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1. Introduction

As an omnipresent gas phase molecular process, rotational
energy transfer (RET) is of great interest and the subject of
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Imaging rotational energy transfer: comparative
stereodynamics in CO + N, and CO + CO
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State-to-state rotational energy transfer in collisions of ground ro-vibrational state **CO molecules with
N> molecules has been studied using the crossed molecular beam method under kinematically
equivalent conditions used for *CO + CO rotationally inelastic scattering described in a previously
published report (Sun et al., Science, 2020, 369, 307-309). The collisionally excited **CO molecule pro-
ducts are detected by the same (1 + 1’ + 1”) VUV (Vacuum Ultra-Violet) resonance enhanced
multiphoton ionization scheme coupled with velocity map ion imaging. We present differential cross
sections and scattering angle resolved rotational angular momentum alignment moments extracted from
experimentally measured *CO + N, scattering images and compare them with theoretical predictions from
quasi-classical trajectories (QCT) on a newly calculated *CO-N, potential energy surface (PES). Good
agreement between experiment and theory is found, which confirms the accuracy of the *CO-N, potential
energy surface for the 1460 cm™' collision energy studied by experiment. Experimental results for
3CO + N, are compared with those for *CO + CO collisions. The angle-resolved product rotational angular
momentum alignment moments for the two scattering systems are very similar, which indicates that the
collision induced alignment dynamics observed for both systems are dominated by a hard-shell nature.
However, compared to the ¥CO + CO measurements, the primary rainbow maximum in the DCSs for
BCO + N, is peaked consistently at more backward scattering angles and the secondary maximum
becomes much less obvious, implying that the *CO-N, PES is less anisotropic. In addition, a forward
scattering component with high rotational excitation seen for **CO + CO does not appear for *CO-N, in
the experiment and is not predicted by QCT theory. Some of these differences in collision dynamics
behaviour can be predicted by a comparison between the properties of the PESs for the two systems. More
specific behaviour is also predicted from analysis of the dependence on the relative collision geometry of
BCO + N, trajectories compared to *CO + CO trajectories, which shows the special ‘do-si-do’ pathway
invoked for 1*CO + CO is not effective for *CO + N, collisions.

extensive investigations in various fields such as atmospheric,
astrophysical, and combustion chemistry. Many collision systems
involving small molecules have been studied in detail by
experiment and theory, particularly for the NO and OH radicals,
in both their ground and excited electronic states."” The
essence of understanding any collision is to determine how
the reagents with specific initial conditions transform into
specific products. By defining the initial pre-collision condi-
tions such as the collision energy and the internal quantum
states of the molecules, the scalar and vector properties of
the products after collision can be measured experimentally.
Theoretically, the collisional dynamics are predicted by per-
forming quantum or quasi-classical calculations over potential
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energy surfaces (PESs) of the collision complex, which describe
the underlying interaction between the two collision partners.
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Comparisons of experimental measurements with theoretical
predictions can thus test the quality of scattering theory and of
potential energy surfaces, and help create and improve empiri-
cal models and approximations.

Compared to the more averaged scalar measurements such
as collision rate coefficients and integral cross sections, stereo-
dynamic measurements, especially state-to-state differential
cross sections (DCSs) and/or scattering angle-resolved rotational
angular momentum polarization, have proven particularly useful
in providing rigorous tests of state-of-the-art theory.? The last few
decades have witnessed tremendous progress in the field of
experimental study of stereodynamics in rotationally inelastic
scattering; this was significantly driven by the development of
the velocity map imaging (VMI)* technique and its application to
crossed molecular beam (CMB) experiments. The power of the
CMB-VMI approach is derived from the ability to directly image
the velocity vectors of scattered products independently of their
position of formation onto a position-sensitive detector, thereby
probing all product recoil angles simultaneously, ie., pure
angular distributions can be measured. In combination with
laser-based state-selective spectroscopic probe methods (mainly
resonance enhanced multiphoton ionization, (REMPI), the VMI
technique yields an image that fully describes the scattering
event, with the size of the image reflecting the recoil speed of
scattered products into a specified channel as well as the angular
distribution, yielding the state-resolved differential cross section
(DCS). In addition, with appropriate choice of the REMPI spec-
troscopic transition and good control of the polarization of the
probe laser (linearly or circularly polarized), measurement of
state-to-state scattering angle-resolved rotational angular
momentum alignment and orientation has become possible.>*
The most extensive work using the CMB-VMI approach has been
performed on inelastic scattering of NO with Rare gas (abbreviated
Rg) atoms by the groups of Stolte, van de Meerakker, Chandler,
Brouard, and Costen.”™” Fully rotational state and fine-structure
resolved state-to-state DCSs have been measured initially for NO(X)
+ Rg collision systems using hexapole state-selection for NO(X)
preparation.'” Instead of using only a hexapole filter, the group of
van de Meerakker successfully utilized Stark deceleration, which
manipulates neutral polar molecules based on the Stark effect
to generate a compact packet of NO(X) radicals with (almost)
perfect quantum state purity and very well-controlled velocity
before collision. The combination of Stark deceleration and
VMI detection significantly enhances the resolution of scattering
images and allowed direct observation of quantum diffraction
oscillations in state-to-state DCSs for inelastic scattering between
Stark decelerator-selected NO(X) and He, Ne, Ar atoms.'® With
the advantage of the continuous tunability of the desired velocity
offered by Stark deceleration, they also pushed the collision
energy of NO(X) + He collision system firstly down to the ~20 K
regime and recently to the <1 K regime,'® and gained new
insight into the PESs by probing scattering resonances in the
state-to-state and parity-resolved DCSs.>'® Imaging studies of
collision-induced angular momentum polarization in NO(X) + Ar
were pioneered by Chandler and Cline,>° followed by Brouard
and co-workers both experimentally with improved resolution’
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and theoretically by means of various calculations."" Brouard
et al. also extended detailed investigations on angular momen-
tum polarization effects to inelastic scattering of NO(X) with
other rare gas atoms such as Ne, Kr.*'%'* Recently, imaging of
the inelastic scattering of electronically excited NO with various
collision partners has been studied by Costen and co-workers,
including measurements of differential cross sections and
collision-induced alignment.'>*”*°

Most of the previous inelastic scattering studies have con-
centrated on molecule-atom inelastic scattering stereodynamics.
This is because of experimental convenience and the availability
of fully quantum theory. However, there are a limited number of
environments where collisions between molecules and rare gas
atoms are of importance in practice. By contrast, advanced
studies of bimolecular inelastic scattering are much less com-
mon, and little is known about stereodynamics arising when two
molecules approach each other. A molecular collision partner
possesses internal degrees of freedom that allow the possibility
to induce excitation of both partners (and also de-excitation of a
reactant molecule that has initial rotational or vibrational popu-
lation) in a scattering event. In the case of diatom-diatom
inelastic scattering process, both partners may become rotation-
ally excited after collision. Full characterization of this effect
yields the so-called product-pair correlations, which provide
great challenges for theory as well as experiment. Theoretically,
the dimension of the PES required to describe the interaction of
bimolecular collision system is increased, bringing about con-
siderably more complexity for a numerically exact treatment,
especially when the collision energy is larger than ~700 cm™".
On the experimental side, it is very challenging to prepare pure
initial state molecular beams for both molecular beam sources,
and it is difficult to probe correlations between two products
simultaneously at the detection stage. Study of identical mole-
cule scattering, as in our recent paper®' on *CO + *C0, is even
more demanding due to the need for isotope selective REMPI.
In the case of velocity map ion imaging detection used in the
current work, imaging the product(s) with a specific final state
result in a projection of multiple concentric Newton rings arising
from excitation to a range of rotational energy levels of the
molecular collision partner(s), which may overlap each other
partially or fully on the detector. Up until now, only limited
experimental data is available on bimolecular inelastic scattering
systems and most cases studied have been collisions with H, or
its isotopologue D, as the molecular colliders, such as NO(X) +
(ortho-)D,,**>® NO(X) + (para-)H,,** NO(A) + D,,*° O, + H,,>"?®
H,O + H,,%° ND; + H,,*° CD; + H, and D,.* The choice of H, and
D, as the partner molecule is favourable in that they possess
relatively large rotational energy spacing and in addition their
ortho or para symmetry will be conserved during collision.
Jointly, these conditions, in principle, allow restriction of the
number of open pair-correlated product channels and thereby
simplify the complexity of both experiment and theory. Rota-
tional excitation of H, or D, is usually not observed at the lower
collision energy in the experiments mentioned above. By con-
trast, rotational excitation of HD (which has no ortho-para
restrictions) in collision with NO at 220 em " collision energy
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has been observed,® as discussed later in this section. Other
than H,/D,, molecular nitrogen has been previously used as a
collider in studies of inelastic scattering of diatomic and poly-
atomic molecules. Orr-Ewing and co-workers investigated the
inelastic scattering of CD; with N, in comparison to Ar as collider;
they observed evidence in the image for scattered CD; products
with coincident rotational excitation of the unobserved N,, but no
further attempt was performed to analyse the product-pair corre-
lation information in DCSs.** The group of Costen studied the
state-to-state rotational energy transfer for collisions of electro-
nically excited NO(A) with N, and showed that it is possible to
extract stereodynamics information as a function of correlated
internal energy in the products but only for coarse-grained
amounts of energy transfer to N, rotation.®* In the recent study
mentioned above,** correlated rotational excitation of NO-CO
pairs at 220 cm ™! collision energy was also reported.

Carbon monoxide (CO) is another benchmark molecule,
along with NO, for inelastic scattering stereodynamics study
in the gas-phase. As the second most abundant molecule in the
universe after molecular hydrogen, CO is of extremely high
astrochemical and astrophysical relevance. It is commonly used
as a tracer to extract astrophysical parameters of the interstellar
medium (ISM) when local thermodynamic equilibrium (LTE)
can be assumed; while in the environment where the LTE
approximation breaks down, successful molecular modelling
of the observed CO spectra is based on accurate collision rate
coefficients of CO calculated from theory, the quality of which
must be tested by experiment in laboratory. Alignment-free
DCSs and/or polarization dependent (PD)DCS measurements
for inelastic scattering processes involving CO are shown here
to offer excellent tests for theoretical calculations. In our latest
study of imaging rotational energy transfer in the *CO + CO
system,”’ we have shown that under the right experimental
conditions velocity map imaging (VMI) can be applied to study
the state-to-state inelastic scattering of identical molecules
using crossed-molecular-beam methods. Polarisation dependent
images for scattered '*CO with CO were measured experimen-
tally and the extracted pair-correlated DCSs were compared with
predictions using quasi-classical scattering theory as well as
close-coupling quantum mechanical theory; new effects regard-
ing energy partitioning and propensity rules arising with the
product pair correlation have been revealed for this bimolecular
collision process. The good agreement between experiment and
QCT theory along with close-coupled quantum mechanics
(CC QM) for the **CO + CO system confirmed the reliability of
the experimental approach. The most striking result of ref. 21,
revealed by QCT, was the concerted face-to-face/rotation/back-to-
back or ‘do-si-do’ motion taken by colliding partners which end
in the same high rotational final states without changing their
initial direction, i.e., exhibiting strongly forward scattering. This
only occurred when the initial orientation of each molecule
was such that the carbon atoms collided first, where a significant
10-20% of the collisions met this criterion. As pointed out in
ref. 21, forward scattering in the CO-CO system is due to an
attractive force acting after a hard repulsive collision that
rotates the pair of product molecules during their separation.
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This concept will be further evaluated for the kinematically
equivalent *CO-">CO and "CO-N, collisions in this paper
where we now extend our CMB-VMI experimental approach to
study the stereodynamics of state-to-state inelastic scattering of
3CO with N, instead of CO as the collision partner. Collisions of
3CO with CO and N, molecules appear particularly intriguing in
that both collision partners have the same mass and similar
chemical properties. Using the same settings for experimental
conditions of molecular beams and of collision geometry, the
two colliding systems will yield identical collision energies, thus
identical kinematic conditions. CO and N, are thus in this case
rather similar collision partners for the primary “*CO molecule, and
similar collision behaviour and cross sections may be expected at
first glance. Deeper insight into the dynamics for these colliding
systems could be gained by observing subtle differences in their
collision behaviour and cross sections. In the current report, we
present and discuss the complete measurements of DCSs and
alignment moments for *CO + N, system in comparison to the
full set of *CO + CO data measured previously, and draw some
general conclusions about the dynamics of rotational energy
transfer in these kinematically equivalent colliding systems.

2. Methods

2.1 Experimental method

The CMB-VMI experimental apparatus has been described at
length in ref. 21, so only the most relevant details are men-
tioned here. Two supersonically cooled molecular beams pro-
duced from two Nijmegen pulsed valves (NPVs)*” intersected at
the centre of a differentially pumped scattering chamber.
Molecular beam source conditions for the >CO + N, experi-
ment were set the same as those of the **CO + CO experiment in
order to achieve nearly equivalent collision energies. A mole-
cular beam of 5% '*CO seeded in Ar was formed from NPV,
with a stagnation pressure of 1.2 bar, acting as the primary
beam. The isotopologue *CO was used in **CO + CO scattering
in order to distinguish the scattered molecular products and for
3CO + N, for a direct comparison of equal mass number **C*°0
and '*N,. The secondary beam was generated by the same type
of pulsed valve (NPV,) with a mixture of N,/He of the same
concentration at the same backing pressure just as the second-
ary molecular beam containing CO/He used previously.
Both valves operated at 10 Hz and the pulse duration at the
scattering center was about 50 us. After separately being
skimmed through a 1.5 mm diameter skimmer placed 3 cm
downstream from the nozzle of the valve, the two molecular
beams crossed each other at an estimated crossing volume of
3 x 3 x 3 mm® with a collision angle of 70°. Using product
imaging, the distance (in pixels) from the mean position of the
beamspot from the ionization center, defined as the zero lab-
frame velocity in the plane of the detector was measured along
with the mean speeds of the molecular beams: v(*>CO/Ar) ~
670 m s~ ', ¥(N,/He) ~ 1,660 m s~ ', jointly resulting in a mean
collision energy of 1460 cm™ " for the >CO + N, colliding
system, which is the same as that for the "*CO + CO system.
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Comparison between REMPI spectra measured for the primary
beam and the corresponding simulation from Pgopher®® soft-
ware indicated that the rotational temperature of the rotationally
cooled *CO/Ar molecular beam was less than 1.5 K, giving a
predominant population of *CO molecules in the lowest rota-
tional state j = 0 (more than 90%). However, this situation is
different for the nitrogen molecule. **N atom has a nuclear spin
of I =1, and the nuclear spin statistics lead to a ratio of 2: 1 for
the ortho “*N,: para '*N, for the rotational states, where even j
corresponds to ortho and odd j to para. After the rotational
cooling during adiabatic expansion of the molecular beam, N,
molecules previously populated in even j states will be redis-
tributed mainly on the lowest even j state (j = 0), and N, in odd j
states will fall into the lowest odd j state (j = 1), while the ratio of
ortho:para will be retained. No independent measurements
of the N, rotational distribution were made, but considering
the same experimental conditions for producing the N, mole-
cular beam in this experiment and the CO beam production
previously, and considering the very similar rotational constants
of N, and CO, it is reasonable to assume that the secondary
beam (N,/He) in the current experiment has a similar rotational
temperature (T, & 3 K) as the CO/He beam had. Based on the
simulation with the Pgopher program for an N, spectrum at a
rotational temperature of around 3 K, the rotational population
of rotationally cooled N, molecular beam is estimated to bej =0
(~60%),j =1 (~32%) and higher j states (~8%). An encounter
of a N, molecule with a ">*CO molecule can not only rotationally
excite the *CO molecule, but also induce rotation of the N,
molecule. However, because of the fact that the nuclear spin acts
as a spectator to the collision process to a high level of approxi-
mation, there is a conservation of ortho/para character of N, in
the collision process and only Aj = even transitions are allowed.

In the experiment, single collision conditions are confirmed
by monitoring the change in initial rotational population of
molecules in the primary beam as a result of collision; deple-
tion of the "*CO beam ground state by collision was measured
to be less than 5%. The rotationally excited *CO products after
collision were ionized via a VUV REMPI scheme along the
electronic A'I1 — X'Z" transition using VUV radiation around
154 nm. The VUV REMPI scheme has been investigated in
detail in ref. 37 and 38, therefore for experimental details we
refer to the previous publications. The VUV radiation is one-
photon resonant with the ">*CO A'TT — X'Z* (0, 0) transition and
this VUV REMPI scheme turns out to be very polarization-
sensitive for measurements involving nascent CO.*”*%%°

The ionized scattered products **CO™ were extracted by the
VMI ion optics, and the three-dimensional Newton sphere, after
85 cm free flight along the time-of-flight (TOF) tube, was
projected onto a two-dimensional detector consisting of chevron
MCPs and a phosphor screen. The VMI voltage setting was tuned
to obtain the best focusing of the ion velocity on the image
detector and TOF time gating was applied to select the required
mass and suppress contributions from other ionized molecules
(hydrocarbons or water) in the chamber to the ion images. The
ion images were captured by a charge coupled device (CCD)
camera and then transferred to a laboratory computer for
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acquisition and averaged with DaVis software (LaVision) using
an event counting mode.

Overall differential cross sections and overall alignment
moments were extracted from the experimental images follow-
ing the extraction procedure described by Suits et al. in ref. 39.
In this procedure, two types of angular distribution components
(in-plane component; out-of-plane component) were extracted
from H and V polarization images by integrating over an annulus
covering the two-dimensional Newton ring and over a narrow
stripe through the middle of the image along the relative velocity
vector. In total, four sets of angular distribution components
were obtained for each final rotationally excited state j': HIP
(horizontal, in-plane), HOOP (horizontal, out-of-plane), VIP
(vertical, in-plane) and VOOP (vertical, out-of-plane).® It is
known that the overall detection probability function of an
image depends not only on the alignment of product rotational
angular momentum, but also the probe sensitivity factors which
are determined by the actual experimental geometry of probe
laser polarization. Solving the equations of the overall image
detection probability linked to alignment moments and probe
sensitivity factors result in algebraic combination of the four sets
of components mentioned above, which yield the state-to-state
alignment-free differential cross sections (DCSs) and the align-
ment moments A‘g‘}. In the current experiment, due to the large
velocity difference between two incident molecular beams, the
probe laser propagated at an angle of 130° with respect to the
relative velocity vector of the colliding system; such experimental
geometry has sensitivity to all alignment moments A%, A% and
A}, and these were extracted and reported here. On the
other hand, the pair-correlated differential cross sections, ie.,
the rotational-state pair-correlated alignment-free moments were
extracted from the radius-dependent angular distribution of the
experimental images using an onion-peeling inversion method
which is similar to that in ref. 41 and then summed to obtain
the overall differential cross sections for comparison. Within the
experimental error bar, the overall DCSs obtained from the
summation of the rotational-state pair-correlated DCSs agree
with the directly extracted overall DCSs, regarding the trend,
shape and peak positions, etc. Since the rotational-state pair-
correlated DCSs in the "*CO + CO inelastic scattering together
with those in the ®*CO + N, collisions have been described and
discussed in great detail in our previous publication,! we do not
concentrate on pair correlation in this article and instead we
compare the stereodynamics of inelastic scattering in the
3CO + CO and the ®*CO + N, collisions based on the overall
DCSs and alignment moments.

2.2 Theoretical method

For the "*CO-CO system the calculation of the potential energy
surface and its parameterization such that it could be used in
trajectory calculations followed the procedure described in detail
in ref. 21. We follow the same approach for the calculation of the
BCO-N, potential energy surface in this report. The general form
of the PESs for both systems is in good agreement with those
presented previously for ">*CO-">CO** and for ">CO-N,.* In short,
the coupled cluster singles and doubles with perturbative triplets
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[CCSD(T)] approach was used as implemented in the Molpro
program (2012 version).** The energies were corrected for basis
set superposition errors (BSSE) by performing the calculations for
the complex and the separate diatomic molecules in the full
complex basis set. An augmented quadruple zeta (AVQZ) basis
was used. For the CO-N, potential energy surface 3465 unique
geometries were considered. These numbers are related to 21 R
values and an angular grid consisting of 7 0, 7 05 and 6 @ values,
where R is the length of the R vector pointing from the center of
mass of monomer A to that of B, 6, and 6, are angles between the
vector R and the vectors r, and rp pointing along the bond axis of
each monomer, and @ is the dihedral angle between the two
planes defined by the vectors R and r,, and R and rg. The angles
were chosen in such a way that the angular dependence of the
interaction energy was optimally described within the spherical
expansion formalism. The 21 R values chosen were 2.49, 2.5,
2.625, 2.75, 2.875, 3.0, 3.125, 3.25, 3.5, 3.75, 4.0, 4.25, 4.5, 5.0, 5.5,
6.0, 6.5, 7.0, 9.0, 15.0, 20.0 a,. The data from the first small R value
was used to set the slope at small R of the cubic spline inter-
polation of the spherical expansion coefficients. The slope at
the largest R value was set to zero for all coefficients except for
the isotropic term and the low order multipole components. The
slopes of the latter components were set in accord with the proper
R dependence of the energy terms (1/R® for the isotropic disper-
sion and 1/R“™ for the multipole-multipole interactions where L
is sum of the multipole orders of the two diatomic molecules). For
the calculation of the intermolecular interaction energy the bond
lengths of the two diatomic molecules were kept fixed at their
equilibrium values. Since the dynamics calculations run in 6
dimensions, the intermolecular potential was appended with
two Morse oscillators with parameters chosen for optimal repro-
duction of the rotational levels of the dimers up to the collision
energy of ~1500 cm™* (for CO 7. = 1.128 A, # = 2.302 A™*, D, =
11.20 eV and for N, 7. = 1.098 A, § = 3.444 A™%, D, = 9.90 eV).*>*¢
The dependence of the intermolecular energy on the bond lengths
of the diatomic molecules was neglected. Indirect support for this
approximation was provided by trajectory calculations of CO-Ar
which showed little influence of this dependence on cross sec-
tions and alignment parameters. To aid comparison of the
collision dynamics of CO-CO versus CO-N,, maps of the electro-
static moment expansions for both CO-N, and CO-CO are pre-
sented later in this paper.

The details of the quasi-classical trajectory calculations have
been described in ref. 21 as well, hence only important points
are summarized briefly here. The trajectory calculations were
performed with the help of the Venus 2005 program.*’
An interface was constructed to provide energies and forces
from the spherical expansion representation of the potential
energy surface. Forces were derived numerically with left- and
right-hand finite differences of 107* A in the 4 x 3 Cartesian
coordinates that were converted to the Jacobi coordinates used
in the spherical expansion. The Newton equations of motion
were integrated with the Velocity-Verlet scheme with a time-
step of 0.02 fs. At the start of a trajectory the molecules were set
apart with 8 A between their centers of mass. The orientations
and bond lengths of the diatomic molecules were randomly
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sampled taking care that the vibrational motion for v = 0
corresponds to the quasi-classical description and initial rota-
tion corresponds toj = 0 orj = 1. The impact parameter range
was stepped from 0 to bma = 7 A with 0.1 A steps. At each
impact parameter 50000 trajectories, varying in vibrational
coordinate and orientation of monomers described by v = 0,
Jj=0and v =0,j =1 as mentioned above, were employed. A
trajectory was considered finished when the R value exceeded
8 A again. Then the coordinates and momenta of the molecules
at the end of each trajectory were stored for later analysis. The
collision energy was set at 1460 cm™ ' in all cases. With the
chosen settings the energy conservation was better than 2 cm ™.

The analysis consisted of the evaluation of state-to-state
cross sections, pair-correlated state-to-state cross sections,
state-to-state differential cross sections, pair-correlated differ-
ential cross sections and scattering angle dependent alignment
moments.

(a) State-to-state cross sections (g;): for final rotational state
J' values up to 30, g was obtained by replacing the integral over
impact parameter by the following sum with Ab the impact
parameter step size (here equal to 0.1 A)

oy = 2mAb Y b;Py(b)

where b; refers to the ith impact parameter and Py (b;) = Ny(b;)/N
is the probability for excitation into the final rotational level j’
found as the fraction of Nj(b;), the number of trajectories
ending up with this j' value, out of N the total number of
trajectories run at b, State-to-state cross sections were evalu-
ated for each species separately. Since QCT does not conserve
quantization of the vibration, trajectories were filtered out
when a change in vibrational energy larger than 1% of the
vibrational zero-point energy was observed. This makes N in the
formula above on average 0.5% smaller than the initial value of
50000 starting trajectories. The rotation level j/ was derived
from the rotational energy E,o = j'(j' + 1)/2ur* with u being the
diatom reduced mass and r the instantaneous bond length. The
real j’ value was rounded to the nearest integer value.

(b) Pair-correlated state-to-state cross sections (o ): these
are evaluated from oy =2rnAbY" b;Pyn(b;) with Py (b;) =

1

Ny jn(b;)/N and Ny y(b;) equals the number of trajectories end-
ing with j’ for the scattered CO product and j” for the scattered
partner (i.e., N,) at the ith impact parameter.

(c) State-to-state differential cross sections and pair-
correlated differential cross sections. The state-to-state differ-
ential cross sections defined as (0) = doy/d cos 0 were derived
by binning the o; as function of the scattering angle 0 in 40
equally spaced cosine intervals. The pair-correlated differential
cross sections termed as gy () were derived by binning the
gy of the product pair (j, /) as function of the scattering
angle 6.

(d) Scattering angle dependent alignment moments Ag‘}: in
accord with the experimental setup, the following alignment
moments were calculated based on the formulas described in
reference."® In each cosine interval of the scattering angle, the
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alignment moments were determined by the averages:
A¢* = (3cos’ 0 — 1),
A1> = V/3(cos Osin O cos o),
A>* = V/3/2(sin’ O cos(2¢)).

where 0 is the scattering angle between the angular momentum
vector j and the z-axis (parallel to the k vector) and ¢ is the angle
between the projection of j in the k-k’ plane and the x-axis.

3. Results

Ref. 21 contains a presentation and discussion of pair-correlated
scattering data for "*CO-CO collisions, along with a brief discus-
sion of pair-correlated data for "*CO-N; collisions. Pair correlation
is a doubly-differential cross section measurement where angular
information is recorded for separate radial regions in the scatter-
ing image, which of course relies on sufficient imaging resolution.
A key experimental challenge is to account for the effects of
collision induced alignment when nascent molecules are probed
by linearly polarized detection lasers, in order to extract alignment-
free pair correlated differential scattering cross sections. The
alignment information needed for this separation could be reliably
obtained from ‘normal’ rotational state dependent singly (radial-
angle integrated) differential cross sections which are presented in
this paper along with analysis of the collision induced alignment
moments for >*CO-N, and also *CO-CO collisions.

Scattered *CO products from inelastic scattering with N,
were detected using a vertical and a horizontal polarized VUV
probe laser via Q-branches in the 1 + 1’ + 1” REMPI spectra, and
experimental *CO" velocity map images for the *CO(j’) = 15,
17, 19, 22, 23 final states are presented in panel (a) of Fig. 1.
These spectroscopic transitions used for detecting final states
of scattered *CO products are the same as those used in the
3CO0 + CO inelastic scattering experiment. Avoidance of overlap
with the scattering signal due to collision with He carrier gas
restricted study to states above j/ > 14, with the criteria of
choosing strong Q-branch transitions free of overlap with other
branches and perturbative states in the CO A-state spectrum.
A Newton diagram that describes the experimental geometry is
overlaid on the V-polarization image for the product final state
J' =15, where the white arrows specify the velocity vectors of the
colliders Visgo and Vy,, the center of mass velocity Vey, while
the red arrow indicates the initial relative velocity vector k.
All images are presented in such a way that the initial relative
velocity vector k is directed horizontally, with forward scattered
angles positioned at the left side of the image and small
segments around forward direction are masked because of
the beamspot that coincides with the lab-frame velocity of the
un-scattered "*CO molecular beam. The beamspot is well-
separated from the scattered ion signal for most of the final j’
states and the space in-between grows as j' increases.

A number of features in the raw experimental ">*CO" images
can be seen directly. First of all, compared to CO + Rg inelastic
scattering images we reported previously,’®*° the measured
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Fig.1 (a) Raw experimental velocity map images for the CO + N,
scattering process into the j/ = 15-23 final states of BCO probed using
(141’ +1”) VUV REMPI detection of *CO. Images are presented such that the
relative velocity vector is directed horizontally, with forward scattered angles
positioned at the left side of the image. Small masked segments near the
forward direction on the images are due to the beam spots of *CO molecular
beam. The polarization of the resonant VUV laser is indicated by 'V Polariza-
tion’ for Ezser perpendicular to the collision plane and ‘H Polarization’ parallel
to the collision plane. The sensitivity scale for the raw images is adjusted to
make the main features visible. A Newton diagram for the scattering process is
overlaid on the V polarization image for the *CO j/ = 15 final state, where the
velocity vectors of the two colliders (Visco and VNz)' the center-of-mass
velocity (Vcm) and the scattering angle (0) are defined. The collision angle is
70° and the corresponding mean collision energy is 1460 cm™2. (b) The HIP,
HOOP, VIP, and VOOP distribution components extracted from these ortho-
gonal probe polarization images by integrating selected annulus and rectangle
regions upon the images as described in ref. 39.

images of '*CO for inelastic scattering with N, are much
broader in the radial direction, which is attributed to the
production of a range of final rotational levels of N,. Because
of the small rotational constant of the N, molecule, By(N,) ~
2.0 cm™ ', transitions involving rotational excitation in the
collision partner N, will cause the Newton rings for different
N, final states to (partially) blur with each other, resulting in
the ®*CO" images with a broad distribution of Newton sphere
radii. This image broadening effect has also been observed
in the previous experiment of *CO + CO inelastic scattering.
In addition, we note that the overall size of the scattering image
decreases as j'(**CO) increases because a larger amount of
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collision energy is required to transfer into rotational energy
with excitation to a higher final rotational state of the products.
When inspecting the experimental images of the same final
j'(**CO) state obtained from V-polarization and H-polarization
laser detection, clear differences can be seen, which indicates
the strong collision induced alignment of the rotational angu-
lar momentum of the scattered products. Finally, as the
detected j/(**CO) increases, the scattering images show forward
scattering behaviour moving towards sideways and backward
scattering eventually, for both V- or H-polarization detection.
For each final rotationally excited state j’, four sets of angular
distribution components were obtained: HIP (horizontal, in-
plane), HOOP (horizontal, out-of-plane), VIP (vertical, in-plane)
and VOOP (vertical, out-of-plane), as shown in the panel b) of
Fig. 1, and algebraic combination of them yield the state-to-state
differential cross sections (DCSs) and alignment moments
A‘(I,Z}, Aﬁ} and Aﬁf The resulting state-to-state alignment-free DCSs
for scattered **CO into the j' = 15-23 final states after collision
with N, at a mean collision energy of 1460 cm™* are shown in the
top row of Fig. 2, in comparison with theoretical predictions.
We note here that the *CO" images and alignment-free DCSs
from the current experiment on **CO scattering with N, look quite
similar to those measured in the *CO + CO inelastic scattering
study with kinematically equivalent experimental settings: not
only the image size and broadening effects, but also the angular
distribution features of each image and their polarization depen-
dence. Results for the image analysis for the state-to-state pair-
correlated DCSs and alignment moments are thus expected to be
similar to those for the *CO + CO study. As shown in the
BCO + CO study described in ref. 21, analysis of the typical
experimental images for the lowest detected final state of **CO
(j/ = 15) which have the largest image size and best resolution,
yielded state-to-state pair-correlated DCSs and good agreement
with theoretically predicted pair-correlation information had been
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observed. On the theoretical side, the weighted sum of these fully
state-resolved pair-correlated DCSs over all the populated partner
final CO rotational states, j*(CO), results in the averaged DCS for a
specific final *CO rotational state, which show the overall pre-
ferential angular distribution of scattering as a function of j/(**CO)
only. Similarly, the theoretical partner-state averaged alignment
moments describe the overall alignment preference of rotational
angular momentum of scattered "*CO products. In general, the
overall DCSs and the overall alignment moments from the
BCO + CO experiment agree reasonably well with theoretical
predictions. Ref. 21 contains a full discussion of impact parameter
distributions and other dynamical aspects for CO-CO collisions
which also apply to CO-N, collisions. Therefore, only the overall
DCSs and alignment moments from the ">CO + N, experiment are
shown here and compared to the corresponding overall data from
the *CO + CO system.

As shown in the top row of Fig. 2, there is quite good general
agreement between the experimental overall alignment-free
DCSs and the theoretical averaged DCSs across all the final
states of **CO collided with N,. These DCSs display a gradual
shift to increasingly larger scattering angles as j/(**CO)
increases, which is consistent with the measured images in
panel (a) of Fig. 1. Note that the DCSs predicted by QCT
calculation go to zero in the classically forbidden region which
is located at very forward scattering angles for the highest
final states (j' = 22, 23). The level of agreement between the
experimentally extracted overall DCSs and the theoretically
averaged DCSs for all final product states implies that the
features of the '*CO-N, PES which determine the DCS are
quantitatively correct within the collision energy range sampled
in this experiment.

The bottom row of Fig. 2 displays the state-to-state overall
DCSs for "*CO products scattered into the same final states
together with theoretical predicted DCSs, which are taken from
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Fig. 2 Alignment-free differential cross sections for rotational energy transfer of *CO to final states. Top row: experimental state-to-state alignment-
free differential cross sections (red line) and theoretically averaged ones calculated by quasi-classical trajectory (QCT) calculations (blue line) for *CO in
collision with N, molecules. Bottom row: experimental state-to-state alignment-free differential cross sections (red line) and theoretical averaged ones
calculated by quasi-classical trajectory calculations (blue line) for ¥*CO in collision with CO molecules. In the comparison between experiment and
theory, the experimental results are normalized to the QCT predicted data by setting the area integration of [DCS x sin 0 from the experimental DCS

equal to the QCT predicted DCS.
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the >CO + CO inelastic scattering work. When comparing the
results of the >CO + N, experiment and the *CO + CO
experiment in the context of state-to-state overall DCSs for
scattered 'CO, it can be seen that the qualitative behaviour
of the DCS is broadly similar in both overall structure aspect
and absolute intensity aspect for the two collision partners.
This indicates that the **CO-N, PES and the **CO-CO PES are
quite similar. However, inspection reveals that the primary
maximum (maxima) of the DCSs for scattered '*CO with N,
collision partner appear(s) at consistently more backward scat-
tering angles (~15-20°) compared to the case of '*CO scatter-
ing with CO as collision partner. The maxima in the rotationally
inelastic scattering angular distribution, to some extent, reflect
the classical rotational rainbow positions, where collisions with
different impact parameters result in scattering at the same
final angle.

It is also apparent in Fig. 2 that for all the final states except
the highest one, ie., j/ = 23, the DCSs of scattered 13Co with
CO collision partner clearly show a primary and secondary
maximum in the DCSs, the latter of which become much less
evident in the case of the **CO + N, scattering, especially for the
final state range of j/ = 17-22. Previously, such double maxima
were observed as well by Lorenz et al. and McBane et al. for the
CO + Ne inelastic scattering,**”° where the primary peak was
attributed to scattering at the C end of the molecule and the
secondary peak to either O-end scattering and/or supernumer-
ary rainbows. This difference might be attributed to the differ-
ent anisotropy of the collision partners with respect to the same
primary collider **CO. Because of the higher asymmetry of the
CO molecule compared to the N, molecule, from a simple
classical view the difference between the C-end and O-end with
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respect to the primary collider ">CO in the CO-"*CO potential is
not present in the case of N, with respect to "*CO in the
N,-"*CO potential. In addition, *CO-CO shows enhanced
forward scattering at 6 = 0° compared to *CO-N,, particularly
forj’ = 15 products. Other details in the differences between the
DCSs for *CO-CO and **CO-N, are described in the Discussion
section.

Turning to the alighment moments Aff}, in order to compare
the collision induced rotational angular momentum polarisa-
tion in the *CO + N, and '*CO + CO scattering processes
clearly, experimental alignment moments for the *CO + N,
system together with the results of QCT calculations are dis-
played in Fig. 3. The results for the "*CO + CO system from
ref. 21 are shown in the same format style in Fig. 4. As shown
there, the QCT-predicted classical PDDCSs also go to zero in the
classically forbidden region, where the alignment-free DCSs are
zero. Note that the signal-to-noise ratio of the V-polarization
and H-polarization experimental images are also poor in the very
forward scattering regions, thus the experimental alignment
moment data in the range 0-30° are discarded. When concen-
trating on the alignment moments results for the >CO + N,
system only, generally speaking, good agreement between experi-
mental results and QCT calculated predictions can be seen for all
the three alignment moments. For the A{¥(#) moments, even
though the rapid oscillation behaviour in the very forward
scattering region caused by quantum interferences cannot be
predicted by QCT calculations, the amplitude and the overall
shape of the QCT predicted A{Z)(6) curve are well reproduced by
experiment. And as the final state of scattered **CO product j'
increases, both of the QCT calculated and experimental values
are increasingly to the negative side. However, different from the
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Fig. 3 Angular momentum alignment moments A'? for rotational energy transfer of **CO to final states *CO ' = 15-23 in collision with N, molecules.
Red line: overall alignment moments extracted from experimental polarization-dependent images; blue line: theoretically averaged alignment moments
predicted by quasi-classical trajectory calculations. Predictions from the kinetic apse hard ellipsoid model are given by the green dashed lines.
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Fig. 4 Angular momentum alignment moments A% for rotational energy transfer of *CO to final states **CO j’ = 15-23 in collision with CO molecules
for the purpose of comparison with the 3CO + N, system. Red line: overall alignment moments extracted from experimental polarization-dependent
images; blue line: theoretically averaged alignment moments predicted by quasi-classical trajectory calculations.

CO + Ar, CO + He, and NO + Ar scattering studies, where the
Af?H(0) moments were always found to be positive in the forward
scattering region and to be at the negative limit (—1) in the
backward region, the averaged A§?(6) moments for *CO scattered
into such relatively high j' states by collision with N, molecules
still reach the negative limit but with less positive values. This
reveals strong ‘Frisbee’-like rotational alignment in the backward
region and less ‘propeller’-like rotational alignment in the forward
region. This difference of averaged A{*/(#) moments in the current
case with respect to the molecule + Rg collision cases likely comes
from the difference of alignment behaviour related to the range of
rotational states of the N, partner. The agreement between the
experimental A$(9) moments and the corresponding predictions
from theory is also good, not only for the amplitude and the
overall shape but also in the trends with increasing j'. Even
though the agreement between the experimental and theoretical
AP(6) moments is not as good as those in the cases of the A(0)
and A?(0) moments due to the lower precision of the experi-
mental data from the analysis procedure, the experimental shape
and trend of the A?(0) moments reasonably agree with theory
predictions. The overall good agreement of the theory calculations
with the experimental alignment moments across all final states
detected provides further evidence that the potential energy sur-
face very accurately represents the interaction of the *CO-N,
system.

For both the *CO + N, and "*CO + CO systems the collision
induced rotational alignment results suggest that the dominant-
contribution originates from the repulsive part of the interaction
potential of the colliding systems. However, only moderate and
high final rotational states of the scattered products were
experimentally probed here, where the hard-shell nature of the

17836 | Phys. Chem. Chem. Phys., 2023, 25, 17828-17839

interaction is expected to mainly contribute to the collision
induced alignment.

4. Discussion

The stereodynamic properties determined from differential
cross sections for >CO + N, versus *CO + CO, as well as the
model and parameters describing collision induced alignment,
are similar, which is consistent with the observed behavior
in state-to-state DCSs for NO(X) and NO(A) in collision with D,
and He, where D, and He are kinematically similar collision
partners. For our systems, however, quite large differences
in the pair-correlated data for ">CO + N, versus "*CO + CO were
described in ref. 21 for the forward scattering region. A sig-
nificant component found there for **CO + CO were products in
symmetrically excited final states, i.e., j/(**CO) = j'(CO) = 14, 15,
16, 17, which were not observed at all for the "*CO + N, system.
Note that these differences in the two systems appear strongly
in the pair-correlated doubly differential cross section data,
and are less obvious in the normal, singly DCS data, in Fig. 2,
which illustrates the wider scope of dynamic information
provided by pair correlation measurements. In speculations
about the origin of these differences particularly in forward
scattering for the two systems we first consider differences in
their potential energy surfaces and then show that the (miss-)
use of QCT provides additional hints.

In our QCT calculations the PESs of both CO-CO and CO-N,
are represented by a set of expansion functions, following the
convention given in ref. 51. A plot of the spherical expansion
analysis of the two pair potentials is shown in Fig. 5. The
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Fig. 5 Spherical expansion of the pair potentials for CO-CO and CO-N,
in terms of electrostatic moment interactions.

isotropic terms (black, full line for CO-CO, dashed line for
CO-N,) are rather similar, showing nearly the same well depth,
while CO-N, is slightly less repulsive. The dipole-dipole term is
given in red, and is of course absent for CO-N,. The dipole
quadrupole term is in blue, and the quadrupole-dipole in
magenta (opposite in sign from the dipole-quadrupole term)
is again absent for CO-N,. Finally, the quadrupole-quadrupole
term (green) is somewhat smaller for CO-N,. These terms are
not confined to electrostatic interactions but include also the
short-range interactions with the same orientational depen-
dence as the electrostatic multipole-multipole interactions.
From Fig. 5 it is clear that considerations involving only the
small dipole moment of CO and the lack thereof for N, are
misleading since quadrupole moments play an equally or more
important role in the pair potentials. Note also that the colli-
sion energy of 1460 cm™" is much higher than the equilibrium
well depth of the two clusters. Short range (mainly repulsive)
forces that depend strongly on the relative molecular orienta-
tions determine whether the attractive forces in the pair
potential will be sampled during the collision. At 2.5 A, for
example, the least unfavourable orientation already has an
energy more than twice the collision energy and other orienta-
tions are up to 35 times the collision energy. The forces
calculated at the shortest distance possible should therefore
also be correct.

The balance and time development of repulsive and attrac-
tive forces is critical in explaining the exceptional forward
scattering mechanism seen only in the **CO + CO system. This
is illustrated in Fig. 6, which tracks the interaction energy of a
successful forward scattering with symmetric excitation (FSSE)
collision at 1460 cm ™" between two CO molecules that start off
with an initial orientation where the two C atom ends of the
molecules strike each other. At the start of the collision, a
repulsive interaction of ~150 cm ™" takes place which is followed
by an attractive interaction of ~—100 cm™ ", corresponding to an
anti-geared rotation of the molecules around each other continu-
ing to the point where the two O-atoms reach closest approach.
Symmetric excitation may be favored for efficient anti-geared
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motion after the initial C-end collision. This attractive force after
the large rotational energy transfer (j/ "*CO = CO=15, RET =2 x
462 cm~ ' =924 cm™ ") collision results in a torque of the collision
pair during separation that effectively redirects the initially side-
ways recoil angle towards the forward direction, as illustrated
schematically in the lower panel of Fig. 6 (from ref. 21). The
concept of forward scattering due to attractive forces following
large rotational energy transfer was recently’” applied with suc-
cess to other molecule-molecule collision systems.

A remaining question is why no FSSE channel was found in
the CO + N, system, despite the kinematic similarity with
CO + CO. With QCT theory it is possible to force a CO + N,
collision to follow the motion of a trajectory leading to FSSE in
a CO + CO collision. The trajectory data of the CO-CO collision
described in Fig. 2 of ref. 21, which results in the potential
energy plot with the black line in Fig. 6 was used to calculate
the potential interaction for the case where CO collides with N,,
given by the red line in Fig. 6. At each time step, the geometry is
that of CO on CO but the potential is that for CO on N,. The
trajectory is thus in the case of CO on N, purely fictitious since
the run is not on the own CO-N,, potential. Still, some insight is
provided: at the start of the trajectory the CO-CO and CO-N,
potentials are rather similar. One might therefore assume that
with the same initial geometry CO + N, would follow a similar
path as CO + CO. At 250 fs there is for both systems an
increasing repulsive potential. In the case of CO + CO collision
this repulsion is responsible for the typical (15, 15) forward
scattering behavior. Since the repulsion is approximately 3 times
smaller for CO + N,, the collisional kick is not large enough for
excitation into e.g. (15, 15). In fact, only a miniscule number of
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CO + N, trajectories on the actual CO-N, potential energy surface
(which sample all initial geometries) resulted in (15, 15) or
similar high rotational excitation, and these contributed only
to the primary rainbow scattering angle at ~ 80 degrees.

5. Conclusion

State-to-state DCSs and scattering angle resolved alignment
moments for rotational energy transfer for the >CO + N, inelastic
scattering have been measured under kinematically equivalent
conditions as "*CO + CO scattering and compared to the corres-
ponding results of the *CO + CO system. For each scattering
system, there is good agreement between experimental measure-
ments and theoretical predictions, which confirms that the calcu-
lated PESs represent the interactions in the colliding system very
well. Comparison of the observed scattering stereodynamics for
collision of *CO with N, and CO as collision partners provide extra
information on the subtle differences between the two PESs. The
broad similarities between the state-to-state DCSs and the qualita-
tively similar behaviours of the collision induced rotational align-
ment moments for the two collision partners indicate that the
3CO-N, PES in general has a similar form as the "*CO-CO PES and
that the dynamics follow predictions of a hard-shell collision
model. Close inspection reveals that the primary rainbow max-
imum in DCSs for *CO in collision with N, appears at larger, more
backward scattering angles compared to those from scattering with
CO, implying that the *CO-N, PES is less anisotropic than the
CO-CO PES. This cannot be simply attributed to the dipole-
dipole interaction of the **CO-CO system since dipole-quadrupole
and quadrupole-quadrupole interactions are important for both
BCO + CO and *CO + N, and also short range repulsive forces
(shape effects) play a role. The secondary maximum for scattering
with N, is also less obvious which may result from the configura-
tional asymmetry of a CO molecule compared to N,. The doubly-
differential product pair correlated DCS data for the two systems
has previously revealed a new unexpected channel labelled forward
scattering with symmetric excitation (FSSE) only for the **CO + CO
system. Trajectory analysis by QCT theory explained FSSE in
®CO + CO as a face-to-face/rotation/back-to-back or ‘do-si-do’
synchronous motion between the two colliding molecules. How-
ever, no FSSE is observed for the kinematically similar *CO + N,
system. By forcing >CO + N, to follow the initial >*CO + CO
trajectory of an FSSE collision using QCT, it appears that it may
be difficult for "*CO + N, trajectories to reach a repulsive wall high
enough to cause the deeply inelastic energy transfer.
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