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ABSTRACT
The experimental characterization of scattering resonances in low energy collisions has proven to be a stringent test for quantum chemistry
calculations. Previous measurements on the NO–H2 system at energies down to 10 cm−1 challenged the most sophisticated calculations of
potential energy surfaces available. In this report, we continue these investigations by measuring the scattering behavior of the NO–H2 system
in the previously unexplored 0.4 cm−1–10 cm−1 region for the parity changing de-excitation channel of NO. We study state-specific inelastic
collisions with both para- and ortho-H2 in a crossed molecular beam experiment involving Stark deceleration and velocity map imaging. We
are able to resolve resonance features in the measured integral and differential cross sections. Results are compared to predictions from two
previously available potential energy surfaces, and we are able to clearly discriminate between the two potentials. We furthermore identify
the partial wave contributions to these resonances and investigate the nature of the differences between collisions with para- and ortho-H2.
Additionally, we tune the energy spreads in the experiment to our advantage to probe scattering behavior at energies beyond our mean
experimental limit.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0033488., s

I. INTRODUCTION

Scattering resonances are among the most subtle phenom-
ena observed in molecular collisions and, therefore, serve as an
extremely sensitive probe for theoretical descriptions of molecular
interactions.1,2 They appear only at low collision energies, i.e., con-
ditions under which the de Broglie wavelength of the particles is
of the same order of magnitude as the characteristic distance of
the interaction. Each resonance corresponds to the formation of a
transiently bound van der Waals complex of the interacting parti-
cles, and its characteristics are influenced by minute details in the
underlying potential energy surface (PES). A resonance manifests
itself most notably as a narrow peak in the energy dependence of
an integral cross section (ICS) where the probability of scattering
increases when the collision energy approaches that of a quasi-
bound state. It can further be characterized by analyzing the cor-
responding rapid variations in the differential cross section (DCS),
revealing the underlying wavelike nature of the collision event.

The experimental observation of scattering resonances demands
access to low collision energies as well as a high energy resolution, a
challenge in which the molecular beam technique has been an essen-
tial tool. The first measurements of resonances were performed in
a crossed molecular beam apparatus and involved elastic collisions
between hydrogen and mercury atoms.3 Later on, similar techniques
were used to study resonances in collisions of hydrogen atoms and
molecules with a variety of scattering partners.4,5 These observa-
tions were, in part, made possible by the advantageous kinematics
for the respective systems,6 and it would take years until experimen-
tal progress allowed for the observation of resonances in different
systems.

The past two decades have seen a resurgence in experimental
studies on resonances. Several crossed molecular beam experiments
have been performed, which aimed to observe signatures of scatter-
ing resonances in the seminal F + H2 reaction.7–11 Furthermore, res-
onances in Penning ionization reactions have been studied with the
merged beam technique. In these experiments, curved magnetic and
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electrostatic guides were used to attain zero degree scattering angles
and reach energies down to a few millikelvins.12–16 The first observa-
tion of scattering resonances in the ICS of state-to-state rotationally
inelastic collisions was made in a crossed molecular beam appara-
tus in which cryogenically cooled beams collided at small scattering
angles. This allowed for a thorough verification of theoretical mod-
els for a host of astrochemically relevant systems, involving species
such as O2, CO, and H2.17–19

In recent years, full characterization of resonances in inelas-
tic scattering has become possible by combining the Stark decel-
eration and Velocity Map Imaging (VMI) techniques in a crossed
beam experiment. Stark deceleration provides a robust method for
the preparation of velocity selected, state pure packets of molecules
with narrow spatial and velocity distributions. It thereby pro-
vides an adjustable collision energy with small energy spreads.
The VMI detection allows for state-selective detection of the
collision products and enables measurements of both the ICS
and the DCS. This approach led to the full identification and
characterization of resonance structures in NO–He and NO–H2
collisions.20–22

For the NO–He and NO–H2 systems, the spatially degen-
erate nature of the electronic states of the NO radical dramati-
cally increases the complexity of quantum chemical calculations
describing these experiments. Open-shell radical systems, there-
fore, serve as a crucial test for such computational methods, and
the recent measurements of resonances in these systems have chal-
lenged the validity of even the most sophisticated quantum chem-
istry calculations. The experimental observation of resonances in
the NO–H2 system at energies down to 10 cm−1 enabled the
discernment between two potentials, both constructed with the
coupled-cluster method with the inclusion of single and double
excitations and perturbative treatment of triples—better known
as the CCSD(T) method.21 For NO–He, a recent characteriza-
tion of resonances at energies down to 0.2 cm−1 required even
higher levels of theory. Only a CCSDT(Q) potential—in which
full treatment of triple and perturbative treatment of quadru-
ple excitations were included—was able to capture the experi-
mentally observed resonance features in the 0.2 cm−1–8.5 cm−1

range.22

Here, we report new measurements of resonances in state-
to-state inelastic NO–H2 collisions, extending the experimentally
probed energy range to collision energies as low as 0.4 cm−1. We
measured DCSs and ICSs in a crossed molecular beam experiment
involving Stark decelerated NO molecules and cryogenically cooled
hydrogen molecules. In previous measurements, co-expansion with
a heavier Ne gas was needed to obtain sufficiently low H2 veloc-
ities and gain access to the regime in which resonances can be
observed.21 In the present work, this regime is reached by sig-
nificantly reducing the beam intersection angle. We therefore can
reach low collision energies at higher laboratory frame velocities,
enabling the use of neat beams of H2. Collisions involving both
para- and ortho-H2 were investigated separately, resolving reso-
nance features for both systems. The measurements are compared
with the results calculated with the two previously mentioned PESs
for the NO–H2 system. Our results confirm the previous discern-
ment between the two models and show an excellent agreement
with one of the two CCSD(T) potentials even in this low energy
regime.

II. EXPERIMENTAL METHODS

The experiments were conducted in a crossed-beam apparatus
that has been described in detail previously.22,23 We briefly highlight
its main aspects here. A gas consisting of 5% NO seeded in a carrier
gas—consisting of either Ar or an Ar/Ne mixture—was expanded
through a Nijmegen pulsed valve at 1 bar backing pressure.24 After
passing through a skimmer, the molecules entered a 316 stage Stark
decelerator, operated in s = 3 mode at a guiding phase angle of
ϕ0 = 0○ and at a voltage difference of 36 kV between opposite elec-
trodes.25 This allowed for the state-selection of the NO molecules
in their X2Π1/2, v = 0, j = 1/2, f state [referred to hereafter as
( j = 1/2, f )] at a controllable mean velocity ranging from 500 m/s
to 880 m/s. Fine tuning of the Stark decelerator also resulted in a
small temporal width of the NO packet, reaching a typical value of
15 μs as well as low velocity spreads of about 5 m/s. All spreads in this
manuscript are given in full width at half maximum (FWHM) unless
stated otherwise. At the exit of the Stark decelerator, the molecules
traverse a distance of 529.5 mm in free flight and collide with the
secondary H2 beam under a 5.2○ beam intersection angle.

We generated the neat beam of H2 molecules with a cryogeni-
cally cooled Even–Lavie valve26 by expanding the gas at backing
pressures between 0.6 bar and 2 bars. The valve was operated at tem-
peratures between 20 K and 28 K, resulting in velocities ranging from
760 m/s to 840 m/s. The beam was collimated by a 50 mm long, 3 mm
diameter skimmer placed at a distance of 162 mm from the nozzle of
the valve. The distance between the nozzle of the Even–Lavie valve
and the intersection region was 460 mm.

Due to the degeneracy of its nuclear spin levels, a normal beam
of H2 molecules consists of 25% para-H2 and 75% ortho-H2 in which
the hydrogen molecules occupy the even and odd rotational states,
respectively. Since conversion between ortho- and para-sublevels
is spin-forbidden in the absence of a magnetic field, the molecu-
lar beam expansion ensures that only the lowest rotational levels,
j = 0 (para-H2) and 1 (ortho-H2), are occupied. Scattering experi-
ments were performed with beams of pure para-H2 and with beams
of normal H2-gas. Pure para-H2 was made by liquefying the gas
before expansion in the presence of nickel(II)-sulfate. This acts as a
magnetic catalyst, resulting in efficient ortho–para-conversion, con-
verting the molecules to their true lowest rotational state j = 0. This
beam allowed for direct probing of scattering between NO and H2
( j = 0). The results for ortho-H2 ( j = 1) were obtained by sub-
tracting the signal acquired with the pure para-H2 beam from that
acquired with the normal H2 beam. The rotational state distribu-
tions of the hydrogen beams were probed by rotational spectroscopy
with a (2 + 1) REMPI scheme using 201 nm photons. Indeed, only
the j = 0 level was occupied for the para-H2 beam, whereas the
j = 0 and j = 1 levels were populated with a 1:3 ratio for the nor-
mal H2 beam. The para-H2 beam was found to contain less than 2%
ortho-H2.

We state-selectively detected the scattered NO radicals by
applying a (1 + 1′) REMPI scheme using two pulsed dye laser sys-
tems pumped by a single Nd:YAG laser. A 226 nm frequency-tripled
dye laser excited the NO molecules via the (0,0) band of the A2Σ+

← X2Π transition. A frequency-doubled dye laser subsequently ion-
ized the NO just above the threshold energy (328 nm). The time
delay between the lasers was set to approximately 5 ns. A full
Doppler range coverage of the scattered NO molecules was ensured
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by the small range of available post-collisional lab-frame velocities
at low collision energies. After ionization, we used VMI to detect the
NO ions.27,28 The ion optics consisted of a repeller plate combined
with 15 cylindrical extractors. These accelerated the ions through
a 1 m long grounded time-of-flight tube toward a microchannel
plate (MCP) coupled to a phosphor screen. The resulting emission
by the phosphor screen was recorded by a CCD camera. Acquir-
ing this image over many experimental cycles leads to an image
that reflects the DCS of the probed scattering process. With the cur-
rent detector, applying event counting and centroiding algorithms,
we were able to achieve a resolution of 0.58 (m/s)/pixel. ICSs were
probed using the same detection system but by acquiring the total
signal independent of the position. These measurements were typi-
cally performed with the VMI lenses out of focus to prevent detector
saturation.

For DCS measurements, we used laser powers of 30 μJ and
1.0 mJ for the 226 nm and 328 nm beams, respectively. The MCP was
mass-gated such that only NO radicals were detected. We ran the
experiment at a 10 Hz repetition rate, and a single scattering image
was measured by accumulating the signals between 105 and 106 laser
shots. For the ICS measurements, laser powers of 200 μJ and 2.0 mJ
were used for the two lasers, respectively. The collision energy range
was scanned in, on average, 0.2 cm−1 intervals by tuning the NO
packet velocity with the Stark decelerator using an automated cycle.
Further details of the ICS measurements and the necessary signal
corrections are described in Ref. 22.

We calibrated the secondary beam velocity by careful measure-
ments of the beam intersection angle α and an ICS measurement
of the threshold behavior for collisional excitation of NO to the
j = 3/2, e level, which opens at a collision energy of 5.0 cm−1. The lat-
ter allowed us to accurately determine the collision energy Ecoll and
collision energy spread ΔEcoll by fitting the experimental data to the
predicted threshold behavior of the channel—convoluted with the
experimental energy spread—by using the velocity v2 and velocity
spread Δv2 of the H2 beam as fitting parameters,

Ecoll =
1
2
μ(v2

1 + v2
2 − 2v1v2 cosα) (1)

and

ΔE2
coll = μ

2
[(v1 − v2 cosα)2Δv1

2 + (v2 − v1 cosα)2Δv2
2

+ (v1v2 sinα)2Δα2
], (2)

where μ stands for the reduced mass of the NO–H2 system. The
velocity spread Δv1 of NO is determined from VMI measurements
on the incoming beam, and the spread in the collision angle Δα is
determined from trajectory simulations.

III. THEORETICAL METHODS
We performed coupled-channel calculations for the NO–H2

system using a scattering program able to handle bimolecular open-
shell systems, as previously described in Ref. 29. State-to-state inte-
gral and differential cross sections were computed for collision
energies ranging from 0 cm−1 to 10 cm−1 in steps of 0.01 cm−1.

Contributions of partial waves up to the total angular momentum
J = 121/2 and rotational levels up to jNO = 15/2 and jH2 = 3 were
included in the channel basis employed in the scattering calcula-
tions. We propagated the wave function on a radial grid ranging
from R = 4.5 to 40 a0 with a grid spacing of 0.1 a0.

Calculations were performed with the two most sophisticated
PESs available for this system. Both are computed with the CCSD(T)
method. The first PES was developed by Kłos et al.30 and is con-
structed using the explicitly correlated F12a method, scaling the con-
tribution of triple excitations. The second, described in Ref. 29, used
a complete basis set (CBS) extrapolation. We will refer to these PESs
as the F12 and CBS potential, respectively.

IV. RESULTS
We measured the relative ICSs for the NO( j = 1/2, f ) + H2

→NO( j = 1/2, e) + H2 parity changing process, which has an associ-
ated energy release of 0.01 cm−1. The results for collisions involving
para-H2 are plotted in Fig. 1 that shows two clear peaks associated
with resonance behavior, as well as an incline at lower energies. We
compared our experimental findings with ICSs computed from both
the F12 and CBS potentials. To account for the experimental colli-
sion energy spread, the theoretical cross sections were convoluted
with a Gaussian distribution of variable width ΔEcoll ranging from
0.02 cm−1 to 1.6 cm−1, depending on the collision energy. The res-
onance peaks from the F12 potential lie at lower energies than those
predicted by the CBS potential. This originates from the fact that the
F12 potential is deeper than the CBS potential by nearly 2.0 cm−1.
The results show an excellent agreement with the predictions from
the F12 potential.

Similar measurements were performed for collisions involv-
ing ortho-H2 as a scattering partner. As discussed, these data were

FIG. 1. Collision energy dependence of the ICS for the ( j = 1/2, f )→ ( j = 1/2, e)
channel of NO–H2( j = 0) collisions. The measured cross sections (data points
with error bars) are compared with those derived from the F12 (blue) and CBS
(red) potentials. Experimental data are given in arbitrary units. Vertical error bars
represent the uncertainties at the 95% confidence level, and horizontal error bars
represent the standard errors in the mean collision energies, effectively displaying
calibration uncertainties. The calculated cross sections were convoluted with the
experimental energy spreads, and the data points were vertically scaled to the
theoretical curve of the F12 potential using root-mean-square fitting.
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extracted from measurements involving a 3:1 mixture of ortho- and
para-H2 by subtracting the measured ICS for NO–para-H2 in the
appropriate ratio. The results are shown in Fig. 2. The anisotropic
nature of the H2 ( j = 1) results in a completely different scatter-
ing behavior compared to the isotropic ( j = 0) case, but resonance
features are again observed that better fit the predictions of the F12
potential.

Interestingly, theoretical predictions for collisions with ortho-
H2 show a steep increase in the ICS at the lowest energies. The full
range of this feature cannot be reached in the current experimen-
tal configuration, as it requires access to collision energies below
0.4 cm−1. Nevertheless, we were able to probe this region indirectly
by tuning the experimental energy spreads to our advantage. From
Eq. (1), it is clear that the same collision energy can be reached by
different combinations of v1 and v2. According to Eq. (2), however,
the involved spread differs for each combination. For most measure-
ments, we tune our parameters such that we obtain an optimized
collision energy resolution—as described in Ref. 31—but by deliber-
ately increasing ΔEcoll, we can probe contributions from scattering
events at energies a factor of 2 below our lowest achievable mean
collision energy.

To achieve this, we performed ICS measurements using two
sets of (v1, v2) combinations. The corresponding parameters are
displayed in Table I. The NO velocity was controlled by the Stark
decelerator, and the H2 velocity was tuned by choosing an appro-
priate combination of backing pressure p2 and Even–Lavie valve
temperature T2. We performed a measurement—denoted as ICSA—
with reduced energy resolution and compared our findings with
our high-resolution measurements—labeled ICSB. Both the mea-
surements are shown in Fig. 3 together with theoretical predictions
based on the F12 potential, convoluted with the according energy
spreads.

We found that the two measurement series diverge at lower
energies, with the decreased resolution measurement of ICSA show-
ing a stronger increase in the scattering signal for decreasing energy.
This indeed suggests the existence of a sharp resonance feature at

FIG. 2. Energy dependence of the ICS for the ( j = 1/2, f )→ ( j = 1/2, e) channel of
NO–H2( j = 1) collisions. Theoretical ICSs resulting from both the F12 (blue) and
CBS (red) potentials are shown. Experimental data points were vertically scaled
to the theoretical curve of the F12 potential. See the caption of Fig. 1 for more
details.

TABLE I. Parameters for two sets of ICS measurements of the NO–H2( j = 1) collision.
See text for details.

Parameter ICSA ICSB

v1 530 m/s–680 m/s 600 m/s–790 m/s
Δv1 5 m/s 5 m/s
T2 20 K 23 K
p2 0.6 bar 1.5 bars
v2 760 m/s 790 m/s
Δv2 25 m/s 15 m/s
α 5.2○ 5.2○

Δα 0.2○ 0.2○

Ecoll 0.85 cm−1–4.42 cm−1 0.42 cm−1–3.15 cm−1

ΔEcoll 0.59 cm−1–1.64 cm−1 0.02 cm−1–0.77 cm−1

energies below the experimental limit of 0.4 cm−1. Both ICSA and
ICSB are well captured by the theoretical curves, demonstrating not
only the predictive ability of the F12 potential but also the accuracy
of our Ecoll and ΔEcoll calibrations.

To further characterize the scattering behavior, we conducted a
theoretical analysis on the partial wave nature of the observed res-
onances. By decomposing the cross sections in the contributions
of individual partial waves, we were able to assign a total angu-
lar momentum (J) value—a quantity conserved throughout the
collision—for all predicted resonance features. The results based
on the F12 potential for collisions of NO with para- and ortho-
H2 are shown in Figs. 4 and 5, respectively. For NO colliding
with para-H2 at energies below 1 cm−1, the interaction is domi-
nated by a distinct resonance feature corresponding to J = 3/2.
At energies between 1 cm−1 and 3 cm−1, several sharp resonance
features pertaining to J = 7/2 can be clearly distinguished. At

FIG. 3. Collision energy (Ecoll) dependence of ICS for the NO–H2( j = 1) collision,
measured with different energy spreads. Vertical error bars show the uncertain-
ties at the 95% confidence level. Horizontal error bars show the standard errors in
the determination of the mean collision energies. The curves show the ICS cal-
culated from the F12 potential and convoluted with the energy spreads of the
corresponding measurements. Experimental data points were vertically scaled to
the corresponding theoretical curves. ICSA has been given a vertical offset for
clarity. See text for details.
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FIG. 4. Theoretical partial cross sections based on the F12 potential for NO–H2
( j = 0) collisions in terms of total angular momentum J.

higher energies, several other resonance features related to dif-
ferent values of J can be seen. The partial wave decomposition
for NO–ortho-H2 shows a strikingly different structure. Sub-Kelvin
scattering is dominated by a vast resonance peak corresponding
to J = 5/2, whereas a dense collection of resonance peaks is
observed in the 1 cm−1–8 cm−1 region. The origin of the differences
between scattering of NO with para- or ortho-H2 will be discussed in
Sec. V.

In order to elucidate the partial wave fingerprints of the
observed resonances, we also measured the angular distributions of
the scattered NO for both scattering systems at selected energies in
the range of 2 cm−1–8 cm−1. In previous work, we found that these
angular distributions respond sensitively to the existence of reso-
nances and, in some cases, directly reflect the partial wave finger-
print underlying the resonances.20–22 The experimental ion images
for NO–H2( j = 0) and NO–H2( j = 1) are shown in Figs. 6 and
7, respectively. Part of the forward scattering region is masked in
the images due to the imperfect state selection of NO. All images

FIG. 5. Theoretical partial cross sections based on the F12 potential for NO–H2
( j = 1) collisions in terms of total angular momentum J. The sub-Kelvin regime is
shown in more detail in Fig. 8.

FIG. 6. Experimental and simulated ion images for NO–H2( j = 0) collisions at sev-
eral collision energies. Simulated ion images are shown in the left (based on the
F12 potential) and right (based on the CBS potential) columns. The center column
contains the experimental ion images. The relative velocity vector is horizontally
oriented such that the forward scattering signal is displayed on the right-hand side.
A portion of the experimental image at forward scattering is masked due to the
imperfect state selection of the reagent NO packet. The angular distributions are
derived from the experimental (blue) and simulated (red for F12 and yellow for CBS
potentials) images. They are displayed in the rightmost column for each respective
collision energy. The curves are normalized with respect to their area.

are normalized using the maximum intensity in the region used
for the extraction of the angular distribution, with angular ranges
depending on collision energy, as given in Figs. 6 and 7. At the
lowest energies, the ion images appear slightly asymmetrical. This
is attributed to the fact that reaching a sufficient scattering sig-
nal for ion image measurements at these low energies requires a
hydrogen beam with a reduced speed ratio, as well as to aberra-
tions in the VMI detector caused by the existence of stray magnetic
fields.

Energy-dependent changes in the angular distributions are
observed for both systems, which could be indicative of the pres-
ence of resonance features. All images furthermore display pro-
nounced backward scattering. Simulated ion images were created
with numerical trajectory simulations, as described previously,32

using DCSs provided by either the F12 or CBS potential as input.
The results show good agreement with simulations for both poten-
tials. Despite the vast differences in their respective ICSs, the angu-
lar distributions for NO colliding with either ortho- or para-H2
show only subtle differences at the energies probed experimen-
tally, and it is challenging to experimentally record scattering
images with sufficient signal to noise ratios to probe these dif-
ferences. Hence, for the systems and energies probed here, we
find the unusual (and unexpected) situation that ICS measure-
ments are more sensitive to resonance phenomena than DCS
measurements.
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FIG. 7. Experimental and simulated ion images for NO–H2( j = 1) collisions at
several collision energies. See the caption of Fig. 6 for details.

V. DISCUSSION
Our measurements of ICS for scattering of NO with both

para-H2 and ortho-H2 clearly show better agreement with the results
for the F12 potential compared to the CBS potential. We, thus,
conclude that the better agreement for this potential found ear-
lier21 for energies down to 10 cm−1 persists for energies down
to 0.4 cm−1.

As discussed in detail in Ref. 21, the well in the F12 poten-
tial is about 2 cm−1 deeper than the well in the CBS potential. As
a result, low-energy resonances are predicted to occur at different
energies by the two potentials; the differences are small yet signifi-
cant enough to be distinguished in our ICS measurements. Yet, this
does not imply that the F12 potential is of higher quality than the
CBS potential: as mentioned in Ref. 21, the deeper well for the F12
potential is most likely the result of the choice of basis set used in
the calculations. The inclusion of a larger atomic basis would have
caused its minimum to become less deep so that it nearly coin-
cides with the minimum in the CBS potential. Adding the effects
of quadruple excitations is expected to again lead to a deepening of
the well, both for the F12 and CBS potentials. Such a CCSDT(Q)
PES has recently been constructed for the NO–He system and was
found to be essential to yield satisfactory agreement with the mea-
surements of resonances in this system.22 Unfortunately, due to the
high number of degrees of freedom for a bimolecular system, com-
putation of such a potential for the NO–H2 complex exceeds current
limits.

Still, the available PESs give us valuable insight into the nature
of the low-energy scattering of this complex. The effects of par-
tial wave resonances are observed, showing significant differences
between collisions involving ortho- and para-H2. These differ-
ences are expected to result from interactions arising from the

coupling between hydrogen’s quadrupole moment with the dipole
and quadrupole moment of NO.30 They contribute only for H2 in
the j = 1 state, since the j = 0 state has a spherical charge distribution
such that the interaction potential is governed exclusively by disper-
sion. The quadrupole–dipole and quadrupole–quadrupole interac-
tions scale with R−4 and R−5, respectively, where R is the distance
between the center of masses of the two molecules. Since all other
terms decay faster with R, these interactions dominate at long range
and are therefore expected to govern low-energy scattering. Such
effects were previously observed for Penning ionization reactions,
showing stronger interactions for He(23P2) with ortho-H2 compared
to para-H2.15 For NO scattering with ortho-H2, the quadrupole
moment of H2 results in a much denser grid of bound-states com-
pared to NO–para-H2 potential, explaining the denser cluster of
resonances (quasi-bound states) observed for NO–ortho-H2 colli-
sions.30 The contribution of the quadrupole–quadrupole interaction
further explains the order of magnitude higher ICS observed for
ortho-H2 collisions compared to para-H2 collisions at sub-Kelvin
energies (see Figs. 4 and 5). Additionally, most resonances for the
NO–H2( j = 1) system are found to be of Feshbach-type with the
radial-wavefunctions being mixed with the higher lying spin–orbit
states coupled by the off-diagonal quadrupole–quadrupole coupling
term.

To further investigate the contributions from the different
potential terms to the ICS for NO–ortho-H2 collisions, we disen-
tangled contributions from individual multipolar interactions using
the multipolar expansion33,34 and applied this to the F12 poten-
tial to compute the ICS for the sub-Kelvin resonance structure
in NO–ortho-H2 while excluding either the dipole–quadrupole or
quadrupole–quadrupole interactions. In addition, we computed a
curve based only on diagonal contributions to the interaction poten-
tial (Λ′ =Λ, whereΛ(

′) is the body-frame projection of the electronic
orbital angular momentum of NO). The resulting ICSs are shown

FIG. 8. Theoretical cross section based on the F12 potential for the parity-changing
channel of the NO–H2( j = 1) interaction. Lines show contributions from differ-
ent parts of the multipolar expansion to the ICS. The blue line corresponds to
the full interaction, whereas for the red and yellow lines, contributions from the
dipole–quadrupole (Vdip-quad) and quadrupole–quadrupole (Vquad-quad) interactions
are omitted, respectively. The purple line shows the ICS for diagonal (Λ′ = Λ)
interactions only.
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in Fig. 8 and clearly show that the resonance at 0.1 cm−1 disap-
pears when the quadrupole–quadrupole interaction is excluded, fur-
ther illustrating that, at these energies, NO–H2( j = 1) collisions are
indeed dominated by interactions involving hydrogen’s quadrupole
moment.

VI. CONCLUSIONS
We presented a joint experimental and theoretical study of

NO–H2 collisions at energies down to 0.4 cm−1. In a crossed beam
setup, we measured the parity-changing de-excitation of NO for
collisions with both para-H2 and ortho-H2, resolving resonance
structures in the energy dependent cross sections. Furthermore, we
observed the incline of a resonance structure at 0.1 cm−1 in collisions
between NO and ortho-H2 by advantageous tuning of the experi-
mental energy resolution. We compared measurements of the ICS
and DCS to theoretical predictions based on the two most advanced
ab initio PESs available for this system: the CBS and F12 poten-
tials, which are both constructed using CCSD(T) methods. Previous
work at higher energies showed a better fit of experimental data
with the F12 potential,21 which is deeper than the CBS potential by
a mere 2 cm−1, although, from the computational methods, there
are reasons to assume that this agreement was rather fortuitous. Our
present measurements show that this agreement still holds for ener-
gies down to 0.4 cm−1, suggesting that the true NO–H2 potential
closely resembles the current F12 potential.

The scattering behavior at these low energies is dominated by
long-range interactions involving the quadrupole moment of hydro-
gen. The effects of this quadrupole moment are averaged out in
para-H2( j = 0) collisions, which explains why the rotational ground
state of hydrogen leads to an order of magnitude smaller ICS and
vastly different resonance structures for sub-Kelvin collisions. The-
oretically, we revealed the contributions to the collision of differ-
ent multipole components of the NO–H2 interaction potential, giv-
ing us relevant insight into the nature of sub-Kelvin bimolecular
collisions.
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