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1 Experimental methods

1.1 Experimental setup

We performed our measurements in the crossed-molecular beam apparatus shown in Figure S1.

Two different versions of this set up were used. The first (referred to as set up A), made use of

a beam crossing angle of 10.0◦. This geometry was used to obtain an optimal collision energy

resolution for measurements between 0.8 and 8.5 cm−1. The second version (referred to as set

up B) used an intersection angle of 5.2◦ and was optimized for collision energies between 0.2
and 3 cm−1. Both versions will be further discussed below.

In both set ups, a beam of NO molecules is created by expanding 5% NO seeded in Krypton

with a backing pressure of 1 bar through a Nijmegen Pulsed Valve (39). The molecules enter

a 316 stage Stark decelerator that is operated in the s = 3 mode at a guiding phase angle of

φ0 = 0◦ (40). A voltage difference of 36 kV was applied between opposite electrodes of the

decelerator. We selected NO packets with mean velocities between 350 m/s and 550 m/s.

In set up A, the NO molecules were guided to the collision region by a 445 mm-long

hexapole after exiting the Stark decelerator. The hexapole had an inner diameter of 7 mm,

whereas the rods had a 4 mm diameter. A voltage difference of 15 kV was applied to the alter-

nately charged rods. The collision region was centred at a distance of 59.5 mm from the end of

the hexapole. In set up B, no hexapole was used due to spatial constraints imposed by the He

source. Here, the distance from the end of the Stark decelerator to the interaction region was

529.5 mm in total, which the NO radicals traverse in free flight.

We created the second beam with a cooled Even-Lavie valve by expanding neat helium at

3 bar backing pressure with typical operating temperatures between 11 and 18 K, resulting in

helium velocities between 405 and 575 m/s. The beam was collimated by a 50 mm long, 3 mm

diameter skimmer at a distance of 187.5 mm (162 mm) from the nozzle of the valve in set up

A (set up B). The total length between the nozzle of the Even-Lavie valve and the intersection

region was 382.5 mm (410 mm). An improved detector was also implemented for set up B to

account for the high resolution required at these energies, as is discussed below. All other parts

of the set up remained unaltered. The arrival distribution of the NO packet in the interaction

region had a width of about 9 µs whereas the helium beam had a typical temporal duration of

about 50 µs (full width at half maximum, FWHM).

State-selective detection of the scattered NO radicals was performed using two pulsed dye

laser systems pumped by a single Nd:YAG by applying a (1 + 1’) REMPI scheme. The first

excitation step was performed with a 226 nm dye laser by inducing the (0,0) band of theA2Σ←
X2Π transition. The second dye laser was used to subsequently ionize the NO just above the

threshold energy (328 nm). The post-collisional velocities were sufficiently low such that the

full Doppler range of the beam was selected by the dye lasers. The time delay between the

lasers was set at approximately 5 ns. After ionization, velocity map imaging (VMI) was used

to accelerate the ions through a 1 m time of flight tube towards a microchannel plate (MCP)

coupled to a phosphor screen.

2



A

B

Stark decelerator (316 stages)

Hexapole

Cryogenic 
Valve

Skimmer
Ion optics

Laser 1
Laser 2

Stark decelerator (316 stages)

Cryogenic 
Valve

Skimmer
Ion optics

Laser 1
Laser 2

Collimators

Collimators

Figure S1: Schematic representation of the two versions of the set up used in our experiments. A

package of NO molecules is state- and velocity-selected by a 2.6-meter long Stark decelerator.

In set up A the NO is subsequently guided to the interaction region by an electrostatic hexapole.

A beam of helium atoms is created by a cryogenic source. This beam crosses the Stark de-

celerated beam with an angle of 10◦ (set up A) or 5.2◦ (set up B). Scattered NO molecules

are detected state-selectively by a 1+1’ REMPI scheme together with a velocity map imaging

spectrometer.
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For the measurements performed with set up A, ion optics were used following the design

of Suits and co-workers (41), attaining a resolution of 0.91 m/s/pixel. At collision energies

below 1 K, the diameter of the Newton sphere is smaller than 20 m/s. Therefore, improved ion

optics were used for the measurements in set up B. This VMI set up consists of a repeller plate

and a set of 15 cylindrical extractors (outer diameter 105 mm, inner diameter 85 mm). Each

extractor is coupled to the next via a resistor to ensure a steady voltage drop: the bottom seven

extractors are connected via 100 kΩ resistors, whereas the top eight extractors are connected

via 200 kΩ resistors. The voltage itself can be set at the bottom and seventh extractors, with the

top extractor being grounded. With this detector we obtained a resolution of 0.63 m/s/pixel.

The set up was used to measure both integral and differential cross sections. For the dif-

ferential cross section (DCS) measurements we used laser powers of 8 - 15 µJ and 3 mJ for

the first and second laser, respectively. The power of the first laser was attenuated to suppress

signal contribution by unwanted ionization pathways and to avoid Coulomb repulsion effects.

For set up A, both lasers were focused into the chamber. The increased accuracy of the detector

of set up B allowed for a larger ionization volume and maintaining velocity mapping condi-

tions. Therefore, we used unfocused laser beams for this geometry in order to increase signal

levels. The MCP was mass-gated such that only NO radicals were detected. Data was gathered

by recording the phosphor screen using a camera (PCO Pixelfly 270 XS, 1391 x 1023 pixels)

and sent to a PC for subsequent analysis. In the data acquisition software of the camera (DaVis,

LaVision GmbH) we used both event counting and centroiding to record our images. The exper-

iment ran at a 10 Hz repetition rate. We alternately measured signal with and without temporal

overlap of the two beams in order to subtract background signal. This was attained by delaying

the helium beam with respect to the NO beam. A single scattering image was measured by

accumulating signal between 105 and 106 laser shots.

For the integral cross section (ICS) measurements we used unfocused laser beams to in-

crease the ionization volume. Signal levels were gathered by measuring the current at the

back-plate of the MCP, both with and without temporal overlap of the beams to record col-

lision and background signals. The ion lenses were tuned out of focus to prevent saturation of

the detector. The collision energy range was scanned in on average 0.1 cm−1 intervals using

an automated cycle. In each interval, the He velocity was kept fixed, and the Stark decelerator

was programmed to produce a different velocity of the NO radicals every twenty shots of the

experiment. The timing of the He valve was automatically adjusted to match the arrival time of

the NO packet in the collision zone. The collision energy was scanned within an interval using

typically 40 different velocities of the NO packet; a single scan is thus made in only 160 sec-

onds. This scan was cycled 50 times, and the scattering signals that corresponded to the same

collision energies were averaged. This procedure ensured that the measured ICS was insensitive

to long-term variations in either the beam intensities or the laser wavelength, and made optimal

use of the velocity control afforded by the Stark decelerator. We calibrated the collision energy

by careful measurements of the beam velocities, the beam intersection angle, and the threshold

behavior for excitation of NO to the 3/2e level which opens at the spectroscopically known

collision energy of 5 cm−1 (see below). We corrected our signals for the velocity dependence
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of the incoming NO beam by measuring the density of NO in the 1/2f state for all velocities

that were used. Relative cross-sections were obtained by determining the difference between

collision and background signal and dividing by the relative beam density. We analytically de-

termined the overlap time of the two beams with methods developed by Naulin and Costes to

correct our signal levels for density-to-flux effects (42), as described in Section 2.2. The ICS

measurements obtained with set ups A and B were scaled by fitting the two measurements to the

theoretical curve where we used root-mean-square fitting in order to find the scaling constants.

To check correctness of this scaling, significant overlap in the energy ranges covered for each

measurement was ensured.

1.2 Calibration of experimental parameters

To calibrate the experimental collision energy and energy spread, accurate knowledge of the

beam velocities and beam intersection angles is required. In the following we describe the

methods to calibrate our experimental parameters.

1.2.1 Collision energy and energy spread

Taking v1 as the velocity of the NO molecules, v2 as the mean velocity of the helium particles

that contribute to the collision, and α the collision angle, the mean collision energy and energy

spread (FWHM) in our experiment were found by:

Ecoll =
1

2
µ(v21 + v22 − 2v1v2 cosα) (1)

∆E2 = µ2([v1 − v2 cosα]2∆v12 + [v2 − v1 cosα]2∆v22 + [v1v2 sinα]
2∆α2) (2)

with µ the reduced mass of the system and ∆v1, and ∆v2 the FWHM longitudinal velocity

spreads in v1 and v2, respectively. Furthermore, ∆α is the FWHM spread in angle α. The

quantities v1 and ∆v1 can be accurately determined from trajectory simulations of the NO in

the Stark decelerator, as well as from VMI detection of the incoming NO beam. The angle α
can be determined with similar methods, as will be discussed below. Finally, v2 and ∆v2 are

determined via the calibration of the collision energy and its spread. The collision energy spread

ranged from 0.02 cm−1 for the lowest collision energies to 0.7 cm−1 for the highest collision

energies.

1.2.2 Velocity calibration of NO

Using the VMI detection scheme also used for the DCS measurements, the NO beam is readily

characterized by mapping the velocities of the reagent NO(X2Π1/2, j = 1/2, f ) beam onto our

detector. We refer to such images of the incoming molecular packets as beam spots. Because

the Stark decelerator selects a specific velocity of the initial NO packet at high precision, we

can calibrate our VMI detector by measuring beam spots for several NO velocities. From this
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we then acquire the velocity spreads of the NO beam, which agree well with our trajectory sim-

ulations for the Stark decelerator. Typically, the longitudinal spread of the NO beam was about

4.8 m/s (FWHM).

1.2.3 Beam intersection angle calibration

The beam intersection angle was calibrated by measuring beam spots for both valves at different

velocities. This determines the propagation direction of both beams. For the Stark decelerated

beam of NO, the velocities are accurately known from the decelerator, and the different beam

spots end up in a line on the detector. By fitting a line through these points, we were able to

determine the propagation direction of the beam. The helium beam, however, cannot easily

be characterized in this way. Therefore, we used neat beams of H2 and O2 in our Even-Lavie

valve and changed the velocity of the particles by adjusting the temperature of the valve. The

hydrogen molecules were detected with a (2+1) REMPI scheme at 201 nm by inducing the

E, F 1Σ+
g ← X1Σ+

g transition. This ionization method gives a large recoil velocity to the H+
2

ions. Since this recoil is isotropic, we were still able to determine the center of the beam

spot. As stated above, the beam spots were measured at different temperatures, i.e., at different

velocities. A line was fitted through the centres of these spots to determine the direction of

the H2 beam. As additional confirmation, hydrogen was replaced by oxygen which was also

detected using a (2+1) REMPI scheme, resulting in a significantly smaller recoil velocity. All

results were corrected for drifting effects of the ion optics. The angle between the two fitted

slopes was determined to be 10.0◦±0.1◦ for set up A and 5.2◦±0.1◦ for set up B. The effective

intersection angle leading to observable collision signals was determined using the methods

described in the supplementary information of (21). This resulted in effective collision angles

of 10.1◦ for set up A and 5.3◦ for set up B.

1.2.4 Energy calibration

Different methods were used in order to obtain an accurate value for the collision energy. Since

the NO velocity and angle are accurately known, this leaves only v2 as an unknown parameter

in determining Ecoll. For DCS measurements, the mean collision energy could be determined

via the size of the Newton ring and the pixel-to-m/s ratio as this size is directly proportional to

the post-collision velocity of the detected NO. We also calibrated the collision energy using a

different, independent method. Here, we measured the inelastic integral cross section for the

3/2e final state at collision energies near the spectroscopic opening of the channel, which is at an

energy of 5.0 cm−1. We compared the measured ICS with the theoretically predicted curve that

was convoluted with a Gaussian energy distribution of variable width to account for collision

energy spread. From this we determined the collision energy and estimated the velocity and

velocity spread of the helium particles contributing to the collision. It must be noted that the

theoretically predicted behaviour of the ICS depends on the computational method that is used.
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However, the threshold behaviour of the 3/2e channel near 5.0 cm−1 is accurately known and

we found that its behaviour in this region only weakly depends on the computational methods

used. Results for such a measurement are shown in Fig. S2.
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Figure S2: ICS measurement of NO - He collisions with NO starting in the 1/2f state and final

state 3/2e. Horizontal error bars show energy uncertainty whereas vertical error bars show 95%

confidence interval. This curve is used to fit both the helium velocity and energy spread for the

collision process.

1.3 Energy uncertainty

To determine the accuracy of our energy calibration, we determined the uncertainty in the quan-

tities involved. The NO velocity v1 is determined by the Stark decelerator, and its uncertainty

is assumed to be negligible. The standard error (SE) in v2 can be found from the fitting pro-

cedure for the opening of the 3/2e channel described above. We typically have an uncertainty

of SEv2 = O(2 m/s). As discussed in section 1.2, the collision angle α has a standard error of

±0.1◦. To determine the energy uncertainty SEE we then used error propagation:

SEE =
√

[µ(v2 − v1 cos(α))]2SE2
v2 + [µv1v2 sin(α)]2SE2

α. (3)
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We determined SEE to be 0.01 cm−1 for the lowest collision energies and 0.14 cm−1 for the

highest collision energies.

2 Analysis

In this section we describe the analysis of the gathered data for both the DCS as well as the ICS

measurements. The DCS measurements were compared with simulations based on numerical

trajectory simulations of the experiment. Details on these methods are found in (43). We used

DCSs obtained from quantum mechanical close-coupling calculations using the CCSDT(Q)

potential energy surface as input. The trajectory simulations of the Stark decelerated beam were

used in order to correct the data gathered for the ICS measurement. Here we briefly explain how

we extracted the angular distribution of the scattering products from the measured ion images.

Furthermore, we describe the necessary corrections to the ICS measurement.

2.1 Differential cross section

From the beam spot images of the initial NO beam we were able to accurately determine the

origin of the laboratory frame in our experiments. We then used the values of v1, v2 and α to ac-

curately determine the central Newton diagram for each collision energy. Angular distributions

were extracted using the methods described in (29).

2.2 Integral cross section

For the extraction of the ICS from our experimentally obtained quantities we follow the methods

described in (42) and (44). We briefly repeat the main aspects, and apply it to the current

experiment. These corrections are generally referred to as the density-to-flux correction.

During the experiment, NO molecules are (de-)excited by collisions with helium atoms into

a specific final quantum state η. The amount of scattered NO particles that are excited into this

state not only depends on the DCS of this collision process, denoted by dση/dΩ, but also on the

kinematics and properties of the two molecular beams and the geometry of the experimental set

up. The production rate per unit volume of NO in quantum state η at a given collision energy,

center of mass scattering polar angle θ, and azimuthal angle ϕ is given by:

d[NO(η, θ, ϕ)]

dt
= n1n2vrel

dση
dΩ

(θ, ϕ) (4)

where vrel is the relative speed between the two beams, and n1 and n2 denote the initial number

densities of NO and helium, respectively. Note that we can ignore the dependence on ϕ, the

azimuthal angle, in the DCS due to the cylindrical symmetry of the molecular beams. However,

we keep it in this derivation for completeness.

The total signal intensity is then determined by integrating this production rate over time

and space, which must be performed under the constraint that any molecule produced in volume
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element dτ at point M(x, y, z, t) with post-collision velocity ~vlab will contribute to the signal

only if it is present at the crossing point O at probing time t = 0. That is:

−−→
MO = ~vlabt (5)

The finite volume of the detection region ∆V0 is taken into account by relaxing this detection

constraint spatially. The integral over time is taken to run from t = −∞ to 0. This leads to an

expression for the total signal intensity Iη:

Iη = Bη

∫∫∫

~vlabt=
−−→
OM

dtdτdΩ
d[NO(η, θ, ϕ)]

dt
, (6)

where Bη is a proportionality constant taking into account the factors describing the laser exci-

tation and detector efficiency. By integrating over the full solid angle, all allowed ~vlab are taken

into account.

We model the beams as Gaussian packets in both longitudinal and transverse directions. A

general expression for such a beam is given by:

ni = n0
i exp(−air2i ) exp(−bi(qi − vit)2) (7)

Where:

ai =
4 ln 2

d2i

bi =
4 ln 2

(vi∆ti)2

di : FWHM beam diameter perpendicular to the propagation direction

∆ti : FWHM beam duration

n0
i : maximum number density

(qi − vit) : distance to the maximum

ri : distance to propagation axis.

We assume that the beam density is maximum at crossing point O, and at time t = 0. We let

NO propagate in the y-direction so that the expression for the NO beam density becomes:

n1 = n0
1 exp[−a1(x2 + z2)] exp[−b1(y − v1t)2] (8)

To obtain an expression for helium we let the helium propagation direction lie along the x-axis

rotated by an angle π/2−α such that the angle between the two propagation directions remains

α:

n2 =n
0
2 exp[−a2(x2 cos2 α + y2 sin2 α2 − 2xy cosα sinα + z2)]· (9)

exp[−b2(x sinα + y cosα− v2t)2]
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By combining Eq.’s 4, 6, 8, and 9, using dΩ = sin θdθdφ, and performing the integration

under the detection constraint of Eq. 5 the following expression is obtained:

Iη = Bηn
0
1n

0
2vrelση∆V0

√
π

2
Y, (10)

with:

Y =

∫ 2π

0

∫ π

0

(
1

ση

dση
dΩ

(θ, ϕ)

√
1

X

)
sin θdθdφ,

X = a1(v
2
x + v2z) + b1(v1 − vy)2

+ a2(v
2
x cos

2 α+ v2y sin
2 α− 2vxvy cosα sinα + v2z)

+ b2(v2 − vx sinα− vy cosα)2.

In the experiment, the beam density of the helium beam, and the size of the ionization

volume are kept constant throughout each measurement. Since we are interested in the energy

dependence of the ICS, it is sufficient to determine the relative cross-sections. Therefore, we

drop the proportionality constants:

ση ∝
Iη

n0
1vrelY

. (11)

The intensity Iη is directly taken from the experiment, whereas vrel can be determined from

the calibration of the helium velocity and the well-known NO velocity. The density-to-flux

conversion factor Y can also be determined from the knowledge of the velocities of both beams.

However, the normalized DCS, ση
−1dση/dΩ, is also needed as input. We therefore used the ab

initio CCSDT(Q) DCS’s to determine this factor. Finally, n0
1 can be estimated by measuring the

peak intensity of the reagent packet of 1/2f NO radicals and using Eq. 8. The values for a1 and

b1 were found using numerical trajectory simulations, similar as in (45).

3 Theoretical methods

3.1 Potential energy surfaces

Near-threshold resonances in molecular collisions as detected and characterized in this paper are

extremely sensitive to the potential energy surface (PES) that describes the interaction between

the colliding molecules. A theoretical calculation of such resonances therefore requires ab initio

potentials of the highest possible quality.

Multiple PESs exist for NO-He, one of which has been published by Kłos and co-workers

(46). This PES was calculated with the spin-restricted coupled cluster method including single,

double, and perturbative triple excitations [RCCSD(T)]. They used an augmented correlation

consistent triple zeta basis set of Dunning et al. (47), with the inclusion of midbond func-

tions (3s3p2d). In the present work we developed a new NO-He interaction potential at the
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CCSDT(Q) level, which will be discussed below. All calculations were performed using the

Molpro 2015 suite of programs. The multi-reference coupled cluster (MRCC) Program System

extension for Molpro, developed by Kállay and co-workers, was used to compute the contribu-

tions beyond the CCSD(T) approximation (48, 49).

Briefly, we calculated a NO-He interaction potential using the spin-unrestricted coupled

cluster method [UCCSD(T)] with a complete basis set limit (CBS) extrapolation scheme. Next,

we calculated (with a smaller electronic basis-set: aug-cc-pVDZ) the CCSDT(Q) interaction en-

ergies and subtracted the CCSD(T) energies (with the same smaller basis) to obtain a correction

term, ET(Q), which is added as correction to the CCSD(T)-CBS potential.

3.1.1 Expansion of the potential

Our Jacobi coordinates R and θ for the NO-He complex are the distance between He and the

center of mass of NO, and the angle between the bond-axis of NO and the R-vector, see Fig.

S3, with θ = 0◦ for linear He-N-O. For the angle θ we used a grid of 12 Gauss-Legendre

quadrature points. The radial grid consisted of 76 points, ranging from 4 to 25 a0 with steps

of 0.1 a0 in the range from 4 to 10 a0, and steps of 1 a0 in the range from 10 to 20 a0. The

bond length of N-O(X2Π 1

2

) was kept constant at r0 which equals 2.1830 a0. Effects due to

the vibrational motion of NO on the two-dimensional (2D) NO-He interaction potential were

also studied and are discussed below. The calculated adiabatic potentials for the NO(X2Π)-He

states of A′ and A′′ symmetry were transformed to diabatic sum and difference potentials and

expanded in Legendre polynomials PL(cos θ) and associated Legendre functions PLM(θ) with

M = ±2 (50). The expansion coefficients were obtained by numerical quadrature for each

point on the R-grid. As demonstrated previously, this procedure allows accurate sampling of

the anisotropy of PESs (30) when the expansion is truncated at sufficiently high values of L.

We use Lmax = 12.

3.1.2 Basis sets

Basis set convergence was tested for specific geometries, with basis sets supplemented with

different sets of midbond functions. Table S1 shows the performance of basis sets at a ge-

ometry close to the minimum. In all of our calculations we applied the Boys and Bernardi

basis set superposition error (BSSE) correction (51). Our electronic basis sets are augmented

correlation-consistent basis sets, aug-cc-pVXZ (AVXZ), where X denotes the cardinal number

of the basis. As shown in table S1 the NO-He interaction becomes more attractive with the

increase of X. Analogously to Kłos et al., we tested the effect of adding two different sets of

midbond functions, [3s2p2d] and [3s2p2d1f1g], the latter of which are so-called extended bond

functions. These midbond functions were placed at the midpoint of the R-vector connecting

the He atom with the NO center of mass. Overall, the inclusion of midbond functions results in

a more attractive potential and the AVQZ midbond interaction energies are comparable to the

energies one would obtain using an AV5Z or even AV6Z basis set.
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Also the effect of using unrestricted and partially spin restricted coupled cluster methods

[UCCSD(T) and RCCSDT(T)] was tested in this work. Overall, the UCCSD(T) method re-

sulted in a slightly lower interaction energy for some geometries, but this difference becomes

insignificant at the highest level of theory employed in this work. Furthermore, the MRCC

program that was used to calculate the CCSDT(Q) energies uses an unrestricted coupled cluster

method, and we therefore chose to use the unrestricted results for our CCSD(T) potential.

Electronic basis-set convergence was pushed by employing a complete basis set (CBS) limit

extrapolation scheme. The correlation energies are extrapolated to the CBS limit X → ∞
with a X−3, using results from two and/or three basis sets with X ranging from 4 to 6. Table

S1 shows that for the UCCSD(T) calculations the CBS extrapolation employing three basis

sets (X= 4, 5, 6) converges and results in a more attractive potential compared to the energies

calculated with the AV6Z basis set. The results of the CCSD(T) CBS-extrapolation scheme are

used to calculate the final results at the UCCSDT(Q) level.

3.1.3 NO vibrational coordinate

For NO-He collisions, with NO in its vibrational ground state, it is often sufficiently accurate to

describe the scattering dynamics using a 2D interaction potential with the N-O bond length fixed

either at the equilibrium distance, re (as computed by Kłos et al. (46)), or at the vibrationally

averaged bond length, r0 (29). In a study on HF-Ar (52) a 2D intermolecular potential computed

with the monomer bond length fixed at r0 was shown to give better results, by comparison with

a full 3D potential, than a potential with the monomer fixed at re. This study also shows,

however, that the results are still substantially closer to the full 3D results if one uses a 2D

potential obtained by averaging the 3D potential over the vibrational ground state wavefunction

of the HF monomer. The calculation of a full 3D-potential for NO-He at the CCSDT(Q) level

of theory is expensive, so we test at a lower level the effect of vibrationally averaging a 3D

potential for NO-He in comparison with a 2D potential calculated at a fixed NO bond length of

r0.

For this test, the NO-He PES was calculated at the UCCSD(T) level employing a smaller

AVQZ electronic basis set for a range of N-O bond lengths r on a Gauss-Hermite quadrature

grid (53, 54) consisting of 5 points, with the central point always coinciding with r0. A vibra-

tionally averaged potential was obtained from these PESs for different r values by numerical

quadrature over the v = 0 vibrational wavefunction of NO. No significant difference between

the interaction energies calculated with a fixed bond length r0 and by vibrationally averaging

was observed, however, see table S1. This is perhaps not surprising as the NO-He Van der

Waals interaction is weak, the N-O bond is a strong chemical bond, and the amplitude of the

NO vibration is small. For this reason, the final interaction potential was calculated with the

N-O bond length fixed at r0.
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Table S1: Benchmark calculations for various methods at a geometry around the well of the

potential. This table shows energies obtained using various basis sets, extrapolation schemes,

and approximations for both the A′ and A′′ adiabatic states. All results are BSSE corrected.

Method A′ / cm−1 A′′ / cm−1

R = 6.03 a0, θ = 96.42◦

UCCSD(T)/AVDZ −13.07 −10.12

UCCSD(T)/AVTZ −24.11 −19.60

UCCSD(T)/AVQZ −26.74 −21.54

UCCSD(T)/AV5Z −28.44 −23.30

UCCSD(T)/AV6Z −29.44 −24.20

RCCSD(T)/AVTZ+midbond † −29.08 −23.70

UCCSD(T)/AVTZ+midbond −29.07 −23.68

UCCSD(T)/AVQZ+midbond −29.73 −24.40

UCCSD(T)/AVTZ+midbond ′ −29.98 −24.51

UCCSD(T)/AVQZ+midbond ′ −30.01 −24.65

UCCSD(T)/CBS(AV5Z,AV6Z) −30.54 −25.14

UCCSD(T)/CBS(AVQZ,AV5Z,AV6Z) ∗ −30.37 −25.00

UCCSD(T)/AVQZ −26.74 −21.54

UCCSD(T)/AVQZ-vib3 −26.74 −21.52

UCCSD(T)/AVQZ-vib5 −26.74 −21.52

UCCSDT(Q)/AVDZ −13.63 −10.81

UCCSDT(Q)/AVDZ[fc] −13.60 −10.78

UCCSDT(Q)/aug-cc-pwCVDZ −13.71 −10.90

ET(Q) −0.56 −0.69

EQ(P)/VDZ −1.57 × 10−4 −1.58 × 10−4

UCCSD(T)/CBS(AVQZ,AV5Z,AV6Z)+ET(Q) ‡ −30.93 −25.69

∗ Method used for the CCSD(T)/CBS potential.
† Method used by Kłos and co-workers (46).
‡ Final CCSDT(Q) potential used in this work.

3.1.4 Relativistic corrections

Scalar relativistic effects can be accounted for by means of the Pauli Hamiltonian (55). These

relativistic effects were evaluated in first order perturbation theory using Molpro. It was found

that the relativistic corrections change the potential well only by about 10−3 cm−1 for all ge-
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ometries tested. Therefore, they were not included.

3.1.5 Diagonal Born Oppenheimer Corrections

The Born-Oppenheimer approximation (BOA) neglects the terms in the Hamiltonian that arise

from first and second derivatives of the electronic wave functions with respect to nuclear co-

ordinates. For a non-degenerate electronic state, it has been found that the leading correction

term for going beyond the BOA is the diagonal Born-Oppenheimer correction (DBOC) given

by Born and Huang (56), and analyzed, implemented, and used by many others (57–61)

E
(DBOC)
I = 〈ΨI(r;R)|T̂N |ΨI(r;R)〉. (12)

The electronic wave function ΨI(r;R) of state I depends on the electronic coordinates r and on

the Cartesian coordinates of the nuclei R = {(XA, YA, ZA), A = 1, . . . , Natom}, where Natom

is the number of atoms in the system. The nuclear kinetic energy operator is given by

T̂N =
∑

A

−~2

2mA

[
∂2

∂X2
A

+
∂2

∂Y 2
A

+
∂2

∂Z2
A

]
, (13)

where mA is the mass of nucleus A. This operator includes rotation and translation of the

complex, as well as all internal motions.

For He-NO, the A′ and A′′ electronic states correlating with the |Πx〉 and |Πy〉 electronic

states of NO are degenerate at collinear geometries, giving rise to singularities in the nuclear

derivatives. In our scattering calculations we avoid these singularities in the usual way, by

employing a model diabatic basis which results in the dynamics being governed by diabatic

potentials consisting of the sum and the difference of the A′ and A′′ adiabatic potentials, see,

e.g., Ref. (62) and references therein,

Vsum =
VA′ + VA′′

2
(14)

and

Vdiff =
VA′′ − VA′

2
. (15)

To estimate the leading non-Born-Oppenheimer effect missing in this approach we make an

ab initio calculation of the DBOCs, E
(DBOC)
A′ and E

(DBOC)
A′′ , using the open-source program

CFOUR, and we add these terms to the A′ and A′′ potentials when computing the diabatic

potentials, but we subtract the DBOC that is implicitly removed by our diabatic model. Thus,

we include in the A′ potential

∆
(DBOC)
A′ = E

(DBOC)
A′ − Ẽ(DBOC)

A′ (16)

and in the A′′ potential

∆
(DBOC)
A′′ = E

(DBOC)
A′′ − Ẽ(DBOC)

A′′ . (17)
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The correction terms Ẽ
(DBOC)
A′ and Ẽ

(DBOC)
A′′ remove the singularities in the nuclear derivatives

at collinear geometries. The derivation below shows that they are identical for the A′ and A′′

states in the model.

In the diabatic model, the electronic wave functions of He-NO are treated as if they contain

the unperturbed NO (2Π) states, i.e., they are assumed to be eigenfunctions of the diatomic L̂z

orbital angular momentum operator with eigenfunctions |Λ〉 and eigenvalues ~Λ = ±~. Nuclear

derivative couplings to other electronic states are still present in the model diabatic basis. The

model adiabatic Born-Oppenheimer states |Πx〉 and |Πy〉 span the same electronic subspace and

they are eigenfunctions of L̂2
z , with eigenvalues ~2. The subscripts x and y refer to states that are

symmetric with respect to the xz and yz planes of a body-fixed coordinate system, respectively,

where the NO axis is along the z-axis, and the He atom is in the xz-plane.

In the ab initio calculation, we put the atoms in the XZ-plane, i.e., we set all coordinates

YA equal to zero, and we take the NO axis parallel to the Z-axis. Since the nuclear kinetic

operator is a scalar, the calculated DBOC is independent of this choice. The only couplings that

are included in the model are those that arise from rotation of the plane of the complex around

the NO (Z) axis. First, we consider the |Πx〉 state (with A′ symmetry). We define this state by

rotating the state |ΠX〉, which is symmetric with respect to the XZ-plane, over an angle φ,

|Πx〉 = e−
i

~
φL̂z |ΠX〉. (18)

Note that the states in our ab initio calculation correspond to φ = 0. When computing the model

DBOC, we will make use of the relation

∂2

∂φ2
|Πx〉 =

i2

~2
e−

i

~
L̂z L̂2

z|ΠX〉 = −|Πx〉. (19)

For the |Πy〉 state we also find

∂2

∂φ2
|Πy〉 = −|Πy〉. (20)

Since the nuclear kinetic energy operator has a term for each atom, we write the model

DBOC as

ẼDBOC = Ẽ
(He)
DBOC + Ẽ

(N)
DBOC + Ẽ

(O)
DBOC, (21)

where we dropped the A′ label for compactness. We first consider the contribution from the

helium atom, since it is the easiest to calculate. For the |Πx〉 model state we have

Ẽ
(He)
DBOC = − ~

2

2mHe
〈Πx|

∂2

∂X2
He

+
∂2

∂Y 2
He

+
∂2

∂Z2
He

|Πx〉. (22)

The motion of the helium within the He-NO plane (X-Z) does not affect the model electronic

states, so the terms involving XHe and ZHe are zero. Motion of the helium along the Y -axis,

however, rotates the body-fixed plane around the NO (Z)-axis. WithR
(He)
⊥ the distance between

the helium atom and the NO axis we have

YHe = R
(He)
⊥ sinφ = R sin θ sinφ, (23)
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N O

He

RNO

R
R

(He)
⊥ = R sin θ

θ

Figure S3: Jacobi coordinates for He-NO (R, θ, RNO) and the distance of helium to the NO

axis, R
(He)
⊥ .

N O

He

n̂
sin γ n̂⊥

cos γêz

γ

R
(N)
⊥

Figure S4: To derive the expression for E
(N)
DBOC [Eq. (29)], we consider rotation of the plane

of the complex around the O–He axis, which is decomposed into a rotation around êz, which

contributes to the coupling, and a rotation around n̂⊥, which does not contribute. In this figure

γ = γN−O−He and the length of the vector R
(N)
⊥ is given by R

(N)
⊥ = sin γRNO.

where R and θ are the Jacobi coordinates of the system (see Fig. S3). Thus, at φ = 0, we have

∂2

∂Y 2
He

=
1

R2 sin2 θ

∂2

∂φ2
(24)

and using Eq. (19) we find for the contribution of helium to the DBOC:

Ẽ
(He)
DBOC =

~
2

2mHeR2 sin2 θ
. (25)

Note that this term is indeed singular for the collinear geometry (θ = 0 or θ = π), that it is

always positive, and that the corresponding term for the A′′ (Πy) model state is identical.

To determine the contribution of the N atom to the DBOC we again consider the motion

of the body-fixed frame for infinitesimal displacements of the atom. As before, motion along
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the X and Z coordinates do not contribute. A change in YN, however, rotates the body-fixed

plane around the O–He axis, rather than around the N–O axis. Since only rotations around the

Z-axis contribute to the DBOC in the model, we take advantage of the fact that displacement

of the atoms due to any infinitesimal rotation can be uniquely written as the sum of a rotation

around the Z-axis and a rotation around an axis perpendicular to it. Explicitly, we take n̂ as a

unit vector parallel to O–He, êz as a unit vector parallel to O–N, and γ = γN−O−He (see Fig.

S4). Rotating a point q around n̂ over an infinitesimal angle ∆χ results in a displacement

∆q = ∆χ n̂× q, (26)

where n̂ × q is the cross product of the two vectors. The vector n̂ can be uniquely written as

a linear combination of a unit vector along the Z-axis (êz), and a unit vector n̂⊥ perpendicular

to êz:

n̂ = cos γêz + sin γn̂⊥, (27)

so the displacement due to rotation around êz is

∆q‖ = cos γ ∆χ êz × q, (28)

i.e., the displacement is reduced by a factor cos γ. To find Ẽ
(N)
DBOC, we follow the derivation for

Ẽ
(He)
DBOC above, but R

(He)
⊥ is replaced by R

(N)
⊥ , the distance of the N atom to the O–He axis, and

the result is multiplied with cos2 γN−O−He. Figure S4 shows the decomposition of the vector n̂

in parallel and perpendicular components and that R
(N)
⊥ = RNO sin γN−O−He, so we find

Ẽ
(N)
DBOC =

cos2 γN−O−He

2mNR2
NO sin2 γN−O−He

=
cot2 γN−O−He

2mNR2
NO

. (29)

For the NO bond length we use RNO = 2.1803 a0. Again, we find a singularity for the linear

geometry (γN−O−He = 0 or π).

By swapping N and O we find the contribution of the O atom to the DBOC:

Ẽ
(O)
DBOC =

cot2 γO−N−He

2mOR2
NO

. (30)

The near-deneracy of the |Πx〉 and |Πy〉 states of NO in the NO-He complex severely com-

plicates the ab initio DBOC calculations and results in numerical instabilities for many geome-

tries. These instabilities occur most frequently in the calculations at the CCSD level, but also

happen at the SCF level, and they occur more often for the A′′ state than for the A′ state. Fig-

ures S5(a,c,e) show the DBOCs for the adiabatic A′ state calculated with our model and at the

SCF level, for a series of geometries at which the SCF calculations were stable. These figures

illustrate that the DBOCs for the adiabatic states in NO-He are positive-valued and much larger

than they usually are for closed-shell systems. This is related to the near-degeneracy of the adi-

abatic electronic states in NO-He and the (near)-singularity in their nuclear derivatives, which
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we avoid by the use of diabatic states. With the model correction according to Eq. (17) derived

above one obtains the residual DBOCs shown in Figs. S5(b,d,f). These residual DBOCs are on

the order of 0.03 cm−1 in the region of the potential well, much smaller than the uncorrected

ones, and comparable in magnitude with the DBOCs of 0.06-0.09 cm−1 that we calculated for

the closed-shell CO-He complex. The calculations for CO-He were performed both at the SCF

and CCSD levels, which shows also that the effect of electron correlation is relatively small:

the SCF method accounts for approximately 99% of the DBOC. Such small residual DBOCs

have hardly any effect on the NO-He potentials and, therefore, were not taken into account in

the diabatic potentials used in our scattering calculations.

3.1.6 Contributions beyond the CCSD(T) level

As can be seen in Fig. 1 of the main text the cross sections calculated on the UCCSD(T)-

CBS-potential, give reasonable but not perfect agreement with the experimental results. The

remaining discrepancy between theory and experiment, especially in the DCSs, could not be

removed by further pushing electronic basis set convergence, by averaging the NO-He potential

over the NO v = 0 vibration, or by any of the above described methods. So it probably orig-

inates from higher order electron correlations effects beyond CCSD(T). Similar observations

were made previously in our group for the NO-H2 system (30). Also Jankowski et al. (34) in

their theoretical study of the high-resolution spectrum of H2-CO concluded that an intermolecu-

lar potential calculated at the CCSD(T) level was not sufficiently accurate. They extended their

calculations from the quantum chemical gold-standard CCSD(T) level to the CCSDTQ level,

i.e., they included triple and quadruple excitations in a fully iterative way in their coupled-

cluster calculations. They found, however, that the extension from the perturbative inclusion

of quadruples in CCSDT(Q) to the fully iterative CCSDTQ method yielded only a marginal

improvement of the H2-CO potential. In our present calculations of the NO-He potential, we

therefore put the limit at the CCSDT(Q) level.

For our CCSDT(Q) calculations we employed the MRCC program (48). Due to high com-

putational costs, we were bound to use a smaller (AVDZ) electronic basis. Different levels of

excitation in the coupled-cluster method can be applied: full triple excitations, CCSDT, pos-

sibly extended with perturbative quadruple excitations, CCSDT(Q). In analogy to the work of

Jankowski et al. (34) it is useful to define a quantity

ET(Q) = ECCSDT(Q) − ECCSD(T), (31)

which can be interpreted as the correction to the ECCSD(T) energy based on the perturbative

inclusion of triple excitations due to the inclusion of triples in a fully iterative way and of

quadruples in a perturbative way. Similarly we define,

EQ(P) = ECCSDTQ(P) − ECCSDT(Q). (32)

The effect of the correction ET(Q) on the Van der Waals well in the NO-He potential is shown
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Figure S5: Panel (a,c,e) show the diagonal Born-Oppenheimer corrections calculated with the

model (purple) and at the SCF level (blue) for three different angles on a radial grid ranging

from 4-14 a0. Panel (b,d,f) show the asymptotically scaled difference between the model and

ab-initio calculations.
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in Table S1. Due to the high computational cost we were not able to study electronic basis set

convergence for the CCSDT and CCSDT(Q) calculations.

A frozen-core approximation is sometimes used in calculation of PESs and can drastically

reduce computational costs. We performed tests to see what the effect of a frozen-core approxi-

mation is on the CCSDT(Q) interaction energy. Usually, for the non-frozen-core approximation

so-called core-correlated correlation-consistent electronic basis sets are used, denoted as aug-

cc-pwCVXZ, with X being the cardinal number. Table S1 shows the differences in energy for

the different approximations at the UCCSDT(Q) level. Based on these results we decided not to

use the aug-cc-pwCVXZ basis in our final calculations of the NO-He potential on the full grid

of R and θ values, since it would have led to a drastic increase in computational cost. A similar

decision was made by Jankowski et al. in their study of the H2-CO complex (34). The effect

of going to perturbative pentuples, EQ(P), as represented by Eq. 32, computed with a VDZ

basis, are shown in table S1 and were found negligible. In summary, the UCCSD(T)-CBS po-

tential does not sufficiently account for electron correlation effects. For this reason we extended

our calculation from the CCSD(T) level to the CCSDT(Q) level. The correction energy ET(Q)

given by Eq. 31 was calculated with a smaller (AVDZ) electronic basis due to the high compu-

tational cost of the CCSDT(Q) method. This correction was then added to the UCCSD(T)-CBS

potential in order to obtain the final NO-He interaction potentials for the states of A′ and A′′

symmetry, which were diabatized by taking the sum and difference potentials (63) and used in

our scattering calculations. This procedure was performed for all ab initio points.

3.2 Cross sections and partial wave analysis

In order to obtain state-to-state integral and differential cross-sections for NO-He inelastic colli-

sions we performed coupled-channels or close-coupling scattering calculations (64). The max-

imum jNO in our channel basis was 15/2 and the maximum total angular momentum value was

J = 141/2, which is sufficient to converge the inelastic cross sections. The radial grid ranged

from 3.5 to 60 a0 in steps of 0.1 a0. In a collision event the total angular momentum, J , and

the total parity, P , are conserved. Scattering calculations were performed for collision energies

ranging from 0.01 to 10 cm−1 in steps of 0.01 cm−1. The scattering resonances were analyzed

in terms of total angular momentum, J , and contributing partial-waves, ℓ.
Contributions to the integral cross section (ICS) for the j = 1/2, e final state of NO in terms

of J and ℓout are shown in Fig. S6. The contributions for different J to the ICS are additive, but

the partial wave index ℓ is not a good quantum number and is not conserved during an inelastic

collision event. Nonetheless, one observes that the scattering dynamics at low collision energies

and, in particular, scattering resonances are dominated by a limited number of incoming, ℓin,

and outgoing, ℓout, partial waves. In this figure it can clearly be seen which J s and ℓouts are

responsible the scattering resonances. The total ICS, i.e., summed over all J and P , as a

function of collision energy is also included (black curve). Three clusters of resonances can be

observed, the first ranging from 0 to 2 cm−1, the second from 3 to 4 cm−1 and the third around

6 cm−1. It becomes clear that the resonances contain multiple J and ℓout contributions, a few
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of which are sharp and dominant: J = 5/2, 7/2, 9/2, 11/2, 13/2 and ℓout = 0− 6. Additionally,

three broad scattering resonances can be seen underneath the three clusters of resonances, these

correspond to J = 3/2, 5/2 and 7/2. Interestingly, the J of the broad underlying resonances

increases with increasing collision energy. This is a direct result of the centrifugal barrier which

can be overcome at these particular energies. Panel (a) of Fig. S6 shows a contour plot of the

differential cross sections (DCSs) as function of collision energy. This way of representing our

data allows one to spot sudden changes in the distribution of the DCSs. Furthermore, at the

resonances there seems to be a direct correlation between the number of nodes observed in the

DCSs and the partial waves involved in the resonance. For example, at a collision energy of 1.3

cm−1 four nodes can be observed in the DCS and the dominant partial waves at this collision

energy have ℓ = 4 and 5. At 3.3 cm−1 the number of nodes observed in the DCS equals 6 and

the dominant partial wave contributing at this resonance has ℓ = 6. Although, the number of

nodes in the DCS and the dominant outgoing partial waves seem highly correlated it is not to

be expected that they match perfectly. This is because we neglect the interference between the

incoming and outgoing partial waves, which is the reason that at the resonance of 1.3 cm−1 both

ℓout = 4 and 5 are observed.

We further characterize the dominant resonances mentioned above by calculating the scatter-

ing wavefunctions for each (J ,P) combination that contributes to the resonances. A scattering

resonance corresponds to a quasi-bound state which involves a specific NO monomer state and

a specific resonance partial wave, which we call ℓres. Inspection of the different contributions

to the wavefunctions shown in Fig. S7 tells us whether a resonance is of shape or Feshbach

type. Table (S2-S3) gives an overview and complete characterization of the resonances shown

in Fig. S7. Most of the scattering resonances appear to be of Feshbach type, since the wave-

functions of the quasi-bound states correspond to NO monomer states that are asymptotically

closed. However, the resonances at energies above 5 cm−1 can be called combined Feshbach-

shape resonances since the higher lying state (3/2, e) that mixes with the entrance (1/2, f ) and

exit (1/2, e) states is open. The ℓres of the partial waves involved gradually increases at higher

collision energies.

3.2.1 Comparison between CCSD(T) and CCSDT(Q) PESs in scattering calculations

As already discussed, scattering calculations employing the NO-He PES at CCSD(T) level of

theory are not able to accurately reproduce the measured resonance structures. However, good

agreement is obtained when the PES at the CCSDT(Q)-level is employed. To further study

the effect of the two different potentials on the scattering dynamics at lower temperatures we

extended the range of collision energies in our calculations from 10−4 − 10 cm−1, see Fig. S8.

The results are plotted on a double logarithmic scale and confirm that in the s-wave Wigner

regime the ICS is proportional to 1/
√
E. The difference between the results from the two

different PESs can be quantified by the rate constant k(E)

k(E) = vσ(E), (33)
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Figure S6: (a) Two dimensional representation of the the differential cross-sections for a range

of collision energies. (b) Total angular momentum contribution to the integral cross-sections

for various collision energies. (c) Outgoing partial wave contributions for various collision

energies.

where σ is the integral cross-section as function of collision energy E, v =
√
2E/µ is the

relative velocity, and µ is the reduced mass of the complex. The rates obtained in the collision
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Figure S7: Squared wavefunctions as a function of the radial distance R: (a) corresponds to the

resonance peak at 0.10 cm−1 with (J ,P) = (1/2,−1), (b) the resonance at 1.00 cm−1 (J ,P)

= (5/2,−1), (c) the resonance at 1.35 cm−1 (J ,P) = (9/2,−1), (d) the resonance at 3.13

cm−1 (J ,P) = (9/2,−1), (e) the resonance at 3.41 cm−1 (J ,P) = (11/2,−1), and finally (f)

corresponds to the resonance at 6.02 cm−1 (J ,P) = (13/2,−1).
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found.
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Ecol (cm−1) J P ℓin ℓres ℓout Type of resonance

0.10 0.5 −1 0 2 1 jNO = 3/2e Feshbach

1.00 2.5 −1 2 3 3 jNO = 3/2f Feshbach

1.26 1.5 −1 2 3 1 jNO = 3/2f Feshbach

1.35 4.5 −1 4 3 5 jNO = 3/2f Feshbach

1.35 4.5 −1 4 5 5 jNO = 1/2e Shape

3.13 4.5 −1 4 4 5 jNO = 3/2e Feshbach

3.21 3.5 −1 4 4 3 jNO = 3/2e Feshbach

3.41 5.5 −1 6 4 5 jNO = 3/2e Feshbach

3.82 5.5 −1 6 6 5 jNO = 1/2f Shape

5.85 3.5 −1 4,6 5 5 jNO = 3/2f Feshbach∗

5.90 5.5 −1 6 5 5 jNO = 3/2f Feshbach∗

6.02 6.5 −1 6 5 7 jNO = 3/2f Feshbach∗

∗ Can be described as combined Feshbach-shape resonances.

Table S2: Summary of the relevant properties that characterize the resonances at various colli-

sion energies for P = −1.

Ecol (cm−1) J P ℓin ℓres ℓout Type of resonance

0.10 0.5 1 1 2 0 jNO = 3/2f Feshbach

0.99 2.5 1 3 3 2 jNO = 3/2e Feshbach

1.26 1.5 1 1 3 2 jNO = 3/2e Feshbach

1.35 4.5 1 5 3 4 jNO = 3/2e Feshbach

1.35 4.5 1 5 5 4 jNO = 1/2f Shape

3.13 4.5 1 5 4 4 jNO = 3/2f Feshbach

3.21 3.5 1 3 4 4 jNO = 3/2f Feshbach

3.41 5.5 1 5 4 6 jNO = 3/2f Feshbach

3.82 5.5 1 5 6 6 jNO = 1/2e Shape

5.85 4.5 1 5 5 4,6 jNO = 3/2e Feshbach∗

5.90 5.5 1 5 5 6 jNO = 3/2e Feshbach∗

6.02 6.5 1 7 5 6 jNO = 3/2e Feshbach∗

∗ Can be described as combined Feshbach-shape resonances.

Table S3: Summary of the relevant properties that characterize the resonances at various colli-

sion energies for P = 1.

energy range of 10−4 − 3 · 10−4 cm−1 are 7.65 · 10−10 and 1.22 · 10−9
(
cm3

s
1

molecule

)
for the

CCSD(T) and CCSDT(Q) PESs, respectively. Thus, the rates obtained with the higher level of
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theory are found to be roughly a factor 1.6 times larger than those obtained with the lower level

of theory.

3.3 Bound-state calculations

The bound ro-vibrational states of NO-He are calculated with the coupled-channel variational

method (CCVM). This method is similar to the coupled-channel (CC) method for scattering

calculations. It uses the same Hamiltonian and the same angular channel basis in body-fixed Ja-

cobi coordinates, but instead of propagating the radial coordinate R to solve the CC differential

equations it uses an additional basis in R. The desired number of eigenstates of the Hamilto-

nian matrix is obtained with the iterative Davidson algorithm (65). The bound state calculations

were performed for total angular momentum values J ranging from 1/2 to 21/2 with angular

basis functions up to jmax
NO = 21/2. The radial basis functions were obtained by solving a one-

dimensional (1D) eigenvalue problem with the radial kinetic energy and an effective interaction

potential

Veff(R) = V0(R) + αR, (34)

where V0(R) is a cut through the 2D interaction potential through the minimum at θ = 96◦, to

which we added a linear term with slope α. The parameter α was optimized by minimizing the

energies of the lowest bound states of the NO-He complex with 5 radial basis functions. The

optimized value was found to be α = 18 cm−1 a0. The 1D radial eigenvalue problem was solved

with sinc-DVR (37) on a grid of 118 points ranging from 3.5 to 25 a0. In the final calculations

we used 25 radial basis functions, which is sufficiently large to converge the energy levels to

10−4 cm−1. Results of the bound state calculations are shown in Fig. S9 and table S4. The

total angular momentum J and the overall parity P are exact quantum numbers, the monomer

angular momentum jNO and the orbital angular momentum ℓbound are approximate ones and

indicate the dominant character of the bound states.

The orbital angular momentum ℓres associated with the scattering resonances decreases with

decreasing collision energy. Our scattering calculations show that the lowest resonance occurs

at 0.1 cm−1, with J = 1/2 and ℓres = 2, see Figs. S6 and S7. Figure S9 shows that the lower

values of ℓ, ℓbound = 0 and 1, occur in the bound state regime, in the lowest bound states for

J = 1/2 which have predominantly jNO(1/2) character. The higher bound states for J = 1/2
contain mainly the jNO(3/2) states and correspond to ℓbound = 1 and 2. Higher values of ℓbound
up to 4 are found in the bound states for larger J . No bound levels occur for J larger than

9/2. These results for the bound states of NO-He nicely continue the picture of the scattering

resonances to energies below the asymptotic energy of the j(1/2e) ground state of NO.

3.4 Scattering states from the Kohn variational method

Here, we describe an S-matrix Kohn variational method (36, 37, 66, 67) for describing inelastic

scattering that is alternative to the coupled-channels approach and used here as an interpretative
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Figure S9: Calculated bound state levels of the NO-He complex. The bound states are labeled

with jNO, the dominant rotational NO monomer state, and the dominant orbital angular momen-

tum ℓbound. For each value of J there are two sets of bound states with overall parity P = −1
and 1, which are depicted by the black and red lines, respectively. All energies are relative to

the asymptotic energy of the jNO(1/2e) state (-59.86701 cm−1). No bound states are found to

exist for J -values higher than 9/2.
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E - E0 (cm−1) J P ℓbound jNO

-7.8211 0.5 −1 0 jNO = 1/2f
-7.8104 0.5 1 0 jNO = 1/2e
-6.7996 0.5 −1 1 jNO = 1/2e
-6.8145 0.5 1 1 jNO = 1/2f
-1.4607 0.5 −1 1 jNO = 3/2f
-1.4981 0.5 1 1 jNO = 3/2e
-0.4741 0.5 −1 2 jNO = 3/2e
-0.4292 0.5 1 2 jNO = 3/2f
-7.0913 1.5 −1 1 jNO = 1/2e
-7.1053 1.5 1 1 jNO = 1/2f
-5.7076 1.5 −1 2 jNO = 1/2f
-5.6853 1.5 1 2 jNO = 1/2e
-2.7912 1.5 −1 0,1 jNO = 3/2e, f
-2.8121 1.5 1 0,1 jNO = 3/2e, f
-2.1582 1.5 −1 0,1 jNO = 3/2e, f
-2.1137 1.5 1 0,1 jNO = 3/2e, f
-0.6369 1.5 −1 2 jNO = 3/2e
-0.6337 1.5 1 2 jNO = 3/2f

Table S4: Summary of the bound states energies for J = 1/2 and 1.5 and both overall parities

P . The energies are given relative to the energy of -59.86701 cm−1 of the jNO(1/2e) state.

tool. The trial wavefunction is written as

ψ̃n(R,ρ) = −φn(R)ϕn(ρ) +
∑

n′

φ∗
n′(R)ϕn′(ρ)S̃n′,n +

∑

k

χk(R,ρ)ck. (35)

Here, R is the scattering coordinate and ρ schematically denotes all remaining coordinates, for

which {ϕn(ρ)} forms a basis. The function φn(R) is an incoming wave at energy E − ǫn, the

kinetic energy in channel n, S̃n′,n are the elements of the trial S-matrix. The function φ∗
n(R) is

the corresponding outgoing wave. The incoming wave, φ(R), can be chosen freely as long as it

satisfies the Schrödinger equation at long range, and is regularized at short range. The L2 basis

functions χk(R,ρ) provide flexibility in the trial wavefunction in the region where φn(R)ϕn(ρ)
does not already solve the Schrödinger equation.

This trial wavefunction is optimized variationally by considering the first-order variations

with respect to S̃ and {ck},

δ〈ψ̃n|Ĥ − E|ψ̃n〉 = 2〈δψ̃n|Ĥ − E|ψ̃n〉+ i~δS̃n,n. (36)

Here, it is customary to define the bracket 〈f |g〉 =
∫∞

0
fg dR without complex conjugation.
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This yields the S-matrix

S =
i

~

[
B −CT (B∗)−1C

]
, (37)

with

B = M0,0 −MT
0 M

−1M0,

C = M1,0 −M
†
0M

−1M0, (38)

and

(M0,0)n,n′ = 〈φn|Ĥ − E|φn′〉,
(M1,0)n,n′ = 〈φ∗

n|Ĥ − E|φn′〉,
(M0)k,n′ = 〈χk|Ĥ − E|φn′〉,
(M)k,k′ = 〈χk|Ĥ − E|χk′〉. (39)

The approach used here differs from that in Refs. (36, 37, 66, 67) in the contraction of the

L2 basis, and the regularization of incoming distorted waves, which is achieved as follows. We

define two fictitious potential barriers, w1(R) and w2(R), for which we use the form

wi(R) =
vi

1 + exp [ai (R− Ri)]
for i = 1, 2. (40)

We then compute regular functions ξi(R) that satisfy [Ĥ+wi(R)−E]ξi(R) = 0 using the renor-

malized Numerov algorithm (68), and match a linear combination of these functions asymptot-

ically to a flux-normalized incoming wave

φ(R) = d1ξ1(R) + d2ξ2(R). (41)

This procedure ensures that φ(R) satisfies (Ĥ − E)φ(R) = 0 at large R where wi(R) vanishes

exponentially, and is regular at short R because ξ1(R) and ξ2(R) are regular individually. In the

variational calculation we require

(
Ĥ − E

)
|φ〉 = −d1w1(R)ξ1(R)− d2w2(R)ξ2(R), (42)

which is straightforward to evaluate. We used v1 = v2 = 10 cm−1, a1 = a2 = 1 a−1
0 , R1 =

15 a0, and R2 = R1 − 1 a0. The last condition ensures linear independence of ξ1(R) and

ξ2(R). In practice, we have observed no significant dependence of the results on the parameters

of the fictitious potentials as long as they result in a smooth regularization of the scattering

wavefunction within the radial range spanned by the L2 basis.

We treat the L2 basis by a sinc-function discrete variable representation (37, 69, 70). How-

ever, rather than directly using the sinc-function basis, we first diagonalize Ĥ in the L2 ba-

sis. We keep box-quantized eigenfunctions in the L2 basis only if their energy is below E +
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Figure S10: Integral cross sections for J = 9/2 and odd parity from coupled-channels calcula-

tions and from the S-matrix Kohn variational principle.

100 cm−1, which provides a contraction of the basis. An added advantage is interpretative

power; the variational wavefunction, Eq. (35), is now expressed as a linear combination of a

scattering wavefunction and quasi-bound states at short range. One can thus analyze which

bound state gives rise to a scattering resonance by analyzing the contributions of L2 basis func-

tions, given by the coefficients

c = M−1
[
M ∗

0 (B
∗)−1

C −M0

]
. (43)

This textbook separation between a continuum scattering state and a bound state that leads to

a resonance can otherwise not be made in rigorous scattering calculations, unless the coupling

between the two is perturbatively small.

Figure S10 shows integral cross sections for J = 9/2 and odd parity from coupled-channels

calculations and from the S-matrix Kohn variational principle. The cross sections match closely.

At energies below 1 cm−1, cross sections for J = 9/2 are strongly suppressed by the Wigner

threshold laws for incoming and outgoing ℓ = 4 and ℓ = 5 partial waves. At higher energies, a

30



0.0×100
2.0×105
4.0×105
6.0×105
8.0×105
1.0×106
1.2×106
1.4×106
1.6×106
1.8×106

 1  2  3  4  5  6  7

|c
k|

2
 (

a.
u.

)

E (cm-1)

j
NO

(3/2,f) ( 
 
=3)

j
NO

(3/2,e) ( 
 
=4)

j
NO

(3/2,f) ( 
 
=5)

Figure S11: This figure shows the contribution of various L2 basis functions for J = 9/2 and

odd parity. On each of the resonances, a single L2 basis function dominates, corresponding to

the quasi-bound state.

series of resonances is observed. Figure S11 shows the contributions of various L2 basis func-

tions to the variational wavefunction. At each of the resonances the contribution of a particular

quasi-bound state peaks. Figure S12 panels (a-f) show plots of the square of the wavefunctions

of the quasi-bound states and densities contour plots of the bound states, that dominate the three

resonances shown in Fig. S11. The bound states all correspond to j = 3/2e and f states, and

ℓ = 3, 4 and 5 with increasing energy. Similar results are obtained for the remaining J and

both parities. For J = 1/2, the cross sections are not suppressed at low energies, and reveal an

additional ℓ = 2 resonance, of which the wing is probed experimentally.

After establishing which quasi-bound states lead to particular resonances, we can estimate

the response of the resonance positions to variations in the potential energy surface from the

Hellmann-Feynman theorem

dEk

dλ
= 〈χk|

dV̂

dλ
|χk〉, (44)

where λ is a parameter in the potential, V̂ , that is varied. In this way, we have explored the

sensitivity to overall scaling of the potential, to scaling of the correlation energy alone, to the

anisotropy of the potential, and to a radial shift of the potential. In all these cases, we find the

resonances are shifted in the same direction, with differences in the magnitude of the derivatives

of 30 % or less, where the differences are smaller if the derivatives are large. This implies it

is hard to adjust the position of the highest resonance into closer agreement with the experi-

ment without affecting the lower-lying resonances, even if we admit larger and more arbitrary

variations of the potential than those caused by the physical effects considered above.
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Figure S12: Panels (a,c,e) show the dominant contributions of L2 basis functions for J = 9/2
and odd parity at energies near the ℓ = 3, 4 and 5 resonances. Panels (b,d,f) show density

contour plots of the corresponding bound-state contributions with (J ,P) combinations (9/2,-

1), (11/2,-1) and (13/2,-1), respectively, as function of R and the Jacobi angle.
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4 15NO/14NO isotope effects

The observed and calculated shifts in the resonance structure for 15N16O-He scattering with

respect to 14N16O-He scattering, see Fig. S13, have three different origins: (i) the larger mass of
15N16O, which gives a larger reduced mass of the complex, (ii) the smaller rotational constant

of 15N16O, and (iii) the shift of the NO center of mass between the two isotopologues causes a

difference in the anisotropy of the NO-He potential, which is defined relative to the monomer

centers of mass. The reduced masses of 14N16O-He and 15N16O-He are 3.53141 and 3.54487

amu, respectively, the rotational constants are 1.69611 and 1.63614 cm−1. The 15N16O-He

PESs are obtained from the 14N16O-He PESs by performing the transformation of the Jacobi

coordinates that corresponds to the shift in the center of mass in NO. In scattering calculations

one can investigate these effects individually, the results are discussed below.

Figure S13 shows that the resonance peaks for 15N16O-He scattering (blue) shift to substan-

tially lower energies with respect to 14N16O-He. Calculations using the 14N16O-He PESs and

reduced mass and the rotational constant of 15N16O (yellow) reveal that these shifts in reso-

nance position are mainly caused by the smaller rotational constant of 15N16O. Resonances of

‘shape-type’ are shifted more by a change in the centrifugal barrier, which is directly correlated

with the reduced mass, while resonances of ‘Feshbach-type’ are shifted by the change in the

rotational constant of NO that changes the energies of its rotational states. In calculations with

the 14N16O-He PESs and rotational constant and the reduced mass of 15N16O (purple) the reso-

nances are shifted by insignificant amounts. These results are in line with our characterization

of the observed scattering resonances in Tables S2 and S3; they are mostly of ‘Feshbach-type’

and are therefore not directly affected by the change in the reduced mass of the complex, but

rather by the rotational constant of the monomer. By contrast, the results shown by the green

curve, with the use of the molecular constants of 14N16O and the PESs of 15N16O-He cause

the resonances to shift to lower energies, but only by a very small amount. These results show

that the differences in anisotropy of the PESs have only a minute effect on the position of the

scattering resonances.

Finally, we calculated the effect of the vibrational averaging of the potential using the
15N16O monomer vibrational wavefunctions, instead of those of 14N16O. No significant dif-

ference between the De values of 14N16O and 15N16O was found, so we do not expect that this

will cause any substantial change in the resonance structure.
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