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We report the first systematic experimental and theoretical study of the state-to-state transfer of rota-
tional angular momentum orientation in a 2�-rare gas system. CN(X2�+) was produced by pulsed
266 nm photolysis of ICN in a thermal bath (296 K) of Ar collider gas. A pulsed circularly polarized
tunable dye laser prepared CN(A2�, v = 4) in two fully state-selected initial levels, j = 6.5 F1e
and j = 10.5 F2f, with a known laboratory-frame orientation. Both the prepared levels and a range
of product levels, j′ F1e and j′ F2f, were monitored using the circular polarized output of a tunable
diode laser via cw frequency-modulated (FM) spectroscopy in stimulated emission on the CN(A-X)
(4,2) band. The FM Doppler lineshapes for co-rotating and counter-rotating pump-and-probe ge-
ometries reveal the time-dependence of the populations and orientations. Kinetic fitting was used
to extract the state-to-state population transfer rate constants and orientation multipole transfer effi-
ciencies (MTEs), which quantify the degree of conservation of initially prepared orientation in the
product level. Complementary full quantum scattering (QS) calculations were carried out on recently
computed ab initio potential energy surfaces. Collision-energy-dependent tensor cross sections for
ranks K = 0 and 1 were computed for transitions from both initial levels to all final levels. These
quantities were integrated over the thermal collision energy distribution to yield predictions of the
experimentally observed state-to-state population transfer rate constants and MTEs. Excellent agree-
ment between experiment and theory is observed for both measured quantities. Dramatic oscillations
in the MTEs are observed, up to and including changes in the sign of the orientation, as a function of
even/odd �j within a particular spin-orbit and e/f manifold. These oscillations, along with those also
observed in the state-to-state rate constants, reflect the rotational parity of the final level. In general,
parity-conserving collisions conserve rotational orientation, while parity-changing collisions result
in large changes in the orientation. The QS calculations show that the dynamics of the collisions
leading to these different outcomes are fundamentally different. We propose that the origin of this
behavior lies in interferences between collisions that sample the even and odd-λ terms in the angular
expansions of the PESs. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821602]

I. INTRODUCTION

Collision induced rotational energy transfer (RET) is a
ubiquitous process in any gas-phase environment, and under-
standing this phenomenon is fundamental to the modeling of
a wide range of technological and natural environments.1 Par-
ticular interest has been paid to collisions of small open-shell
species, which are often found in combustion, plasma, atmo-
spheric, or astrochemical systems, such as OH, NO, or the
subject of this study, CN. These radicals are particularly suit-
able for study, as they are amenable to experiment, being rela-
tively easily produced and having well known and accessible
spectroscopy. Crucially, they are also small enough that their
collisions with rare gases may be the subject of quantum scat-
tering (QS) calculations on accurate ab initio potential energy

a)Electronic mail: m.l.costen@hw.ac.uk
b)Electronic mail: pjdagdigian@jhu.edu

surfaces (PESs). They have therefore been the subject of many
comparisons of experiment and theory, providing fundamen-
tal tests of the development of scattering theory and of the
PESs that underpin the scattering calculations.

Experimental measurements that explore the vector prop-
erties of a collision have been shown to be more sensitive
probes of the scattering dynamics than simple scalar measure-
ments of product rotational levels.2 Molecular beam based
methods have been extensively applied to study collisions of
the stable radical NO(X2�) with rare gas colliders, particu-
larly He and Ar.3–8 These experiments can provide high res-
olution differential scattering cross sections (DCS) with full
rotational and fine-structure state resolution, together with the
scattering angle dependence of the product rotational angular
momentum polarization,4, 5 and experiment and theory now
have essentially quantitative agreement for these systems.

Experiments using molecular beam methods to study re-
active or electronically excited radicals are substantially more

0021-9606/2013/139(12)/124304/12/$30.00 © 2013 AIP Publishing LLC139, 124304-1
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challenging, but recently NO(A2�+) + Ar/He9–11 DCS mea-
surements have been reported, together with associated QS
calculations. The OH(X2�) + Ar system has also been stud-
ied in elegant experiments applying hexapole state-selection
and a quadrupole electric field to orient the OH bond-axis
relative to the rare gas beam. Cross sections for the elas-
tic (�j = 0) reorientation of the OH angular momentum
were determined, displaying a strong propensity for conser-
vation of initial state.12 State-to-state DCSs in a conven-
tional crossed-beam apparatus have also recently been re-
ported for OH(X2�) + He/Ar.13 One substantial limitation
of these crossed-beam methods is that the collision energy is
generally substantially greater than the attractive well depth,
so that the measured dynamics is dominated by the repulsive
wall of the PES. While experimental advances, such as Stark
deceleration,14, 15 may offer a means to reduce the collision
energy, other experimental approaches can provide the means
to access vector properties of collisions in the thermal energy
range.

Another widely used experimental approach is optical-
optical double resonance (OODR) in a thermal bath of the
collider gas. A single rotational level of an excited state (vi-
brational, or more commonly electronic) is prepared by opti-
cal pumping. The collisional evolution of this prepared level
or of product levels is then observed by spectroscopy. This is
a standard approach used to measure rotational level specific
removal rate constants, or level-to-level population transfer
rate constants.1, 16 Polarized laser excitation will also result in
a prepared population with a laboratory-frame polarization of
the rotational angular momentum. This can be either oriented
or aligned, depending on the pump laser polarization. Polar-
ization resolution in the probe step then enables the measure-
ment of the collisional evolution of this orientation or align-
ment, either as depolarization of the initial rotational level, or
transfer of population to product levels with some retention of
polarization.

The different experimental approaches to the measure-
ment of this j.j′ vector correlation have been discussed
by us in a recent review article,17 which also summa-
rizes the rigorous relationships between experimental ob-
servables and scattering calculations that have recently been
derived.18–20 Our previous experiments in this area have fo-
cused on collisional depolarization of the initially prepared
level, usually termed “elastic depolarization”. This has in-
cluded using the third-order nonlinear Polarization Spec-
troscopy technique to study depolarization in OH(X2�) +
He/Ar/Xe,21–23 OH(X2�) + N2/O2,24 OH(A2�+) + He/Ar,25

and NO(X2�) + Ar.26 We have also applied OODR with
ns pulsed excitation and cw probe to study the elastic de-
polarization in CN(A2�) + Ar.27, 28 In the initial measure-
ments of the collisional removal of alignment the Edin-
burgh authors observed rapid depolarization of the initial
levels.28

Subsequently, more extensive measurements that in-
cluded collisional removal of orientation in Edinburgh, and
QS calculations on new ab initio PESs of the population and
polarization removal by the US authors, demonstrated that
this was not elastic depolarization.27 Although the collisional
depolarization of the orientation and alignment of the initially

prepared level is generally rapid, and is reproduced by master
equation modeling using the QS results, it was shown clearly
to be the result of multiple inelastic collisions. In this paper
we report the extension of this technique to study product-
level resolved transfer of orientation in single collisions of
CN(A) + Ar, and compare the experimental results to QS cal-
culations on the recently introduced PESs. To the best of our
knowledge, this is the first systematic initial and final level
resolved experimental and theoretical study of inelastic po-
larization transfer in an open-shell species, and in particu-
lar in an electronic state possessing non-zero orbital angular
momentum.

There have been a significant number of studies of
polarization transfer using OODR techniques since the
first experiments on the inelastic transfer of polariza-
tion were performed by McCaffery and co-workers in the
1970s.29–32 Many of the studies have been on electronic
states of singlet spin multiplicity, for example, Li2(A1�+

u ),32

BaO(A1�+),33 N2(X1�+
g ),34 C2H2(X1�+

g ),35 NaK(A1�+),36

and H2CO(Ã1A2).37, 38 Although some early work suggested
that the laboratory-frame polarization was strongly conserved
in inelastic collisions, in general this is not the case. In col-
lisions between singlet states and inert gas partners, the po-
larization is observed to be conserved along the kinematic
apse, a = (k′ − k)/(|k′ − k|), consistent with a rigid or hard-
shell collision.39 When scattering is strongly in the forward
direction, likely for small �j transfer, the apse direction will
lie close to k and k′. Conservation in the apse-frame then
corresponds to conservation in the collision-frame, and since
the k.k′ angle is small this results in strong laboratory-frame
conservation. In contrast, when scattering is across a wider
range of k.k′ angles in the sideways and backwards direc-
tions, for example, for large �j transfer, the kinematic apse
typically lies at a wide range of angles to k. In this case, con-
servation in the apse-frame no longer results in strong con-
servation in the laboratory-frame, although some laboratory-
frame product polarization is usually observed. Only when
a strongly attractive potential is present, for example, when
the collision partner is reactive, as in the NaK(A1�+)
+ K exchange process, is essentially complete depolarization
observed.36

Collisions of open-shell systems present additional com-
plexity to the scattering problem, with the possibility of a
strong dependence of the scattering on the fine structure of
the initial and final levels. The simplest example of this is
with spin-rotation (SR) coupling in � electronic states with
non-zero total electron spin S. As first shown by Alexander
and Davis,40 the electron spin is a spectator to the collision,
which reorients the rotational angular momentum of the nu-
clear motion, N. The spin S subsequently recouples to N af-
ter collision to form the fine-structure levels. The direction
in space of S does not change in the collision, and hence for
a collision to cause a change in fine-structure state it must
change the direction of N. Collisions that cause substantial
reorientation of N therefore also result in SR transfer. This
effect has been observed by Brouard and co-workers in their
recent series of experiments and associated scattering calcu-
lations on the OH(A2�+) + Ar/Kr and NO(A2�+) + He/Ar
systems.20, 25, 41–45
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Non-zero electronic orbital angular momentum intro-
duces the additional complexity of both spin-orbit and
�-doublet fine structure splittings. For a 2� electronic state,
the spin-orbit levels, with body-frame projection of the angu-
lar momentum � = 1/2 or 3/2, are labeled F1 and F2, with
F1 lower in energy. In each spin-orbit manifold, the rotational
levels appear in nearly-degenerate pairs, called �-doublets.
The parity p of these �-doublets depends on the rotational
angular momentum j and the symmetry index46 ε of the �-
doublet, with p = ε(−1)j–1/2. The �-doublets with ε = +1
are given the spectroscopic label e, while those with ε = −1
are labeled as f.47 Hence, within a particular �-doublet man-
ifold the total parity p alternates as a function of j, while e/f
�-doublet pairs with the same j have the opposite parity.

The approach of a rare gas atom toward a molecule in a
2� electronic state results in two separate adiabatic PESs, of
A′ and A′′ symmetry with respect to reflection in the triatomic
plane. QS calculations are most conveniently performed in a
diabatic basis,46, 48 with Vsum and Vdif PESs defined as

Vsum (R, θ ) = 1

2
[VA′′ (R, θ ) + VA′ (R, θ )] , (1a)

Vdif (R, θ ) = 1

2
[VA′′ (R, θ ) − VA′ (R, θ )] , (1b)

where R is the atom-molecule separation and θ is the angle
between R and the diatomic axis r. In the Hund’s case (a)
coupling limit, scattering within a single spin-orbit manifold
is controlled by the Vsum PES, while the Vdif PES controls
scattering between different spin-orbit manifolds. In the ma-
jority of systems, and particularly as j increases, the case (a)
limit will no longer apply, and both the Vsum and Vdif PESs
will contribute to the scattering within and between spin-orbit
manifolds.49 A significant result of this analysis is the deriva-
tion of rotational parity propensity rules for inelastic scatter-
ing in 2� + Rg (Rg = rare gas) systems. This is seen most
clearly if the PESs are expanded in reduced rotation matrix
elements46

Vsum (R, θ ) =
λmax∑
λ=0

Vλ0 (R) dλ
00 (θ ), (2a)

Vdif (R, θ ) =
λmax∑
λ=2

Vλ2 (R) dλ
20 (θ ), (2b)

which defines the radial expansion coefficients Vλ0(R) and
Vλ2(R). It is then found that the scattering amplitude for rota-
tional parity-conserving transitions arises from only the even-
λ terms of the expansions, while the parity-changing colli-
sions result from the odd-λ terms.48, 49 The even and odd terms
of the angular expansions often have very different depen-
dences on R, which gives rise to a strong parity dependence of
the population transfer cross sections in 2� + Rg collisions,
first seen experimentally for CaF(A2�) + Ar and He by Du-
four et al.50

Polarization transfer in 2� + Rg collisions was first con-
sidered by Alexander and Orlikowski for the NO(X2�) + Ar
system.51 This work introduced the multipole transfer effi-
ciency (MTE) as a measure of the polarization transferred and
rigorously showed how these MTEs could be calculated in QS

calculations. The MTE, E(K)( j, j′), can be defined in terms of
the ratio of the cross section for transfer of a moment of rank
K of the angular momentum distribution, σ

(K)
j→j ′ , to the pop-

ulation transfer tensor cross section, σ
(0)
j→j ′ (or the equivalent

ratio for rates or rate constants):17, 19, 20

E(K)
(
j, j ′) = σ

(K)
j→j ′

σ
(0)
j→j ′

. (3)

The MTE for the lowest orientation moment, K = 1, has
the limits −1 ≤ E(K=1)( j, j′) ≤ + 1, where the positive limit
corresponds to complete conservation of the initial orienta-
tion and the negative limit corresponds to conservation of the
magnitude, but change in the sign of orientation. Alexander
and Orlikowski found a strong �-doublet dependence to the
orientation MTE, involving either conservation or change in
the sign of the laboratory-frame orientation. However, de-
spite this surprising prediction, no experiments have been per-
formed to date to test this on the NO(X) + Ar system.

To the best of our knowledge, the only prior experimen-
tal measurements of MTE for collisions of a 2� system, other
than our own,28 are those of Field and co-workers on the
CaF(A2�) + Ar system.52 In these OODR experiments, they
prepared CaF purely in the A2�1/2 j = 0.5f, m = +0.5 level
by cw laser circularly polarized pump excitation, and then
probed the A2�1/2 j′ = 0.5e, 1.5f, and 1.5e product levels with
left and right polarized cw LIF. They observed a strong final
level dependence of the product orientation, with the parity-
conserving transfer ( j′ = 1.5f) resulting in products with the
same sign of orientation as the initial level, while the parity-
changing transfer ( j′ = 0.5e and 1.5e) resulted in products
with the opposite sign of orientation. This corresponds to a
positive MTE for the parity-conserving collisions and a neg-
ative MTE for the parity-changing collisions, exactly as pre-
dicted earlier by Alexander and Davis,53 and clearly related
to the behavior observed in the NO(X2�) + Ar system by
Alexander and Orlikowski.51

The CN(A2�) + Ar system has been the subject of mul-
tiple previous studies of state-to-state population transfer by
both experiment and QS calculations. In particular, Dagdi-
gian, Alexander, and Yang have performed systematic exper-
iments and calculations measuring transfer at a fully state-
resolved ( jFε → j′F′ε′) level for the v = 3 level both near
the peak of the rotational distribution ( j = 6.5) and at very
high j (N = 60).54–56 The Edinburgh authors have previously
published some limited measurements of state-to-state popu-
lation transfer in the v = 4 level using the technique applied
in the work presented here, along with the only previous mea-
surements of polarization transfer, in that case of alignment,
in CN(A) + Ar.28 In all of these studies of population transfer,
rotational parity-dependent effects were observed in the state-
to-state rate constants, as predicted by the propensity rules.48

In this work, we present a systematic experimental and the-
oretical study of the fully state-resolved transfer of popula-
tion and orientation from two initial levels, j = 6.5 F1e and
j = 10.5 F2f, to a wide range of rotational product levels in
both spin-orbit conserving and changing transitions, which
cover both parity-conserving and parity-changing transitions
in each case.
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II. METHODOLOGY

A. Experimental

The experimental apparatus has been described in de-
tail previously.27, 28, 57–59 The experiments were performed in
a 2 m long longitudinal vacuum chamber, within a region
shielded by a μ-metal cylinder to isolate the sample from
stray magnetic fields.60 A mixture of ICN (≤5 mTorr) and
Ar (research grade, BOC) was flowed slowly through the
chamber, with the total pressure maintained at either 400
± 5 mTorr ( j = 10.5 F2f) or 440 ± 5 mTorr ( j = 6.5 F1e).
The ICN was photolyzed at 266 nm using a Nd:YAG laser
(Continuum Surelite III-10) to produce CN(X2�+, v = 0).
A post-photolysis delay of 30 μs ensured thermalization of
the nascent translational and rotational distributions, and that
the strong rotational alignment of CN(X) produced in this
photolysis59, 61 was destroyed.

The strongly saturating output (≈65 mJ cm−2) of a
Nd:YAG pumped dye laser (Spectron SL803/SL4000) was
co-propagated along the photolysis beam, and tuned to either
the R1(5.5) or P2(11.5) transition of the CN A2� – X2�+ (4,0)
band, preparing an oriented sample of CN A2�(v = 4) j = 6.5
F1e or j = 10.5 F2f, respectively. The pump beam polariza-
tion was switched between left- and right-handed circular by
a photo-elastic modulator (PEM-80, Hinds Inc.) immediately
before the vacuum chamber. The timing of the photolysis and
pump laser pulses relative to the PEM compression cycle was
controlled by a digital delay generator (SRS DG535), under
experimental software control.

Both the initially prepared and RET final (|�j| ≤ ± 5)
CN(A2�, v = 4, jFε) levels were probed by frequency-
modulated (FM) stimulated emission using an external cav-
ity tunable diode laser (Sacher GmbH, TEC520) on selected
R1, P2, and R2 + PQ21 rotational transitions of the A2�–
X2�+ (4,2) band between 827 and 835 nm. Note that al-
though the probe is in stimulated emission, we have retained
the nomenclature of absorption here, for consistency with
the spectroscopy in the pump step. The circularly polarized
FM probe beam counter-propagated the photolysis and pump
beams in a double-pass configuration, and was detected by a
1 GHz photo-receiver (New Focus, 1601FS-AC). The probe
laser beam was step-scanned across the transition of inter-
est in 100 MHz increments, and the transient in-phase (I)
and quadrature (Q) signals were independently averaged (20–
50 laser shots) using a digital storage oscilloscope (LeCroy
LT342). A scanning Fabry-Perot interferometer (CVI Techni-
cal Optics, free spectral range 2 GHz) was used to monitor
the modulated diode beam, and the recorded output was sub-
sequently used to linearize the frequency scale of the spectra.

At each wavelength step the pump laser polarization was
switched between left- and right-handed circular, giving two
experimental geometries that we refer to as co-rotating (co)
and counter-rotating (con), respectively. The photolysis of
ICN at 266 nm produces a small fraction of CN X2�+ in
v = 2,62 resulting in a background absorption signal. Addi-
tional I&Q transient signals were therefore acquired at each
wavelength step and for each polarization in the absence
of the pump pulse. Hence, at each probe wavelength step,
four sets of I&Q transient signals were acquired sequentially:

pump-induced signal and background for the first geometry;
followed by pump-induced signal and background for the sec-
ond geometry. To minimize systematic errors arising from
slow drifts in the pump laser wavelength, spectra were ac-
quired alternately for the prepared and the product states.

B. Quantum scattering calculations

With QS calculations we have determined energy de-
pendent state-to-state tensor cross sections for collisions
of CN(X2�) with Ar. The PESs used is described in our
previous study of CN(X2�)–Ar collisional depolarization.27

Close-coupling calculations were carried out with the HIB-
RIDON suite of programs,63 which was recently extended
to include calculation of tensor cross sections for open-shell
molecules.18 The state-to-state tensor cross section of rank K
for a molecule in a 2� electronic state is given by18, 32, 40

σ
(K)
jFε→j ′F ′ε′ = π

k2
jFε

∑
JJ ′
ll′

[J ][J ′](−1)l+l′−j−j ′+2J

{
j j K

J J ′ l

}

×
{

j j K

J J ′ l′

}
T J

jFεl,j ′F ′ε′l′
(
T J ′

jFεl,j ′F ′ε′l′
)∗

,

(4)

where kjFε is the wavevector of the initial level, J is the to-
tal angular momentum, l is the orbital angular momentum,
[x] = 2x + 1, the term in curly brackets is a 6j symbol,64

and the T are T-matrix elements, expressed in the space-fixed
frame. It should be noted that the K = 0 tensor cross sections
are related to the familiar integral cross sections in the follow-
ing way:18

σj→j ′ = ([j ′] / [j ])1 / 2σ
(0)
j→j ′ . (5)

In the scattering calculations, care was taken to include
a sufficient number of both energetically closed channels and
partial waves to ensure convergence of the cross sections. At
the highest energies considered (2000 cm−1), the rotational
basis included all levels with j ≤ 25.5, and the scattering cal-
culations included all total angular momenta J ≤ 400.5 ¯. For
the calculation of thermal rate constants, the cross sections
were computed over a grid of collision energies, up to total
energies of 2000 cm−1 and averaged over a room-temperature
(T = 298 K) Maxwellian distribution of relative velocities.65

III. RESULTS

A. Experimental results

The one-photon linear FM probe method is only sensi-
tive to moments of rank K = 0, 1, and 2,66 and in an isotropic
collision environment moments of different rank evolve in-
dependently as a function of time.67 Optical excitation im-
poses cylindrical symmetry upon the prepared distribution
and the observed signal depends on population, A

(0)
0 ; orien-

tation, A
(1)
0 ; and alignment, A

(2)
0 , moments, of which the latter

two have conventional high-j limits of −1 and +1, and −1 and
+2, respectively.68 The probe sensitivity to these moments
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depends on both the spectroscopic branch used and the rel-
ative polarizations of the pump and probe lasers. The two ge-
ometries used in this work, co and con, have integral intensi-
ties, Ico and Icon, given in Eq. (6).

I(co)(con) = ES

3(2j + 1)
A

(0)
0

[
1 − 1

2
h(2)(j )A(2)

0 ± 3

2
h(1)(j )A(1)

0

]
,

(6)

where the (+) sign refers to Ico and the (−) sign refers to
Icon. The experimental sensitivity to parameters such as op-
tical path length, absolute number density, and detector re-
sponse is contained in the parameter E, S is the rotational line
strength factor, and h(K)( j) is the rotational branch sensitivity
to the moment of rank K.69, 70

There are three independent parameters in Eq. (6), of
which two, A

(0)
0 and A

(2)
0 , are detected with equal sensitiv-

ity in the two geometries used. The orientation we wish to
determine appears as either an addition to, or a subtraction
from, an overall intensity determined by A

(0)
0 and A

(2)
0 . Time-

dependent changes in the alignment term A
(2)
0 , for example,

from collisional alignment transfer, can thus result in appar-
ent changes in the measured time-dependence of the orienta-
tion. This will only be a significant perturbation to the mea-
sured orientation if the alignment-dependent term contained
within the square brackets in Eq. (6) is large relative to the
population term within the brackets, i.e., is significant com-
pared to unity. In our previous linear pump and probe mea-
surements, as a result of the saturation of the pump step, the
typical prepared alignment was A

(2)
0 ≈ −0.3.27 Using circular

pump polarization introduces an additional geometrical factor
of −1/2, and h(2)(j ) ≈ −1/2 for the P and R branches probed.
The alignment contribution to the term in Eq. (6) contained in
the square brackets is therefore

− 1

2
h2(j )A(2)

0 ≈ −1

2

(
−1

2

) (
−1

2

)
(−0.3) ≈ + 3

80
. (7)

Since this is small compared to unity, we have assumed in the
analysis that follows that this alignment contribution to the
overall intensity can be set to zero. Trial analysis of experi-
mental data sets (using the procedure described in the follow-
ing paragraph) with the alignment contribution fixed at the
value given by Eq. (7) were also performed and were found
to be consistent within experimental uncertainty to those in
which this contribution was neglected.

The experimental data were analyzed as FM Doppler line
shapes in custom-written LabVIEW R© routines. The acquired
FM background 2D arrays were first subtracted from the cor-
responding signal arrays for each experimental geometry. The
background-subtracted I&Q arrays were then rotated to yield
pure stimulated emission (SE) and dispersion (D) arrays.71

FM Doppler line shapes for sequential 10 ns averages of the
SE and D signals for each geometry were constructed, with
the wavelength axis linearized using the acquired monitor
etalon traces.

Gaussian Doppler profiles for the two geometries were
simulated from assumed A

(0)
0 and A

(1)
0 moments with inten-

sities given by Eq. (6). The simulated profiles were then
transformed into FM SE and D line shapes and simulta-

neously least-squares fitted using the Levenberg-Marquardt
(LM) method to the experimental FM line shapes, optimizing
the A

(0)
0 and A

(1)
0 moments. For the initial levels, the trans-

lational temperature was also optimized. The temperature of
these levels decreased from a slightly elevated initial temper-
ature (≈330 K), typically by 40–50 K over the first 500 ns, as
a consequence of the more rapid collisional removal-rate of
the faster-moving CN within the Maxwell-Boltzmann distri-
bution. At later times the initial level temperatures recovered
to the room-temperature average, 296 K. The lower signal-
to-noise ratio for the transferred levels resulted in unphysical
and unstable oscillations in the fitted temperature for the 10 ns
average profiles. Fitting of 100 ns averages resulted in best-fit
temperatures consistent with the room-temperature of 296 K,
and hence the transferred levels were subsequently fitted with
the translational temperature fixed at this value. Representa-
tive data and fits for the stimulated emission FM line shapes
are shown for the two initial levels and selected product lev-
els in Fig. 1, where for the purposes of presentation the first
100 ns post-pump signal has been averaged. This Doppler
profile analysis yielded the time dependence of the popula-
tion and orientation, providing kinetic traces for subsequent
fitting.

In our previous work,27 we showed that the population
and orientation or alignment of the initial level could be well
described by a simple 3-level kinetic model. In principle,
that model could be straightforwardly extended to describe
the time dependence of the population and orientation of the
product levels. However, in practice it was found that the ob-
served signal to noise ratio of the product levels was not high
enough to support such a model and the large number of as-
sociated parameters. We have therefore restricted our fitting
to short delay times where the CN will have undergone one
or a few collisions and have simplified the kinetic modelling
accordingly.

Assuming that only a single collision has occurred, trans-
ferring molecules from j to j′, the population of the product
level at time, t, will be given by

A
(0)
0 (j ′; t) = A

(0)
0 (j ; t = 0)

[
�

(0)
j→j ′

�
(0)
j,tot

] (
1 − e−�

(0)
j,tott

)
. (8)

Here A
(0)
0 (j ; t = 0) is the population of the initial level at

t = 0, �(0)
j,tot is the total population removal rate from the initial

level and �
(0)
j→j ′ is the rate of population transfer from the ini-

tial level to the product level which we wish to find. We find
the first two of these by fitting the kinetic trace for population
of the initial level j to the three-level kinetic model discussed
in our recent CN(A) + Ar depolarization paper.27 This simple
multiple collision model includes reversible transfer of pop-
ulation from j to nearby rotational levels j′, described by the
rates �

(0)
j→j ′ and �

(0)
j ′→j , and irreversible loss from both of these

levels to distant levels, e.g., in energy, angular momentum, or
even vibrational or electronic state, jx, described by the rates
�

(0)
j→jx

= �
(0)
j ′→jx

. The (well determined) total removal rate

�
(0)
j,tot is then the sum of �

(0)
j→j ′ and �

(0)
j→jx

, while A
(0)
0 (j ; t = 0)

is proportional to the overall signal size. Since the initial
and product experimental scans were performed back-to-back
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FIG. 1. Stimulated emission FM Doppler profiles for preparing (a) the
j = 6.5 F1e initial level on the R1(5.5) transition and (b) the j = 10.5 F2f
initial level on the P2(11.5) transition. For the j = 6.5 F1e initial level, the
probed final levels are (a)(i) the initial level probed on the R1(5.5) transition,
(a)(ii) the j = 6.5 F2f level (�j = 0) probed on the R2(5.5) + RQ21(6.5) tran-
sition, and (a)(iii) the j = 5.5 F2f level (�j = −1) probed on the P2(6.5)
transition. For the j = 10.5 F2f initial level, the probed final levels are (b)(i)
the initial level probed on the P2(11.5) transition, (b)(ii) the j = 10.5 F1e
level (�j = 0) probed on the R1(9.5) line, and (b)(iii) the j = 9.5 F1e level
(�j = −1) probed on the R1(8.5) transition. The final levels shown involve
spin-orbit and �-doublet changing transitions. Each profile is a 100 ns aver-
age slice at early times (for clarity). Open points are co-rotating, filled points
counter-rotating and the solid lines are fits to the data, as explained in the
text.

under stable conditions, and the rotational line strengths were
included in the data analysis to generate the kinetic traces,
these proportionality constants are the same for the initial and
final levels. We thus use �

(0)
j,tot and A

(0)
0 (j ; t = 0) in a fit to

Eq. (8) to determine �
(0)
j→j ′ , fitting to the first 200 ns of the

product level population kinetic trace, which at the pressure
used is the approximate average collision time, based on the
observed total removal rates �

(0)
j,tot.

The MTE that we seek to measure is defined as

E(1)(j, j ′) = A
(1)
0 (j ′; t = 0)

A
(1)
0 (j ; t = 0)

, (9)

which is simply the ratio of the product level to initial level
orientation at time t = 0.17, 19, 20, 51 The orientation of the ini-
tial level at t = 0, A

(1)
0 (j ; t = 0), can be found by fitting the

orientation kinetic trace for j to the 3-level model previously
described for depolarization.27 The orientation of the product
level is, of course, ill-defined at t = 0, as at this time no popu-

lation has been transferred. At early times when the majority
of the CN has undergone either zero or one collision, e.g.,
in the first 100 ns, the orientation is still poorly determined.
However, as population is transferred into the product level
and the orientation gradually becomes better determined, it
is simultaneously being reduced in magnitude as a result of
multiple collisions. The problem is therefore to extrapolate
the measured orientation at later times back to t = 0. The sim-
plest model that could successfully fit the orientation kinetic
traces was found to be a single exponential decay. We have
therefore fitted the measured time-dependent transferred ori-
entation to this form,

A
(1)
0 (j ′; t) = A

(1)
0 (j ′; t = 0)e−〈�(1)

dep〉t , (10)

by varying the phenomenological orientation depolarization
rate, 〈�(1)

dep〉, and initial orientation, A
(1)
0 (j ′; t = 0). The range

of orientation data fitted was varied depending on the signal
to noise, but was typically 100 ns ≤ t ≤ 500 ns. We place no
significance on the value of 〈�(1)

dep〉 and do not report or discuss
it further.

In practice, these fitting procedures were performed by
a single custom-written LabVIEW R© routine. The population
and orientation kinetic traces for an initial and product level
that had been recorded in sequence without change to the ex-
perimental conditions were analyzed together, with the ini-
tial level population and orientation traces fitted to the 3-level
model as outlined above. The obtained parameters: �

(0)
j,tot,

A
(0)
0 (j ; t = 0), and A

(1)
0 (j ; t = 0), were passed to subsequent

algorithms that fitted the transferred population and orienta-
tion to find �

(0)
j→j ′ , A

(1)
0 (j ′; t = 0), and hence E(1)( j, j′). In

each case a LM minimization routine was used to perform
the fitting, with weighting by statistical deviation of the data.
Figure 2 shows representative data and fits for both initial lev-
els and a pair of product levels; these are the kinetic traces
arising from the raw spectra and fits shown in Fig. 1. In both
Figs. 2(a) and 2(b) the orientation prepared in the initial level
is significantly smaller in magnitude than the limiting value
of ±1, the result of the strong saturation of the pump step.72

The transferred orientations are smaller in magnitude again,
as is required by the limits of E(1)( j, j′), and are clearly de-
pendent on the final state. Strikingly, the orientation result-
ing from �j = 0, spin-orbit and parity-changing transfer from
j = 6.5 F1e is of the opposite sign to that initially prepared,
which we return to in the discussion below.

For each product rotational level, multiple independent
measurements taken on different days were fitted separately.
The resulting rates, �

(0)
j→j ′ , were converted to state-to-state

rate constants, k
(0)
j→j ′ , assuming that the pressure of ICN was

negligible, and hence that the total pressure measured repre-
sented the number density of the Ar collider, [Ar]:

�
(0)
j→j ′ = k

(0)
j→j ′[Ar]. (11)

These independent multiple measurements of k
(0)
j→j ′ , and

the state-to-state MTEs, were then averaged. The results of
this process are shown in Fig. 3 for transfer from the initial
state j = 6.5 F1e and in Fig. 4 for transfer from the initial state
j = 10.5 F2f, with 2σ standard errors from the independent
multiple measurements.
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FIG. 2. Kinetic traces of the population (top panels), scaled as shown for the
product levels, and orientation (lower panels) for preparing the (a) j = 6.5
F1e and (b) j = 10.5 F2f initial levels. The data points are 10 ns averages of
the direct line (black), �j = 0 (red), and �j = −1 (blue) spin-orbit and �-
doublet changing transitions, respectively. The solid lines are fits to the data
according to the kinetic scheme outlined in the text, extrapolated to t = 0 ns
for the product level orientation. Note that the fits to the transferred popula-
tion traces are similar enough to be indistinguishable for these particular data
sets.

FIG. 3. (a)(i) and (b)(i) Bimolecular rate constants, k
(0)
j→j ′ , for the transfer

of population from the j = 6.5 F1e level. (a) Spin-orbit and �-doublet con-
serving collisions to j′ F1e levels and (b) spin-orbit and �-doublet changing
collisions to j′ F2f levels, as a function of �j = j′ − j. (a)(ii) and (b)(ii)
The orientation multipole transfer efficiency, E(1)( j, j′), for the same tran-
sitions. Open points are averages of 4–5 experimental measurements to-
gether with the 2σ standard error of the mean, filled points are from the QS
calculations.

FIG. 4. (a)(i) and (b)(i) Bimolecular rate constants, k
(0)
j→j ′ , for the transfer

of population from the j = 10.5 F2f level. (a) Spin-orbit and �-doublet con-
serving collisions to j′ F2f levels and (b) spin-orbit and �-doublet changing
collisions to j′ F1e levels as a function of �j = j′ − j. (a)(ii) and (b)(ii) The
orientation multipole transfer efficiency, E(1)( j, j′), for the same transitions.
Open points are averages of 4–5 experimental measurements together with
the 2σ standard error of the mean, filled points are the results of the quantum
scattering calculations.

B. QS calculations

Tensor cross sections for CN(A2�,v = 4)–Ar collisions
were computed for transitions out of the j = 6.5 F1e and
j = 10.5 F2f initial levels. The cross sections were computed
as a function of the collision energy, in order to allow calcu-
lation of the corresponding state-to-state rate constants.

Figure 5 presents energy dependent K = 0 and 1 ten-
sor cross sections for several of the strongest transitions (|�j|
≤ 2 to all fine-structure/�-doublet levels) out of the j = 10.5
F2f initial level to F2f and F1e final levels. It can be seen in
Figs. 5(a) and 5(c) that the K = 0 tensor cross sections for
exoergic transitions are large at low collision energies and de-
crease with increasing collision energy. This behavior is sim-
ilar to that which was found27 for the CN(A2�)–Ar elastic
depolarization cross sections, although the dependence upon
collision energy is larger for the elastic depolarization cross
sections. It can be seen in Fig. 5(a) the endoergic cross sec-
tions (i.e., �j = +1 and +2) rise rapidly from their respective
energy thresholds.

The K = 1 tensor cross sections for fine-structure con-
serving transitions, displayed in Fig. 5(b), show a similar
dependence upon the collision energy as the corresponding
K = 0 tensor cross sections [Fig. 5(a)], and the magnitudes
of the former and latter are somewhat similar. By contrast,
the K = 1 tensor cross sections for fine-structure chang-
ing transitions [Fig. 5(d)] show a different behavior than the
corresponding K = 0 tensor cross sections [Fig. 5(c)]. The
�j = +1 cross section has a similar dependence upon col-
lision energy as the corresponding K = 0 cross section, al-
though the magnitude of the K = 1 cross section is much less.
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(b) F2f final levels
Δ j= –2
Δ j= –1
Δ j= +1
Δ j= +2

(c) F1e final levels

Δ j= –2
Δ j= –1
Δ j=   0
Δ j= +1

(d) F1e final levels
Δ j= –2
Δ j= –1
Δ j=   0
Δ j= +1

(a) F2f final levels

Δ j= –2
Δ j= –1
Δ j= +1
Δ j= +2

FIG. 5. Computed state-to-state tensor cross sections for transitions from the j = 10.5 F2f initial level in collisions of CN(A2�,v = 4) with Ar as a function of
the collision energy. (a) K = 0 tensor cross sections to F2f final levels, (b) K = 1 tensor cross sections to F2f final levels, (c) K = 0 tensor cross sections to F1e
final levels, and (d) K = 1 tensor cross sections to F1e final levels.

The K = 1 cross section for the �j = −1 transition is fairly
small and has a weak collision energy dependence. The K = 1
cross sections for even-�j fine-structure changing transitions
(�j = 0 and −2) have a very different dependence upon col-
lision energy and are predominantly negative. (Recall that the
K > 0 tensor cross sections can be positive or negative.)

The state-to-state rate constants, k
(0)
j→j ′ , and multipole

transfer efficiencies, E(1)( j, j′) [Eq. (9)], were calculated by
thermally averaging the state-to-state tensor cross sections.65

These computed quantities are plotted along with the experi-
mental results in Figs. 3 and 4, respectively.

IV. DISCUSSION

A. Population transfer

We first briefly discuss the state-to-state population trans-
fer results, k

(0)
j→j ′ . Figures 3 and 4 in general show excel-

lent agreement between experiment and theory in both over-
all magnitude and in the state-to-state propensities. There are,
however, several discrepancies between experiment and the-
ory. First, as shown in Fig. 3(a)(i), the experimentally de-
termined cross sections for �j > 0 from the j = 6.5 F1e

level are substantially larger than those predicted by the-
ory. We believe this is partly due to an experimental artifact,
the result of an accidental spectroscopic near-overlap in the
pump step. The formation of the R-branch band head of the
CN(A-X)(4,0) band results in the R1(5.5) and R1(10.5) transi-
tions being separated by �ν = 0.24 cm−1. Under the saturated
pump conditions we have previously measured the effective
full width at half maximum bandwidth of our pump laser to be
�ν ≈ 0.5 cm−1,57, 58 and hence when the pump laser was
centered on the R1(5.5) transition some pump laser overlap
with the R1(10.5) transition occurred, which resulted in the
preparation of a small population in j = 11.5 F1e. Population
transfer from this initial level would be expected to be most
probable into the j′ = 7.5–9.5 F1e product levels for which
the largest experiment-theory disagreement is observed. Di-
rect measurement of the j = 11.5 F1e level indicated that the
prepared population was typically ≈10% of that prepared in
the desired j = 6.5 F1e level. Under these conditions we ex-
pect that its contributions to any of the other observed product
levels are likely to have been small compared to the reported
experimental errors. In principle an attempt could have been
made to subtract a weighted contribution of either experi-
mental measurements or QS calculations originating from this
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j = 11.5 F1e level from the results presented in Fig. 3. How-
ever, substantial variations in the relative magnitudes of the
population and orientation prepared in j = 11.5 F1e are likely
to have occurred from scan-to-scan, as a result of the acciden-
tal and un-optimised nature of the pump process. We there-
fore decided that separate measurements preparing a different
initial state via an isolated transition, together with appropri-
ate QS calculations, would provide more robust evidence of
the scattering dynamics. The P2(11.5) transition used to pre-
pare the j = 10.5 F2f level is separated by >1 cm−1 from the
nearest transition, and further isolated from transitions that
terminate in levels energetically close to j = 10.5 F2f. We are
therefore confident that excitation on this transition uniquely
prepared j = 10.5 F2f.

Second, Figs. 4(a)(i) and 4(b)(i) show a small but sys-
tematic disagreement in the absolute magnitude of k

(0)
j→j ′ for

transfer from j = 10.5 F2f. Here, theory predicts rate constants
which are larger than experiment for nearly all of the observed
product levels. This is consistent with the small (∼15%) sys-
tematic over-prediction of the total removal rate constants re-
ported in our previous study and may result from a slight over-
estimate of the anisotropic range of the PESs.27

There are substantial alternations in the state-to-state rate
constants k

(0)
j→j ′ with even/odd-�j, which are superimposed

on the commonly observed decrease of the rate constants with
increasing |�j|.16 In Figs. 3(a)(i) and 4(a)(i) for the even-�j
spin-orbit and �-doublet conserving transitions the modula-
tion depth is greater than observed for the odd-�j spin-orbit
and �-doublet conserving transitions. The converse is ob-
served in Figs. 3(b)(i) and 4(b)(i) for the spin-orbit and �-
doublet changing transitions, where odd �j are favored.

These alternations reflect conservation of the parity:
transfer between levels of the same parity is found to be
more favourable than transfer that involves a change in parity.
This effect has been previously observed, generally for colli-
sions of molecules in 2� electronic states,50 and more specif-
ically in collisions of CN(A) RET with Ar and He.73–75 The
most comparable previous measurement is the relative state-
to-state RET rate for relaxation of the adjacent vibrational
level CN(A, v = 3) in collision with Ar, starting from the
j = 6.5 F1e level, with which we see excellent agreement.56

As noted in the Introduction, collisions that conserve total
parity can be shown to arise from the even-λ components in
the angular expansion of the PESs, while those that change
parity result from the odd-λ components.48, 49 The CN(A)-Ar
PESs are dominated by even-λ terms in the angular expan-
sions [Eqs. (2a) and (2b)],27, 55 often described as being “near
homonuclear.” This results in a strong propensity for conser-
vation of the parity and hence the observed strong even/odd
k

(0)
j→j ′ alternations. The good agreement between theory and

experiment here is therefore strong evidence that the PESs
accurately reproduce the even/odd nature of the CN(A) + Ar
interaction.

B. Orientation transfer

We now turn to the main focus of this paper, the state-
to-state transfer of rotational orientation, as measured by the
multipole transfer efficiency (MTE), E(1)( j, j′). We remind the

reader that this quantity ranges between −1 and +1, where
+1 represents complete conservation of the orientation of the
initial level, zero represents net-zero product orientation, and
−1 represents conservation in magnitude but reversal of the
sign of the orientation in the product relative to that in the
initial level.

Figures 3 and 4 show excellent agreement between ex-
periment and theory in both the qualitative trends and the
quantitative values of the MTEs. Broadly similar behavior is
seen for both the j = 6.5 F1e and j = 10.5 F2f initial lev-
els, confirming that the observations are a general feature
of the CN(A) + Ar scattering dynamics. In each case, the
MTEs show stronger conservation of initial orientation for
spin-orbit conserving, compared to spin-orbit changing, tran-
sitions, with this propensity being more pronounced for the
j = 10.5 F2f initial level. However, the most striking observa-
tion is the strong oscillations in the state-to-state MTEs as a
function of �j, which on closer examination are found to de-
pend on whether or not parity has been conserved, similar to
the alternation in the state-to-state rate constants discussed in
Sec. IV A.

In general, transfer that conserves the parity also tends to
conserve the initially prepared orientation and results in pos-
itive MTEs, although these are generally less than unity, re-
flecting some depolarization. In contrast, transfer that results
in a change in parity generally results in MTEs that are sub-
stantially smaller in magnitude, or as shown in Fig. 3(b)(ii),
even negative. We reiterate the unexpectedness of this obser-
vation: Single collisions in an isotropic environment of a sam-
ple prepared with an initial laboratory-frame sense of rotation
are found to result in product levels that for specific combi-
nations of the initial and final levels rotate with the opposite
laboratory-frame sense of rotation! These results hence sug-
gest that the parity dependent oscillations in the MTE of the
type observed by Norman and Field,52 for a very restricted
range of initial and final levels in CaF(A2�) + Ar, may be a
more general feature of 2� + Rg collisions.

This excellent agreement between the QS calculations
and the experimental results encourages us to look at the
calculations in more depth. Figures 5(a) and 5(b) show the
K = 0 and K = 1 tensor cross sections for parity-conserving
and changing transitions to a range of spin-orbit conserving
product levels from the j = 10.5 F2f initial level, as a function
of the collision energy. The collision energy dependences of
the respective K = 0 and K = 1 cross sections for a given
spin-orbit conserving transition are very similar in form, al-
though the absolute magnitudes of the K = 1 cross sections
are slightly smaller. This implies a MTE that is largely con-
stant (and near unity) as a function of collision energy for
these transitions, and that does not vary greatly with the par-
ity of the final level, consistent with the thermally averaged
MTEs for these transitions shown in Fig. 4. In contrast, much
larger differences in the relative K = 0 and K = 1 cross sec-
tions for different product levels are observed in Figs. 5(c)
and 5(d), when spin-orbit changing transitions are considered.
Here, for parity-conserving final levels, the collision energy
dependences of the cross sections for K = 0 and K = 1 have
very similar shapes, albeit with a substantially smaller magni-
tude for K = 1. Most strikingly, however, completely different

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

137.195.59.30 On: Wed, 21 May 2014 12:21:15



124304-10 McGurk et al. J. Chem. Phys. 139, 124304 (2013)

forms for the K = 0 and K = 1 cross sections are observed for
the parity-changing final levels (even-�j). The K = 1 cross
sections for these collisions are nearly constant and negative
for most of the range of collision energy, implying that their
MTEs are negative and largely independent of collision en-
ergy beyond a limited range of energies that lie below the av-
erage in a thermal sample.

The energy dependence of these spin-orbit and parity-
changing cross sections show no particular evidence that the
observed change in the sign of the orientation arises from
any particular collision energy range, for example, orbiting
or trapping collisions within the attractive region of the PESs.
Instead the orientation-changing behavior is relatively inde-
pendent of collision energy for each particular product level.
There are significant differences between the spin-orbit con-
serving and changing transitions. Because CN(A) is relatively
close to the Hund’s case (a) limit for these values of j, the
spin-orbit conserving and changing collisions will be dom-
inated by the Vsum and Vdif PESs, respectively.49 Since the
parity-conserving and parity-changing transitions result pre-
dominantly from the even and odd λ terms in the PES angular
expansions respectively, this must be the result of the differ-
ence in this even/odd character between Vsum and Vdif. No-
tably, the Vdif PES has a more even-λ character than the Vsum,
as by symmetry it lacks the lowest-order odd λ term in the
angular expansions.

The dramatic change in the sign of the orientation for
a molecule rotating initially in j = 10.5 requires a large
transfer of angular momentum during the collision. An ob-
vious question is whether the parity-conserving and parity-
changing transfer arises from collisions at different impact pa-
rameters. For example, might we see large-impact-parameter
“glancing” collisions that preserve polarization for the parity-
conserving transitions, versus low-impact parameter “hard”
collisions that change polarization for the parity-changing
transitions? Figure 6(a) shows the computed K = 0 and K = 1
partial tensor opacity functions [cross sections as a func-
tion of the total angular momentum J, defined in Eq. (24) of
Ref. 19], for transfer from j = 10.5 F2f to j′ = 10.5 F1e and j′

= 9.5 F1e, which are parity-changing and parity-conserving
transitions, respectively, at a collision-energy of 300 cm−1.

Substantial differences are apparent between the K = 0
and K = 1 partial tensor cross sections for both of these tran-
sitions. A high-J peak ( j = 70–80) is observed in the K = 0
cross section for the parity-conserving transition that is ab-
sent for the parity-changing transition. Conversely, the parity-
changing transition clearly has a larger K = 0 cross section
across the lower-J range ( j = 0–50). The parity-changing
transitions are therefore on average influenced by collisions
at lower impact parameter than the parity-conserving transi-
tions. However, the K = 1 partial cross sections show that it is
not simply this different range of contributing impact param-
eters that is the cause of the observed orientation alternation.
The K = 1 cross section for the parity-conserving collisions is
positive for all J, while the corresponding cross section for the
parity-changing collisions is negative across almost the entire
range of J. This is clearly shown in Fig. 6(b), where the MTE
[the ratio of the relevant cross sections in Fig. 6(a)] is plotted
as a function of J for the two transitions. Across the ranges

FIG. 6. (a) Computed tensor state-to-state partial cross sections for transi-
tions from the j = 10.5 F2f initial level in collisions of CN(A2�,v = 4) with
Ar at 300 cm−1 collision energy, for K = 0 (solid line) and K = 1 (dashed
line) to product levels j′ = 10.5 F1e (red) and j′ = 9.5 F1e (blue). (b) Re-
sulting partial multipole transfer efficiencies, E(1)( j, j′), from j = 10.5 F2f to
j′ = 10.5 F1e (red) and j′ = 9.5 F1e (blue).

of J that contribute significantly for each transition, the MTE
for the parity-conserving transition is positive, while the MTE
for the parity-changing transition is almost always negative.
Even at J = 50, which corresponds to a classical impact pa-
rameter of 3 Å, near the attractive minimum of the Vsum PES,
the K = 0 partial cross sections are essentially identical, but
the partial MTEs are still opposite in sign. The partial cross
sections here clearly show that the dynamics of the collisions
that lead to parity-conserving and parity-changing transitions
are fundamentally different for reasons other than their opac-
ity functions alone.

How can we explain this observation that different dy-
namics characterizes the scattering into levels of different fi-
nal rotational parity? Presumably the answer must lie in the
fact that different terms of the angular expansions of the PESs
couple parity-conserving as compared with parity-changing
transitions. The most relevant recent work is the combined
experimental and theoretical investigation of Aoiz, Brouard,
Stolte, and co-workers on NO(X2�) + Ar/He.3, 6–8, 76–81 They
measured state-to-state differential cross sections (DCS) for
RET with full initial and final-state resolution, including ro-
tational parity, subsequent to collisions of a selected single
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initial �-doublet level of the lowest j = 0.5 F1 rotational
level. Strong parity-dependent effects were observed in the
DCS, with markedly different angular distributions observed
for final levels of the same j′ but different parity. QS calcula-
tions agree quantitatively with the experimental results. De-
tailed examination of the calculations shows that scattering
from the same range of J gives rise to different DCSs for the
levels of different final parity.7

Parity-dependent effects observed in NO(X2�)–Rg DCS
measurements may be reproduced not only by QS calcula-
tions but also explained qualitatively by the semi-classical
Quasi-Quantum-Treatment (QQT) introduced by Stolte and
co-workers.3, 77 This model approximates the scattering by
classical rigid ellipse-rigid sphere kinematics, but allows for
interference between paths which correspond to impacts at
different points on the ellipsoidal surface but result in the
same final rotational state and the same scattering. Stolte
and co-workers identified different interfering trajectories
as contributing to parity-changing versus parity conserving
transitions.

It is possible that the origin of the newly observed oscil-
lation in the MTEs for CN(A)-Ar arises from similar interfer-
ence effects, despite the differences in the nature of the ob-
servables in the NO(X) crossed-beam experiments and those
investigated here. It would be worthwhile to pursue applica-
tion of the QQT (or similar) model to gain further insight into
the MTE behavior observed here.

V. CONCLUSIONS

We have presented here the first systematic measure-
ments of the efficiency of the transfer of a prepared rota-
tional angular momentum orientation in state-to-state RET
for a 2� + Rg system. We observed very strong state-to-
state variations in the product orientation, including changes
in sense of rotation. The accompanying QS calculations re-
produce the experimental observations with near-quantitative
agreement. This oscillation corresponds to a strong propensity
to conserve orientation in rotational-parity conserving colli-
sions, and a corresponding propensity to change orientation
in parity-changing collisions. We suggest that this is a funda-
mental property of 2� − Rg collisions, and is closely related
to the previously reported parity-dependent oscillations in the
DCSs for other related 2� − Rg systems.
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