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Quantum beat spectroscopy has been used to measure rate coefficients at 300 K for collisional depo-
larization for NO(A 2X+) and OH(A 2X 1) with krypton. Elastic depolarization rate coefficients have
also been determined for OH(A) + Kr, and shown to make a much more significant contribution to
the total depolarization rate than for NO(A) + Kr. While the experimental data for NO(A) + Kr are
in excellent agreement with single surface quasiclassical trajectory (QCT) calculations carried out
on the upper 24’ potential energy surface, the equivalent QCT and quantum mechanical calculations
cannot account for the experimental results for OH(A) + Kr collisions, particularly at low N. This
disagreement is due to the presence of competing electronic quenching at low N, which requires a
multi-surface, non-adiabatic treatment. Somewhat improved agreement with experiment is obtained
by means of trajectory surface hopping calculations that include non-adiabatic coupling between the
ground 1A" and excited 2A’ states of OH(X/A) + K, although the theoretical depolarization cross
sections still significantly overestimate those obtained experimentally. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4863446]

. INTRODUCTION

Angular momentum polarization plays an important role
in many physical and chemical processes."?> Knowledge of
angular momentum polarization is of practical importance
in the quantitative interpretation of atomic and molecular
spectra.’ It is central to all photon-induced processes, in-
cluding photoionization and photodissociation, due to the
inherent anisotropic nature of the absorption and emission
of light.!:4 Rotational angular momentum polarization also
plays a fundamental role in collisional studies involving reac-
tants prepared in molecular beams or with polarized light.>”
The present study focusses on the collisional angular mo-
mentum depolarization of an initially polarized ensemble of
molecules. Collisional angular momentum depolarization in
elastic and inelastic scattering has come under the spotlight
recently.®3! This work has generally focussed on the colli-
sions of simple open shell molecules with a range of collision
partners. Such studies are of interest as they provide fun-

®)Present address: Laboratoire de Chimie Physique Moléculaire, Ecole Poly-
technique Fédérale de Lausanne, Switzerland

Y)Electronic mail: mark.brouard @chem.ox.ac.uk

©Present address: Center for Free-Electron Laser Science, Deutsches
Elektronen-Synchrotron, Hamburg, Germany

dDElectronic mail: jklos@umd.edu

©Electronic mail: mha@umd.edu

DElectronic mail: pjdagdigian@jhu.edu

®Electronic mail: aoiz@quim.ucm.es

0021-9606/2014/140(5)/054306/14/$30.00

140, 054306-1

damental insight into the dynamics of elastic and inelastic
scattering.

Here we follow our previous studies on the collisional
depolarization of OH(A) and NO(A) with He and Ar®!7 by
applying the quantum beat technique? to help elucidate the
dynamics of both inelastic rotational energy transfer (RET)33
and elastic collisions of OH(A) and NO(A) with krypton. In
the NO(A) + Kr system, as in our previous studies of OH(A)
and NO(A) with He and Ar,~'!:13-16 electronic quenching of
the excited radical is negligible and the experimental data
are very well accounted for by theoretical calculations per-
formed on the 24’ excited adiabatic potential energy surface
(PES). This is in strong contrast with OH(A) + Kr collisions,
where the electronic quenching cross section is on the order
of 8 A2 under thermal conditions.** 3> For OH(A) + K, elec-
tronic quenching proceeds via a conical intersection in the
near-linear HO-Kr configuration.®® This is close to the global,
deep minimum of the OH(A) 4 Kr PES (0.76 eV),'” which is
in the same highly anisotropic region of the potential that is
expected to be mostly responsible for RET and collisional de-
polarization in those collisions which remain on the electron-
ically excited potential. It is therefore expected that rotational
energy transfer and collisional depolarization of OH(A) by Kr
will be in direct competition with electronic quenching, and
the effect of quenching will be evident in the RET and colli-
sional depolarization cross sections reported here.

The outline of the paper is as follows. Section II describes
the experimental and theoretical procedures employed, and
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the methods used to analyze the quantum beats. In Sec. III,
we present the state-selected angular momentum depolariza-
tion cross sections for collisions of OH(A) and NO(A) with
Kr recorded at 300 K. For OH(A) + K, elastic depolarization
cross sections are also reported under thermal conditions. The
experimental results are compared with results from quasi-
classical trajectory (QCT) calculations performed using the
latest ab initio potential energy surfaces (PESs) of Ktos et al.
for NO(A) + Kr*® and for OH(A) + Kr.!” For the OH(A,X)
+ Kr system, trajectory surface-hopping QCT (TSH-QCT)
calculations were also performed on the coupled PESs for
OH(A) + Kr and OH(X) + Kr.*> A discussion of these results
follows in Sec. IV. The final section summarizes our principal
conclusions.

Il. METHOD
A. General theory

As in our previous work,”!1:13:1416 in the following N
(N') denotes the diatomic rotational angular momentum apart
from electron and nuclear spin. For a diatomic radical in a
23+ electronic state, for which electronic orbital angular mo-
mentum is zero, N (N') is equivalent to the nuclear rotational
angular momentum, which must lie perpendicular to the inter-
nuclear axis, r. The corresponding quantum number is writ-
ten N (N'). The total rotational angular momentum apart from
nuclear spin of OH(A) and NO(A) is denoted by j, and its
quantum number as j. In the Hund’s case (b) coupling scheme
appropriate for 2% radicals, the molecular wave function is
defined by j = N + S, where S is the electronic spin. Since
for both molecules S = 1/2, spin-rotation states for which j
= N + 1/2 are termed as f; states, and those for which j = N
— 1/2 are f,. The total angular momentum quantum number
of the collision system (i.e., NO(A) and OH(A) with Kr in the
application discussed in Secs. II and III) is denoted by J.

The quantities measured in the present experiments are
collisional depolarization rate coefficients, which can be con-
verted into velocity averaged cross sections (see below).
These depolarization cross sections can be thought of as mea-
sures of the j-j' vector correlation,'®!316:37-39 which quanti-
fies the tilt of the angular momentum subsequent to a colli-
sion. In both the classical and quantal descriptions of colli-
sional depolarization, it is possible to relate the polarization
moments after a collision, 79;")( j"), to the extrinsic moments
of the initial state, r;")( j), related to the preparation of j in the
laboratory (LAB) frame, by!®37-38

PO =a®, jHrPO). )]

This equation is valid provided neither the initial nor the fi-
nal directions of motion are defined, i.e., averaging over the
initial and final relative velocities. Classically, it is readily
shown that the depolarization moments (or multipole trans-
fer coefficients’®3"), a®(j, j), are directly related to the j-j’
vector correlation by the probability density function'® !>

1
P@;) =5 D IKa®(. [)Pleosb). ()
k
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where [k] = (2k + 1), Pi(cos 6;;:) is the kth Legendre polyno-
mial, and the depolarization moments are defined as

a®(j, j')y = (Pr(cos 8;;)). 3)

Note that only the k = 1 orientation moment and k = 2 align-
ment moment are considered in the present work, since these
are the only non-zero values of r{(j) that can be generated
with single photon excitation to produce the initial distribu-
tion of OH(A) and NO(A).

The quantum mechanical calculation of the depolariza-
tion moments has been discussed in detail in a number of
papers.'%:26-28.37.38 When the initial and final directions of
motion are unresolved, the multipole transfer coefficients are
deﬁnedl(), 26-28,37-42
O o S((]I;k)*(ﬁj/) B O'(kk)(j, ]/)
a (]7])—[]‘] ©0), . . T 5007 1)

Soo (s 7D a®(j, j")
where o*(j, ;') are the tensor cross sections of Alexander
and Davis, and Follmeg et al.,’*?%37:3% while S;’;k)*( j )
are the correlation coefficients defined by Miranda and
Clary.* Expressions relating these coefficients to the scatter-
ing T-matrix, elements have been presented by a number of
authors,26:27:37-39

We have shown previously that at fixed relative velocity,
Vrel, the bimolecular rate coefficients for collisional depolar-
ization are given by!! 1516

K2 =k 1= a®(, j)l

=i
— (VY
= Urel O'j—>j/(vrel)[1 —a”(j, j)I, 5

where k;_,  and o;_, j/(vrer) are the collision rate coefficients
and cross sections, respectively. Note that the depolarization

rate coefficients and cross sections are related by k;kl ?
*) :

= Urel 0, jr- The quantum mechanical derivation of this ex-
pression has been presented by Dagdigian and Alexander.?®
Note that in terms of the tensor cross sections of Eq. (4), we

can write the depolarization cross sections%-2’

0¥ = i @) [1 = a®(j, )]

= (1D, i) = o* G, . (©)

If the total collision rate coefficients are known, the measure-
ment of the depolarization rate coefficients therefore allows
direct evaluation to be made of the j-j' vector correlation,
as quantified by the a®(j, j') expansion coefficients. From
the classical definition of the polarization parameters given
by Eq. (3), it is clear that a®(}j, j') must lie within the lim-
its —% < a®(j, j) < 1, and consequently the alignment de-
2
> 0. Therefore, when a®(j, ') is negative, the depolarization
rate coefficient can exceed the collision rate constant. Simi-
larly, since aV, i) ranges classically from —1 < aV @, j)
< 1, the orientation depolarization rate coefficients must lie
between 2k;_, ;; > k;l_l = 0. These equations provide a con-
venient link between the measured depolarization rate coeffi-
cients, and the dynamically interesting j-j* depolarization pa-
rameters, a®( J» J)). The limits on the quantum mechanical
a®(j, j') parameters can differ from the values given above
at low N, as has been discussed in general terms previously.'?

“

polarization rate coefficients are bounded by 2k;_, ; > k
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The present experiments are not conducted at a well de-
fined collision energy, and hence the measured quantities are

averages over a distribution of relative velocities. The velocity
averaged value of a®¥(j, j/) can be written:'!

(Urel Gj%j’(vrel) Cl(k)(jv j/; Vrel))

Ky s =
(a (]a J )> (vrel O'j_>j/(vrel))

, ()
such that
(k{2 1) = ke ) 11 = (@, N1 ®)

Finally, we can define the total depolarization rate con-
stant for a specific initial state j as'!

KOy = () = ki) 11— (@G, i 9)
I

A similar expression can be written for the final state averaged
collision and depolarization cross sections, (oj(.k)). The present
article focusses specifically on the depolarization cross sec-
tions with k = 1 and k = 2, representing loss of orientation
and alignment, respectively. In the case of elastic depolariza-
tion, j should replace j in the above equations. In practice,
the thermally averaged cross sections presented here were ob-
tained by dividing the measured rate coefficients by the mean
relative velocity (see Sec. II B).

B. QCT method

Batches of approximately 1 x 103 trajectories were run
for several initial N states at a fixed collision energy of
39 meV for both OH(A) + Kr and NO(A) + Kr. This colli-
sion energy corresponds to the mean thermal energy at 300 K.
It was shown in Ref. 17 that QCT results at this fixed collision
energy are in excellent agreement with those calculated using
a 300 K thermal Maxwell-Boltzmann distribution of collision
energies for OH(A) + Kr. The QCT method employed was
similar to that described in Ref. 43, and will only be described
briefly here. Since the PESs for OH(A)-Kr!” and NO(A)-Kr*®
have only been calculated using the fixed equilibrium bond
lengths of the radicals, the method of Lagrange multipliers
was used to force rigid rotor behavior during the integration
of the classical equations of motion. To assign the final state
for each trajectory, the square of the rotational angular mo-
mentum |N’|?> = N'(N' + 1)4? was first calculated, and then
the values of N’ thereby obtained were rounded to the nearest
integer. Trajectories for which the final N' quantum numbers
were found to lie between N % 0.5 were considered elastic.

Note that the above treatment is appropriate for QCT
calculations in which OH(A) + Kr and NO(A) + Kr are
treated as closed shell systems. QCT evaluation of the “open
shell” spin-rotation and hyperfine level changing cross sec-
tions, and the associated polarization parameters, were ob-
tained using the tensor opacity formalism described in detail
previously. %13

C. TSH-QCT method

Non-adiabatic TSH-QCT calculations** were carried out
for OH(A) + Kr with a fixed collision energy of 39 meV, us-
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ing the fewest switches algorithm of Tully.* These calcula-
tions were performed in the same way as our previous work
on this system in Ref. 35, so are described only briefly here.
Trajectories were propagated on the MRCI adiabatic potential
energy surfaces 2A” and 1A’ described in Ref. 35. These adi-
abatic states are related to the diabatic states X4 and I14 by
an orthogonal transformation:

Vv 0 =C Yy Ven cT, 10)
0 Vu Ven Vs,
in which
[ cosy siny
_<—siny cosy)' an

The kinetic coupling between these adiabatic states is
given by the product of the nuclear velocities with the non-
adiabatic coupling matrix elements (NACMESs), which are ob-
tained from the derivative of the so-called mixing angle, y, in
Eq. (11).% At each time step, the populations of the electronic
states 2A” and 1A’ were integrated using an Adams-Bashforth-
Moulton predictor-corrector algorithm, and the probability of
a hop to the other potential energy surface was calculated ac-
cording to the prescription in Ref. 45. After a successful hop,
the momentum of each nucleus was rescaled in the direction
of the non-adiabatic coupling vector in order to conserve the
total energy of the system.*>40 If the energy gap between the
adiabatic potentials is larger than the translational energy of
the system, the hop is rejected (a “frustrated” hop).

As reported previously,>> a cross section for electronic
quenching was calculated from the number of trajectories
ending in the 1A’ electronic state, Nq:

» M
maXMOl

and analysis of the trajectories that remained on the excited
2A’ PES was carried out in the same way as in Sec. I B.

This treatment only accounts for coupling between the
2A’ and 1A’ adiabatic potential energy surfaces, neglecting the
rotationally induced Coriolis coupling between the 24" and
1A” states. Furthermore, note that the diabatic PES and the
coupled PESs employed here are calculated with somewhat
different levels of theory. The diabatic PES was calculated
at the RCCSD(T) level of theory,'” while the coupled poten-
tials employed in the TSH-QCT calculations were determined
at the MRCISD+Q level of theory.> As a consequence, the
QCT and TSH-QCT results are slightly different, even when
there is no hopping included in the latter calculation.

oQ =mb, (12)

D. QM method

Fully quantum mechanical close-coupling scattering cal-
culations of integral and tensor cross sections were also per-
formed on the single-sheet, diabatic RCCSD(T) Kr-OH(A’X.)
PES'” using the HIBRIDON suite of codes,*” which employs
a hybrid propagator comprised of the Log-Derivative propa-
gator by Manolopoulos*®*° and the Airy propagator for the
long-range region. The Log-Derivative propagation was per-
formed from 3 to 9 bohrs and Airy propagation to 30 bohrs,
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and partial waves up to J = 300 were sufficient to converge
the cross sections.

The rotational basis of the OH(A) molecule was set to
maximum value of N = 29. This basis was formed using
the OH(A) rotational constant of By = 16.9602 cm™!, cen-
trifugal distortion constants D = 2.039 x 10~% cm~! and H
=8.71 x 1078 cm™!, and finally spin-rotation constant of y
=0.201 cm~!. The reduced mass was set to 14.138 amu based
on the atomic masses of the most abundant isotopes.

E. Experimental

The experimental procedures for determining depolar-
ization cross sections from Zeeman and hyperfine quan-
tum beat spectroscopy have been described in detail
previously,®!!=1416 and only a brief summary will be given
here. OH(X) was generated by pulsed 193 nm photodissocia-
tion of hydrogen peroxide.’*>° H,0, was flowed in a 50:50
mixture with water through the reaction chamber at a con-
stant partial pressure of <2 mTorr. Translationally thermal-
ized, electronically excited OH(A) radicals were obtained at
a fixed pump-probe laser delay of ~10 s by pulsed excita-
tion of OH(X) using the A 2%+ « X 21 transition. The latter
excitation was performed with Nd:YAG (yttrium aluminum
garnet) pumped dye laser probe radiation, frequency doubled
to wavelengths around 308 nm (bandwidth ~0.36 cm~! in
the UV). For the total depolarization measurements, various
levels of the f; (f/ = N + 1/2) and f» (j/ = N' — 1/2) spin-
rotation manifolds of OH(A, v’ = 0) were excited, while the
transitions used for the elastic depolarization measurements
are as detailed in Table I of Ref. 14. For the notation used, see
Ref. 60.

The experiments on the depolarization of NO(A) were
conducted at 300 K in a slow flow of NO(X) held at a pres-
sure of <1 mTorr. NO(A) was produced by pulsed Nd:YAG
pumped dye laser excitation on the 0-0 band of the NO A
2y* « X 21 transition at frequency doubled wavelengths
around 226 nm. The levels N = 2, 5, 7, 9, and 14 of the
J> spin-rotation level were excited, using the Ry>1 and Sy 1
transitions.

The collider gas, Kr, flowed into the chamber through a
separate inlet valve to allow experiments to be performed over
a range of partial pressures. The A — X spontaneous fluo-
rescence was passed through a set of polarizing optics (see
below) and a monochromator, before being detected with a
UV-sensitive photomultiplier. In the case of total alignment
depolarization measurements, the monochromator was used
with the maximum possible bandwidth (=75 A), with the re-
sult that the measurement was essentially unresolved. How-
ever, for the total disorientation measurements it is necessary
to resolve emission from either the P or R branch to obtain
a quantum beat, and for the elastic measurements to record
just the fluorescence from the initially populated spin-rotation
level. Therefore, the monochromator was used at a higher res-
olution to disperse the fluorescence. For the elastic depolar-
ization measurements on OH(A), the monochromator band-
width was adjusted so that only emission from the initially
excited level was detected.'* The fluorescence decay traces
were recorded on a digital oscilloscope and transferred to a
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PC for subsequent data acquisition and analysis. The response
time of the system was determined to be <20 ns.

In all of the experiments described here the photolysis
laser radiation was used without polarization. A Glan-Taylor
polarizer was used to improve the polarization of the fre-
quency doubled dye laser radiation immediately prior to en-
tering the reaction chamber, and the purity of the polarization
was determined to be better than 95% on exiting the chamber.
In the case of alignment measurements, a photoelastic modu-
lator was used to switch the probe laser linear polarization ei-
ther 90° to the fluorescence detection direction or parallel to it
on alternate laser shots. The polarizer used for detection was
aligned parallel to the probe laser propagation axis. For the
orientation measurements, the probe radiation was switched
between left and right circularly polarized light on alternate
laser shots using a photoelastic modulator. A quarter wave-
plate followed by a Glan-Taylor polarizer were placed in front
of the entrance slits of the monochromator.

The Zeeman quantum beat experiments were performed
in a uniform magnetic field of between 0 and 30 Gauss.
The field was produced using a pair of matched Helmholtz
coils, which were placed inside the reaction chamber, about
2.5 cm away from the interaction region. As in our previous
work,% 1016 the center of the reaction chamber was screened
from external magnetic fields by p-metal shielding. The field
was checked using a Hall probe, but could also be deter-
mined from the Zeeman beat frequency, since the g values
for OH(A) and NO(A) are known quite precisely.?'®® For
the alignment experiments, the axis of the magnetic field was
aligned parallel to the fluorescence detection direction® while
in the orientation experiments the field axis was directed per-
pendicular to the detection axis, and to the pump laser propa-
gation direction.'?

F. Data fitting

The procedures used to fit the Zeeman and hyperfine
quantum beat data have been described in detail previously
and this material will not be repeated here.® !'~!3 In this work,
hyperfine quantum beats were only used to obtain collisional
disalignment data for NO(A) + Kr in the initial state N = 2.
Both sets of alignment quantum beats were fit with an expres-
sion of the form

[ =Ae™™ x |:1 + ekt Z Cr cos 2mwt + q)):| , (13)
F

where w is a frequency which depends on the type of exper-
iment performed, ¢ is the phase of the beat signal, defined
by the probe laser and detector polarization geometries, and
A and Cp are constants defining the total intensity and the rel-
ative beat amplitudes, respectively. In the case of orientation
measurements, the difference between the Zeeman quantum
beat signals obtained using left and right circularly polarized
light (7;, and I, respectively) were fit with the expression

I —1
S =Y ) cosQralt +¢). (14)
F

Y

as described elsewhere.!?
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Two phenomenological first order rate coefficients,
kp, and kg, have been introduced to allow for decay of
the population and the angular momentum polarization,
respectively.®>’? The rate coefficients are dependent on the
concentration of the collider, and can both be expressed
as sums of rate coefficients describing collision-free and
collisional-induced decay processes

kp =ko + ki[Kr]
kq =ky + k3[Kr].

15)

In the case of the total depolarization measurements, the pop-
ulation decay, characterized by k,, is associated with pro-
cesses that remove OH(A) or NO(A), such as fluorescence
(ko) or electronic quenching (k;), and not with processes such
as RET that occur within the OH(A) or NO(A) electronic
state.5!! k, is associated with depolarization in the absence
of krypton, which could arise, for example, from field in-
homogeneities. Of particular interest to the current work is
ks which accounts for the collisional depolarization of the
radical.

It should be noted that in the case that the fluorescence
from the initially populated spin-rotation state is resolved as
is the case of the elastic depolarization measurements here, k|
contains contributions from both RET and electronic quench-
ing. This is discussed in Ref. 17. A typical OH(A) Zeeman
quantum beat signal, obtained at a range of krypton pressures,
is shown in Fig. 1. Corresponding hyperfine quantum beat
data for NO(A) + Kr are shown in Fig. 2. We have shown
previously that the beat amplitudes are well-described by LIF
linestrength theory.!!:!3 For each rovibronic transition, a se-
ries of between 6 and 8 fluorescence decay curves obtained as
a function of collider concentration were fitted globally, using
the signal amplitudes, A, the relative beat amplitudes, Cr, the
phase ¢, and the four rate coefficients as adjustable parame-
ters. Errors were estimated using a Monte Carlo error routine
described elsewhere.”!
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FIG. 1. A typical orientation Zeeman quantum beat for OH(A) under thermal
conditions following R2(7) excitation (dashed line) and a fit to the data (solid
line) for a range of Kr pressures. The magnetic field used was approximately
20 Gauss.
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Ill. RESULTS
A. NO(A) + Kr

A comparison of the total depolarization cross sections
obtained experimentally (filled squares) and from the QCT
calculations (open circles) for NO(A) + Kr is presented in
Fig. 3 and Table 1. All the data are for the initial f, (j = N
— 1/2) spin-rotation level. These cross sections represent the
sum of the contributions to depolarization arising from elastic
and inelastic (RET) collisions.!" The left hand panels show
the disorientation cross sections and the right hand panel the
disalignment cross sections. The agreement between the two
sets of results for both the orientation and alignment data is
very good.

In Fig. 3, the results from experimental simulations are
also shown (open triangles). These simulations allow for the
effects of dephasing, which is indistinguishable from depolar-
ization experimentally.®!'!:!> As input to the simulations we
include the complete RET matrix from the QCT calculations
and all elastic and inelastic depolarization cross sections.'!>!3
Dephasing occurs because each hyperfine level of the rad-
ical has a different value of gr. Therefore, when different
hyperfine levels are populated after the collision, the radical
will precess at a slightly different frequency in the applied

—Jl— Expt
150+ Q- 0s QCT
-A- Sim

FIG. 3. Comparison of the experimentally determined total thermal depolar-
ization cross sections as a function of the initial rotational level, N, for NO(A)
+ Kr (filled squares) with those from QCT calculations (open circles) and
experimental simulations (open triangles) for disorientation (left panel) and
disalignment (right panel). The data are for the f> (j = N — 1/2) spin-rotation
level.
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TABLE I. Cross sections for collisional disorientation (0(1)/Az) and dis-
alignment (0@/A%) of NO(A) by Kr under thermal conditions. The QCT cal-
culations were performed at a collision energy of 39 meV. The error bars (in-
dicated in brackets on the experimental data) were determined using a Monte
Carlo procedure,’! and represent 95% confidence limits. All the data are for
the f> (j = N — S) spin-rotation level. The experimental simulation results
are explained in more detail in Sec. III.

N=2 N=5 N=7 N=9 N=I14
o Experiment  89(24)  72(20)  58(19)  34(9) 15(8)
QCT 99.7 66.9 43.4 27.1 6.5
Simulation 104.4 63.9 46.7 33.1 14.2
0@  Experiment  155(27) 67(14)  63(14)  34(7) 33(7)
QCT 108.8 64.4 50.3 37.0 17.5
Simulation 135.3 67.0 46.8 35.6 245

magnetic field. The total recorded signal is, therefore, a
sum of many beat signals with slightly different frequencies,
which leads to a loss of the beat even in the absence of de-
polarization. The importance of dephasing depends on the ex-
tent to which collisions populate different final states. Spin-
rotation state changing collisions (AN # Aj # 0) contribute
most to the dephasing effect, as such collisions lead to popu-
lation of a quantum state in which the direction of precession
is reversed compared with that for the state initially excited.
Collisions that change N but conserve S (and nuclear spin,
I) contribute less, as the gr values for consecutive N states
do not change significantly. The largest difference between
neighbouring states occurs at low N, meaning that dephasing
will be most significant at low N.

As can be seen from Fig. 3, the inclusion of dephasing
effects, which are quite modest in this case, leads to excellent
agreement between the experimental and theoretical results
for NO(A) + K, both for disorientation and disalignment.

J. Chem. Phys. 140, 054306 (2014)

B. OH(A) + Kr
1. Rotational energy transfer

RET cross sections have been measured for a range of
rotational states in both spin-rotation levels, and are shown
in Fig. 4.7 The range of experimentally accessible states is
limited by the resolution of the monochromator (maximum
~1 A). The results shown are an extension of the data set
reported in our previous work.'” The experimental results
are compared to the QCT and QM calculations performed
on the single OH(A) + Kr diabatic RCCSD(T) PES'7, and
with the new TSH-QCT calculations on the MRCISD+Q
PESs.*

There is excellent agreement between the experimen-
tal and theoretical RET cross sections, both for the single
surface'” and the non-adiabatic TSH-QCT calculations. The
single surface QCT calculations predict a smooth decrease in
RET cross sections with increasing N above N = 4, a trend
that is reflected in the experimental data. However, below this
N value, in the region where quenching is most significant,
the experimentally observed RET cross sections are some-
what lower than predicted by the single surface calculations.
The TSH-QCT data can be seen to replicate better the exper-
imental results at low N, while remaining in close agreement
with single surface QCT at higher N.

As noted in Sec. II C, electronic quenching is assumed
to occur through crossing between the two diabatic PES’s of
A’ reflection symmetry. Quenching takes place in the region
of the PESs at which non-adiabatic coupling is highest—near
the bottom of the deeper, HO-Kr well, close to the global
minimum of the excited state PES (see Figs. 6 and 7 of
Ref. 35). This is also the region where the potential is the
most anisotropic, leading to the most rotational energy trans-
fer. Including non-adiabatic effects in the calculations means
that molecules experiencing this part of the potential are less
likely to remain on the excited state PES, and so the effect of
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FIG. 4. Comparison of the experimental (filled red squares) and theoretical open shell (os) thermal RET cross sections as a function of the initial N state for
OH(A) + Kr. Left column: single surface QCT (black open circles). Middle column: single surface QM (black open diamonds). Right column: non-adiabatic
TSH-QCT (black open triangles). The upper panels show the cross sections for the f; spin-rotation level (j = N + 1/2), and the lower panels show the f>
spin-rotation level (j = N — 1/2). All of the calculations were performed at a fixed collision energy of Ecoii = 39 meV.
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FIG. 5. Comparison of the experimentally determined total (elastic + inelastic) thermal disorientation cross sections for OH(A) + Kr (filled squares) with
those from theoretical open shell (os) calculations for the fi (top panels) and f> (bottom panels) spin-rotation levels. The left hand panels present the results from
the single surface QCT calculations (open circles), and the middle panels present the QM results (open diamonds). The right hand panels show results from the
surface-hopping QCT calculations. All of the calculations were performed at a fixed collision energy of Ecop = 39 meV.

quenching is to reduce the RET cross section to some extent,
mainly for low rotational states, as observed in the TSH-QCT
calculations. This reduction is, however, relatively small, be-
cause the cross sections for RET are about a factor of 3-4
larger than the total quenching cross sections at low N, and
beyond N = 9 quenching is almost negligible (see Fig. 2 of
Ref. 35). With increasing N, the OH(A) rotational motion be-
comes increasingly fast in comparison to OH(A) + Kr trans-
lation, to the point that the incoming Kr atom no longer “sees”
the region of non-adiabatic mixing.

2. Total depolarization

The experimentally measured total (elastic plus inelas-
tic) disorientation and disalignment cross sections recorded
for OH(A) + Kr under thermal conditions are shown in

Figs. 5 and 6, respectively, where they are compared with
the results from single surface QCT (left panels), single sur-
face QM (middle panels), and TSH-QCT (right panels) cal-
culations. The results are also presented in Tables IT and III.
Neither the disorientation nor the disalignment experimen-
tal data agree with theoretical calculations as well as in the
case of NO(A) + Kir. Clearly, the calculations fail to cap-
ture the unusual trend in the depolarization cross sections
with N. This is somewhat surprising given the good agree-
ment between the QCT, TSH-QCT, and experimental RET
cross sections presented in Fig. 4. Note that the results from
the single surface QCT calculations agree well with the single
surface QM calculations, indicating that the discrepancy be-
tween experiment and single surface theory is not a reflection
of quantum features that are not accounted for in the QCT
method.
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FIG. 6. Same as Fig. 5 but showing the total (elastic + inelastic) thermal disalignment cross sections. The simulations are shown in the left panels as blue

upwards-pointing open triangles.



054306-8 Chadwick et al. J. Chem. Phys. 140, 054306 (2014)

TABLE II. Cross sections for collisional disorientation (oV/A2) and disalignment (c?/A2) of OH(A) by Kr under thermal conditions, for f; (N + S) spin-
rotation levels. The single surface QCT, single surface QM, and surface-hopping TSH calculations were performed at a collision energy of 39 meV. The error
bars (indicated in brackets on the experimental data) were determined using a Monte Carlo procedure,’! and represent 95% confidence limits.

fi N= 0 1 2 3 4 5 6 7 8 10 12 14

oM Expt. total 20(7) 23(9) 24(4) 35(4) 42(7) 33(5) 34(5)
Expt. elastic 0(14) 3(14) 23(7)
QCT total 26 41 45 41 42 42 42 43 43 40 34 28
QCT elastic 0 11 12 11 12 13 14 16 18 20 19 18
QM total 26 43 47 43 43 42 42 43 40 34 29
QM elastic 0 9 11 11 11 13 13 18 19 19 18
TSH total 18 37 42 41 41 48 43 45 45 43 36 31
TSH elastic 0 10 11 11 11 15 14 16 18 20 20 19

o® Expt. total 54(7) 63(5) 62(6) 66(2) 84(9) 82(19) 66(7)
Expt. elastic 22(12) 23(11) 28(11) 20(7) . ... ... . 32(13)
QCT total 68 67 62 62 60 61 63 66 65 60 55
QCT elastic 26 25 23 25 26 28 31 34 37 38 37
QM total 60 66 62 62 60 61 65 64 61 56
QM elastic 19 23 22 23 26 26 .. 34 37 37 37
TSH total 62 64 61 61 67 62 65 66 66 62 58
TSH elastic 25 25 24 24 30 28 31 34 37 38 38

The right hand panels of Fig. 5 compare the experimen-
tal disorientation cross sections to the results of the non-
adiabatic TSH-QCT calculations. In effect, the most depo-
larizing trajectories from the single surface calculations are
“lost” to electronic quenching in the deep well of the OH(A)—
Kr PES, thus reducing the calculated depolarization cross
sections. This is mostly evident at low values of N, where
the quenching cross sections are highest.>*3> As N increases,
and the electronic quenching cross sections fall,> the exper-
imental and QCT depolarization cross sections display better
agreement.

It can be seen in Fig. 5 that the decrease in the TSH-QCT
disorientation cross sections relative to those from the single
surface QCT calculations on the 24" PES leads to slightly
improved agreement with experiment. However, the change

in depolarization cross section is not sufficient to fully ex-
plain the disagreement with experiment. In Ref. 35, it was
seen that, except for N = 0, 1, the TSH-QCT method also
underestimates the experimental electronic quenching cross
sections. As discussed more in Sec. IV, if the theoretical TSH-
QCT quenching cross sections matched experiment better, it
is likely that this would yield calculated depolarization cross
sections that were smaller, improving the agreement with the
data shown here.

Similar comments hold for the comparison between ex-
perimental and theoretical total disalignment cross sections
shown in Fig. 6. The results for f; states are in some-
what better agreement with the theoretical data than those
corresponding to initial f, states. However, the discrepancies
in both cases are remarkable for N > 5 in contrast with the

TABLE I1I. Cross sections for collisional disorientation (o/A2) and disalignment (c@D/A%) of OH(A) by Kr under thermal conditions, for f, (N — S) spin-
rotation levels. The single surface QCT, single surface QM, and surface-hopping TSH calculations were performed at a collision energy of 39 meV. The error

bars (indicated in brackets on the experimental data) were determined using a Monte Carlo procedure,’! and represent 95% confidence limits.

f N= 1 2 3 4 5 6 7 8 10 12 14

ol Expt. total 33(8) 35(8) 34(8) 37(8) 33(8) 47(9) 45(9)
Expt. elastic 11(3) 9(7) 10(7) .. 27(8) .. ...
QCT total 76 66 56 54 51 50 50 49 44 37 31
QCT elastic 19 16 15 15 15 16 18 20 22 21 20
QM total 70 66 57 54 51 49 49 44 37 31
QM elastic 6 15 14 14 15 15 ... 20 21 21 19
TSH total 69 63 56 53 58 50 52 51 47 40 34
TSH elastic 18 16 15 14 18 17 19 20 22 22 21

@ Expt. total 41(2) 55(2) 59(5) 67(8) 78(8) 86(13) 88(6)
Expt. elastic 21(12) 32(12) 18(12) 45(15)
QCT total 77 71 69 66 66 67 68 67 63 58
QCT elastic 27 26 26 27 28 31 34 37 38 39
QM total 76 70 68 65 65 68 67 63 58
QM elastic 24 23 24 26 26 .. 34 37 37 37
TSH total 75 70 70 73 66 68 69 68 64 60
TSH elastic 27 27 26 31 29 31 34 37 38 39
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FIG. 7. Comparison of the experimentally determined elastic thermal disorientation cross sections for OH(A) + Kr (filled squares) with those from theoretical
open shell (os) calculations for fi levels (top panels) and f> levels (bottom panels). The left hand panels present the results from the single surface QCT
calculations (open circles), and the middle panels present the QM results (open diamonds). The right hand panels show the surface-hopping QCT results. All of

the calculations were performed at a fixed collision energy of Econp = 39 meV.

results for disorientation cross sections for which there seem
to be a better accordance for the high N values.

To discard the possibility that dephasing could cause the
observed discrepancies, simulations of the experiment have
also been performed for OH(A) + Kr at the same collision
energy (shown in the figures as upwards triangles). As for
NO(A) + Kr, we take the single surface QCT theoretical data
as input to these simulations, although very similar results
were obtained if the TSH-QCT results were employed. The
results are indistinguishable from the open shell QCT calcu-
lations, showing that dephasing does not contribute to the de-
polarization cross sections. Under thermal conditions, colli-
sions between OH(A) and Kr cause complete depolarization.
Therefore, the states populated after the collision are effec-
tively unpolarized, and will not contribute to the polarization
signal.

3. Elastic depolarization

The experimentally determined elastic depolarization
cross sections recorded for OH(A) + Kr under thermal condi-
tions are compared with the results from theoretical calcula-
tions in Figs. 7 and 8 for disorientation and disalignment, re-
spectively. The data were acquired for f] and f, spin-rotation
states, as specified in Tables II and III. The results from the
single surface QCT calculations are shown in the left hand
panels, the QM results are presented in the middle panels, and
TSH-QCT results are shown in the right hand panels. There is
good agreement between the experiment and theory, although
both the QM and QCT calculations appear to show somewhat
less of a dependence on N than the experimental data. The
elastic depolarization cross sections appear to increase with
N, a point that will be discussed further in Sec. IV. It should
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FIG. 8. Same as Fig. 7 but showing the elastic thermal disalignment cross sections. The simulations are shown in the upper left panel as blue upwards-pointing

open triangles.
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be noted that the value of o) for the f; level with N = 0 is
zero within the errors of the experiment. The only contribu-
tion to this state is the electron and nuclear spin of the radical,
the direction of which cannot be readily altered by collision.
The fact that the collisional depolarization cross section for
this state is close to zero confirms that electron and nuclear
spin can be treated as spectators to the dynamics.

In the case of alignment, it was necessary to run simu-
lations of the experiment for the low N, f levels, for which
Q branch emission was recorded. The results from these are
presented in Fig. 8 as open upward triangles. The simulations
were necessary as the resolution of the experiment was insuf-
ficient to resolve the emission from just the initially populated
Jj level. This means the satellite emission from the other j level
in the initially populated N level contributed to the signal.
Population of this state corresponds to a pure spin-rotation
level changing collision, and is likely to cause significant de-
phasing because the g value changes sign, causing the radical
to precess in the opposite direction. It should be noted that the
/> data and the N = 14, f; data were recorded using P branch
emission to allow resolution of only the initially populated j
level. Including the effects of emission from the satellite lines
significantly affects only the theoretical values of the cross
sections for the N = 1 and N = 2 levels. The g values vary
most quickly at low N, suggesting that the dephasing effect
will be most significant for these levels. Including this effect
results in the theoretical disalignment cross sections some-
what overestimating the experimental values at low N.

4. Inelastic depolarization

Given that both the total depolarization cross sections and
elastic depolarization cross sections have been measured ex-
perimentally, it is possible to determine an experimental value
for the inelastic depolarization cross sections under thermal
conditions. These are presented as filled squares in Figs. 9 and

80 80
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10 for disorientation and disalignment, respectively, along-
side the results from the single surface QCT and QM calcu-
lations in the left and middle panels. As expected from the
previous data, there is disagreement between the experimen-
tal and theoretical values, with the theoretical values falling
more quickly with N than those determined experimentally.
The largest discrepancy between the two sets of results is at
low N. For low rotational levels, the krypton will experience
the full anisotropy of the PES, whereas at higher N the faster
rotation of the radical means the potential sampled during col-
lision will be more isotropic. Therefore, the potential well will
play a more significant role at low N. Any inaccuracies in the
attractive part of the PES, or indeed the neglect of electronic
quenching in regions of the potential wells, will consequently
be magnified at low N, and could contribute to the observed
disagreement between the experimental and theoretical depo-
larization cross sections. The fact that the agreement between
the experimental and theoretical elastic depolarization cross
sections is good, while there are substantial differences in the
comparison for the total depolarization cross sections, clearly
indicates that the main differences between the two sets of
results can be attributed to the inelastic depolarization cross
sections, as clearly shown in Figs. 9 and 10.

Note that the TSH-QCT inelastic depolarization cross
sections, also shown in right hand panels of Figs. 9 and 10,
are very slightly smaller than the single surface QCT results
at low N, but remain in poor agreement with the experimental
results, particularly for the f, spin-rotation states.

IV. DISCUSSION
A. Role of elastic depolarization

Figure 11 shows the disorientation (top panels) and dis-
alignment (bottom panels) cross sections for OH(A) + Kr
(left and middle panels) and for NO(A) + Kr (right panels)
recorded under thermal conditions. The comparison between
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FIG. 9. Comparison of the inelastic thermal disorientation cross sections determined by subtracting the experimental elastic disorientation cross section from
the experimental total disorientation cross sections (see Tables II and III—filled squares), and those obtained from the open shell (os) single surface QCT
calculations (open circles—Ileft panels), the single surface QM calculations (open diamonds—middle panels), and TSH-QCT calculations (open triangles—
right panels). Cross-sections for the f] spin-rotation level are shown in top row, and for the f, spin-rotation level in the bottom row. All of the calculations were

performed at a fixed collision energy of Ecoip = 39 meV.
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FIG. 10. Same as Fig. 9 but showing the inelastic thermal disalignment cross sections.

the experimentally determined total depolarization cross sec-
tions (filled squares) and the OH(A) + Kr elastic depolariza-
tion cross sections (open squares) is shown in the figure. In the
case of the NO(A) + K, elastic depolarization cross sections
could not be measured and were obtained from QCT calcu-
lations (open circles). As clearly evinced by Fig. 11, elastic
depolarization plays a much more important role for OH(A)
+ Kr than for NO(A) + Kr. This reflects in part the much
deeper wells in the PES for OH(A) + Kr, and partly the sig-
nificantly greater rotational energy level spacing in OH(A)
compared to NO(A), due to the different reduced masses of
the two radicals.

The trend in the total and elastic depolarization cross sec-
tions is also different in the two radicals, with the cross sec-
tions falling with N in NO(A) + Kr, and increasing with N
for OH(A) + Kr before falling past N = 10. However, the
trends in the elastic depolarization cross sections are mirrored

in the trend in the total depolarization cross sections in both
cases. As has been discussed previously,'#2%2?7 efficient elas-
tic depolarization is caused by “following” type trajectories,
where the anisotropy of the PES is sufficient for the radi-
cal to trap the krypton in a complex. At higher N, the ro-
tation of the radical will reduce the anisotropy of the PES,
and the potential the Kr experiences will be partially aver-
aged over the attractive ends of the radical and the repulsive
T-shaped geometries. Even at the highest N in the current
study, there is significant elastic depolarization for OH(A)
+ Kr, showing the faster rotation is insufficient to “wash out”
the anisotropy of the PES, and orbiting or following type tra-
jectories can still occur. In contrast, the significantly less at-
tractive interaction between NO(A) and Kr does not lead to
orbiting trajectories at any N. Therefore, the collisions are en-
tirely impulsive and the elastic depolarization cross sections
fall with N.
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FIG. 11. Comparison of the total thermal depolarization cross sections (filled squares) with the elastic thermal depolarization cross sections (open squares)
measured experimentally under thermal conditions for OH-Kr (left hand panels: f; spin-rotation level, middle panels: f> spin-rotation level), and the total (ther-
mal) experimental (filled squares) and theoretical elastic depolarization cross sections (open circles) for NO-Kr (right hand panels). The top panels correspond
to disorientation, and the bottom panels correspond to disalignment. All of the calculations were performed at a fixed collision energy of E¢o;p = 39 meV.
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B. Experiment versus theory

As mentioned in Sec. III, while there is an excellent
agreement between the NO(A) + Kr experimental and (sin-
gle surface) theoretical depolarization cross sections (see
Fig. 3), this is not the case for OH(A) + K, particularly for
the f> spin-rotation levels. It is proposed that the main reason
for the discrepancy between experiment and theory is the ef-
fect of electronic quenching in the OH(A) + Kr system. This
leads to a significant loss of population of the excited state in
OH(A) + K, whereas it can be neglected in NO(A) 4+ Rg and
OH(A) + He/Ar. As shown previously,' 73433 the electronic
quenching cross sections decrease rapidly as N increases. The
agreement between the QCT theoretical and experimental de-
polarization cross sections is generally observed to be better
at higher N, for which electronic quenching is less significant
and can be neglected (as has been the case in previous stud-
ies). This suggests that the presence of electronic quenching at
lower N may be responsible for the discrepancy between the
experiment and single surface QCT calculations. Electronic
quenching takes place near the most attractive and anisotropic
region of the OH(A) + Kr PES, the near-linear HO(A)-Kr
well,? precisely the region of the PES that is responsible for
the most depolarization. Adiabatic trajectories that experience
these regions of the potential contribute a large amount to
the QCT depolarization cross sections, but in reality will be
quenched and end up on the 1A’ PES.

TSH-QCT calculations have been performed in an at-
tempt to account for the effects of electronic quenching. In-
deed, the TSH-QCT depolarization cross sections display
somewhat better agreement with experiment, although the im-
provement is not enough to fully explain the experimental re-
sults. A reason for this can be seen by examining the TSH-
QCT quenching cross sections recently reported in Ref. 35.
The TSH-QCT calculations capture the trend in the electronic
quenching cross section as a function of the initial rotational
quantum number, o o(N), but predict a much faster decay of
o q(N) with N than that observed experimentally. Hence, not
surprisingly, the TSH-QCT theory fails in lowering the single
surface calculated depolarization cross section sufficiently to
bring it into accordance with the experimental data. Clearly,
both manifestations of the non-adiabaticity of the process,
quenching to the ground state and the associated decrease
of the depolarization cross sections, are not fully explained.

J. Chem. Phys. 140, 054306 (2014)

Including Coriolis coupling between the 24" and 1A” PESs
in the TSH-QCT theory could increase the extent of quench-
ing, thus reducing the calculated depolarization cross sections
and improving the agreement with experiment. A full quan-
tum dynamical treatment of the electronic quenching process
would clearly be desirable. Further improvements to the PESs
and the couplings between them may also be required to bring
experiment into quantitative agreement with experiment.

Separating out the contributions that elastic and inelastic
depolarization make to the total depolarization reveals that the
main discrepancy between experiment and theory is in the in-
elastic depolarization cross sections. Efficient quenching will
occur in the deep HO(A)—Kr potential well, but this attractive
well is also likely to be most effective at inducing inelastic de-
polarization. Because elastic depolarization does not appear
to compete with electronic quenching in the same way as in-
elastic depolarization does, and is predicted adequately by the
single surface QCT calculations, it appears that elastic depo-
larizing collisions are not so dependent on the specific region
of the OH(A)—Kr PES at which inelastic and quenching colli-
sions take place.

Figure 12 displays opacity functions from TSH-QCT cal-
culations for inelastic collisions, collisions leading to quench-
ing and collisions leading to elastic disalignment for OH(A)—
Kr. For the purposes of this figure, OH(A) is treated as a
closed-shell species, for which “elastic” implies N' = N. The
depolarization opacity function is calculated via

PPb) = P(b)(1 — ay(b)). (16)

Note that P®)(b) can be converged for elastic collisions in a
QCT calculation, while P(b) cannot, because in regions of
large b where the conventional opacity function is not con-
verged the depolarization parameters in Eq. (16), aﬁ?v,(b),
tend to unity."

The range of impact parameters required to bring about
electronic quenching is seen to be similar to that required to
cause an inelastic collision, supporting the idea that, at least in
the QCT calculations, similar regions or features of the PES
give rise to these competing processes. The presence of elec-
tronic quenching thus suppresses the cross sections for RET
and inelastic depolarization. On the other hand, elastic depo-
larization is possible at longer range than either electronic
quenching or inelastic collisions, which is consistent with
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FIG. 12. Closed shell TSH-QCT opacity functions, P(b) and P®(b) for OH(A) + K, for the initial rotational states N = 2, 8, and 14. Red continuous line:
inelastic collisions; dotted green line: collisions leading to surface-hopping; and black dashed line: collisions leading to elastic disalignment. Note that significant
surface-hopping is only predicted to occur for N = 2 in the TSH-QCT calculations. All of the calculations were performed at a fixed collision energy of E

=39 meV.
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these elastic depolarizing collisions taking place on a different
region of the potential—most likely the longer-range OH(A)—
Kr well. As these collisions do not compete with electronic
quenching to the same extent as inelastic collisions do, there
will be less of a discrepancy between single surface theory
and experimental results for the elastic depolarization cross
sections.

Another possible reason for the discrepancy between ex-
periment and theory could be the assumption that the bond
length of the radical is fixed at its equilibrium value during
collision. This approximation has been used previously for
NO(A) with He and Ar"® and with OH(A) and Ar.'1 1516 For
NO(A) + He/Ar, there is good agreement between the theo-
retical and experimental depolarization cross sections. Simi-
lar levels of agreement are also observed in OH(A) + Ar un-
der thermal conditions and superthermal collision energies.'®
The potential wells in the NO(A)-Rg systems are <150 cm™!
and in OH(A)-Ar is 21700 cm~!.° Under these conditions,
the approximation of a fixed radical bond length still appears
to be valid. In these systems, it would appear that vibration
is fast enough to average out any possible changes of the
PES with the O-H internuclear distances, especially at low
collision energies. However, the well depth for OH(A)-Kr is
~6000 cm~!.!7 Therefore, the OH(A) bond length is more
likely to be perturbed when the krypton samples the attrac-
tive part of the PES. In addition to the effects of electronic
quenching on RET and depolarization, the validity of a fixed
OH bond length is something that might need to be considered
in future theoretical treatments of the OH(A) + Kr system.

V. CONCLUSIONS

Quantum beat spectroscopy has been used to study the
collisional disorientation and disalignment of OH(A) and
NO(A) with Kr. Total depolarization cross sections have been
presented for OH(A) + Kr and NO(A) + Kr under thermal
(300 K) conditions. The experimental results agree well with
theory for NO(A) + Kr, where the depolarization cross sec-
tions have been shown to fall with N. However, this agreement
between experiment and theory is not observed for OH(A)
+ Kr, where the total thermal depolarization cross sections
exhibit less of a dependence on N. This N-dependence has
been attributed to the importance of elastic depolarization
under thermal conditions in OH(A), which has also been
measured experimentally, and the anisotropy of the OH(A)
+ Kr PES. Discrepancies between theory and experiment for
OH(A) + Kr are believed to arise from the competition be-
tween electronic quenching and collisional (inelastic) depo-
larization, which is not accounted for in the single surface
theory. Surface-hopping QCT results in improved agreement
with experiment, although the underestimation of the extent
of quenching in the system leads to a failure to quantitatively
simulate the experimentally observed results. The inclusion
of the rotation mediated Coriolis coupling between the 2A’
and 1A” PES is likely to improve the agreement between the-
oretical and experimental results. Work is in progress in this
direction.

Finally, it is worth mentioning that at higher (superther-
mal) collision energies, at which the electronic quenching

J. Chem. Phys. 140, 054306 (2014)

cross sections are likely to be significantly smaller,’>"® the
agreement between the experiment and the theory improves
although still the theoretical values overestimate the depolar-
ization cross sections observed experimentally.
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