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The availability of accurate intermolecular potential energy sur-
faces (PESs) is central in many fields of chemistry to under-
stand and predict the forces within and between molecules 

and to permit dynamical simulations. Calculating these interaction 
potentials involves solving the electronic Schrödinger equation on 
a discrete set of atomic positions. However, reaching the exact solu-
tion is generally not possible, so a combined effort between experi-
ment and theory is necessary to validate the calculated potentials 
and approximation methods used. For many years, state-resolved 
scattering experiments have served as a platform to assess the accu-
racy of the PESs, and NO–rare gas (NO–rg) collisions have been 
widely used as a benchmark open-shell system. There have been 
many state-of-the-art electronic structure calculations performed 
to obtain the PESs for NO–rg collisions and quantum scattering cal-
culations to obtain the integral and differential cross-sections (ICSs 
and DCSs) for comparison to experiment1–13. In the past, the accu-
racy of quantum scattering calculations on these PESs has been vastly 
superior to experimental measurements of these quantities owing to 
experimental averaging over the internal quantum states that define 
the reactants or the external quantum states that describe the colli-
sion. Recently, a variety of experimental approaches have emerged 
permitting single quantum state preparation and detection to define 
the internal quantum states and high-resolution, low-energy scat-
tering that serves to constrain the external quantum states. These 
experiments present an unprecedented challenge to theory. In the 
present work we press these experimental investigations in a new 
realm with a combination of near-copropagating beams and stim-
ulated emission preparation of NO in the v = 10 vibrational level. 
This combination allows arbitrary selection of single initial quan-
tum states and broadly tunable collision energies for access to a 
regime in which the scattering is sensitive to the attractive as well as 

the repulsive regions of the PES, and where a current-level theoreti-
cal treatment of the NO molecule itself may begin to fail.

The first quantum scattering calculations for NO–Ar collisions 
date back to the 1970s1, but due to the absence of state-to-state 
experiments at the time, the accuracy of the theoretical predic-
tions remained unchallenged. In the 1990s with the emergence 
of ion imaging coupled to crossed molecular beam experiments, 
state-resolved DCSs were first observed14–16. This demanded new 
high-quality PESs and quantum scattering calculations to aid with 
the interpretation4,5. Although many PESs have surfaced since that 
time, to date, coupled-cluster calculations including single and 
double excitations with perturbative triple excitations (CCSD(T)) 
have served as the most successful method to reproduce the experi-
mental observations16–19. This so-called gold standard approach 
has commonly been used in predicting the state-to-state DCSs of 
rotational energy transfer (RET) for collisions between ground state 
NO and Ar. Although inelastic collisions are the simplest process 
for energy transfer, they play a substantial role in understanding key 
processes in various fields of chemistry and represent a sensitive test 
of the quality of the PES, complementing data available from spec-
troscopic measurements20.

NO is an open-shell molecule and its ground state consists of two 
spin–orbit states (Ω = 1/2 and 3/2) and each rotational level further 
splits into two closely spaced Λ-doublet sublevels that differ accord-
ing to their total parities. The symmetric combination of the +Ω and 
–Ω wave function is indicated by the e Λ-doublet sublevel and the 
antisymmetric combination is denoted by the f Λ-doublet sublevel. 
Here Ω refers to the projection of total electronic (spin plus orbital) 
angular momentum onto the internuclear axis. The total parity of 
the Λ-doublet sublevels is given by ε(−1)j–1/2 where ε is +1 and −1  
for e and f, respectively. Many studies have come to light from 
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this system probing spin–orbit-conserving, spin–orbit-changing 
state-to-state collisions, and parity-conserving and parity-changing 
state-to-state collisions. Ground state NO has Π

I
 symmetry, and 

when Ar approaches, the NO degeneracy breaks, leading to two 
PESs of A′ or A′′ symmetry.3 In the pure Hund’s case (a) limit the 
sum-potential (A′ + A′′)/2 accounts for the spin–orbit-conserving 
transitions, whereas the spin–orbit-changing transitions involve the 
difference potential (A′′ − A′)/2. Almost all the experimental studies 
have focused on spin–orbit-conserving collisions, while only a hand-
ful of studies have been done for state-to-state spin–orbit-changing 
collisions due to the low collisional cross-sections14,16,18,21,22. In addi-
tion, collision studies can consider initial- and final-state parities. 
Parity-conserving collisions lead to oscillations in the DCS as a 
result of quantum interference between trajectories at two different 
NO orientation angles that scatter to the same final state. The inten-
sity and the position of these oscillations are very useful to test the 
accuracy of the calculated potentials. For parity-changing collisions, 
only one peak is generally observed in the DCS.

Initial state preparation is extremely demanding in a 
state-resolved experiment. For NO this is even more challenging 
due to its open-shell character and low rotational constant, such 
that the thermal population of a few internal states is possible even 
with a supersonically cooled 5 K molecular beam. The Stark effect 
of NO has been exploited to a great effect by utilizing hexapoles 
to focus only the low-field-seeking j = 0.5, –f state from an ini-
tially supersonically cooled molecular beam21–25. As a result, fully 
parity-resolved quantum state-to-state DCSs were observed for NO–
Ar inelastic collisions in a crossed molecular beam experiment at a 
collision energy of 530 cm–1, and these were compared with quan-
tum mechanical close-coupling (QMCC) scattering calculations 
employing CCSD(T) PESs25,26. The oscillations in the experimental 
DCSs for both parity-conserving and parity-changing collisions 
were successfully captured by the QMCC calculations, validating 
the accuracy of the theory. Stark decelerators further permit both 
single state selection and slowing down the molecular beam with 
concomitant reduction of the velocity spread of the state-selected 
molecule, permitting detection of extraordinary details in the scat-
tering27–30, including the observation of diffraction oscillations in 
the DCSs, another pure quantum effect sensitive to the effective 
size of the target. The QMCC calculations successfully reproduced 
the oscillatory features detected by the experiment29,31. With all of 
these examples, one can confirm that the repulsive region of the 
ground state PESs for NO–Ar that govern the experimental phe-
nomena measured to date are well characterized using the CCSD(T) 
method. However, the accuracy for the long-range attractive region 
of the NO–Ar potential, and for the NO molecule stretched in 
high vibrational levels, is largely untested. The latter is expected 
to fail at some point as CCSD(T) is inherently a single-reference 
method, and as NO approaches the dissociation limit it will require 
a multi-reference treatment.

Although previous studies on collisions of rotationally cold but 
highly vibrationally excited molecules have been reported32,33, direct 
measurement of fully state-resolved state-to-state DCSs at broadly 
tunable collision energies down to a few kelvins allows access to a 
new extreme regime that generally does not exist in nature. Despite 
the huge volume of studies done on the NO–Ar system, calculations 
have been restricted to two degrees of freedom, and collision stud-
ies have been at room temperature or above. We recently reported 
preliminary measurements of state-to-state DCSs for NO (v = 10) 
collisions with Ar at two different collision energies of 530 cm–1 
and 30 cm–1 using a near-copropagating beam apparatus, which 
were compared to available scattering calculations for NO (v = 0)34. 
In the present study, we report the measurement of fully quantum 
resolved state-to-state DCSs for rotationally inelastic collisions of 
vibrationally excited NO and Ar at a wide range of collision ener-
gies and for arbitrary initial states. In addition, we demonstrate the 

initial state preparation of various single ro-vibrational levels, which 
allows us to control the final deflection angle of NO for a given final 
state and collision energy. Finally, we compare the experimental 
observations with predictions of QMCC scattering calculations 
using CCSD(T)-calculated NO(v = 10)–Ar PESs for the first time. 
The modifications done to the PESs and to the quantum mechanical 
scattering calculations to adapt to v = 10 will be discussed.

results
Rotationally inelastic collisions of vibrationally excited NO and 
Ar were studied in a molecular beam apparatus in which the two 
beams cross at a 4° angle (Fig. 1). Stimulated emission pumping 
(SEP) through the A state, 1 cm upstream of the probed region, was 
used to prepare the NO in a single rotational level of well-defined 
parity at v = 10 in the spin–orbit ground state35–38, and the scat-
tered products were detected by 1 + 1′ ionization using the d.c. 
slice velocity map imaging technique39. Images were acquired over 
many hours at a repetition rate of 10 Hz. These images contain the 
state-to-state differential cross-section for the inelastic scattering 
process, which is sensitive to the details of the interaction potential. 
The low intersection angle of the beams permits tuning of the col-
lision energies from 530 cm–1 down to 32 cm–1 and below by chang-
ing the velocity of the NO beam relative to the argon beam. The 
short molecular beam pulses combined with velocity selection by 
SEP yield excellent speed ratios (v=Δv

I
 ≈ 45) for the NO beam in the 

prepared level giving a collision energy spread of 20–30% full width 
at half-maximum. Because the scattering was not confined to the 
probed region, it was necessary to scan the probe delay relative to 
the SEP lasers during the image acquisition to sample all the scat-
tered products uniformly. It is notable that in this copropagating 
beam configuration, the normal density-to-flux correction is much 
smaller than in the conventional 90° crossing geometry, as the total 
range of lab velocities varies only by a factor of two or so at most. To 
account for beam velocity spreads, the lab frame to centre-of-mass 
frame Jacobian and the density-to-flux correction, and to extract 
the underlying centre-of-mass DCS, a Monte-Carlo (MC) simula-
tion code was developed to incorporate all aspects of the experiment 
in a forward-convolution fitting procedure (see Supplementary 
Information under data analysis). This rigorous analysis was not 
performed for the results in our preliminary report34. The extracted 
DCS was then compared with the new scattering calculations that 
have been carried out for NO(v = 10)–Ar collisions.

We performed QMCC scattering calculations for the NO–Ar 
system at various collision energies. Technical details about the 
calculations can be found elsewhere34. In QMCC calculations, our 
newly developed three-dimensional (3D) NO–Ar interaction PESs 
calculated with the explicitly correlated variant of the spin-restricted 
coupled-cluster level of theory with single, double and non-iterative 
triple excitations (RCCSD(T)-F12) were employed (for further 
detail see computational methods section in Supplementary 
Information). The 3D PESs included variation of the N–O bond 
length, rNO, to distances that cover vibrational excitations of NO 
from v = 0 up to vibrational quantum number v = 10 and possibly 
v = 11, which matches conditions of the experiment. The remaining 
Jacobi coordinates of R and θ, which describe relative distance and 
orientation of the Ar atom with respect to the centre of mass of the 
NO molecule, respectively, were covered by a fairly large discrete 
grid of ab initio points up to the asymptotic limit where NO and Ar 
do not interact. However, employing full 3D PESs along with the 
corresponding ro-vibrational NO basis in the scattering dynamics is 
computationally very expensive, especially if high vibrational levels 
are probed, which is the case in this work. Atom–diatom inelastic 
scattering dynamics can often be described sufficiently accurately 
using two-dimensional (2D) interaction PESs. In a 2D approach, 
the N–O bond length is fixed at either the equilibrium distance, 
re, or the average bond length of the vibrational ground state, r0, 
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with the latter usually being more accurate40. Still more accurate is 
the use of a set of 2D PESs obtained by vibrationally averaging the 
3D PESs over the vibrational wave function of the NO molecule. 
Additional information about the computational procedures can be 
found in the Methods section below.

Collision energy dependence of the state-to-state DCS. In the 
first set of experiments, the SEP technique was used to prepare the 
NO X2Π1/2 (v = 10, j = 0.5, +e) level, and the fraction of NO in the 
prepared state of v = 10 was found to be approximately 93% (see 
Supplementary Fig. 1). The d.c. slice images were recorded for NO 
scattered into the X2Π1/2 (v = 10, j = 9.5, +f) level following collision 
with Ar, and state-to-state DCSs were recorded for four different 
collision energies obtained by changing the seed gas composition 
of the NO beam. These results are summarized in Fig. 2. In this 
study we focused on parity-conserving collisions as they show more 
structured DCSs and are generally a more sensitive test of the PESs. 
With decreasing collision energy, the shift of sideways and back-
ward peaks to larger scattering angles is apparent in the measured 
DCSs. Although detected in previous Stark decelerator scattering 
studies, diffraction oscillations in the theoretical DCSs were not 
captured by the experiment due to the collision energy spread and 
the angular divergence of the molecular beams. Efforts are under-
way to improve these in the future. Narrow intense peaks mani-
fested in the theoretical DCSs in the forward direction identified as 
Fraunhofer diffraction oscillations31 are washed out in the first two 
high-collision-energy measurements. Since the width of these oscil-
lations increases with decreasing energy, the low-collision-energy 
experimental DCSs have some indication of their presence. 
Considering this first series of experiments, a reasonable agreement 
between the experiment and QMCC calculations has been achieved 
for these collision energies.

Different initial state preparation and control over the final scat-
tering angle. The advantage of the SEP technique for initial state 
preparation over methods relying on the Stark effect is the ability 
to prepare almost arbitrary initial ro-vibrational levels. To demon-
strate, we have prepared NO in three other levels, X2Π1/2 (v = 10, 

j = 2.5, +e) and X2Π1/2 (v = 10, j = 3.5, +f and –e). This opens up 
investigations of other rotational inelastic processes such as rota-
tional de-excitation upon collisions (vide infra) and the possibility 
of preparing aligned molecules for stereodynamics studies. We note 
that no rotational alignment was observed here (see Supplementary 
Fig. 2), likely because such effects are generally modest and at the 
present relatively low signal levels, they are not readily observable. 
Future in-depth studies, also involving magnetic shielding at the 
interaction region, will be used to examine these effects in detail41. 
This ability to select the initial state also provides a platform to study 
cold collisions of these systems through electronically inelastic col-
lisions from the spin–orbit excited state as discussed further below. 
A satisfactory agreement between the experiment and QMCC 
calculations is also observed for these selected initial state stud-
ies as shown in Fig. 3, which demonstrates the competence of the 
CCSD(T) method in calculating this potential despite the extended 
N–O bond length. The possible influence of the multi-reference 
character of NO on the calculations was also examined in two ways. 
Firstly, the T1/D1 ratio, a sensitive test of the multi-reference char-
acter of the wave function, was examined for the coupled-cluster 
surface. Secondly, scattering calculations were performed on a 
multi-reference configuration-interaction (MRCI) PES. Both these 
tests are described in the Supplementary Information under com-
putational methods. These results showed very little deviation from 
the CCSD(T) DCSs, indicating that the multi-reference effects do 
not impact the scattering dynamics reported in this work.

This precise initial state definition for scattering gives us a 
unique ability to control the DCS of the scattered products, as the 
product angular distributions resulting in the same final state at the 
same collision energy are vastly different for different initial states. 
By choosing a combination of initial quantum states, one can exert 
control of the direction of the scattered particles into a specific final 
quantum state. This is illustrated in Fig. 4 for three different initial 
states, but the use of a broader range of initial states would permit 
even greater flexibility and control.

Rotational de-excitation at low collision energies. The chief 
advantage of using a near-copropagating molecular beam apparatus  

Pump
Dump

Ionization Probe

Dual piezo stack valve

Detector

CCD camera

Ion optics

NO

Ar

Fig. 1 | Schematic of the experimental setup. Two beams, one containing NO in argon, the other pure argon, are arranged at a 4° intersection angle to 
collide on the axis of a velocity map imaging spectrometer 32 cm downstream from the nozzles. The NO molecules are prepared in chosen rotational 
and parity states at the v = 10 level by stimulated emission pumping 1 cm upstream of the collision region. The velocity images of the scattered products 
are detected in a range of rotational levels of v = 10 via (1 + 1´) resonance-enhanced multiphoton ionization (ReMPI), and the corresponding DCSs are 
extracted for comparison to quantum mechanical calculations. CCD, charge-coupled device.
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as opposed to a conventional crossed beam apparatus is the ability  
to achieve low-energy collisions, although the reduction in 
density-to-flux distortion is also notable. We have shown this in our 
preliminary study, where we achieved a collision energy of 30 cm–1. 
However, in that experiment we measured the DCS for NO rota-
tional excitation upon collisions with Ar. In the present work we 
illustrate another aspect of this approach: we have measured the 
DCSs for rotational de-excitation of NO after collisions with Ar 
at collision energies of 45 cm–1 and 32 cm–1, shown in Fig. 5. This 
‘superelastic scattering’, in which reactant internal energy is con-
verted to translation, is the reverse of normal inelastic scattering. 
The NO was prepared in the X2Π1/2 (v = 10, j = 2.5, +e) level, and 
the products were detected in the X2Π1/2 (v = 10, j = 0.5, +e) level. 
This was made possible again due to the SEP technique, which 
allows one to prepare NO in an arbitrary rotational level. The study 

of rotational de-excitation also allows us to reach collision energies 
near the cold limit (~1 K) but still have enough recoil energy to suc-
cessfully measure the angular distribution of the scattered products 
using imaging. This will be demonstrated in a future publication.

Discussion
NO–Ar studies to date have been done at relatively high collision 
energies, well above room temperature. High-collision-energy 
studies of rotationally inelastic scattering are largely sensitive to the 
repulsive part of the PESs. Therefore, the accuracy of the attractive 
part of the PESs remains relatively unexplored. With the present 
experiment, as we lower the collision energy, we enter the regime 
where the attractive part of the PESs plays a key role.

The importance of the attractive part of the PESs can be seen 
clearly if we compare the experimental results with a hard-shell 
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Fig. 2 | experimental and simulated images for different collision energies with corresponding DCSs. a–d, The raw experimental d.c. slice images (first 
column); simulated, experimentally fitted DCS images (second column); simulated, theoretical DCS images (third column); and experimentally fitted 
(black) and theoretical (red) DCSs (fourth column) of the inelastic scattering of NO X2Π1/2 (v = 10, j = 0.5, +e) with Ar resulting in NO X2Π1/2 (v = 10, j = 9.5, 
+f) at 530 ± 40 cm–1 (a), 422 ± 40 cm–1 (b), 323 ± 32 cm–1 (c) and 258 ± 26 cm–1 (d) collision energies. The shaded area represents the uncertainty of the 
experimental fit.
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model that contains no attractive component. It has been shown that 
a simple hard-shell model based on a theoretical treatment intro-
duced by McCurdy and Miller and by Korsch and Schinke can be 
used as a first step to predict the intereference structures observed 
in the ICSs and the DCSs of these collisions42–44. Using these ideas, 

Brouard and coworkers have shown that key features of NO–Ar 
scattering can be captured by four limiting pathways25. These four 
paths are trajectories leading to Ar colliding head-on or side-on at 
the N end or O end. By using the infinite order sudden approxima-
tion in the classically allowed region, one can predict the approxi-
mate positions of the peaks that occur in the DCSs of rotationally 
inelastic collisions for a hard-shell ellipsoid. The parity-conserving 
DCS depends on the relative phase shifts for scattering off of the 
ends or the sides of the NO molecule. These phase shifts are gov-
erned by the major and the minor semi-axes at the N end (AN–B) 

and the O end (AO–B) and the associated wave-vector k = (
ffiffiffiffiffiffiffiffiffi
2μEcol

p

_
I

), 
where μ is the reduced mass, Ecol is the collision energy and ℏ = h/2π, 
where h is the Planck’s constant. In the present study the AN, AO and 
B parameters (see Supplementary Table 1) were computed using the 
full dimensional sum diabatic PES for collisions resulting in NO 
X2Π1/2 (v = 10, j = 9.5, +f) for different collision energies.

The hard-shell model predictions follow one pattern: for all the 
oscillations observed, with decreasing collision energy, the forward, 
backward and sideways peaks shift to larger scattering angles (see 
Supplementary Fig. 3). This is the expected classical behaviour in that 
greater momentum coupling is needed to give the same rotational 
excitation when the collision energy is lowered, and this is achieved 
through lower impact parameter collisions. Although the experi-
ments show this behaviour in the sideways and backward directions,  

Experiment Theoretical simulationExperimentally fitted
simulation

–Experiment –Theory

0 45 90 135 180
Angle (degrees)

0 45 90 135 180
Angle (degrees)

0 45 90 135 180
Angle (degrees)

a

b

c

200 ms–1

Fig. 3 | experimental and simulated images for different state preparations with corresponding DCSs. a–c, The raw experimental d.c. slice images  
(first column); simulated, experimentally fitted DCS images (second column); simulated, theoretical DCS images (third column); and experimentally fitted 
(black) and theoretical (red) DCSs (fourth column) of inelastic scattering of NO X2Π1/2 (v = 10, j”) with Ar resulting in NO X2Π1/2 (v = 10, j′) at a collision 
energy of 530 ± 40 cm−1 at state preparations of 3.5, +f → 9.5, +f (a); 3.5, −e → 10.5, –f (b); and 2.5, +e → 9.5, +f (c). The shaded area represents the 
uncertainty of the experimental fit.

0 45 90 135 180

Angle (degrees)

0.5, +e
2.5, +e
3.5, +f

Fig. 4 | illustration of the control over the final scattering angle for 
collisions into the same final state at the same collision energy by 
preparing different initial states. experimentally fitted DCSs for inelastic 
collisions of NO X2Π1/2 (v = 10, j = 0.5, +e) (black), NO X2Π1/2 (v = 10, j = 2.5, 
+e) (blue) and NO X2Π1/2 (v = 10, j = 3.5, +f) (red) with Ar resulting in NO 
X2Π1/2 (v = 10, j = 9.5, +f) at a collision energy of 530 cm–1.
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precisely the opposite is observed in the forward direction.  
This is because the low scattering angles (those forward of the clas-
sical rainbow angle) are classically forbidden and reflect contribu-
tions from the attractive part of the PESs, while the hard-shell model 
only works in the classically allowed region and is only sensitive to 
the repulsive core of the PESs. This is a clear indication that as we 
tune to low collision energies the scattering becomes more sensitive 
to the attractive part of the PESs.

These initial studies indicate the promise of combining SEP with 
near-copropagating beams and imaging. We have obtained DCSs for 
inelastic scattering of rotationally cold NO that yet contains ~2 eV 
of vibrational excitation. We have shown the ability to prepare arbi-
trary single ro-vibrational and parity levels for state-to-state scat-
tering, illustrated control over the DCS using selected initial states 
and, using the broad collision energy tunability, begun to probe the 
attractive part of the PESs. Despite the challenges provided by the 
extreme experimental conditions, the results show good agreement 
with QMCC calculations using coupled-cluster PESs. In the future 
we will prepare NO in its spin–orbit excited state for electronically 
inelastic collisions to the cold regime, 1 K or below. Arbitrary state 
preparation with polarized lasers will also pave the way to investigate 
the stereodynamic effects of these systems. The study of collisions of 
vibrationally excited NO molecules is not confined to only rotation-
ally inelastic collisions. By exciting to much higher vibrational levels 
of NO where the vibrational and rotational level spacings approach 
each other, vibrationally inelastic collisions might play a substantial 
role, and novel reactive pathways may open. We anticipate a serious 
challenge to coupled-cluster methods under these conditions.

Methods
Experimental procedures. The experiment was carried out in a molecular beam 
apparatus that has a beam intersection angle of ~4° at the interaction region, 
allowing us to tune the collision energy in a broad range34,45. To efficiently cool 
the internal degrees of freedom and vary the beam velocities, a mixture of 15% 
NO was seeded in 85% He for 530 cm–1 collisions, 83% He and 2% Ar for 415 cm–1 
collisions, 81% He and 4% Ar for 323 cm–1 collisions and 76.5% He and 8.5% 

Ar for 258 cm–1 collisions. The mixture kept at a backing pressure of 4.5 bar was 
expanded through the centre axis beam, and pure Ar kept at a backing pressure of 
9 bar was expanded through the side beam of the dual piezo stack actuator valve46. 
Supersonically expanded beams were skimmed using 1-mm-aperture skimmers 
2 cm and 3 cm downstream from the orifice (0.5 mm) of the centre and side 
nozzles, respectively. The majority of the NO(X) entering the interaction region is 
in the ground rotational state.

A total of four pulsed dye laser systems were employed in this experiment. 
The pump and dump dye lasers of the SEP scheme were pumped by the second 
harmonic of the same Nd:YAG laser. The pump dye laser was tuned to R11 + Q21 (0.5) 
via the 2-0 band of the A2Σ+ ← X2Π transition, and the dump was tuned to R11 + Q21 
(0.5) via the 2-10 band of the X2Π ← A2Σ+ transition to prepare NO in the X2Π1/2 
(v = 10, j = 0.5, +e) state for the comparison study with different collision energies. 
The specific rotational transitions used for the study with different state preparations 
can be found in the Supplementary Information section. These two laser beams 
were loosely focused (f = 500 mm) and intersected perpendicular to the NO(X) 
beam 1 cm upstream from the detection region. Scattered NO X2Π1/2 (v′ = 10, j′) 
products were detected in the middle of the repeller and the extractor lenses of the 
d.c. slice imaging setup using a (1 + 1′) REMPI scheme around 278 nm via the 4-10 
band of the A2Σ+ ← X2Π transition followed by ionization at 327 nm. The time delay 
between the pump/dump–probe was scanned to detect all the scattered products. 
The ionized products were focused to a microchannel plate (MCP) detector coupled 
to a phosphor screen using d.c. slice imaging lenses, where fragments with the same 
recoil velocity in the plane perpendicular to the flight direction are focused to the 
same point on the detector. The central slice of the ion cloud was selectively detected 
by applying a 80 ns pulse width to the MCP detector. The electrons created from 
the ion hits were accelerated towards the phosphor screen, and the flashes on the 
phosphor screen recorded by a CCD camera. The image acquisition was done using 
the NuAcq software, which was devoloped in our lab.

Computational procedures. Our 2D PESs were obtained by averaging over the 
v = 10 vibrational wave function. The vibrationally averaged PESs for the adiabatic 
A′ and A″ states were calculated by numerical integration of the 3D PESs on a grid 
of rNO values over the v = 10 vibrational wave function, for each combination of R 
and θ. The vibrationally averaged adiabatic potentials were transformed to diabatic 
sum and difference potentials and expanded in terms of Legendre polynomials 
PLðcosθÞ
I

 and associated Legendre functions PLMðθÞ
I

 with M = ±
I

2. Finally, the 
radial expansion coefficients were calculated by numerical quadrature for each R 
value and interpolated using the reproducing kernel Hilbert space (RKHS) method 
(see the Supplementary Information under computational methods)47. In our 
scattering calculations, we also used a vibrationally averaged (v = 10) rotational 
constant, B10, of NO, which equals 1.5216089 cm–1. The channel basis of our 
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Fig. 5 | experimental and simulated images for rotational de-excitation at low collision energies with corresponding DCSs. a,b, The raw experimental 
d.c. slice images (first column); simulated, experimentally fitted DCS images (second column); simulated, theoretical DCS images (third column); and 
experimentally fitted (black) and theoretical (red) DCSs (fourth column) for inelastic scattering of NO X2Π1/2 (v = 10, j = 2.5, +e) with Ar resulting in NO 
X2Π1/2 (v = 10, j = 0.5, +e) at collision energies of 48 ± 8 m–1 (a) and 32 ± 6 m–1 (b). The forward scattering has been omitted from the simulation owing to 
interfering background. The shaded area represents the uncertainty of the experimental fit.
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QMCC calculations includes rotational levels of NO up to jNO = 20.5 and partial 
waves up to a total angular momentum of J = 200.5. For comparison to experiment 
we averaged the DCSs calculated for three different energies to account for the 
collision energy spread in the experiment.
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supplementary information, acknowledgements, peer review information; details 
of author contributions and competing interests; and statements of data and code 
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Received: 24 November 2019; Accepted: 6 April 2020;  
Published online: 11 May 2020

references
 1. Nielson, G. C., Parker, G. A. & Pack, R. T. Intermolecular potential surfaces 

from electron gas methods. II. Angle and distance dependence of the A′ and 
A″ Ar–NO(X2Π) interactions. J. Chem. Phys. 66, 1396–1401 (1977).

 2. Alexander, M. H. Rotationally inelastic collisions between a diatomic 
molecule in a 2Π electronic state and a structureless target. J. Chem. Phys. 76, 
5974–5988 (1982).

 3. Alexander, M. H. Quantum treatment of rotationally inelastic collisions 
involving molecules in Π electronic states: new derivation of the coupling 
potential. Chem. Phys. 92, 337–344 (1985).

 4. Alexander, M. H. Differential and integral cross sections for the inelastic 
scattering of NO (X2Π) by Ar based on a new ab initio potential energy 
surface. J. Chem. Phys. 99, 7725–7738 (1993).

 5. Alexander, M. H. A new, fully ab initio investigation of the NO(X2Π)Ar 
system. I. Potential energy surfaces and inelastic scattering. J. Chem. Phys. 
111, 7426–7434 (1999).

 6. Tsuji, K., Shibuya, K. & Obi, K. Bound–bound A2Σ+–X2Π transition of 
NO–Ar van der Waals complexes. J. Chem. Phys. 100, 5441–5447 (1994).

 7. Parsons, B. F., Chandler, D. W., Sklute, E. C., Li, S. L. & Wade, E. A. 
Photodissociation dynamics of ArNO clusters. J. Phys. Chem. A 108, 
9742–9749 (2004).

 8. Sumiyoshi, Y. & Endo, Y. Intermolecular potential energy surface of Ar–NO. 
J. Chem. Phys. 127, 184309 (2007).

 9. Kłos, J., Alexander, M. H., Hernández-Lamoneda, R. & Wright, T. G. 
Interaction of NO(A2Σ+) with rare gas atoms: potential energy surfaces and 
spectroscopy. J. Chem. Phys. 129, 244303 (2008).

 10. Castro-Palacio, J. C., Ishii, K., Rubayo-Soneira, J. & Yamashita, K. An ab 
initio study of the Ar–NO(A2Σ+) intermolecular potential. J. Chem. Phys. 131, 
044506 (2009).

 11. Roeterdink, W. G., Strecker, K. E., Hayden, C. C., Janssen, M. H. M. & 
Chandler, D. W. Imaging the rotationally state-selected NO(A,n) product 
from the predissociation of the A state of the NO–Ar van der Waals cluster.  
J. Chem. Phys. 130, 134305 (2009).

 12. Holmes-Ross, H. L. & Lawrance, W. D. The binding energies of NO–Rg  
(Rg = He, Ne, Ar) determined by velocity map imaging. J. Chem. Phys. 135, 
014302 (2011).

 13. Cybulski, H. & Fernández, B. Ab initio ground- and excited-state 
intermolecular potential energy surfaces for the NO–Ne and NO–Ar van der 
Waals complexes. J. Phys. Chem. A 116, 7319–7328 (2012).

 14. Bontuyan, L. S., Suits, A. G., Houston, P. L. & Whitaker, B. J. State-resolved 
differential cross sections for crossed-beam argon-nitric oxide inelastic 
scattering by direct ion imaging. J. Phys. Chem. 97, 6342–6350 (1993).

 15. Suits, A. G., Bontuyan, L. S., Houston, P. L. & Whitaker, B. J. Differential 
cross sections for state‐selected products by direct imaging: Ar+NO. J. Chem. 
Phys. 96, 8618–8620 (1992).

 16. Kohguchi, H., Suzuki, T. & Alexander, M. H. Fully state-resolved differential 
cross sections for the inelastic scattering of the open-shell NO molecule by 
Ar. Science 294, 832–834 (2001).

 17. Lorenz, K. T. et al. Direct measurement of the preferred sense of NO rotation 
after collision with argon. Science 293, 2063–2066 (2001).

 18. Elioff, M. S. & Chandler, D. W. State-to-state differential cross sections for 
spin–multiplet-changing collisions of NO(X2Π1/2) with argon. J. Chem. Phys. 
117, 6455–6462 (2002).

 19. Wade, E. A. et al. Ion imaging studies of product rotational alignment in 
collisions of NO (X2Π1/2, j = 0.5) with Ar. Chem. Phys. 301, 261–272 (2004).

 20. Kim, Y. & Meyer, H. Multiphoton spectroscopy of NO-Rg (Rg = rare gas) 
van der Waals systems. Int. Rev. Phys. Chem. 20, 219–282 (2001).

 21. Eyles, C. J. et al. The effect of parity conservation on the spin–orbit 
conserving and spin–orbit changing differential cross sections for the inelastic 
scattering of NO(X) by Ar. Phys. Chem. Chem. Phys. 14, 5420–5439 (2012).

 22. Brouard, M. et al. Differential steric effects in the inelastic scattering of 
NO(X) + Ar: spin–orbit changing transitions. Phys. Chem. Chem. Phys. 21, 
14173–14185 (2019).

 23. van Leuken, J. J., van Amerom, F. H. W., Bulthuis, J., Snijders, J. G. & Stolte, 
S. Parity-resolved rotationally inelastic collisions of hexapole state-selected 
NO (2Π1/2, J = 1/2-) with Ar. J. Phys. Chem. 99, 15573–15579 (1995).

 24. Gijsbertsen, A. et al. Differential cross sections for collisions of hexapole 
state-selected NO with He. J. Chem. Phys. 123, 224305 (2005).

 25. Eyles, C. J. et al. Interference structures in the differential cross-sections for 
inelastic scattering of NO by Ar. Nat. Chem. 3, 597–602 (2011).

 26. Eyles, C. J. et al. Fully Λ-doublet resolved state-to-state differential 
cross-sections for the inelastic scattering of NO (X) with Ar. Phys. Chem. 
Chem. Phys. 14, 5403–5419 (2012).

 27. Gilijamse, J. J., Hoekstra, S., van de Meerakker, S. Y. T., Groenenboom, G. C. 
& Meijer, G. Near-threshold inelastic collisions using molecular beams with a 
tunable velocity. Science 313, 1617–1620 (2006).

 28. Kirste, M. et al. Quantum-state resolved bimolecular collisions of 
velocity-controlled OH with NO radicals. Science 338, 1060–1063 (2012).

 29. von Zastrow, A. et al. State-resolved diffraction oscillations imaged for inelastic 
collisions of NO radicals with He, Ne and Ar. Nat. Chem. 6, 216–221 (2014).

 30. Vogels, S. N. et al. Imaging resonances in low-energy NO-He inelastic 
collisions. Science 350, 787–790 (2015).

 31. Onvlee, J. et al. Imaging quantum stereodynamics through Fraunhofer 
scattering of NO radicals with rare-gas atoms. Nat. Chem. 9, 226–233 (2016).

 32. Rubahn, H. & Bergmann, K. The effect of laser-induced vibrational bond 
stretching in atom-molecule collisions. Annu. Rev. Phys. Chem. 41,  
735–773 (1990).

 33. Dixit, A. A., Pisano, P. J. & Houston, P. L. Differential cross section for 
rotationally inelastic scattering of vibrationally excited NO(v=5) from Ar.  
J. Phys. Chem. A 105, 11165–11170 (2001).

 34. Amarasinghe, C. et al. Differential cross sections for state-to-state collisions  
of NO (v = 10) in near-copropagating beams. J. Phys. Chem. Lett. 10, 
2422–2427 (2019).

 35. Hamilton, C. E., Kinsey, J. L. & Field, R. W. Stimulated emission pumping: 
new methods in spectroscopy and molecular dynamics. Annu. Rev. Phys. 
Chem. 37, 493–524 (1986).

 36. Yang, X. & Wodtke, A. M. Efficient state‐specific preparation of highly 
vibrationally excited NO(X2Π). J. Chem. Phys. 92, 116–120 (1990).

 37. Yang, X., Kim, E. H. & Wodtke, A. M. Vibrational energy transfer of very 
highly vibrationally excited NO. J. Chem. Phys. 96, 5111–5122 (1992).

 38. Chen, J., Matsiev, D., White, J. D., Murphy, M. & Wodtke, A. M. Hexapole 
transport and focusing of vibrationally excited NO molecules prepared by 
optical pumping. Chem. Phys. 301, 161–172 (2004).

 39. Townsend, D., Minitti, M. P. & Suits, A. G. Direct current slice imaging.  
Rev. Sci. Instrum. 74, 2530–2539 (2003).

 40. Jeziorska, M., Jankowski, P., Szalewicz, K. & Jeziorski, B. On the optimal 
choice of monomer geometry in calculations of intermolecular interaction 
energies: rovibrational spectrum of Ar–HF from two- and three-dimensional 
potentials. J. Chem. Phys. 113, 2957–2968 (2000).

 41. Rutkowski, M. & Zacharias, H. Depolarisation of the spatial alignment of the 
rotational angular momentum vector by hyperfine interaction. Chem. Phys. 
301, 189–196 (2004).

 42. McCurdy, C. W. & Miller, W. H. Interference effects in rotational state 
distributions: propensity and inverse propensity. J. Chem. Phys. 67,  
463–468 (1977).

 43. Korsch, H. J. & Schinke, R. A uniform semiclassical sudden approximation 
for rotationally inelastic scattering. J. Chem. Phys. 73, 1222–1232 (1980).

 44. Korsch, H. J. & Schinke, R. Rotational rainbows: an IOS study of rotational 
excitation of hard‐shell molecules. J. Chem. Phys. 75, 3850–3859 (1981).

 45. Amarasinghe, C. & Suits, A. G. Intrabeam scattering for ultracold collisions. 
J. Phys. Chem. Lett. 8, 5153–5159 (2017).

 46. Abeysekera, C. et al. Note: a short-pulse high-intensity molecular beam valve 
based on a piezoelectric stack actuator. Rev. Sci. Instrum. 85, 116107 (2014).

 47. Ho, T. S. & Rabitz, H. A general method for constructing multidimensional 
molecular potential energy surfaces from ab initio calculations. J. Chem. Phys. 
104, 2584–2597 (1996).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2020

NAture CHeMiStry | VOL 12 | JUNe 2020 | 528–534 | www.nature.com/naturechemistry534

https://doi.org/10.1038/s41557-020-0466-8
http://www.nature.com/naturechemistry


ArticlesNature Chemistry ArticlesNature Chemistry

Data availability
Raw scattering images, MC simulated images, extracted DCSs and theoretical DCSs 
are publicly available in the Zenodo data repository at https://doi.org/10.5281/
zenodo.3703096.

Code availability
The quantum 2D scattering algorithm used for open-shell systems such as Ar-NO is 
publicly available. The MC forward-convolution program used to simulate experimental 
conditions is available from the author upon reasonable request.

Acknowledgements
We thank S. Y. T. van de Meerakker for valuable discussions. This work was supported by 
the Army Research Office under awards W911NF-14-1-0378 and W911NF-19-1-0283 
and the AFOSR under award FA9550-16-1-0018. J.K. acknowledges financial support 
from the US National Science Foundation, grant no. CHE-1565872 to Millard Alexander. 
M.B. acknowledges support from the Dutch Astrochemistry Network programme of 
the Netherlands Organization for Scientific Research and support from the European 
Research Council under the European Union’s Horizon 2020 Research and Innovation 
Program (grant agreement no. 817947 FICOMOL awarded to S. Y. T. van de Meerakker).

Author contributions
The project was conceived by A.G.S. The experiments were carried out by C.A., H.L. 
and C.P. Data analysis and simulations were performed by C.A. The RCCSD(T)-F12 
potential energy surfaces were calculated by J.K. Scattering calculations employing  
the RCCSD(T)-F12 PESs were performed by M.B. under the guidance of G.C.G.  
and A.v.d.A. MRCI calculations were performed by J.Z. and C.X. under the 
supervision of H.G. The paper was written by C.A. and A.G.S. with contributions 
from all the authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41557-020-0466-8.

Correspondence and requests for materials should be addressed to A.G.S.

Reprints and permissions information is available at www.nature.com/reprints.

NAture CHeMiStry | www.nature.com/naturechemistry

https://doi.org/10.5281/zenodo.3703096
https://doi.org/10.5281/zenodo.3703096
https://doi.org/10.1038/s41557-020-0466-8
https://doi.org/10.1038/s41557-020-0466-8
http://www.nature.com/reprints
http://www.nature.com/naturechemistry

	State-to-state scattering of highly vibrationally excited NO at broadly tunable energies
	Results
	Collision energy dependence of the state-to-state DCS. 
	Different initial state preparation and control over the final scattering angle. 
	Rotational de-excitation at low collision energies. 

	Discussion
	Methods
	Experimental procedures
	Computational procedures

	Online content
	Fig. 1 Schematic of the experimental setup.
	Fig. 2 Experimental and simulated images for different collision energies with corresponding DCSs.
	Fig. 3 Experimental and simulated images for different state preparations with corresponding DCSs.
	Fig. 4 Illustration of the control over the final scattering angle for collisions into the same final state at the same collision energy by preparing different initial states.
	Fig. 5 Experimental and simulated images for rotational de-excitation at low collision energies with corresponding DCSs.




