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Inelastic scattering computations are presented for collisions of vibrationally and rotationally excited
CO with Hj in full dimension. The computations utilize a newly developed six-dimensional potential
energy surface (PES) and the previously reported four-dimensional V12 PES [P. Jankowski et al., J.
Chem. Phys. 138, 084307 (2013)] and incorporate full angular-momentum coupling. At low collision
energies, pure rotational excitation cross sections of CO by para-, ortho-, and normal-H, are
calculated and convolved to compare with recent measurements. Good agreement with the measured
data is shown except for j; = 0 — 1 excitation of CO for very low-energy para-H; collisions. Rovi-
brational quenching results are presented for initially excited CO(v;j,) levels with v; = 1, j; = 1-5
and v; = 2, j; = 0 for collisions with para-H(v, = 0, j, = 0) and ortho-Hy(v, = 0, j, = 1) over the
kinetic energy range 0.1-1000 cm™'. The total quenching cross sections are found to have similar
magnitudes, but increase (decrease) with j; for collision energies above ~300 cm™! (below ~10 cm™).
Only minor differences are found between para- and ortho-H, colliders for rovibrational and pure
rotational transitions, except at very low collision energies. Likewise, pure rotational deexcitation
of CO yields similar cross sections for the v; = 0 and v; = 1 vibrational levels, while rovibrational
quenching from v; = 2,j; = 0 is a factor of ~5 larger than that from v; = 1, j; = 0. Details on the
PES, computed at the CCSD(T)/aug-cc-pV5Z level, and fitted with an invariant polynomial method,

® CrossMark
¢

are also presented. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4958951]

I. INTRODUCTION

Over many decades much effort has been devoted to theo-
retical quantum mechanical studies of diatom-diatom inelastic
collisions with significant advances resulting from numerical
algorithm development and increases in computational
processing power. However, full-dimensional (6D) studies of
diatom-diatom systems have been limited to H,—H; collisions.
These studies have included both time-independent! and time-
dependent” approaches for solving the Schrodinger equation.
Moreover, to make these computations practical, various
angular-momentum decoupling approximations have been
invoked. To assess the usefulness of such approximations,
it is desirable to develop accurate computational methods
which are capable of handling large-scale calculations for
diatom-diatom (and larger) scattering without resorting to
such approximations. Indeed, the first numerically exact 6D
close-coupling (CC) computations of rovibrational transitions
in the H, + H, system were reported recently.>~ Subsequently,
Yang et al.® reported full-dimensional CC calculations of the
CO + H;, system on a 6D potential energy surface (PES)
derived from high-level ab initio calculations.

From a theoretical point of view, the development of
exact quantum close-coupling methods for molecule-molecule
and other polyatomic systems seem viable, but due to the
large number of internal states of the molecules involved,

0021-9606/2016/145(3)/034308/14/$30.00
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their numerical implementation is currently not feasible for
systems with more than four atoms. This difficulty has
been alleviated to some extent by using angular momentum
decoupling schemes, for example, the coupled-states (CS)
approximation performed recently by Forrey et al.,”® which
has been successfully implemented in H, + H, and CO + H,
rovibrational scattering calculations and achieved reasonable
agreement with CC results.

Rovibrational collision of CO with H; is an important
process in a variety of astrophysical environments including
interstellar clouds and photodissociation regions. The
collisional rate coefficients are crucial to astrophysical
modeling, but are difficult to measure, and therefore are
mostly obtained from theory. Though great progress has
been made in experimental®2° and theoretical®?!'~*! studies
of CO + H, structure and dynamics, there is still a lack
of a comprehensive set of state-to-state rovibrational cross
sections and rate coefficients for CO + H, that are required for
astrophysical modeling.

Since the close-coupling calculations of CO + H, rate
coefficients by Green’' using an approximate PES, a
number of PESs have been constructed for the CO + H,
complex.®?326:3235-37 Specifically, Jankowski and coworkers
reported three accurate four-dimensional (4D) rigid-rotor
PESs.»7 These 4D PESs were calculated on four-, five-,
and six-dimensional (6D) grids using high level electronic

Published by AIP Publishing.
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structure theory, followed by averaging over the ground
intramolecular vibrations of CO and H,. Comparative studies
of collisional cross sections and rate coeflicients using the
three PESs have been presented in our earlier work®**#! and
by other authors.'920-33:39

Taking into account the CO vibrational mode, Schinke
and co-workers?>?° extended the rigid-rotor CO + H, PES?*
to include dependence on CO bond distances and made it
available to study vibrationally inelastic processes of CO. This
surface was adopted by Baci¢ et al.>>? and Reid et al.*” to
investigate the vibrational deactivation of CO (v = 1) by in-
elastic collisions with H,. However the dynamical calculations
of Bacic et al. and Reid et al. were performed using the infinite
order sudden (IOS) and coupled-states (CS) approximations,
respectively. The IOS approximation eliminates the rotational
channel coupling and neglects the internal rotation. As a result,
rotational state-to-state transitions cannot be resolved dynam-
ically. Another 4D ab initio PES including the CO vibrational
coordinate dependence was presented by Kobayashi et al.”
Using this potential and the CC method, Flower** calculated
cross sections for the rovibrational excitation of CO in collision
with H2.

Most recently, Yang et al® presented a high-level
6D interaction potential surface based on nearly 400000
geometries fitted with an invariant polynomial approach.*’ The
6D PES is a significant step forward in quantitative modeling
of the CO + H; complex. Using this PES, the first essentially
exact full-dimensional dynamics computations for inelastic
rovibrational quenching of CO from v; =1,j; =0 due to
H, impact were performed. These dynamics calculations
were performed within a full angular-momentum-coupling
formulation, representing one of the largest such computations
performed to date. Agreement with experimentally determined
integral cross sections and rate coefficients was obtained for
both rotational and vibrational transitions, confirming the
accuracy of the 6D PES and scattering calculations. In this
paper, we extend our previous v; = 1,j; = O rovibrational
scattering calculations to higher CO rotational states and to
v1 = 2. Further details on the 6D PES are also presented.

The rest of the paper is organized as follows. Sec. II
briefly describes the theoretical methods. The results are
presented and discussed in Sec. I1I, and Section IV summarizes
the results, discusses the astrophysical applications, and
presents an outlook on future work.

Il. THEORETICAL METHODS

In this section, we will briefly describe the methods we
used in the potential energy surface calculation and fit and
rovibrational inelastic scattering calculations. The reader is
referred to Refs. 3, 6, and 42 for more detailed discussions
of the methodology. Atomic units are used throughout unless
otherwise noted.

A. Potential energy surface computations and fit

The electronic ground state interaction potential of
CO + H, was computed on a six-dimensional (6D) grid using

J. Chem. Phys. 145, 034308 (2016)

FIG. 1. The six-dimensional Jacobi coordinates for the CO-H; system.

Jacobi coordinates (R,ry,72,601,62,¢) as shown in Fig. 1. R
is the center-of-mass distance between CO and H,. r; and
r, represent the bond lengths describing the vibration of CO
and H,, respectively. 6, (6,) is the in-plane orientation angle
between 7 () and R, and ¢ the out-of-plane dihedral angle.
In the computations of the potential energy surface, R spans
from 4.0 to 18.0 ay and the bond distances are taken over the
ranges 1.7359 <r; <2.5359 ap and 1.01 <r, <1.81 a,
which support vibrational states of CO up to vy =5
and Hy v, =0 in the scattering calculations. All angular
coordinates were computed with 0° < 6; < 360° and 0° < 65,
¢ < 180°.

The electronic structure calculations were performed with
MOLPRO2010.1.# Potential energies were computed using
the explicitly correlated coupled-cluster (CCSD(T)-F12B)
method** and cc-pcvqz-f12 orbital basis sets*® at all of
the configurations. Benchmark calculations at the CCSD(T)-
F12b/cc-pcvqz-f12 level were carried out on selected
molecular configurations and results were compared with
those from the conventional CCSD(T) method using aug-cc-
pV5Z and aug-cc-pV6Z basis sets. The counter-poise (CP)*
corrected interaction energy agrees closely with those derived
from CCSD(T)/aug-cc-pV6Z. The interaction potential energy
surface was corrected for basis set superposition error
(BSSE).*#

To fit the CO-H, interaction potential in 6D (referred to
as V6D), an invariant polynomial method*> was used. The
potential was expressed in terms of Morse-type variables,
yi = e 05di

N
V(yl to y6) = Z Cn1<-~n(,yflyg6

ni--ng

X[y Y3y ys + vy yy by s, (D
where d; are the internuclear distances between two atoms,
d\ = dpw, d>=dow, d3=dcw, dy=dcu, ds=don, and
de = dco. The order of the polynomials, n;, i = 1 — 6 ranges

6

from 0-6 with the total power of the polynomial, N = } n,,

i=1
restricted to a maximum value of 6. Expansion coeflicients

Cn,..ng Were determined by a weighted linear least-squares fit
to the ab initio electronic potential energies up to a maximum
of 10000 cm™".

Some details of the fitted interaction PES were illustrated
in Ref. 6. Fig. 2 shows the V6D interaction PES near
the global minimum, which corresponds to the collinear
arrangement H-H-C-O (8; = 0,0, = 0,¢ = 0) with a depth
of —85937 cm™' at R=8.0 ap Fig. 3 depicts the
anisotropy of the V6D and V12 PESs in 6y, 6,, and ¢,
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FIG. 2. The CO-H; interaction potential energy surface V6D as a function
of R and 01 with 92:0, ¢) :0, r = re(CO) =2.1359 ap, and r= re(Hz)
=1.4011 ag. Note that the CO(r) and Hy(r;) diatom potentials have been
subtracted as given by Eq. (3).

respectively. 6, describes the orientation of CO, and the
anisotropy with respect to 8 is the largest because of the
larger CO bond length. V6D and V12 PESs show similar
behavior; however, some differences can be seen which
may partly be attributed to the fact that V6D is a full-
dimensional surface, while V12 is a vibrationally averaged 4D
surface.

J. Chem. Phys. 145, 034308 (2016)

B. Scattering theory and computational details

The quantum CC formalism for molecular collisions was
first developed in 1960 by Arthurs and Dalgarno® for a
rigid-rotor scattered by a spherical atom and subsequently
extended to full vibrational motion to study diatom-diatom
collisions by several authors.’®>3 The resulting coupled-
channel equations, based on the time-independent Schrédinger
equation, are solved numerically. In the 6D Jacobi coordinates
shown in Fig. 1, the Hamiltonian of CO + H; can be written
as

HFL, P R) = T(R) + T(7) + T(R) + U(RL P R), ()

where the radial kinetic energy term T(ﬁ) describes the center-
of-mass motion of the scattering system, 7'(#1) and T () are the
kinetic energy terms for CO and Hy, respectively. U (7, 75, R)
denotes the total potential energy surface and is given
by

U(R1, 7, R) = V(71,72 R) + Vi(71) + Va(), 3)

where V (7|, 75, ﬁ) describes the interaction potential between
CO and H, which vanishes when the two molecules are far
apart.

To facilitate the scattering computations, V(R,ry,r2,61,
02, ) is expressed as

V(R,r1,72,61,62,9)
= Z A 50,172 R a0, (P o, R), ()

A1 2412

R=6.0, V6D
R=6.5, V6D
R=7.0, V6D
R=8.0, V6D
R=6.0, V98
R=6.5, V98
R=7.0, V98
R=8.0, V98

FIG. 3. Cut through the V6D PES
at R=6.0, 6.5, 7.0, and 8.0 ap. r;
=2.1359 ap, ry= 1.4011 a. (a) 91
dependence for 6,=135° and ¢ =0°;
(c) 6, dependence for 6; =225° and ¢
=135° (b) ¢ dependence for 6; =270°
and 0, = 135°. Lines are for V6D PES
and symbols are from Ref. 35 for the

150

vibrationally averaged 4D V98 PES.

180
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TABLE I. Parameters used in the scattering calculations.

J. Chem. Phys. 145, 034308 (2016)

Basis set? No, No, Ng Ny, Ny, A A3
CO (v1=1)
para-H,-CO [(0,22:1,20)(0,4)] 12 12 8 18 18 8 4
ortho-H,—CO [(0,22;1,20)(0,3)] 12 12 8 18 18 8 4
CO (v1=2)
para-H-CO [(0,22;1,20;2,15)(0,4)] 12 12 8 18 18 8 4

4Basis set [(v] = O,jvmlﬁ‘(); v =1, j;“l“:"])(vz =0, jmx

Jvy=0

)] is presented by the maximum rotational quantum number Jo)

Fmax smax

and Joy

included in each relevant vibrational level v; and v, for CO and Hp, respectively.

with the bi-spherical harmonic function expressed as

Y/l]lthz(fl’fZ’R\) = Z

ma ma,ma,

X Yy, PO g PV, (R), (5)

where 0<2;<8, 0<A,<4 was adopted for the
potential expansion in the scattering calculations. Only
even values of A, contribute due to the symmetry
of Hz.

We use combined molecular state (CMS) notation,
(v1j1v2J2), to describe a combination of rovibrational states
for CO (v1j;) and H, (vpj3). v and j are the vibrational
and rotational quantum numbers. A CMS represents a
unique quantum state of the diatom—diatom system before
or after a collision. The rovibrational state-to-state cross
section as a function of collision energy E is given
by

(Aima, dama,|A1oma,,)

VY]

lej]vzjzevljlvzjz(E)

T
= . . ) Z (ZJ + 1)|6U1j11)2j21,U’j’u/j'l/
TR e, 2,
_Jer 2
Soviroaiat.of oy N ©

TN

where (v1j1v2j2) and (v{j{v,j}) are, respectively, the initial
and final CMSs, the wave vector k2 = 2uE/#?, and S is the
scattering matrix. / is the orbital angular momentum and J the
totalécollisﬁion system angular momentum, where J=1+ flz
and j12 = j] +j2.

The total quenching cross section of CO from initial state
(v1j1v2j2) — (v];v}j5) was obtained by summing the state-to-
state quenching cross sections over the final rotational state j;
of CO in vibrational state vy,

O-vljlvzjgavi;véjé(E) = Z O-vljluzfzavij;véjé(E) (7
7

Full-dimensional rovibrational scattering calculations
were performed using the TwoBC code.>* The CC equations
were propagated for each value of R from 4 to 18.0 ap with
step-size of AR =0.05 ap using the log-derivative matrix
propagation method of Johnson®> and Manolopoulos.™® As
discussed in Ref. 6, at least 13-15 rotational states have to
be included in the v; = 1 basis set to ensure the convergence
of the v; = 1 — 0 vibrational quenching cross section. The
cross sections are converged down to the lowest collision

energy of 0.1 cm™! based on tests with respect to the adopted
maximum internuclear distance Ry, for the long range part
of the V6D PES. We further tested the effect of truncating
Rnax by performing pure rotational excitation and deexcitation
calculations within the rigid-rotor approximation using the 4D
V12 PES. No discernible difference was found for Ry,x = 18
compared to Ryax = 75.

The number of discrete variable representation points N,
and N,.; the number of points in #; and 6, for Gauss-Legendre
quadrature, Ny, and Np,; and the number of points in ¢
for Chebyshev quadrature, Ny, adopted to project out the
expansion coefficients of the interaction potential are listed
in Table 1. The intramolecular potentials used are Vi(r;)
for the CO monomer presented by Huxley and Murrell’’
and V;(r;) for the H, monomer adapted from the work of
Schwenke.>

lll. RESULTS AND DISCUSSION
A. Low energy pure rotational excitation

In Ref. 6, the pure rotational j; = 0 — 1 excitation cross
sections for v; = 0 of CO in collision with para-H, were
calculated at low collision energies using the full-dimensional
V6D and 4D V12 PESs. As indicated previously, the V12
PES?” was calculated on a six-dimensional grid using high
level electronic structure theory, then reduced to 4D by
averaging over the ground intramolecular vibrations of CO
and H,. Results from the scattering calculations on the two
PESs were convolved with an experimental energy spread
function and compared to the measured relative cross sections
of Chefdeville et al.'” Except for the peak near 8 cm™', our
calculation using V6D was in best agreement with the original
experiment. More recently however, Chefdeville et al.?°
reported new measurements, new experimental analysis, and
new calculations for the rotational excitation of CO with
normal-H, and the rotational excitation from j; = 0 and 1
to j{ =2 of CO by para-Hj. The j; =0 — 1 measurement
was re-analyzed following a procedure outlined in the work
of Naulin and Costes>® and theoretical cross sections were
convolved using an adjusted experimental energy spread
function. The j; =0 — 1 excitation cross sections shown
in Fig. 3(a) of Ref. 6, which were obtained using the V6D and
V12 PESs, are here convolved using the adjusted experimental
energy spread. The new convolved theoretical cross sections
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Cross section (arb. unit)
j=]
oo —
T T
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=Y
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04

0.2
3 6 9 12 15 18 21 24

Collision energy (cm'l)

FIG. 4. j1=0—1 cross sections for CO(v;=0) due to collisions with
Hy(v2=0,j,=0) as a function of collision energy. The theoretical cross
sections (lines) obtained using the V6D and 4D V12 PESs are convolved over
the new experimental beam energy spread function to compare to the adjusted
relative experiment of Chefdeville er al.?° (circles with error bars).

are compared to the adjusted measurements in Fig. 4. In
general, the cross section obtained with V12 shows good
agreement with the new measurement. Though the V6D PES
displayed better agreement with the original experiment as
shown in Ref. 6, the new convolved cross sections obtained
with V6D diverge from the adjusted measured data below
~12 ecm™L.

To compare with the additional measurements of
Chefdeville er al.® for CO excitation (j1 =0,1 - 2) due to
para-H, collisions and CO excitation (j; = 0 — 1) by normal
H;, new full-dimensional and rigid-rotor approximation
calculations of the state-to-state cross sections have been
carried out using the V6D and V12 PESs, respectively. The
MOLSCAT code® was used in the rigid-rotor calculations.
The pure rotational excitation cross section calculated from
the rigid-rotor calculations using a 4D PES, which was
obtained by vibrationally averaging the V6D PES over
ground vibrational states of CO and Hp, is nearly identical
to the full-dimensional results, and therefore not shown.
The computed cross sections were convolved with the
new experimental energy function of Chefdeville et al.**
In Fig. 5, j1 =0,1 > 2 cross sections for CO due to
collisions with para-H,(j, = 0) are shown as a function of
collision energy. Figs. 5(a) and 5(b) compare the computed
cross sections for j; =0— 2 and j; =1 — 2 transitions,
respectively, using the V6D and V12 PESs. Fig. 5(c) shows
the comparison between the total convolved theoretical cross
sections and the relative experiment of Chefdeville et al.?°
Each total convolved theoretical cross section includes a 90%
contribution from j; =0 — 2 and a 10% contribution from
j1 =1 — 2 transitions.

For the case of CO with normal H,, the computed
j1 =0 — 1 rotational excitation cross sections of CO by
para-Hy (j» = 0) and ortho-H, (j, = 1) using the V6D and
V12 PESs are compared in Figs. 6(a) and 6(b). The results of
CO with para-H; are taken from Ref. 6. All the cross sections
display strong resonances, particularly at collision energies
below 18 cm~!. Different resonance structures are exhibited

J. Chem. Phys. 145, 034308 (2016)
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FIG. 5. j1=0,1—-2 cross sections for CO(v; =0) due to collisions with
Hy(v2=0,j,=0) as a function of collision energy. (a) j; =0— 2 cross sec-
tions computed using the V6D and 4D V12 PESs. (b) ji=1—2 cross
sections computed using the V6D and 4D V12 PESs. (c¢) Computed cross
sections convolved over the new experimental beam energy spread function
(lines) compared to the relative experiment of Chefdeville et al® (circles
with error bars).

for the V6D and V12 PESs. The convolved j; =0 — 1
cross section of CO by normal H,; with 75% relative
population of ortho-H, and 25% of para-H, is compared
to the measurements in Fig. 6(c). It can be seen that the
V12 PES shows good agreement with measurement over the
whole experimental energy range. The V6D cross section is
generally in good agreement with experiment, except near
9cmL.

Overall, based on the comparison to adjusted experiments
of Ref. 20, the low-energy pure rotational excitation cross
sections from V12 PES show better agreement. The V6D
PES appears to be less accurate for rotationally inelastic
cross sections at low energies. Further improvements on the
long-range part of the V6D PES may yield better agreement
with experiment. As some uncertainty remains in the
experimental analysis, perhaps, new measurements/improved
analysis schemes would be useful. In particular, absolute cross
sections would provide a more stringent discriminant. On the
other hand, it is shown that the state-to-state cross sections on
both PESs display numerous resonances and these resonances
are very sensitive to the details of the PESs. The resonances
generally shift by 2-3 cm™! between V6D and V12 and
this may be partially explained by the equilibrium geometries
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FIG. 6. j1=0—1 cross sections for CO(v;=0) due to collisions with
normal Hy(vy=0) as a function of collision energy. (a) Computed cross
sections due to collision with para-H; using the V6D and 4D V12
PESs. (b) Computed cross sections due to collision with ortho-H; us-
ing the V6D and 4D V12 PESs. (c) Computed cross sections convolved
over the new experimental beam energy spread function (lines) com-
pared to the relative experiment of Chefdeville er al.?° (circles with error
bars).
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which for the vibrationally averaged surfaces have well depths
of —83.82 cm™! at (R,61,62,¢) = (7.926 ag,180°,0°,0°) and
-93.651 cm™! at (7.911 ag, 180°, 0°, 0°), respectively, for the
V6D and V12 PESs. Furthermore, the differences in the well
depths of the two PESs lead to differences in the energy level
spectrum of the van der Waals complexes and corresponding
resonance structures.

B. Rovibrational quenching

Full-dimensional calculations of the collision energy
dependence of state-to-state cross sections were performed
for initial CMSs (1;,0j»), for para-H, (j, = 0), and ortho-H,
(j=1), j1 = 1-5. The collision energy ranged from 0.1 to
1000 cm™. In this work, we consider only the rotation of Hj,
and its vibration is fixed in the ground state v; = v] = 0.

Examples of the state-to-state cross sections for
quenching from initial CMSs (1200) and (1401) into individual
final CO rotational levels in v; = 0 are shown in Figs. 7 and 8§,
respectively, where j{ = 0,2,4,...,22 and j, = j; (i.e., elastic
in Hp) are displayed. The insets show the distributions of
final rotational levels of CO in v{ = 0 at a collision energy
of 2 em~!. As shown in Fig. 7, each of the cross sections
decreases initially as the collision energy increases from
0.1 cm™! exhibiting the threshold behavior predicted by
Wigner’s Law.%! The cross sections display the presence of a
number of resonances at energies between 1.0 and 30 cm™.
The resonant relative magnitudes decrease with increasing
of ji. Above the van der Waals region, the cross sections
increase with increasing collision energy. Furthermore, the
cross sections of larger j| increase faster. At a collision energy
of 1000 cm™!, the cross sections to j{ = 12 and 22 merge and
become the largest. An exception to this behavior is the CO
rotational elastic transition to ji = 2, which has the largest
cross section for collision energies below 20 cm™' with less
resonance like behavior between 1 and 30 cm™', and becomes
the second smallest cross section at energies above 100 cm™.
The inset of Fig. 7 shows CO final rotational distribution
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in v{ = 0 from quenching of (1200), and it can be seen that
the final rotational distribution is broad and dominated by
Aji = 0 - 10. The distribution falls off rapidly above j| = 16.

For the vibrational quenching cross sections from CMS
(1401) shown in Fig. 8, the trends noted for para-H, (1200) in
Fig. 7 are also observed except for a suppression of resonance
magnitudes. Similarly, for collision energies below 100 cm™!,
the CO rotational elastic transition dominates. At collision
energies higher than 400 cm™!, the cross section to Jj1=22
gradually becomes the largest indicating that the rotational
basis set may not be sufficient at high collision energies. The
inset of Fig. 8 shows that the final rotational distribution of CO
in v{ = 0 from quenching of (1401) is broad and dominated
by Aj; = 0 — 10 at a collision energy of 2 cm™'.

In Fig. 9, the state-to-state quenching cross sections for
CO from v; =1,j; =3 to vl’ = O,j{ are compared between
para-Hy (v, =0,j, =0) and ortho-H, (v, =0,j, =1). The
selected final rotational jj states are 1, 3,7, 11, 15, and 19; H

10°

rotational transitions are elastic. As shown in Fig. 9, for each
individual transition, the state-to-state rovibrational quenching
cross sections are of very similar shape and magnitude for the
two colliders. The difference between para-H, and ortho-H,
cross sections is somewhat larger at low collision energies,
except for j; = 19 for which the cross sections are very similar.
The inset presents the comparison of the distributions of final
rotational levels j in v] = 0 from quenching of (1300) and
(1301) at a collision energy of 2.0 cm™'. For these final
jl’ levels, similar cross section magnitudes are observed for
para-Hj and ortho-H,. Other final j{ in v{ = 0 which are not
shown in Fig. 9 result in similar cross section trends.

Using Eq. (7), the state-to-state cross sections from each
initial CMS are summed over all final rotational states j; in
v to obtain the total vibrational quenching cross sections as
a function of collision energy. Figs. 10-12 depict the total
quenching cross sections of CO from CMSs (1;,0/»), ji = 1,
3, and 5 with j, = 0. As shown in Table I, the basis sets

-

FIG. 9. Comparison of the state-to-
state cross sections for vibrational
quenching of CO in collisions with

para-Hy from CMS (1300) and with
ortho-Hp from CMS (1301), and H,
rotational transitions are elastic. The fi-
nal rotational j| states shown are I,
3, 7, 11, 15, and 19. The inset com-
pares the distributions of final rotational
levels of CO in v{=0 at collision
energy of 2 cm™! between para-Hj
and ortho-H,.
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include rotational states 0, 2, and 4 for para-H, and 1 and
3 for ortho-H,. For all initial CO j, states, the upper panels
show the CO total quenching cross sections for H, rotational
transitions j, =0 — j; =0, 2, and 4, and the lower panels

show the CO total quenching cross sections for H, rotational
transitions j, =1 — j; =1 and 3. Figs. 10-12 show clearly
that the cross sections exhibit almost the same trends for each
initial CO j; state. The total quenching cross sections show
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qualitatively similar structure with a number of resonances in
the energy range between 0.7 and 30 cm™' induced by the
van der Waals interaction, like those shown in Figs. 7 and 8
for the state-to-state cross sections. However the suppression
of the resonances can be found with increasing initial CO
rotational quantum number j;. While for energies higher than
70 cm™! the cross sections increase with increasing collision
energy. Further observation shows that for CO with para-H,,
over the whole collision energy range elastic H, transitions
are dominant over inelastic H transitions with Aj, = 4 being
the smallest. While for the case of ortho-H, below 100 cm™,

the cross sections for elastic and inelastic H, transitions are of
similar magnitude. We note that this may be an artifact of the
small ortho-H, basis, but we are currently limited by memory
considerations. For collision energies greater than 100 cm™!,
the cross section difference between elastic and inelastic H,
transitions increases with increasing collision energy.

In Fig. 13, the total cross sections for vibrational
quenching of CO with para-H, from (1;,00) to (v
= 0;v; =0, j; = 0) are compared for j; = 0-5. The result for
j1 =0, taken from Ref. 6, shows the strongest resonances
at relatively low collision energies. The resonances decrease
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FIG. 13. Comparison of the total cross
sections for vibrational quenching of
CO with para-H; from (15;00) to
(v1=0;05=0,j5,=0), j1=0, 1, 2, 3, 4,
and 5.
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FIG. 14. Comparison of the total cross
sections for vibrational quenching of
CO with ortho-H, from (1;,01)
—>(v;:0;vé:0,jé:1), j1=0,1,2,3,
4,and 5.
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with increasing jj, with the total cross section of j; = 5 having
the weakest resonances. As the collision energy increases, the
cross section for j; = 5 becomes the largest with j; = 0 being
the smallest. The total cross sections for vibrational quenching
of CO with ortho-Hj from (1/,01) to (v = 0;0;=0,j; =1)
for j; = 0-5 are displayed in Fig. 14. The comparison shows
similar behavior as found for para-H, in Fig. 13, except that
the resonances are more suppressed.

For each CO initial rotational quantum number j; = 0-5
in the vy =1 state, Fig. 15 presents comparisons of the
total cross sections of vibrational quenching of CO with
para-Hy and ortho-H, from (1/,0j2) — (v] = 0;0; =0, )
and H; rotational transitions remaining elastic. As shown in
Fig. 15, there are small differences between para-H, and

— 100>V =0,§",=0

ortho-H, for low collision energies, with the differences
becoming smaller with increasing j;. For collision energies
above 10 cm™!, the cross sections of the two colliders are very
similar. In Fig. 15(a), the total cross sections of Flower** for
the vibrational de-excitation of CO(v; = 1) by para-H, and
by ortho-H; are also presented. The CC method was adopted
in Flower’s calculations, but with a 4D PES. There is a two
order of magnitude dispersion between the current results and
Flower’s. As discussed in Ref. 6, this is due to the difference
between 6D and 4D PESs and the fact that Flower likely used
an insufficient CO basis in the scattering calculations.

In addition to rovibrational quenching calculations from
CO vy = 1, we also carried out quenching calculations from
the CO vy = 2 state, with CMS (2000). The total cross sections
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of CO for vibrational quenching v;=2—v/=1 and v
=2 - vl’ = 0 are presented in Fig. 16. For each Av; = vl’ -1
quenching, H; rotational transitions are j, — j; =0, 2, and
4. As can be seen in Fig. 16, the total quenching cross
sections for both Av; = —1 and —2 show similar behavior,
display resonances at low collision energies, reach minima
near 50 cm™!, and then increase with increasing collision
energy. The cross sections with Hj rotationally elastic are the
largest. It can also be seen from this figure that the cross
section of Av; = —1 quenching is about two to three orders
of magnitude larger than those of Av; = —2 quenching. This
indicates that for a high initial vibrational state, the Av; = —1
transition dominates the vibrational quenching process as
expected due to the highly harmonic character of the CO
potential energy. In Fig. 17 the total cross sections of CO
quenching fromv; = 2 — v{ = 1 are compared with the results
of CO vibrational quenchingv; = 1 — v{ = 0, the initial CMSs
are (2000) and (1000), and H; final rotational states are j; = 0
and 2. As can be seen the cross sections for quenching

vy =1 — v/ =0 show significant resonance structure with
some sharp features at certain collision energies. In contrast
to the quenching of v; = 1 — v/ =0, the cross sections for
quenching v; = 2 — v = 1 show different resonance structure
with less sharp features. However, the magnitude of the cross
sections is observed to be approximately three times larger
than those of v; = 1 — vl’ =0.

Additionally, we computed the CO pure rotational
quenching cross sections within the vibrational state v; = 0
and 1. In each vibrational state, rotational quenching was
performed for initial CO rotational states j; = 1-5 with the
H; rotational transition elastic (para-Hj, j, = 0 and ortho-
H,, j» = 1). As examples, Fig. 18 shows the pure rotational
quenching in CO v; = 1. Cross sections are from j; = 1, 3, and
5 to all possible lower levels for CO in collisions with para-
H, and ortho-H,, respectively. In contrast to the vibrational
quenching cross sections, the pure rotational cross sections
are significantly larger. In the case of CO with para-H,,
the quenching cross sections of j; = 3 are dominated by the
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FIG. 18. Pure rotational cross sections for (1710;2) — (1510j2) transitions. j;=1, 3, and 5, j| < ji. Left panels: CO with para-Ha, j»=0; right panels: CO
with ortho-Hp, jo=1.

3 — 2 transition, the smallest cross section is for j; =3 — 0
transition. For initial j; = 5, the smallest cross section is still
for final j| = 0; however, the dominant transition varies with
collision energy. When the collision energy is below 10 cm™!,
the cross section for the j; =5 — 3 transition is the largest.
Above 10 cm™!, the transition Jj1 =5 — 4 dominates. In the

case of pure rotational quenching of CO by ortho-H,, the
trends found for para-H, are also evident as displayed in
Fig. 18. Given a CO rotational quenching j; — j|, the ratios
of the cross sections of CO in collisions with para-H, to the
cross sections of ortho-H; are presented in Fig. 19. The initial
CO rotational state is j; = 1, 3, and 5. It can be seen from

2.5
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— =l =0

Ratio (ortho/para)

Collision energy (Cm-l)

FIG. 19. Ratios of the cross sections
of CO with para-H; to those of CO
with ortho-H, for rotational transi-
tions (151052) to (151047, for para-
Hy (j2=j5=0), ortho-Hy (j2=j}
=D.@j1=1®)j1=3,() j1=5.
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FIG. 20. Ratios of the pure rotational j;=1— j| =0 quenching cross sec-
tions of CO in v; =1 to those of CO in v; =0. (a) CO with para-Hj, rota-
tional transitions are (0100) — (0000) and (1100) — (1000); (b) CO with
ortho-Hp, rotational transitions are (0101) — (0001) and (1101) — (1001).

the figure that rotational state-to-state cross sections show
differences at low collision energies, where the ratios show
large fluctuations due to resonances. Starting from roughly
10 cm™!, the cross sections of para-H, and ortho-H, are of
similar magnitude with ratios typically <1.5.

For CO pure rotational quenching cross section from
Ji1=1toj] =0inv; = Oand 1, we consider here the transitions
(0100) — (0000) and (1100) — (1000) for para-H, and
(0101) — (0001) and (1101) — (1001) for ortho-H,. In
Fig. 20 the ratios of cross sections within v; = 1 to those within
v; = 0 are displayed for para-H; and ortho-H,, respectively.
Despite some differences at low collision energy, where the
ratios show large fluctuations in the resonance regions, the
J1=1— ji = 0cross sectionsinv; = 1 are almost the same as
those for v; = 0. In other words, the CO rotational state-to-state
cross section in excited vibrational levels can be approximately
estimated from the results in v; = O for collision energies above
10 cm™!, which is likely related to the harmonic nature of the
CO potential.

IV. ASTROPHYSICAL APPLICATION

Molecular hydrogen and carbon monoxide are the most
abundant molecular species in the majority of interstellar
environments. CO has a large dissociation energy and is
stable at low temperatures; therefore, it is widespread and a
good tracer of molecular gas.®> Most studies have focused
on pure rotational transitions observed in the far infrared
to the radio or electronic absorption in the near ultraviolet.
Recently pure rotational transitions in the CO vibrational
states v; = 1 and 2 were detected in the circumstellar shell
of the star IRC +10216.% In particular, CO vibrational

J. Chem. Phys. 145, 034308 (2016)

transitions have been detected; for example, emission due to
the fundamental vibrational band near 4.7 um was observed
in star-forming regions in Orion with the Infrared Space
Observatory®* and from protoplanetary disks (PPDs) of
young stellar objects®®7 with the Gemini Observatory and
the Very Large Telescope (VLT). Our current full-dimensional
scattering calculation is able to provide accurate rovibrational
state-to-state CO-H, collisional data for future modeling of
protostars, the infrared sources discussed above, and future
FIR and submillimeter observations with Herschel and the
VLT. Further, CO vibrational bands in the 1-5 um region
will be accessible by the James Webb Space Telescope to be
launched in 2018. In PPDs, CO vibrational lines probe the
inner warm regions which are exposed to the UV radiation
from the protostar.

V. SUMMARY

Full-dimensional dynamics computations for inelastic
rovibrational quenching of CO due to H;, impact have been
carried out for initial combined molecular states (1;,0j5),
j1 = 1-5, and (2000) with j, = 0 and 1 for para-H, and ortho-
H,, respectively. The full-dimensional scattering calculations
were performed on a 6D CO-H, interaction potential surface
computed with high-level electronic structure theory and fitted
with an invariant polynomial approach. See the supplementary
material for a FORTRAN code to compute the V6D PES.%®
In addition, pure rotational excitation of CO (v; =0) in
collision with para-, ortho-, and normal-H, was computed.
All scattering calculations were done within a full angular-
momentum-coupling formulation and compared to available
experimental data and prior calculations. In general, good
agreement was found between full-dimensional calculations
and available measurements, as highlighted in Ref. 6, but
additional inelastic experiments which obtain absolute cross
sections, particularly for cold collision energies, would
be desirable. Both state-to-state and total quenching cross
sections from CO vibrational states v; = 1 and v; = 2 show
resonance structures at intermediate energies. The V12 PES
appears to be more accurate for pure rotationally inelastic
collisions at low energies, while the present V6D PES is
appropriate for vibrationally inelastic collisions. To further
improve V6D, it will be extended to long-range in the future,
but in six-dimensions. The current calculations together with
large scale coupled-states (CS) approximation® results will be
essential in the construction of a database of CO rovibrational
quenching rate coefficients urgently needed for astrophysical
modeling including that of the inner zone of protoplanetary
disks.
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