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Abstract

State-to-state scattering studies of vibrationally excited molecules in the cold regime

extend inelastic scattering investigations into a new territory. Here, we present differ-

ential cross-sections for superelastic scattering of spin-orbit excited nitric oxide (NO)

(v = 10, Ω = 1.5, j = 1.5) with argon near 1 K utilizing our recently developed near-

copropagating beam technique, and compare these to quantum scattering calculations

on coupled cluster and multi-reference potential energy surfaces. At these collision

energies, the scattering is mainly governed by resonances and provides a platform

to assess the accuracy of the attractive part of the difference potential for the NO–

Ar system, which has remained untested. Quantum scattering calculations for such

inelastic processes on high-quality potential energy surfaces at thermal energies have

largely been successful at reproducing the key features of experimental results, but

cold spin-orbit changing collisions are shown to test the limits of the current theoret-

ical state-of-the-art. The experimental results clearly exhibit backscattering centered

around 3.5 cm−1 collision energy suggesting a scattering resonance; such resonances

have never been detected for the well-studied NO–Ar system. A partial wave analysis

based on a multireference potential energy surface suggests the enhanced backscat-

tering arises from overlapping resonances associated with the highest partial wave

contributions.

Key points:

∙ We have achieved state-to-state spin-orbit changing collisions of highly vibra-

tionally excited NO with Ar near 1 K utilizing the near-copropagating beam

technique.

∙ The experiment reveals the influence of quantumscattering resonances for thewell-

studied NO–Ar system for the first time.

∙ The results are found to challenge the current theoretical state-of-the-art.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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INTRODUCTION

Low-energy collision studies have paved the way to probe reactions

that are purely governed by quantum phenomena. Several ground-

breaking experiments have come to light in the recent past with the

main objective being to prepare reactants in a single quantum state

and study their collisions in the cold (<1 K) and ultracold (<1 mK)

regimes.1–11 All of these experiments ultimately have a single goal:

the total control of the reaction outcome from reactants to prod-

ucts.Highly sophisticatedexperiments involvingmagneto-optical traps

(MOT) and ion traps have shown their potential to successfully prepare

gaseous molecules, atoms, and ions in their absolute ground state with

internal energies down to few microkelvins.12–20 The majority of the

collisions of these prepared reactants are solely quantum in nature.

By contrast, molecular beam methods such as merged neutral beam,

intrabeam, and low-intersection angle crossed beam experiments have

proven their ability to reach collision energies in the cold regime in

the moving frame.10,11,21–30 The study presented here investigates

the collision-induced spin-orbit relaxation for collisions between vibra-

tionally excited nitric oxide (NO)moleculeswithAr at collision energies

near 1 K utilizing the near-copropagating beam technique introduced

recently.31,32 Choice of this exoergic inelastic process permits exami-

nation of the state-to-state differential cross-sections (DCSs) at van-

ishing initial relative velocities, and in combination with highly vibra-

tionally excited nitric oxide this tests the theoretical descriptions of the

potential energy surfaces (PESs) in a new realm.

Low collision energies are not only a challenge to experiments, but

also provide a stringent test for the theory. Until recently, most NO–Ar

scattering experiments have been carried out at high collision energies

where the scattering is largely governed by the repulsive part of the

interaction PESs. Recent studies from our group have reported DCSs

for spin-orbit conserving collisions of NO (v = 10) with Ar at collision

energies from well above the room temperature down to 50 K.31,32

These studies were accompanied by state-of-the-art quantum scatter-

ing calculations that were able to successfully predict the DCSs within

the experimental uncertainty for the broad range of collision energies,

demonstrating the accuracy of the calculated PESs for both attractive

and repulsive regions. The current study takes us further in challeng-

ing the theory by going to the cold regime where the entrance channel

is largely dependent on the attractive part of the PESs, and by study-

ing spin-orbit changing collisions that have proven to be a greater and

different challenge for theory.

Inelastic collisions that promote transitions between spin-

orbit manifolds are a classic example of the failure of the Born–

Oppenheimer approximation separating timescales of electronic and

nuclearmotions, and thus a prototype in probing nonadiabatic collision

dynamics. A quantum mechanical treatment of collisions involving

spin-orbit coupling and nonadiabatic dynamics remains a huge chal-

lenge for theory, and the ability to predict these dynamics are crucial

for understanding more complex chemical processes. A few examples

of spin-orbit changing inelastic collisions involving NO, OH, O, and

more recently C have been accompanied by quantum mechanical

calculations that were able to accurately consider nonadiabatic and

spin-orbit coupling.26,27,33,34 However, there have been only a handful

of state-to-state studies of spin-orbit changing collisions that have

been performed for the NO–Ar system and all to-date have been

performed at high collision energies populating the spin-orbit excited

state.35–38 Amajor advantage of spin-orbit relaxation is the platform it

provides to study collisions near the cold limit. The excess energy that

is available in the product channel due to the electronic deexcitation

will be manifested in part in the NO recoil energy, permitting study

of low energy collisions while still yielding a velocity map image from

which the revealing state-to-state DCSs can be easily extracted. The

present study is the first in which NO–Ar collisions are studied in the

cold regime where the scattering is mainly governed by resonances,

and the first for low-energy spin-orbit changing collisions. We will

show these present an extreme test for the current theoretical gold

standard.

With the approach of the Ar atom, the NO Π degeneracy breaks,

resulting in two PESs of A′ and A′′ symmetries. Here, A′ and A′′ refer
to the electronic wavefunctions being symmetric and antisymmetric

upon reflection in the molecular plane, respectively. In the Hund’s

case (a) limit, which is true for this experiment (the NO rotational

energy is much less than the spin-orbit interaction), the spin-orbit

changing collisions of NO and Ar are induced by the difference

potential (V(A′′) − V(A′))/2, which is more attractive than the sum

potential (V(A′′) + V(A′))/2 accounting for the spin-orbit conserving

collisions.39–42 The integral cross-sections (ICSs) for spin-orbit chang-

ing collisions are generally an order of magnitude lower compared to

spin-orbit conserving collisions. This results from the fact that the dif-

ference potential is smaller than its sum counterpart. Early experimen-

tal and theoretical work for rotationally inelastic collisions between

the spin-orbit manifolds showed an increase in the ICS with increas-

ing rotational excitation Δj(jfinal − jinitial) for low Δj transitions, which is
in stark contrast to the behavior within the spin-orbit manifolds. This

suggested that the transitions between the manifolds may be an indi-

rect process involving strong couplingwithin themanifolds aswell.40,43

It has been long speculated that the existing difference potential is

not as reliable as the sum potential for NO–Ar collisions, and recent

work probing the steric asymmetry of spin-orbit changing collisions

also revealed that the features in the ICSs were not captured well by

the difference potential alone, so the full PESs should be considered.37

In addition, a recent study showed that the location of the unpaired

electron also plays a key role in determining the outcome of these
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F IGURE 1 Schematic of the experimental setup. The essential components of the experiment and (inset) a 3Dmodel of the dual molecular
beam valve

collisions and suggested the importanceof theA′PES in scatteringonto
the spin-orbit excited manifold.44 Hence, the present study will aid in

validating the accuracy of the attractive part of the difference poten-

tial that has largely remained untested, and provide a foundation for

future investigation of these theoretical aspects of spin-orbit changing

collisions.

Studies concentrating on state-to-state collisions of vibrationally

excited molecules have been somewhat limited due to the difficulties

of preparing vibrationally excited molecules in a single state with ade-

quate population. In the present study, the stimulated emission pump-

ing (SEP) technique has been used for state preparation coupled with

velocity map imaging detection. In addition to the challenge of low

collision energies, the stretching of the bond associated with vibra-

tional excitation also poses an additional challenge for theory. Bond

stretching changes the atom–diatom charge density overlap integral,

which governs the repulsive part of the PES. This alters the well depth

and increases the anisotropy of the interaction PESs. The vibrational

motion also changes the charge distribution of the molecule, which

leads to a change of the dipole and polarizability of the molecule, man-

ifested in the strength of interaction.45 This affects both the long- and

short-range parts of the interaction PESs. Finally, the coupled cluster

method, which is widely regarded as the gold standard for calcula-

tion of the adiabatic energies, begins to fail at large N–O bond lengths

due to its single-reference nature. Thus, experiments involving vibra-

tionally excited molecules are important to assess the accuracy of the

theoretical calculations, with implications in many fields of study. The

measured state-to-stateDCSsof the current studyare accompaniedby

the predicted DCSs from reduced- and full-dimensional quantum scat-

tering calculations based on both high-level coupled cluster (CCSD(T))

andmulti-reference configuration interaction (MRCI) PESs.

One of themain advantages of SEP over other preparationmethods

is the ability to producemolecules in an arbitrary rovibrational level. In

the present study,wehave exploited this to prepareNO in a single rovi-

brational level at the spin-orbit excited state, NO X2Π (v= 10,Ω= 1.5,

j = 1.5). The total angular momentum of NO is indicated here by the

quantum number j, whileΩ is that specifying the projection of the elec-

tronic angular momentum (orbital and spin) onto the internuclear axis.

For NO,Ω = 0.5 is the ground spin-orbit state andΩ = 1.5 is the spin-

orbit excited state. A schematic of our experimental setup is given in

Figure 1 but more details of the near-copropagating beam apparatus

can be found elsewhere,30–32 and those pertinent to the current study

can be found in Section 2.

MATERIALS AND METHODS

A mixture of 15% NO seeded in Ar kept at a 4.5 bar backing pressure

was introduced to the chamber through the 0.5 mm nozzle placed on

the central axis of the apparatus of the pulsed dual beam valve. Neat

Ar kept at a backing pressure of 9 bar was expanded through the off-

axis nozzle of the dual beam valve. The pulsed valves were operated at

10 Hz with pulse widths of 25 and 20 μs for NO and Ar beams, respec-

tively. The NO beam traveled through the skimmer and the collimated

beam intersected the pump and dump lasers perpendicularly 1 cm

upstream from the interaction region which is situated 32 cm down-

stream from thenozzle output. Thepump laser excited themolecules in

theNOX2Π (v=0,Ω=0.5, j=0.5,+e) to theA2Σ+ (v=2, j=1.5, F1) via

the R11 + Q21(0.5) transition of the 2–0 band. Here, Ω = 0.5 refers to

the ground spin-orbit state. Electronically excitedmoleculeswere then

dumped to the NO X2Π (v = 10, Ω′′ = 1.5, j′′ = 1.5, +f) level via the

Q12(1.5) transition of the 2–10 band, whereΩ′′ = 1.5 is the spin-orbit

excited state. Weak electric fields present in our setup are believed to

be sufficient to fully mix the parity levels which are separated by only

around 0.6 MHz in this case.46 Both pump and dump dye lasers were

pumped by the same Nd:YAG laser and the beams were spatially and

temporally overlapped. Prepared vibrationally excited molecules were
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4 of 9 COLLISION-INDUCED SPIN-ORBIT RELAXATION: AMARASINGHE ET AL.

F IGURE 2 Experimental images for different collision energies and corresponding speed distribution of NO. Raw experimental images for NO
X2Π (v= 10,Ω′′= 1.5, j′′= 1.5)+Ar→NOX2Π (v= 10,Ω′= 0.5, j′= 4.5,+e)+Ar at (left) 3.5 cm−1, (middle) 2.3 cm−1, and (right) 1.5 cm−1

collision energies. The bottom panels consist of corresponding velocity distribution of NOX2Π (v= 10,Ω′′= 1.5, j′′= 1.5) obtained by neutral
time-of-flight measurements

intersected by the skimmed Ar molecular beam at a 4◦ crossing angle

at the interaction region. Spin-orbit changing collisions populating the

NO X2Π (v = 10, Ω′ = 0.5, j′ = 4.5, +e) level were then probed via the

R11 + Q21(4.5) transition of the 4–10 band and subsequently ionized

by tuning the wavelength just above the ionization threshold from a

fourth laser. The ions produced were then focused to the microchan-

nel plate (MCP) detector coupled to a phosphor screen from our sliced

velocity map imaging setup and the flashes in the phosphor screen

were detected by a CCD camera and the positions of the ion counts

were recorded utilizing ourNuAcq acquisition software. Themeasured

state-to-state DCSs were converted from the LAB frame to the COM

frame by using aMonte Carlo (MC) forward convolution simulation.32

The quantum mechanical close coupling (QMCC) calculations were

performed using the Hibridon package47 (2D calculations) and its

recent 3D extension 48 (3D calculations). Additional calculations car-

ried out using the Nijmegen code yielded very similar results (within

1%). In all QMCC calculations, the channel basis included the rota-

tional levels of NO up to jNO = 20.5. The 2D MRCI/CCSD(T) PESs

were obtained by averaging over the v = 10 vibrational wave func-

tion. The NO−Ar distance grid ranges from 4.2 to 300 bohr and per-

formed calculations for partial waves up to a total angular momen-

tum J = 200.5. For the NO2Π (v = 10) molecule, we used a rota-

tional constant of Brot = 1.518751 cm−1 and spin-orbit constant

of ASO = 120.068 cm−1, with the reduced mass of the Ar–NO

complex set to 17.135 amu, and two Λ-doubling parameters are

p = 0.0116883 cm−1 and q = 9.413512 × 10−5 cm−1. For 3D calcula-

tions, one and three vibrational basis functions (v= 10 and 9–11) were

used, and the vibrational inelasticity is found to be negligible, as shown

in SI. The results presented are thus from the calculations with a single

vibrational basis function.

RESULTS

The SEP technique enables one to pick a subset of velocities from the

overall velocity distribution of NO, leading to a lower velocity spread

of the vibrationally excited molecules compared to the initial molecu-

lar beam pulse and permitting fine tuning of the collision energy with

improved energy resolution. In the present study, the collision energy

was tuned from 1.5 to 3.5 cm−1 (∼2–5 K) by scanning the time delay

between the pump/dump laser and the valve opening, and the mea-

sured DCSs with the corresponding Newton diagrams superimposed

are shown in Figure 2. Even for these very low collision energies, the

84.9 cm−1 excess energy gained by the NOmolecule undergoing tran-

sition from NO X2Π (v = 10, Ω′′ = 1.5, j′′ = 1.5) to NO X2Π (v = 10,

Ω′ = 0.5, j′ = 4.5, +e) results in a reasonable sized scattering image in

which the features of the DCSs may be readily observed. The images

clearly show the change of the relative velocity direction in response to

subtle changesof thevelocity, demonstrating theability to fine tune the

collision energy by applying the SEP at different time delays. The veloc-

ity of the NO beam shown in Figure 2 was obtained by high-resolution

neutral time-of-flight measurements.
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NATURAL SCIENCES 5 of 9

F IGURE 3 Contribution of single and dual beam collisions to the
experimental image at 3.5 cm−1. Raw experimental imageNOX2Π
(v= 10,Ω′′= 1.5, j′′= 1.5)+Ar→NOX2Π (v= 10,Ω′= 0.5, j′= 4.5,
+e)+Ar at 3.5 cm−1 collision energy. Dash lines represent the
scattering sphere caused by intrabeam (red) and dual beam (yellow)
collisions

An interesting feature visible in the images is the appearance of two

rings for each collision energy. This is most clearly seen in the image

corresponding to 3.5 cm−1 collision energy. These two rings corre-

spond to different scattering spheres arising from single beam (intra-

beam) and dual beam (near-copropagating beam) collisions as shown in

Figure 3. Intrabeam scattering experiments have been shown recently

to access very low collision energies. Here, these involve NO collisions

with the argon carrier gas and correspond to collision energies of<1 K

butwithmore than100%collision energy spread. In our previouswork,

we used a double-slit chopper to select different velocity components

of the beam and narrow the velocity distribution, but this requires a

velocity upchirp in the beam pulse. Zare and coworkers10,29 have stud-

ied intrabeam scattering in HD inelastic collisions. In that case, it was

found that resonant interactions dominated the scattering, permitting

detailed insight despite the collision energy spread. Moreover, for sin-

gle beam collisions there is a distribution of relative velocity directions

due to the small velocity differencesbetween thebeamspecies anddue

to the current angular spread of the beams. This makes it difficult to

extract the underlying distributions for the intrabeam case. Therefore,

the current study focused only on the dual beam collisions. To deter-

mine the DCSs resulting from the dual beam collisions the background

signal arising from the single beam collisions was acquired separately

and the ion counts coming fromdual beamcollisionswere carefully iso-

lated from the single beamcollisions. The resulting images are shown in

Figure 4. To facilitate the comparison, each image was rotated so that

the relative velocity vector is vertical, and the forward scattering direc-

tion is upwards.

In many NO scattering experiments, information on most-forward

scattering is lost due to large background signal arising from non-

resonant ionization of the NO beam or direct contamination by the

probed level. However, this is not the case here owing to the large

velocity difference between the beam NO and the scattered product

NO. All of the images showed strong scattering towards the forward

direction and the scattering image that corresponds to the 3.5 cm−1

collision energy also showed an enhanced scattering in the backward

direction. Compared to conventional crossed molecular beam exper-

iments, the collision volume of the near-copropagating beam appara-

tus is larger and does not coincide with the probe volume. Thus, there

is a detection bias to some lab velocities over others, which is appar-

ent from the asymmetry of the images. This effect can be reduced by

scanning the time delay between the SEP laser and the probe laser

but in the present study the time delay was fixed at 15 μs between
the lasers. Therefore, to account for this and to extract the center-of-

mass (COM) DCSs, a MC forward convolution simulation was carried

out, which also incorporated beam velocity spreads and other appara-

tus functions. The details of the simulation are given in the Support-

ing Information. The MC simulation was able to successfully repro-

duce the asymmetry that is observed in the experimental slice images

and the extracted state-to-state DCSs were then compared with the

F IGURE 4 Dual beam contribution to the scattering images at different collision energies. Isolated raw experimental images for NOX2Π
(v= 10,Ω′′= 1.5, j′′= 1.5)+Ar→NOX2Π (v= 10,Ω′= 0.5, j′= 4.5,+e)+Ar arising from dual beam collisions at (left) 3.5 cm−1, (middle) 2.3 cm−1,
and (right) 1.5 cm−1 collision energies. The images are rotated so that the relative velocity vector points up
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F IGURE 5 Simulated images for different collision energies with
corresponding differential cross-sections (DCSs). Experimentally
fitted (black), 3Dmulti-reference configuration interaction (MRCI)
predicted (blue), and 3D coupled cluster (CCSD(T)) predicted (red)
DCSs for NOX2Π (v= 10,Ω′′= 1.5, j′′= 1.5)+Ar→NOX2Π (v= 10,
Ω′= 0.5, j′= 4.5,+e)+Ar at (top) 3.5 cm−1, (middle) 2.3 cm−1, and
(bottom) 1.5 cm−1 collision energies. The insets includeMonte Carlo
(MC) simulated experimentally fitted DCS images, 3DMRCI predicted
DCS images and 3DCCSD(T) theory predicted DCS images

quantum scattering calculations. The simulated images and the com-

parison of corresponding DCSs are presented in Figure 5. The abil-

ity to successfully reproduce the asymmetry seen on the experimen-

tal images reassures us that the experimental conditions that were

used for theMC simulation accurately captures the key features of the

experiment.

The extracted DCSs were then compared to those obtained from

2D and 3D QMCC calculations on MRCI and CCSD(T) PESs. Both

3D MRCI and CCSD(T) PESs reported for the A′ and A′′ states were
used.31,32 Due to the underestimation of well depths, the MRCI PESs

were slightly scaled to match the well depths of the more accurate

CCSD(T) PESs.31,32 Additional details on the calculations are provided

in Section 2. The results are shown in Figure 5.

DISCUSSION

Although there are clear discrepancies, in general we find the the-

oretical DCSs from scattering calculations on the MRCI PESs agree

somewhat better with experiment than the CCSD(T) predictions, par-

ticularly in the forward direction. Yet, in our previous work involving

spin-orbit conserving collisions at higher collision energies, quantum

scattering calculationswith theCCSD(T) PESs showed excellent agree-

ment with the experimentally extracted state-to-state DCSs.32

At high collision energies, small differences of the shape of the

well may not play a significant role. However, at low collision ener-

gies, the shape of the DCS is strongly affected by resonances and as

a result is extremely sensitive to the details of the PESs. Since spin-

orbit changing collisions are governed by the difference potential, it

is more susceptible to small errors in ab initio calculations. The dis-

agreement we observe at 3.5 cm−1, especially for backward scatter-

ing, is likely due to the inaccurate prediction of resonance energies

by the calculations. This in turn may be related to the well depth of

the potential. In these instances, one should resist asserting one the-

ory is more accurate than the other. The MRCI PESs may appear to

be the best for these particular results, but this may be fortuitous

as MRCI typically is less reliable for characterizing the dispersion

interaction.

To find the origin of the enhanced backward scattering observed

at 3.5 cm−1 collision energy, calculations with a finer energy grid

(0.01 cm−1) of both ICSs and DCSs were carried out using the 3D

MRCI PESs. The resulting ICS showed that there is an enhancement

around 3.5 cm−1, which is shown in Figure 6. It appears that there are

multiple overlapping resonances contributing which give rise to the

observed bump in the ICS where the DCS also shows distinct features

in the backwarddirection.Many scattering experiments have observed

enhanced backscattering when the collision energy coincides with a

resonance. However, due to themany open channels available for colli-

sions involving deexcitation from the spin-orbit excited state, and the

large reduced mass for the NO–Ar system, the partial wave analysis

for the present experiment has proven to be difficult. However, the

analysis suggests that the backscattering ismainly due to contributions

from the few highest partial waves (18.5 and 19.5). Van de Meerakker

and coworkers49 have reported that for low energy collisions between

ground state NOwith H2, scattering calculations on the CCSD(T) PESs

did not reproduce all the resonance signatures that were observed in

the experiment. They proposed that if higher excitation terms in the

coupled cluster expansion such as CCSDT(Q)were included the disper-

sion forces will bemore accurately describedwhichwould improve the

attractive part of the PESs. Similarly, CCSDT(Q) PESswere shown to be

needed toquantitatively reproducea resonanceat1 cm−1 for collisions

involving NO andHe, where the CCSD(T) PESs prediction is off by 0.3–

0.4 cm−1.50 Thus, it will be interesting to see whether by including the
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F IGURE 6 Calculated integral cross-sections (ICSs) and differential cross-sections (DCSs) for collision energies 3–4 cm−1. (Left top)
Calculated ICS for the NOX2Π (v= 10,Ω′′= 1.5, j′′= 1.5)+Ar→NOX2Π (v= 10,Ω′= 0.5, j′= 4.5,+e)+Ar process at an energy grid of
0.01 cm−1; (left bottom) partial wave analysis; (right) DCS in the collision energy range from 3 to 4 cm−1

higher excitation terms in developing the PES a better agreement can

reached from the coupled cluster surface.

In summary, we have presented velocity map imaging results for

spin-orbit relaxation of vibrationally excited NO in single quantum

states induced by collision with argon from 1.5 to 3.5 cm−1. These

state-to-state scattering results were found to be in reasonable agree-

ment with quantum calculations on high-level coupled cluster and

MRCI PESs, although a quantitative agreement remain elusive. This is

likely owing to the challenge of developing a sufficiently accurate dif-

ferencepotential to capture theprecise locationof the resonances. The

near-copropagating beam technique has allowed to us to reach to colli-

sionenergies close to1K for the first time in collisionsbetweenNOand

Ar and provides a platform to study collisions in the sub-kelvin regime

for systems with favorable reduced mass, such as H, D, H2, D2, and He

without anyexternal fieldmanipulations. These studies canbeusedasa

rigorous test for computed PESs to validate the accuracy of the attrac-

tive part of the potential.
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