared in selected initial rovibra-
tional states (v =2, j; =0, 1, or 4) by absorption of
pulsed infrared radiation around 2350 nm, generated by
a combined optical parametric oscillator—optical paramet-
ric amplifier (LaserVision) pumped by an injection-seeded
Nd:YAG laser (Continuum Surelite EX) operating at a rep-
etition rate of 10 Hz. Collisions with H, in the cold flow
on the microsecond timescale of the experiment cause pop-
ulation transfer to final rovibrational states (v =2, jy).
These states are probed by pulsed laser-induced fluores-
cence (LIF) via the A 'TI(v = 0) < X '+ (v = 2) vacuum-
ultraviolet (VUV) vibronic band at 166 nm. Further details of
this so-called infrared—vacuum-ultraviolet double-resonance
(IRVUVDR) technique [20,21], along with a schematic di-
agram of the experimental arrangement, may be found in
the Supplemental Material. Using this IRVUVDR tech-
nique, two types of experiment are possible, kinetic and
spectroscopic.

In kinetic experiments, an initially prepared j; state is
probed and the LIF intensity is measured as a function of time,
as shown in Fig. 1. The rate coefficient for total RET from j;
to all ji states, ki, is extracted from the resulting exponential
decay, taking into account transfer back into the probed state
as described in previous work [20-22].

In spectroscopic experiments, an initial j; state is prepared
and the wavelength of the VUV laser is scanned to acquire
a spectrum that probes all possible j states. As shown in
Fig. 1, two spectra are obtained, one at 15-50 ns after the IR
pulse, when only a small amount of RET has occurred, and
one at 2-3 us, when thermal equilibrium of rotational state
populations has been established. Voigt line shapes are fitted
to each rotational line in both spectra to extract line intensities,
which are then used to obtain state-to-state rate coefficients
according to the formula

5t req
ki = Ifft_ff 1 (1)
e L ) siHy)’

J

where Iif is the line intensity corresponding to the final ro-

tational state ji at short-time delay &z, ;" is the Boltzmann
factor (fractional population at rotational equilibrium) for jy,
I’1 is the line intensity for j; at equilibrium, and [H,] is
the H, concentration. The validity of this approach has been
discussed in previous work [20-22], but briefly, it relies on
the short-time delay being small enough that transfer via
multiple levels may be neglected, while the long-time delay
is sufficient to ensure full rotational relaxation, but still short
enough to avoid significant vibrational relaxation. The latter is
assured as vibrational relaxation in this system is many orders
of magnitude slower than rotational relaxation [9]. CO-CO
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FIG. 2. Calculated cross sections for the j = 0 — 1 rotational
excitation of CO in v = 0, 1, and 2 by para-H, (j = 0) as a function
of collision energy. Solid curves correspond to scattering calculations
using the 6D V;5 PES. Data points correspond to scattering calcula-
tions using the 4D (Vi5),9 PES.

self-relaxation can be neglected as [CO]/[H;] is maintained
at <0.05.

Full-dimensional scattering calculations were performed
with the DIDIMAT code [11] using the 6D V5 PES for the
v =0, 1, and 2 states of CO. These were compared to close-
coupling calculations performed using the MOLSCAT [23]
scattering code. In the latter, the rigid-rotor approximation
was applied and the 6D V|5 PES was averaged over the v = 2,
J = 0 vibrational wave function of CO and the v =0, j =0
vibrational wave function of H, to give a 4D PES, (V|s)20.
In both types of calculations, the (time-independent) close-
coupling approach was used to solve a set of coupled radial
equations derived from the Schrodinger equation. In the rigid-
rotor equations, the rotational constants for CO and H, were
fixed at their experimental values B,(CO) = 1.8875 cm™!
and By(H,) = 59.322 cm™~! [24]. Convergence of calculations
was carefully checked with respect to the size of the basis sets
and the propagation parameters. The rotational basis set of
CO thus included levels j = 0-20 while that of H, included
Jju, = 0,2 for para-H, and jy, = 1,3 for ortho-H,. Cross
sections o, j(E.) were computed as a function of the colli-
sion energy E. from the appropriate 7 matrices, as described
in Stoecklin et al. [14].

Figure 2 shows cross sections as a function of colli-
sion energy for j =0 — 1 RET of CO upon collision with
para-H, (v =0, j =0). The cross sections resulting from
full-dimensional scattering calculations for CO (v =0, 1,
and 2) are shown as solid lines, while the data points result
from the approximate rigid-rotor (4D) close-coupling calcu-
lations for CO (v = 2). They agree extremely well with the
full-dimensional scattering calculations. It can also be seen
that while the positions and magnitudes of resonance peaks
differ for different vibrational states, the background cross
sections are similar in magnitude. Therefore, while it is rele-
vant to perform calculations for the vibrational state populated
in the experiments (especially at the lowest temperature), we

TABLE I. Measured state-to-state rate coefficients and theoreti-
cal values (in parentheses) for RET in CO-H; collisions, calculated
using the 4D (Vis),9 PES, for j; =0,1,4 — j; at 5.5 K, 10, and
20 K. Units are in 107" cm? s™! and error limits correspond to 2o
statistical errors. The sum of the state-to-state rate coefficients Xk
and the equivalent rate coefficients k., from kinetic experiments are
also given.

T =20K
Ji

je 0 1 4
0 2.440.6(3.2) 1.0 £0.8 (0.6)
1 8.3+£0.7(7.4) 2241.2(13)
2 11.8+0.9(103) 65+1.5(6.2) 8.5+ 1.1(8.4)
3 1.0 £ 0.6 (0.9) 4.0+ 1.7 (4.4) 7.94 1.1 (7.5)
4 0.64+0.5(0.03)  0.5+1.3(0.3)
5 (0.03) (0.08) 1.740.7 (2.3)
Yk 2174+14(187) 134£27(142) 21.3+22(20.1)
kot 16.14£4.0 13.4+2.6 20.1 4 4.1

T =10K
je 0 1 4
0 3.74£0.4(3.4) (0.5)
1 7.6 4 2.4 (6.0) (1.1)
2 4.0+ 1.9 (4.9) 3.8+£0.6 (3.9) (8.3)
3 (0.02) 1.14£0.7(1.2) 8.1)
Yk 11.6+£3.1(11.0) 8.6=+1.0(8.5) (18.0)
ko 66209 7.940.9

T =55K
je 0 1 4
0 4.840.6 (3.6) (0.5)
1 5.440.5 (4.0) (1.0)
2 1.940.5(1.3) 1.1£03(1.7) (7.8)
3 0.01) 0.08 +£0.08 (0.1) (8.5
Yk 73£07(53) 6.0 4£0.7 (5.4) (17.8)
kot 5.8+ 1.1 6.040.7

note that the shift and decrease of resonance peaks will af-
fect the rate coefficient values by a few percent only. In the
following, only the rigid-rotor 4D calculations are presented
and discussed. The rotational rate coefficients were computed
by averaging the corresponding cross sections over Maxwell-
Boltzmann velocity distributions at 5.5, 10, and 20 K.

Table I and Fig. 3 compare measured state-to-state rate co-
efficients and theoretical values (calculated using the (Vis)20
PES) for j; =0 — jf and j; = 1 — jf at 5.5, 10, and 20 K.
Table I also displays values for j; =4 — j; calculated at
5.5, 10, and 20 K and measured at 20 K. At 5.5 and 10 K,
Ji =4 was not accessible in the rovibrational state prepa-
ration as rotational states above j =2 are not populated
appreciably at such low temperatures. The agreement be-
tween experiment and theory is excellent and the results are
all self-consistent within the principle of detailed balance,
that is, k1o = ko-1(g1/80) exp(—AEy_1/kT ), where ko1
and k;_o are the forward and backward rate coefficients
between levels 0 and 1, gy and g; are the degeneracies associ-
ated with those levels, and AE_; is the difference in energy
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FIG. 3. Measured state-to-state rate coefficients (squares) and theoretical state-to-state rate coefficients (circles), calculated using the 4D
(Vis)20 PES for j; =0 — jrand j; = 1 — jr at 5.5, 10, and 20 K. Error bars correspond to 2o

[25]. Table I also contains measured total RET rate coeffi-
cients ki, and the sum of the state-to-state rate coefficients
Yk; these agree within experimental error, with the marginal
exception of j; = 0 at 10 K.

Figure 4 shows a plot of thermally averaged cross sec-
tions for RET from j; =0 and 1 to all j; states at all
temperatures measured. The cross sections were obtained by
dividing the measured and theoretical Xk values, for a given
Jji and temperature, by the mean thermal velocity at that tem-
perature. The same was done using measured k values from
the kinetic experiments. The cross sections tend to decrease
with decreasing temperature. As the temperature, and thus
the relative velocity between the CO and H,, decreases, the
probability of a collision occurring increases as the long-range
van der Waals attraction brings the molecules together. This
promotes an increase in cross section as the temperature is
lowered, so a second mechanism that results in a decrease
must dominate. To understand this, consider the state-to-state
rate coefficients again. Positive A j collisions are endothermic,
whereas negative Aj collisions are exothermic. For j; = 0,
RET is purely endothermic. It can be seen in the top row
of Fig. 3 that the state-to-state rate coefficients for Aj = +1
increase with increasing temperature as the proportion of col-
lisions that are energetic enough to cause RET increases. The
same is true for Aj = +2 RET. Only at 20 K is a fraction of
collisions energetic enough to cause Aj = +3 and Aj = +4
RET. For j; = 1, the rate coefficients for Aj = —1 RET are
almost constant with temperature due to this process being
exothermic. For the endothermic, positive Aj RET from j; =
1, the trend is similar to that for j; = 0, but the evidence for
a Aj = 42 propensity is weak owing to a suppression of
Aj > 1 RET as a result of the greater spacing of rotational
energy levels at higher j. The net result is that there is an
increase in ) _ k (which equals k), and hence cross section,

70F I T T T H
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. |k
%5 50 1
S 40F 4
g
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FIG. 4. Temperature dependence of measured and theoretical
thermally averaged cross sections for j; = 0 and j; = 1 to all j; states
calculated from Xk and from k.
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as the temperature increases that more than cancels out the
opposite temperature dependence due to the long-range van
der Waals attraction.

At 20 K, it can also be seen that the rate coefficient for
Jji = 0 — jf = 2islarger than that for j; = 0 — j = 1. Such
a Aj propensity is due to quantum mechanical effects in
scattering involving “almost homonuclear” molecules and is
related to the anisotropy of the potential. It can be understood
in terms of the partial-wave expansion of the potential V
where for a homonuclear diatomic molecule the term [ = 1
is missing, so the matrix element of V between the initial
Jji function and the final j; + 1 function is zero. This selec-
tion rule, Aj = even, becomes only a propensity rule for an
“almost homonuclear” molecule such as CO. This effect was
first investigated by McCurdy and Miller [26] in the context
of classical S-matrix theory.

In conclusion, absolute state-to-state rate coefficients and
thermally averaged cross sections for rotational energy trans-
fer of CO in collision with normal-H, have been measured
directly using infrared vacuum-ultraviolet double-resonance
spectroscopy in a CRESU apparatus at interstellar tempera-
tures. The CO states measured were v =2, j; =0, 1, and
4 at 20 Kand v=2, j;=0 and 1 at 10 and 5.5 K. The
excellent and detailed agreement on an absolute scale between
direct experimental measurements and theoretical calculations
using both the 6D V|5 PES and the approximate, 4D (Vs)20
PES provides rare benchmarking of theory. In particular, we

believe that the extensive set of collisional data computed
by Yang et al. [5] and based on the previous Vps PES of
Jankowski and Szalewicz [4] can be employed reliably. In-
deed, as shown by Faure er al. [11], the difference between
Vis and Vy4 has only a moderate impact on the low-energy
integral cross sections, and even less so on the rate coeffi-
cients (see also the discussion in Chefdeville ef al. [8]). The
calculations can now be used with complete confidence in the
interpretation of spectra of astronomical CO in star-forming
molecular clouds and in the understanding of molecular-
cloud cooling that leads to star formation by gravitational
collapse.
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