
Articles
https://doi.org/10.1038/s41557-018-0001-3

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Scattering resonances in bimolecular collisions 
between NO radicals and H2 challenge the 
theoretical gold standard
Sjoerd N. Vogels1,4, Tijs Karman   1,4, Jacek Kłos2, Matthieu Besemer1, Jolijn Onvlee1,3, Ad van der Avoird1, 
Gerrit C. Groenenboom   1* and Sebastiaan Y. T. van de Meerakker   1*

1Institute for Molecules and Materials, Radboud University, Nijmegen, The Netherlands. 2Department of Chemistry and Biochemistry, University of 
Maryland, College Park, MD, USA. 3Present address: Center for Free-Electron Laser Science, Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany. 
4These authors contributed equally: Sjoerd N. Vogels and Tijs Karman. *e-mail: gerritg@theochem.ru.nl; basvdm@science.ru.nl

SUPPLEMENTARY INFORMATION

In the format provided by the authors and unedited.

NATure CHeMiSTrY | www.nature.com/naturechemistry

https://doi.org/10.1038/s41557-018-0001-3
http://orcid.org/0000-0002-6751-6971
http://orcid.org/0000-0002-0920-3707
http://orcid.org/0000-0003-3540-6476
mailto:gerritg@theochem.ru.nl
mailto:basvdm@science.ru.nl
http://www.nature.com/naturechemistry


Supplementary Material
Scattering resonances in bimolecular collisions

between NO radicals and H2 challenge the theoretical
gold standard

Sjoerd N. Vogels1,∗ Tijs Karman1,∗ Jacek Kłos2, Matthieu Besemer1,
Jolijn Onvlee1†, Ad van der Avoird1, Gerrit C. Groenenboom1,∗∗

Sebastiaan Y.T. van de Meerakker1∗∗

1 Radboud University, Institute for Molecules and Materials
Heyendaalseweg 135, 6525 AJ Nijmegen, the Netherlands

2 Department of Chemistry and Biochemistry
University of Maryland, College Park, Maryland 20742-2021, USA
† Present address: Center for Free-Electron Laser Science

Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany
∗ Who contributed equally to this work;

∗∗ To whom correspondence should be addressed;
E-mail: basvdm@science.ru.nl, gerritg@theochem.ru.nl

December 4, 2017

This PDF file includes:
Supplementary text
Fig. 1-7
Table 1-2
References (1 - 18)

1



Contents
1 Experimental methods 3

1.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Energy calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Analysis 7
2.1 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Differential Cross Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Integral Cross Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3 Theoretical methods 10
3.1 Potential energy surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2 Scattering calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.3 Partial wave analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2



1 Experimental methods

1.1 Experimental setup
Supplementary Figure 1 shows a schematic overview of the crossed-molecular-beam apparatus
used. The details on this apparatus have been described previously (1, 2). Briefly, a beam of
NO radicals seeded in krypton (5%) was expanded from a Nijmegen Pulsed Valve (3) with
a backing pressure of 1 bar. After passing a 3-mm skimmer the beam entered a 2.6-m-long
Stark decelerator which was operated at a guiding phase angle (ϕ0=0◦, s=3) and selected NO
molecules with a velocity of 390 m/s. The packet of NO exiting the Stark decelerator had a
velocity spread of 2.1 m/s and angular spread of 1.5 mrad (4). After exiting the decelerator the
molecules intersected with a secondary beam at an angle of 45◦. The reagent beam consisted of
a 1:1 mixture Ne/p-H2. Para-H2 was obtained by storing natural hydrogen at 20K in a converter
with a paramagnetic powder for multiple hours. The interaction with the catalyst resulted in a
significant depletion of the jH2 = 1 ortho state. The purity of the H2 was verified by detecting
it via a 2+1 resonance-enhanced multiphoton ionization (REMPI) scheme at 201 nm, using the
E 1Σ←X 1Σ transition. Supplementary Figure 2 shows the REMPI spectra of H2 where the
jH2 = 0 and jH2 = 1 rotational levels are probed for natural and near-pure para-hydrogen. A
conservative estimate of the effect of imperfect ortho-para conversion on the scattering cross
sections is made and discussed below, and is shown in Supplementary Figure 8. Because the
valve is cooled to below 100K it is assumed that the occupation of the jH2 = 2 and higher
rotational levels is negligible. The mixture was expanded from a commercially available Even-
Lavie valve (5) mounted on a coldhead. Backing pressures of typically 3 bar were maintained
to prevent clustering. To reach sufficient low beam velocities the valve temperature was tuned
between 60 and 100K to create beam velocities between 500 and 700 m/s. The velocity and
angular spread of the secondary beam contributing to the collision signal was estimated to be
1.0% and 0.5%, respectively. Tuning the velocity of this beam resulted in collision energies
between 10-43 cm−1 and 68-275 cm−1 for collisions of NO with p-H2 and Ne, respectively.

Although both scattering partners had the same velocity, collisions with each of them re-
sulted in different Newton sphere radii due to their different mass (Supplementary Figure 1),
which were resolved using VMI. The larger ring (hereafter referred to as outer ring) corresponds
to NO scattering on the heavier Ne atoms, while the smaller ring (hereafter referred to as in-
ner ring) stems from collisions with the much lighter hydrogen molecules. The scattered NO
molecules were state-selectively ionized by an ion-recoil free (1+1’) resonance-enhanced multi-
photon ionization scheme using two tunable dye lasers that crossed each other under 45◦ which
were directed parallel to the detector plane. The excitation laser made an angle of 90◦ with
the NO beam and its polarization was parallel to the detector plane. Rotationally state-resolved
excitation was performed using the A ← X transition in NO. Both lasers were focused to ob-
tain a small ionization volume. No indications were found that polarization or Doppler effects
play a role. The ions were velocity mapped on a position-sensitive detector by an advanced ion
stack (6) and detected by a CCD-camera. Each image was averaged for over 60,000 shots.
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Figure 1: Schematic overview of the experimental setup (left) and the Newton diagram for the
scattering experiment (right). Throughout this manuscript, images are presented such that the
center of mass velocity vector is placed horizontal, and forward scattering (θ = 0◦) is positioned
on the right hand side of the image.
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Figure 2: REMPI spectra from natural H2 (black) and H2 passed through the ortho-to-para
converter (red). After the converter a significant depletion of the jH2 = 1 rotational state is
observed. Spectra are normalized on the jH2 = 0 intensity.
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1.2 Energy calibration
To probe resonance features in the cross sections, the calibration of the mean collision energy
in the experiment is particularly important, and its analysis must be performed with great care.
The velocity of the reagent packet of NO is known with high precision from the settings of the
Stark decelerator, but the determination of the velocity of the secondary beam, as well as the
mean intersection angle of the colliding particles is challenging. We have developed a suite
of calibration procedures to establish the mean collision energy of the experiment, which are
explained below.

In our analysis, we first estimated the velocity of the secondary beam containing the Ne/H2

mixture based on the considerably long travel time and distance from the nozzle to the inter-
action region (300 mm). Due to the long travel time, approximately 600 µs, it is assumed that
a possible velocity slip between the Ne atoms and H2 molecules would be observable in either
the time-of-flight profile of the scattering products or by significant different beam velocities
required to analyze both Newton spheres. Neither was observed and we assumed that the Ne
atoms and H2 molecules had the same velocity at the interaction region. As a second step, we
analyzed the diffraction oscillations present in the outer ring, pertaining to NO-Ne collisions.
These oscillations are particularly sensitive to the exact collision energy (7), and in combination
with the diameter of the outer ring, the collision energy for NO-Ne could be derived.

Third, the effective scattering angle between the colliding particles was determined. This
effective angle is not necessarily identical to the geometrical angle of 45◦ between the center-
lines of both beams, as the divergence of both beams in combination with detection sensitivities
that depend on laboratory-frame velocity vectors, need to be taken into account. Based on the
scattering kinematics, an effective scattering angle of 45.1◦ was determined (2). Using this an-
gle, and with the determined collision energy for NO-Ne as described above, the velocity of the
Ne/H2 beam could be calculated.

In order to accurately reproduce experimental images using simulations, we must also take
imperfections in the setup into account that result in a small but noticeable blur in the images.
We established that the experimental blur present in our experiment is due to imperfect velocity
mapping of ions and other experimental artefacts. For this, the diffraction structure observed for
NO-Ne is ideally suited. The contrast between adjacent diffraction peaks that was observed in
the outer ring, in comparison to simulations of the experiment, indicated a blur of 1.5 pixels. The
blur found here is fully consistent with the blur found in earlier experiments on very different
systems and very different collision energies, which were conducted in the same experimental
setup (2, 8). The obtained experimental blur was verified by independent VMI measurements
on the size of unperturbed Stark-decelerated NO packets. These beamspot sizes were compared
to the velocity spreads that resulted from simulations of the decelerator process, again resulting
in a blur of about 1.5 pixels.

As a final consistency check, we verified the values found for the collision energy using in-
dependent measurements of inelastic collisions that excite the NO radicals to the jNO = 5/2, f
state. This channel opens at the well-known energetic threshold of 13.4 cm−1. Supplementary
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Figure 3: Verification of the collision energy by probing the jNO = 5/2, f state. (A) Colli-
sion energy distributions that result from the analysis of the collision energy for experimental
settings, in which the collision energy is just below or just above the energetic threshold for
scattering to the jNO = 5/2, f state (magenta dashed line). (B) Simulations of the scattering
images. (C) Experimental images obtained at both collision energies.

Figure 3 shows the mean collision energy and its spread determined from the analysis above, for
two different collision energies just below and just above the energetic threshold. At these col-
lision energies, the expected scattering images for the jNO = 5/2, f state based on simulations
are shown as well. Just below threshold, only the wing of the energy distribution can excite the
NO radicals. Consequently, the recorded image has a very small diameter and is basically the
center-of-mass point. For energies just above threshold, the image diameter increases. The size
of both images is reproduced well by the simulations.

Together, these calibration procedures yielded accurate and consistent values for the mean
collision energies. We use a 0.4 cm−1 uncertainty (1σ) in our calibration of the collision energy
to account for several inaccuracies in the experiment, simulations and analysis. This value,
however, is a very conservative estimate of the uncertainty to keep a safe margin. In future ex-
periments, the calibration of the experimental mean energy can, and perhaps must, be improved
using even more advanced methods in order to narrow down this uncertainty.
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2 Analysis

2.1 Simulations
The experimental images were compared to images simulated using the DCSs obtained from
quantum mechanical coupled-channels calculations. Details on the simulation program are
given elsewhere (7).

2.2 Differential Cross Section
In the raw experimental images, the scattering intensity for NO-H2 collisions is masked by
crushing of the outer NO-Ne Newton sphere onto the 2D detector. We developed a procedure to
remove the contribution of the outer ring to the scattering image. The procedure is schematically
illustrated in Supplementary Figure 4, and described below.

In order to subtract the contribution of the Ne atoms from the total scattering signal, we first
probe the relative intensities of the NO-Ne and NO-H2 images. This is done by analyzing the
scattering intensity within the yellow box, shown in Supplementary Figure 4(A), that is oriented
perpendicular to the center of mass velocities and covers the full backward hemisphere of the
inner NO-H2 ring. Within this yellow box, for each pixel on the vertical axis we summed the
intensity found at all horizontal pixels, resulting in the intensity profile shown by the red curve
in Supplementary Figure 4(C). In this curve, the contribution of the NO-Ne outer ring and
the superimposed NO-Ne and NO-H2 contributions at the inner part of the image are clearly
recognized. We then simulated exclusively the NO-Ne contribution to the image, using the
DCS for NO-Ne from coupled-channels calculations and the kinematics of the experiment. The
resulting simulated image is shown in Supplementary Figure 4(B). For this image, we also
analyzed the scattering intensity within the same yellow box as used before, resulting in the
blue curve in Supplementary Figure 4(C). In the region where only Ne contributes, the overall
shapes of both curves are reproduced clearly, including intensity differences due to flux-to-
density effects.

The simulations thus accurately describe the contribution of Ne atoms to this part of scat-
tering image, and if we assume that this also holds for the part where the NO-Ne and NO-H2

images overlap significantly, we can use these simulations to disentangle the Ne contribution
from the NO-H2 image. We subtracted, pixel by pixel, the scattering intensity of the simulated
NO-Ne image from the raw experimental image, using a single scaling factor that is determined
from the integrated signal intensity within the magenta boxes shown in Supplementary Figure
4(C). The resulting reconstructed image for pure NO-H2 collisions, is shown in Supplementary
Figure 4(D). This image is not contaminated with contributions from collisions with Ne atoms,
and can be further analyzed using standard image analysis methods. The reconstruction method
is very critical, and thus not sufficiently accurate, near forward scattering where the NO-Ne
and NO-H2 contributions overlap, and this area is therefore discarded in the subsequent image
analysis.
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Figure 4: Illustration of the procedure to disentangle the NO-Ne and NO-H2 contributions
to the raw experimental scattering images. (A) Raw experimental image. (B) Simulation of
the NO-Ne contribution to the image. (C) Intensity profiles within the yellow boxes for the
experimental (red) and simulated (blue) images. (D) Magnified reconstructed image pertaining
to NO-H2 scattering. (E and F) Illustration of the image areas for both the experimental (in E)
and simulated (in F) images that are taken into account to determine ICSs.
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2.3 Integral Cross Section
In addition to analyzing angular distributions, the reconstructed NO-H2 images can also be
further analyzed to probe the ICSs, and to map the enhanced scattering intensity when a reso-
nance occurs while scanning the collision energy. For this, however, it is essential to determine
the particle density of the secondary beam. As the collision energy is varied by changing the
temperature of the valve, this density may vary as a function of collision energy.

Here, the presence of the NO-Ne ring in the raw experimental scattering images actually
proves very beneficial, as it can be used as a reference for the beam intensity for each recorded
image. The NO scattering on the neon atoms resulted in collision energies above 65 cm−1

where the influence of scattering resonances is negligible and the ICS is similar for all collision
energies. By using the outer ring as a reference signal, experimental fluctuations, such as laser
power, are mostly mitigated. Additionally, because the mixing ratio of the reagent beam of 1:1
is held constant, other effects, such as mass-focussing, cancel out.

Since the scattering intensity in the forward direction is unreliable due to both the imperfect
state selection of the reagent NO packet, as well as our reconstruction method, we only ana-
lyzed the images for the backscattered hemisphere (90◦ ≤ θ ≤ 180◦), as indicated by the red
line in Supplementary Figure 4(D), resulting in a partial ICS. In section 3 it is shown that, qual-
itatively, the ICS hardly changes when only this hemisphere is taken into account, confirming
that resonant behavior is pronounced in the backward scattering region.

The partial ICS for the NO-H2 scattering process was determined from the images following

ICS(H2)(θ ≥ 90◦) = ICS(Ne)
I(H2)(θ ≥ 90◦)

I(Ne)(θ ≥ 15◦)

I(Ne)(θ ≥ 15◦)

I(Ne)(total)
∆flux. (1)

This formula requires theoretical (first term), experimental (second term), and simulated (third
term) input, as we will outline in detail below.

As a measure for the beam intensity I , we used the experimentally obtained scattering in-
tensity for NO-Ne collisions, but only in the part of the raw experimental image where Ne
exclusively contributes to the scattering signal. This is illustrated in Supplementary Figure
4(E) by the area enclosed by the white contour, leaving a 30◦ cone in which the NO-H2 image
is located. The summed scattering intensity within the resulting “Pac-Man” area is denoted by
I(Ne)(θ ≥ 15◦). As discussed before, the scattering intensity for NO-H2 is established from the
reconstructed NO-H2 image in the backward hemisphere only, and we denote this contribution
as I(H2)(θ ≥ 90◦).

Since significant NO-Ne scattering intensity occurs for 0◦ ≤ θ < 15◦, i.e., within the Pac-
Man’s mouth, we must correct for this missing intensity using simulations for NO-Ne as de-
scribed above. The resulting correction factor is given by I(Ne)(θ ≥ 15◦)/I(Ne)(total), where
I (Ne)(total) is the integrated scattering intensity over the full simulated NO-Ne image. Finally,
the ICS for NO-H2 can then be related to the ICS for NO-Ne, which is denoted by ICS(Ne) and
follows from coupled-channels calculations on the accurately known NO-Ne potential (9).

A small last correction factor, denoted by the term ∆flux, was used to account for small
differences in detection sensitivity for NO radicals that scattered of Ne atoms or H2 molecules.
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These detection sensitivities are slightly different, as they depend on the laboratory-frame recoil
velocities of the scattered NO radicals, which in turn depend on the radius of the Newton sphere.
We accounted for this effect using scattering simulations, and found that the correction was
typically less than 5%.

The vertical error bar on the obtained relative ICS is mainly caused by the quality of the
subtraction method of the outer ring from the experimental image and is typically 15-20%. In
Figure 3 in the main text, the ICS data point at 43 cm−1 shows a relatively large mismatch
with theoretical predictions. This is presumably caused by an underestimation of the amount
of Ne atoms at the low collision energies. At these collision energies the valve temperature is
much closer to the critical point of Ne (45K) than at higher collision energies, causing partial
condensation and clustering of the Ne atoms. This will not affect the measured NO-Ne images,
but may cause a reduction in Ne atoms available for scattering, and hence I(Ne)(θ ≥ 15◦).

3 Theoretical methods

3.1 Potential energy surfaces
The NO−H2 diabatic potential energy surfaces (PESs) used in this work are taken from two
previously published papers. The F12 potential is described in detail in Ref. (10), the CBS po-
tential in Ref. (8). This section describes the minor differences in the employed computational
approaches, and the effects they have on the potentials.

The F12 potential was calculated using the spin-restricted explicitly-correlated coupled clus-
ter method including single, double, and perturbative triple excitations [RCCSD(T∗)-F12a] (10).
The ∗ symbol in (T∗) means that an approximate F12 correction is applied to the perturbative
triples (T) (11), by scaling the triples energy contribution with the ratio of second-order Møller-
Plesset energies including and excluding F12-corrections, respectively. The basis consists of the
aug-cc-pVTZ (AVTZ) monomer-centered basis set, supplemented by a set of midbond functions
defined in Ref. (10). Calculations were performed only for high-symmetry geometries, where
the transformation between the adiabatic and diabatic states is symmetry-determined. Expan-
sion coefficients of an expansion of the potential in angular functions were determined by a
linear least-squares fit to the ab initio points.

The CBS potential was calculated using RCCSD(T), (8), i.e., no explicitly correlated treat-
ment nor corrections thereof have been employed, unlike for the F12 potential. Calculations
were performed using AVTZ and AVQZ monomer-centered basis sets, and the results were
extrapolated to the complete basis set (CBS) limit. Ab initio calculations were performed for
geometries taken from Gaussian quadrature points in the Jacobi angles, and the expansion coef-
ficients of a similar angular expansion of the potential were obtained by numerical integration.
This approach in principle allows for a more accurate and systematic sampling of the anisotropy
of the potential energy surface, but requires calculations at low symmetry points where the trans-
formation to the diabatic basis is not determined by symmetry. Instead, the transformation to the
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diabatic basis was determined using the multiple-property-based algorithm of Ref. (12), where
as properties all components of the electric quadrupole tensor and orbital angular momentum
were included.

In summary, both potentials were calculated using the RCCSD(T) method, but differ in two
aspects: first, the F12 potential was obtained from calculations at high-symmetry geometries,
whereas the CBS potential used a more complete sampling of the Jacobi angles. This difference
should not cause large differences between the potentials, as the most important anisotropic
terms are sampled accurately also with a limited number of high-symmetry geometries and the
NO−H2 system is relatively weakly anisotropic. Second, the potentials differ in correcting for
the incompleteness of the one-electron basis: the F12 potential used the explicitly correlated
F12a approach and corrections thereof [(T∗)-F12a], whereas the CBS potential used a basis
set extrapolation scheme. Also this second difference should be immaterial in as far as both
calculations are converged with respect to the basis set and both approaches converge to the
same result. However, as shown in the benchmark calculations below, some differences between
the approaches persist and it is a priori not clear which potential should be considered to be
more accurate.

We performed benchmark calculations for two high-symmetry geometries and a variety of
slightly different applications of the RCCSD(T) method, summarized in Supplementary Table 1.
The columns A′ and A′′ well depth refer to the basis set superposition error (BSSE) and size-
consistency-corrected interaction energy for the A′ state at R = 6.25 a0, θNO = 90◦, θH2 = 60◦,
ϕ = 180◦ and the A′′ state at R = 6.5 a0, θNO = 60◦, θH2 = 67.5◦, ϕ = 180◦, respectively. The
Jacobi angles are defined in Fig. 1 of Ref. (13), where HA is to be replaced by O, and NB by H.

The first five lines of Supplementary Table 1 show the well-known result that the RCCSD(T)
interaction energy converges steadily but very slowly with the enlargement of the one-electron
basis set, such that even hextuple-ζ basis sets do not yield results converged to≈ 1 cm−1. Next,
the correlation energy is extrapolated to the CBS limit ζ → ∞ as ζ−3, using results from two
or three basis sets with ζ between 3 and 6. The interaction energies obtained from this extrap-
olation lie scattered within 0.6 cm−1, so even the simplest extrapolation scheme based on the
triple and quadruple-ζ bases should yield results converged to that accuracy. This extrapolation
scheme is used for the CBS potential.

Convergence with the one-electron basis set is expedited by including explicitly-correlated
corrections. Convergence of the RCCSD(T)-F12a and RCCSD(T∗)-F12a methods, which both
include explicitly-correlated corrections to the single and double excitations, whereas only the
latter includes an approximate correction of the perturbative triples contribution are included in
Supplementary Table 1. Interaction energies for these explicitly-correlated methods are seen to
converge more quickly to roughly the same CBS limit as before. The approximate triples cor-
rection leads to systematically stronger interactions, the effect of which only slowly diminishes
with increasing ζ . It is noted that the (T∗) scaled-triples correction leads to a size-consistency
error of about 10 cm−1, so the F12 interaction potential was corrected for size-inconsistency
by subtracting its value at a distance of 200 a0 between the NO and H2 centers of mass. The
remaining effect of the scaled-triples correction on the size-consistency-corrected interaction
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potential is smaller by an order of magnitude than the original size-consistency error of about
10 cm−1 that it produced.

With the inclusion of midbond functions in the basis the CBS limit is approached already
with a relatively small triple-ζ basis set. This yields RCCSD(T) interaction energies relatively
close to the CBS limit. Including explicitly-correlated corrections overshoots the estimated
CBS limit by nearly 2 cm−1. This explains the deeper well in the F12 potential. However, if
the monomer-centered basis set is increased further, to ζ = 4, 5, the well depth decreases and
slowly converges towards the same CBS limit as estimated before. This means that the deeper
well for the F12 potential is to be considered a result of insufficient convergence with the one
electron basis set.

It is not a priori clear that the deeper well of the F12 potential constitutes an improvement,
due to both the deviation from the estimated CBS limit and the size-consistency error. However,
the deepening of the well may effectively correct for higher excitations, not included in the
CCSD(T) method. Such higher excitations improve the description of the dispersion interaction,
which is attractive, and will deepen the potential well on a cm−1 level (14,15). The depth of the
potential well affects the energies at which scattering resonances occur, and it is shown in this
work that the resonances for the F12 potential are in better agreement with our experimental
results than those for the CBS potential.

3.2 Scattering calculations
For NO-H2, we performed coupled-channels calculations using a scattering program for bi-
molecular scattering developed in Nijmegen that can also handle open-shell systems (16, 17).
The state-to-state integral and differential cross sections were computed with the two different
sets of PESs. All partial wave contributions up to total angular momentum J = 60.5 and
rotational levels for NO and H2 up to jNO = 15/2 and jH2 = 2 were included in the channel
basis for the scattering calculations. The wavefunction was propagated on a radial grid from
R = 4.5 to 40 a0 with a grid spacing of 0.1 a0.

For NO-Ne, we used a scattering program for open-shell diatom-atom scattering that was
originally developed for OH-rare gas atom collisions (18). We used the set of PESs computed
by Cybulski and Fernández (9) to compute ICSs and DCSs. The basis set for the scattering
calculations included all partial wave contributions up to J = 160.5 and rotational levels up to
jNO = 41/2. We propagated the wavefunction on a radial grid from R = 3.0 to 60 a0.

The state-to-state ICSs and DCSs for NO-H2 were computed with the two sets of PESs for
collision energies between 5 and 20 cm−1 in steps of 0.1 cm−1. In order to account for the
spread in collision energy in the experiments, the cross sections at each collision energy were
convoluted with a Gaussian distribution with a σ(E) value ranging from 0.2-0.5 cm−1. To be
able to compare the theoretical ICSs with experimental results, we only looked at the ICS of
the backward hemisphere, i.e. for scattering angles between 90◦ ≤ θ ≤ 180◦. Supplementary
Figure 5 shows a comparison between the total ICS and the partial ICS, obtained from the back-
ward hemisphere, for the two sets of PESs, which was obtained by integrating the calculated
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Table 1: Benchmark calculations of RCCSD(T) energies obtained using various basis sets, from
extrapolation schemes, and employing explicitly-correlated corrections. The data shown are
size consistency and BSSE-corrected interaction energies for both A′ and A′′ adiabatic states at
geometries near two local minima as defined in the text.

Method A′ well depth / cm−1 A′′ well depth / cm−1

RCCSD(T)/AVTZ 74.48 74.37
RCCSD(T)/AVQZ 80.11 80.27
RCCSD(T)/AV5Z 82.37 82.40
RCCSD(T)/AV6Z 83.43 83.35

RCCSD(T)/CBS(AVTZ,AVQZ) ∗ 84.25 84.29
RCCSD(T)/CBS(AVQZ,AV5Z) 84.64 84.48
RCCSD(T)/CBS(AV5Z,AV6Z) 84.87 84.64

RCCSD(T)/CBS(AVTZ,AVQZ,AV5Z) 84.47 84.46
RCCSD(T)/CBS(AVQZ,AV5Z,AV6Z) 84.75 84.56

RCCSD(T)-F12a/AVTZ 82.24 82.33
RCCSD(T)-F12a/AVQZ 83.50 83.71
RCCSD(T)-F12a/AV5Z 84.15 84.21

RCCSD(T∗)-F12a/AVTZ 83.87 83.95
RCCSD(T∗)-F12a/AVQZ 84.30 84.50
RCCSD(T∗)-F12a/AV5Z 84.58 84.64

RCCSD(T)/AVTZ+midbond 84.59 83.49
RCCSD(T)-F12a/AVTZ+midbond 85.08 85.00
RCCSD(T∗)-F12a/AVTZ+midbond † 86.38 86.40
RCCSD(T∗)-F12a/AVQZ+midbond 85.41 85.40
RCCSD(T∗)-F12a/AV5Z+midbond 85.02 84.97

∗ Method used for the CBS potential
† Method used for the F12 potential
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Figure 5: Theoretical total ICS (dashed line) versus the ICS of the backward hemisphere (solid
line) for the F12 potential (left) and CBS potential (right). Note the different scales for the total
ICS and backward-hemisphere ICS.

DCS at each energy and integrate over the angles θ ≥ 90◦. The strong enhancements in the ICS
due to scattering resonances are also clearly visible in the backward-hemisphere ICS.

For reference, we include the DCSs as predicted based on both potentials over the energy
range studied here, and over the full angular range, in Supplementary Figures 6 and 7. For
clarity, we note that only the backward hemisphere θ > 90◦ is used in comparison with the
experiment.

We furthermore explore the effect of imperfect ortho-para conversion theoretically, by cal-
culating DCSs for collisions with ortho-H2 in an initial jH2 = 1 rotational state. From the
relative depletion of the REMPI signal for jH2 = 1 discussed above, and shown in Supplemen-
tary Figure 2, populations of ortho-H2 are expected to be below 5 %. Supplementary Figure 8
shows the theoretical DCSs for the more conservative estimate of the 10 % ortho-H2, and com-
pares these to the predictions for pure para-H2. Even the effects of including 10 % ortho-H2

populations are small and will not be observable experimentally.

3.3 Partial wave analysis
The scattering resonances in the state-to-state ICSs can be interpreted by performing a partial
wave analysis of the scattering process. Several scattering resonances are visible in Supple-
mentary Figure 5, but we here focus on the resonance near 13.9 cm−1, which is best resolved
experimentally. For this resonance, we investigated the partial waves that characterize the initial
and final channels, as well as the scattering wavefunctions in the region of the van der Waals
minimum of the potential.

The total angular momentum, J , and the total parity, P , are conserved. Supplementary
Figure 9 shows the the contributions of different J and P combinations to the ICS for the
j = 3/2, e final state of NO. Also included is the total, i.e., summed over all J and parity.
The contributions of 9/2 ≤ J ≤ 19/2 are shown for P = +1 in the left hand panel, and
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Figure 6: Theoretical DCSs as predicted based on both the F12 and CBS potentials, shown in
red and blue, respectively. Further energies are available in Supplementary Figure 7.
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P = +1 (P = −1) are shown on the left (right), for various total angular momenta J .

for P = −1 in the right hand panel. It is seen that the strong enhancement in the ICS at 13.9
cm−1 is predominantly caused by two (J , P ) contributions, namely (J , P ) = (13/2,−1) and
(J , P ) = (15/2,−1). The maximum in the contribution of (J , P ) = (13/2,−1) occurs at 13.9
cm−1, whereas the maximum of (J , P ) = (15/2,−1) is located at 14.2 cm−1. Together, these
overlapping contributions result in the strong enhancement of the ICS at 13.9 cm−1.

For inelastic scattering processes, the partial wave ℓ is not a good quantum number and is
therefore not conserved during the collision. Still, at these resonances, the scattering process
is dominated by a limited number of the incoming and outgoing partial waves ℓin and ℓout,
respectively. At a collision energy of 13.9 cm−1, the ℓin = 6 and ℓout = 6, 8 dominate for the
(J , P ) = (13/2,−1) contribution, whereas ℓin = 8 and ℓout = 6, 8 are the most important for
(J , P ) = (15/2,−1). For the latter (J ,P ) combination, the same ℓin and ℓout values dominate
at a collision energy of 14.2 cm−1, i.e., the energy at which this (J ,P ) combination has its
maximum.

The scattering resonances correspond to a quasi-bound state involving a specific NO mono-
mer (jNO, e/f ) and H2 (jH2) monomer state and a specific ℓ value that we will call ℓres. Due to
the low collision energy, only jH2 = 0 is accessible, and we will therefore not explicitly mention
this quantum number from now on. To investigate the resonant partial waves, we computed the
contributions of the asymptotic NO monomer states and the different partial waves ℓ to the
squared scattering wavefunctions for R values ranging from 5 to 30 a0. Supplementary Figure
10 shows the results for the dominant (J ,P ) contributions to the strong enhancement in the
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ICS at 13.9 and 14.2 cm−1. The wavefunctions in the top and middle panels were computed
at a collision energy of 13.9 cm−1, i.e., the energy corresponding to the strong enhancement
in the total ICS, whereas the wavefunction in the bottom panel was computed at an energy
of 14.2 cm−1, i.e., the energy where the (J , P ) = (15/2,−1) contribution to the ICS has its
maximum. The figure clearly shows that the NO (j = 7/2, e) monomer state and the partial
wave with ℓres = 4 dominate the scattering wavefunction in the region of the van der Waals well
at both collision energies. The strong enhancement in the ICS results from resonances in the
ICSs with J = 13/2 and 15/2 with P = −1, which correspond to the same quasi-bound state
with NO(j = 7/2, e)-H2(j = 0) and ℓres = 4. This is a Feshbach resonance, since this quasi-
bound state is a higher-lying NO state that is asymptotically closed. Supplementary Table 2
summarizes the results of the partial wave analysis.

Table 2: Summary of the relevant properties that characterize the resonances at 13.9 and 14.2
cm−1.

Ecol (cm−1) J P ℓin ℓres ℓout Type of resonance
13.9 13/2 −1 6 4 6; 8 jNO = 7/2e, Feshbach
13.9 15/2 −1 8 4 6; 8 jNO = 7/2e, Feshbach
14.2 15/2 −1 8 4 6; 8 jNO = 7/2e, Feshbach
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