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Introduction

Energy transfer in molecular collisions plays an important role in many different fields of
study, such as atmospheric chemistry, combustion, chemical reactions, and astrochemistry
[1, 2]. For example, in the field of astrochemistry, the molecular rovibrational state popu-
lation is of particular interest because it is partially determined by the number of molecular
inelastic collisions that take place, which is affected by the physical conditions in the re-
gion of the collision, such as molecular density. By measuring the light emitted from these
molecules, one records so-called rovibrational spectra, which contain information about the
physical conditions in a particular region of space. This information can then be used in
models that describe the evolution and formation of molecular clouds, protoplanetary disks,
and planets [3–5].

To understand these processes, it is important to have a detailed understanding of inelas-
tic collisions between molecules in the gas phase. Energy transfer between molecules during
an inelastic collision can be understood best by looking at single collision events. This can
be done theoretically by calculating so-called inelastic scattering cross sections, which are a
measure of probability for a particular collision event to occur, using scattering models, that
often provide useful insights into the underlying physics, or by sophisticated quantum scat-
tering calculations that yield near-exact results and account for various quantum mechanical
effects that can’t be described otherwise [6–11]. On the experimental side, scattering cross
sections can be measured by performing crossed molecular beam collision experiments, in
which two pure beams of molecules are crossed and the scattered molecules are detected
[12–18]. As a stringent test, the theoretically calculated and experimentally measured cross
sections are often compared, and when the agreement is lacking either or both the experi-
mental and/or theoretical methods are refined. For decades the joint efforts between theory
and experiment have turned out to be essential in understanding and unraveling (new) phe-
nomena in molecular collisions [15, 17–22].

To study molecular collisions one needs to understand the interactions between the col-
lision partners. Molecular interactions can be described by a potential energy surface (PES).
A useful analogy for a PES is a potential energy landscape, in which the degrees of freedom
are the respective orientations between the molecules, and the height of the landscape is the
interaction energy, see Fig. 1. As PESs are often difficult to calculate, model potentials have
been used extensively [23–25]. A popular model interaction potential that captures the most
important molecular interactions, repulsion at short, and attraction at large intermolecular
distances, is the Lennard-Jones potential [26]. The Lennard-Jones potential only depends on
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Introduction

Figure 1: Cartoon of potential energy landscape.

the distance R between the two collision partners and two coefficients

V (R) = C12/R
12 − C6/R

6. (1)

The attractive part of the potential is ∝ 1/R6 and originates from so-called dispersion forces
that vanish at large distances [27]. The repulsive part of the potential is ∝ 1/R12 and de-
scribes the Pauli repulsion between two atoms or molecules at short distances [28]. The
C6 and C12 coefficients are scaling factors for the attraction and repulsion between the
molecules, respectively, and can be determined by fitting to experimentally measured data
[29].

Energy transfer processes during molecular collisions can be described by full quantum
dynamical scattering calculations, and yield almost exact results, but often do not lead to a
conceptual understanding of the underlying scattering mechanism. Therefore, understanding
energy transfer mechanisms in simple models remains a central goal of physical chemistry.
Energy transfer mechanisms can often be understood in terms of classical collisions between
hard objects in which different degrees of freedom, translation, rotation, and vibration can
be converted into one another. One of the simplest scattering models, that dates back to the
19th century, is the classical elastic collision between two hard spheres. The hard-sphere
scattering model describes billiard ball-like collisions in which the spheres recoil when the
surfaces touch. Within this model, the impact parameter determines the scattering outcome,
with high impact parameter collisions resulting in forward-scattering and low impact param-
eters in back-scattering, see Fig. 2. Despite the simplicity of the hard-sphere model, it has
been successful in describing phenomena such as translational cooling and the ideal gas law
behavior. More realistic scattering models include van der Waals attraction between the two
colliding particles in the form of a Lennard-Jones potential and phenomena such as glory-
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Figure 2: Cartoon of two-dimensional scattering for different impact-parameters.

scattering and rainbow-scattering appear that result from the interplay between long-ranged
van der Waals attraction and short-range repulsion, see Fig. 2.

In many scattering models, but also in full quantum scattering calculations, one assumes
that molecules are rigid. This is because the vibrational motion is much faster than a typi-
cal collision time, which is on the order of picoseconds so that the vibrational motion acts
as a spectator during the collision. Nevertheless, trends in vibrationally inelastic collisions
have been studied and described extensively using simple scattering models [30]. To study
rotational energy transfer (RET) in molecular collisions a realistic hard-ellipsoid scattering
model was proposed by Beck and coworkers, in which the ellipse represents the shape of
a diatomic molecule [31, 32]. In addition to the results found with the elastic hard-sphere
model, they show that if one can measure the rainbow-scattering angle, qualitative assess-
ments of the shape of the repulsive wall of the interaction potential can be made [33, 34].
Additionally, the authors show that within the hard-ellipsoid model, different types of col-
lisions can lead to the same scattering outcome, i.e. the same deflection angle, which, in
a quantum-mechanical treatment of scattering leads to interference and the observation of
diffraction oscillations. Even more realistic models, such as semiclassical and quasiclassical
treatments (QCT) exist, and combine various aspects of the classical and quantum mechan-
ical description of a collision [9, 35–40]. Despite the usefulness of the models described
above, they all tend to fail when the collision energy becomes comparable to the well of
the attractive part of the potential, and so-called quasi-bound-states can be formed. Quasi-
bound-states are scattering complexes formed between two molecules during a collision that
can have long lifetimes and result in the breakdown of many assumptions made in the simple
scattering models.

The development of quantum mechanics led to a more fundamental understanding of
molecular interactions because it takes into account the wavelike nature of matter. An impor-
tant insight during the development of quantum mechanics was the Born-Oppenheimer ap-
proximation, which assumes that the wavefunctions of the nuclei and electrons in a molecule
can be treated separately [41]. Within the Born-Oppenheimer approximation, the Schrödinger
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equation, which governs the wavefunction, can then be solved in two steps: (1) solving the
electronic part, and (2) solving the nuclear part. By solving the electronic Schrödinger equa-
tion for a molecular system for a fixed set of atomic coordinates one obtains the interaction
energy between the molecules. Varying the atomic coordinates leads to different orienta-
tions and distances between the molecules, and results in different interaction energies that
are captured in a PES. In the last step, the nuclear Schrödinger equation can be solved with
the PES as an input to describe the motion of the molecules during a collision.

To accurately describe phenomena such as diffraction and the formation of quasi-bound-
states, full-quantum scattering calculations can be performed. In these calculations, one
solves the nuclear Schrödinger equation to describe the motion, and evolution of the internal
degrees of freedom, of the molecules during a collision [42]. These calculations take into
account the wavelike nature of matter and result in a near-exact description of the collision,
but are often computationally expensive and the results are less easily interpreted compared
to classical model calculations. For atom-molecule systems, high-level PESs are readily
available, and collisions have been studied extensively leading to an almost complete un-
derstanding of the observed collisional phenomena [33, 34, 43–45]. By contrast, much less
is known about molecule-molecule collisions because high-level PESs are more difficult to
calculate, and quantum scattering calculations can become extremely expensive. However,
with the advance of modern computer power, high-level PESs and scattering cross sections
have been calculated successfully for an increasing number of molecule-molecule systems
[10, 46–50].

To study molecular collisions in full detail, the quality of the underlying PES is the crucial
factor. There exist two popular experimental approaches to test the quality of the theoreti-
cally calculated PES: (1) spectroscopic measurements of molecular bound-states i.e. van der
Waals complexes, and (2) molecular beam collision experiments. A bound-state is when two
particles are bound under the influence of the interaction potential and have discrete energy
levels that are very sensitive to the shape of the well of the potential. By experimentally
probing these energy levels and comparing them with theoretically calculated energy levels,
the quality of the PES can be determined. In molecular beam collision experiments, two
molecular beams intersect in a well-defined region upon which particles collide and recoil in
all directions. By detecting the recoiled particles, so-called scattering cross sections can be
measured, which can be compared to theoretically calculated cross sections, and are there-
fore a sensitive probe to the underlying PES [17]. In general, collisions between molecules
are more sensitive to the short-ranged repulsive and long-ranged attractive part of the inter-
action potential, whereas spectroscopic measurements of bound-states are more sensitive to
the shape of the minimum of the potential. However, at sufficiently low collision energies,
so-called scattering resonances can occur which are quantum mechanical phenomena that
are highly sensitive to the shape and minimum of the PES. Collision experiments and spec-
troscopic measurements are complementary techniques that both can be used to determine
the quality of the PES and have their own strengths and weaknesses.

To test the quality of PESs and the validity of the approximations made, one needs to
probe subtle details in the collision outcomes, and therefore requires collision experiments
with a sufficiently high resolution. In the earliest collision experiments, integral and differ-
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ential cross sections were measured for different atomic systems, such as Helium and various
alkali atoms by using effusive molecular beams [51–54]. The integral cross section (ICS) is
the measure of the effective scattering area, and exhibits structure depending on the colli-
sion energy by which scattering resonances can be detected. The differential cross section
(DCS) is the cross section as a function of the scattering angle and can be used to, for ex-
ample, measure diffraction oscillations and/or collisional rainbows. In those days, details
in the measured ICSs and DCSs were often obstructed because of the lack of experimental
resolution, due to the poor quality of the molecular beams and detection techniques. The
molecular beam quality was improved by Herschbach and Lee with the development of the
crossed molecular beam technique, which allowed collisions to be studied under single col-
lision conditions [55, 56]. The quality of the molecular beams was further improved with
the development of so-called supersonic beam sources, that increased the molecular densi-
ties and reduced the velocity spread of the molecular beams, and led to new possibilities in
studying more complicated molecular systems, such as collisions with molecular hydrogen,
carbon monoxide, and even open-shell species like oxygen. More recent advancements have
led to even more possibilities in studying molecular collisions. Notable recent advancements
in molecular beam methods is the ability to have control over the quantum state, the orienta-
tion, and the velocity of the molecules of interest, before the collision, by utilizing external
fields with techniques such as multipole focusers, and Stark- and Zeeman-decelerators. On
the detection side, an important development is the velocity map imaging (VMI) method,
in combination with resonance-enhanced multi-photon ionization (REMPI), which allows
state-selective spatial detection of the recoiled molecules. In the Nijmegen molecular beam
setup, the Stark deceleration technique is combined with VMI to measure high-resolution
state-to-state scattering cross sections. These high resolution measurements expose new
phenomena and subtle details in cross sections, and for some of which the underlying mech-
anisms are not well understood. In my thesis I focus on explaining the underlying mecha-
nisms of collisional phenomena at low and high collision energies by using full-quantum and
(semi-)classical scattering calculations, respectively.

All experimentally measured results shown and discussed in this thesis are measured by
others, and are included to illustrate peculiar features in the measured cross sections, which
I explain with theoretical scattering calculations.
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Introduction

This thesis is organized in the following way. Chapter 1 gives a general introduction of
the theoretical methods employed in this work, ranging from electronic structure calcula-
tions to solving the nuclear Schrödinger equation to calculate scattering cross sections. In
Chapter 2 all essential experimental details will be treated so that the reader of this thesis has
a broad overview of how experimental measurements of cross sections are conducted, and is
able to interpret the experimental results. The work discussed in this thesis is separated into
two parts, (1) focusing on low collision energy results, in which quantum mechanical effects,
such as scattering resonances, that dominate the scattering dynamics can only be explained
by fully converged quantum scattering calculations. (2) the study of molecule-molecule col-
lisions at high collision energies, at which the scattering dynamics behaves more classically,
and in addition to full-quantum scattering calculations, various aspects can be described by
semiclassical and/or classical scattering models following Newton’s equations of motion. In
Chapter 3, 4, and 5 we focus on scattering resonances at low collision energies for NO-He
and NO-H2, and demonstrate that at these low energies high-level PESs are required to find
an agreement between theory and experiment. In Chapter 6 we propose a relatively sim-
ple (semi-)classical scattering model to explain the counter-intuitive observation of deeply
inelastic forward-scattered products in various molecule-molecule collisions. In Chapter 7
we present preliminary results on the effects of the electric dipole-dipole interaction on the
scattering dynamics in NO-ND3 collisions.
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Chapter 1

Theoretical details

This chapter discusses the theoretical background that is required to understand the work
described in this thesis. First, a brief discussion about the Born-Oppenheimer approximation,
and how this is allows us to solve the electronic and nuclear Schrödinger equation separately
is given. Next, various types of electronic structure calculations to calculate a potential
energy surface are discussed. The spherical expansion of the potential energy surface that is
used in the subsequent scattering calculations is given. Finally, a mathematic framework for
the coupled-channels scattering calculations is given and it is shown how one can calculate
scattering cross sections from the so-called scattering matrices.
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Theoretical details

1.1 Introduction

The interaction between colliding molecules is described by a potential energy surface (PES),
which is used in scattering calculations to calculate collision cross sections. The notion of
a potential energy surface is based on the validity of the Born-Oppenheimer (BO) approxi-
mation. The BO approximation is an adiabatic theorem, i.e., it assumes that the motion of
electrons is instantaneous compared to displacements of the nuclei. Or, more specifically, it
assumes that the nuclear kinetic energy is small relative to the energy gaps between different
electronic states. For electronic closed-shell systems this is mostly the case. This assump-
tion allows one to separate the wavefunction of a molecule or molecular complex into an
electronic and a nuclear part, and to separately solve the electronic and nuclear Schrödinger
equations.

Following the BO approximation, molecular collision cross sections are usually calcu-
lated in two steps: (1) finding a solution of the electronic Schrödinger equation, mostly by
ab initio methods, to calculate a PES, and (2) solving the nuclear Schrödinger equation by
using the PES as an input [57] in scattering calculations. To construct a PES, one first cal-
culates the electronic interaction energy between the molecules for a given set of nuclear
coordinates. Then, by varying the nuclear coordinates, one obtains interaction energies for
various molecular geometries, resulting in a PES. This PES can then be fitted to analytic
functions and used in solving the nuclear Schrödinger equation by scattering methods. A
popular scattering method is the so-called coupled-channels method, which is numerically
exact, and yields complete information about the scattering dynamics [42].

For some open-shell molecules, adjacent electronic energy levels are not well separated
and the BO approximation does not hold. The NO molecule –which plays a central role in
this work– is an open-shell molecule with a X2Π ground state that has two degenerate Πx

and Πy spatial components. The interaction of NO with atoms or other molecules lifts the
degeneracy, but the separation between the two relevant electronic states remains small and
the BO approximation breaks down. And, for linear geometries of the collision complex, the
degeneracy remains and the nuclear kinetic energy operator which couples the two electronic
states has a singularity. Solving the first BO step for open-shell complexes by electronic
structure calculations with clamped nuclei by definition yields adiabatic electronic states,
which are strongly coupled by non-adiabatic coupling terms from the nuclear kinetic energy
operator. This non-adiabatic coupling between the two electronic states that are relevant in
the case of NO can be mostly removed, at the cost of introducing an “off-diagonal” potential
coupling term, by a transformation from the adiabatic states to so-called diabatic states [58].
The resulting two-by-two matrix of diabatic potentials can be used in scattering calculations,
although it makes them somewhat more difficult.

1.2 Electronic structure calculations

Here, we give a brief overview of various types of electronic structure calculations to calcu-
late PESs. Accurate and computationally affordable calculations of PESs require a careful
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1.2 Electronic structure calculations

1choice of theoretical methods. This starts with the choice of the electronic basis set for the
one-electron wavefunctions. Most electronic structure programs use Gaussian basis func-
tions, centered on the atomic nuclei. Various popular basis sets exist with different “flavors”
that can account for effects such as molecular polarizability. A systematic approach was
developed by Dunning et. al., who introduced basis sets to systematically push convergence
of the calculated interaction energies [59].

A common first step in solving the electronic Schrödinger equation is the Hartree-Fock
(HF) approximation. In this approximation, the electronic wavefunction is described with a
single Slater determinant and one assumes that each electron interacts with the mean field
of all other electrons. The mean field is calculated from the molecular orbitals that are
obtained in a HF calculation, so that in an iterative procedure, this leads to a self-consistent
field (SCF). Electron correlation is the interaction between electrons and caused by Coulomb
repulsion, and is neglected in this approach. Fortunately, there exist many post-HF methods
that account for electron correlation and are implemented in program packages, such as
Molpro [60].

The electron correlation energy is defined as the difference between the exact energy
and the HF energy. To accurately study molecular interactions one has to include electron
correlation effects. Popular methods of choice are Configuration Interaction (CI) and Cou-
pled Cluster (CC) methods. Both these methods, commonly start from a single-reference HF
wavefunction. In the CI method, configurations additional to the reference HF wavefunctions
are generated by excitation of electrons in orbitals that are occupied in the HF determinant
to higher-lying unoccupied orbitals. When all possible excitations to unoccupied orbitals
are included, one obtains the full CI result. This, however, is computationally expensive
and usually, the number of excitations is truncated (truncated CI) to include only the single
and double excitations. However, truncated CI methods suffer from a fundamental prob-
lem that leads to size-consistency issues, which make them generally unreliable to calculate
intermolecular interactions at large separations. Size-consistency is especially important in
studies involving cold collisions, in which long-ranged interactions play an important role.

The coupled-cluster method also generates excitations from the reference HF wavefunc-
tion, but unlike CI, is size-consistent. This makes the CC method much more suitable for
calculating potential energy surfaces for weakly interacting van der Waals systems, to study
molecular collisions. The CC method uses an exponential ansatz to obtain the wavefunction,

|Ψ⟩ = eT̂ |Ψ0⟩, (1.1)

where |Ψ0⟩ is the reference wavefunction –usually obtained from HF calculations–, and
T̂ is the cluster operator. The cluster operator consists of a sum individual excitations
T̂ = T̂1 + T̂2 + T̂3 + ... + T̂n, in which T̂1 is the operator of all single, T̂2 all double and T̂3
all triple excitations. The exponential nature of the coupled-cluster method ensures that the
wavefunction correctly factorizes into n independent wavefunctions. By acting the exponen-
tial cluster operator in Eq. 1.1 on the reference wavefunction, one obtains the same result as
in the full CI limit. In practice, however, one truncates the cluster operator to include only
certain types of excitations to limit the computational costs.

3



Theoretical details

The coupled-cluster method including single and double and perturbative triple excita-
tions [CCSD(T)] is the most popular method to calculate intermolecular interaction poten-
tials and is often referred to as the gold standard in such calculations. Results obtained with
the CCSD(T) method mostly show excellent agreement with various experimental measure-
ments [17, 61]. Despite the success of the CCSD(T) method, some examples show that
higher excitations are required to obtain agreement with experimental measurements [62].
Accurate methods, such as CCSDT and CCSDTQ exist, but are not often used because of
the high computational costs. Chapter 3 of this thesis focuses on the calculation of high-level
CCSDT(Q) NO-He PESs.

1.2.1 Spherical expansion of intermolecular potentials
An intermolecular PES for a complex of two rigid molecules A and B depends on the distance
R between the centers of mass of the molecules and the orientations of the molecules. These
orientations can be defined by the Euler angles ζX = (αX , βX , γX) for X = A and B, with
respect to a body-fixed (BF) frame with its z-axis along the vector R that points from the
center of mass of A to that of B. Once an intermolecular PES has been calculated and is to
be used in scattering calculations, it is usually represented by a spherical expansion [63]

V (R, ζA, ζB) =
∑
Q

vQ(R)AQ(ζA, ζB) (1.2)

where vQ(R) are the radial expansion coefficients, with the composite label
Q = {LA, KA, LB, KB, L}. The angular expansion functions are

AQ(ζA, ζB) =
∑

MA,MB=−MA

(
LA LB L
MA MB 0

)
D

(LA)∗
MA,KA

(ζA)D(LB)∗
MB ,KB

(ζB), (1.3)

where D(LX)∗
MX ,KX

(ζX) are Wigner D-functions and (:::) is a 3-j symbol. When the potential
is calculated on an angular quadrature grid, the radial expansion coefficients vQ(R) can be
computed for each distance R by numerical quadrature [64].

For molecule-atom systems, such as the NO-He system described in Chapters 3 and 4,
the number of Euler angles are reduced and LB = MB = KB = 0, L = LA, and KA = 0 or
±2 so that the expansion functions simplify to

ALA,KA
(ζA) = (−1)LA−KA(2LA + 1)1/2C

(LA)
KA

(θA, 0), (1.4)

where C l
m is a Racah-normalized spherical harmonic, and θA is the angle between the molec-

ular axis and the vector R.

1.3 Quantum scattering theory
Once the potential energy surface is spherically expanded, the nuclear Schrödinger equation
can be solved. The work in this thesis focuses on elastic and inelastic scattering of NO
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1molecules with atomic or molecular collision partners. To describe molecular scattering
time-independently, we use the coupled-channels method [42]. Ref. [42] describes the theory
for molecule-atom scattering, here we give an overview of the essential steps in coupled-
channels scattering calculations for molecule-molecule scattering.

1.3.1 n-coupled channels quantum scattering

The bimolecular collision system is described in body-fixed coordinates by the Hamiltonian

Ĥ = − ℏ2

2µR
∂2

∂R2R + Ĵ2 + ĵ2
AB − 2ĵAB · Ĵ
2µR2 + ĤA + ĤB + V̂ (R, ζA, ζB), (1.5)

where ĤA and ĤB are the monomer Hamiltonians, µ is the reduced mass of the complex,
R is the length of the vector R that connects the centers of mass of molecules A and B, Ĵ
is the total angular momentum operator, and ĵAB = ĵA + ĵB is the sum of the monomer
angular momentum operators. The polar angles of molecules A and B in the BF frame are
ζA and ζB, respectively. In the BF definition of the Hamiltonian, the space-fixed operator ℓ̂2

for the end-over-end angular momentum is replaced by Ĵ2 + ĵ2
AB −2ĵAB · Ĵ . The interaction

potential V̂ is obtained by solving the electronic Schrödinger equation, as described in the
previous section.

In coupled-channels calculations we seek numerical solutions of the time-independent
nuclear Schrödinger equation. The Hamiltonian in Eq. 1.5 can be split as follows

Ĥ = − ℏ2

2µR
∂2

∂R2R + ∆Ĥ, (1.6)

with

∆Ĥ = Ĵ2 + ĵ2
AB − 2ĵAB · Ĵ
2µR2 + ĤA + ĤB + V̂ (R, ζA, ζB). (1.7)

The time independent-Schrödinger equation can then be written as

ℏ2

2µ
∂2

∂R2 Φn = (∆Ĥ − E)Φn, (1.8)

in which E is the total energy, and the scattering wavefunctions Φn(R, ζA, ζB) are solu-
tions of the Schrödinger equation at energy E. They can be expanded in body-fixed angular
channel basis functions

ΦJ,M
n,K (R, ζA, ζB) =

∑
n′

|n′K ′; JM⟩ΨJ
n′K′,nK(R), (1.9)

with the composite label n = {jA, kA, jB, kB, jAB} representing the quantum numbers of
the monomer rotational states, and ΨJ

n′K′,nK(R) are radial coefficients. For two arbitrary
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nonlinear molecules, the body-fixed channel basis functions in Eq. 1.9 can be written as [57]

|nK; JM⟩ ≡ |jA, kA, jB, kB, jAB, K; J,M⟩ =
[

(2jA + 1)(2jB + 1)(2J + 1)
256π5

]1/2

×
∑

mA,mB

D
(jA)∗
mA,kA

(ζA)D(jB)∗
mB ,kB

(ζB)⟨jAmAjBmB|jABK⟩D(J)∗
M,K(α, β, 0),

(1.10)

where ⟨....|..⟩ is a Clebsch-Gordan coefficient. The total angular momentum J and its space-
fixed z-component M are good quantum numbers, its component K along the BF z-axis
is mixed by terms in the Coriolis coupling operator ĵAB · Ĵ . In the multi-channel case –
which is the focus of this work– the functions ΨJ

n′K′,nK(R) can be assembled into a matrix
Ψ(R) of which the columns correspond to independent solutions ΦJ,M

n,K (R). Substitution of
Eq. 1.9 into Eq. 1.8 and multiplication from the left with the channel basis functions yields
the coupled-channels equation [42]

Ψ′′(R) = W (R)Ψ(R), (1.11)

in which the double prime corresponds to the second derivative with respect to the distance
R. The elements of the coupling matrix W (R) in the body-fixed basis are given by

W J
n′K′,nK(R) = 2µ

ℏ2 ⟨n′K ′; JM |∆Ĥ − E|nK; JM⟩. (1.12)

The operator ∆Ĥ contains the interaction potential V (R, ζA, ζB) between the molecules A
and B. For two arbitrary nonlinear molecules the potential matrix elements in the body-fixed
basis of Eq. 1.10 can be calculated with

⟨j′Ak′Aj′Bk′Bj′ABK
′; JM |V |jAkAjBkBjABK; JM⟩ = δK′,K

∑
Q

(−1)jA+jB+jAB+L−k′
A−k′

B−K

× [(2j′A + 1)(2j′B + 1)(2jA + 1)(2jB + 1)(2jAB + 1)(2j′AB + 1)]1/2

×
(

j′A LA jA

−k′A KA kA

)(
j′B LB jB

−k′B KB kB

)(
j′AB L jAB

−K 0 K

)

×


j′A LA jA

j′B LB jB

j′AB L jAB

 , (1.13)

where (:::) is a 3-j symbol and the expression in the large braces is a 9-j symbol. One of the
main advantages to express potential matrix elements in a body-fixed basis is that they are
diagonal in the quantum number K and are much simpler than in a space-fixed basis. For
instance, in molecule-atom scattering –such as the NO-He system we study in this work–
jB = j′B = LB = 0 and the 9-j symbol reduces to simple multiplication factors depending
only on molecule A. Furthermore, since the potential matrix is diagonal in K, fewer angular
W -matrix elements have to be kept in memory during the propagation step, which makes the
scattering calculations much more affordable.
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1.3 Quantum scattering theory

11.3.2 Propagation
In this work, the coupled-channels equations of Eq. 1.11 are solved numerically by using
the renormalized Numerov propagation method [65]. In this method a grid of radial points
is chosen {Ri, i = 0, 1, ...,m}, with a grid spacing ∆. Usually, the spacing ∆ is chosen so
that there are 10 radial points per de Broglie wavelength λ = h/p. Using the ratio of the
wavefunctions in two points, Ψi−1 = QiΨi, one can derive a recursion relation in matrix
notation in terms of W -matrices

Qi+1 =
[
2 + 10∆2Wi

12 −
(

1 − ∆2Wi−1

12

)
Qi

]−1(
1 − ∆2Wi+1

12

)
, (1.14)

where Wi is the W -matrix in point Ri. In the renormalized Numerov propagation, one
applies this recursion from R1 until the last grid point Rm has been reached.

The Q-matrices obtained from Eq. 1.14 are calculated in terms of a body-fixed channel
basis. However, to calculate cross sections, one needs to transform the Q-matrix at the last
grid point Rm into a space-fixed channel basis representation. This is because space-fixed
channel basis functions are the proper eigenfunctions of the ℓ̂2 operator and the quantum
number ℓ appears in the asymptotic boundary conditions described in the next section.

1.3.3 Boundary conditions
In scattering calculations, the boundary conditions determine the solutions of the Schrödinger
equation. When the propagation is started at sufficiently small R where the interaction po-
tential is strongly repulsive, one may assume that the wavefunction at R1 is

Ψ(R1) = 0, (1.15)

which leads to Q1 = 0. At very large separationsRm the interaction potential is almost zero,
and one can apply asymptotic boundary conditions to express the wavefunction in terms of
spherical Hankel functions. The asymptotic wavefunctions have the following form

ΦJ,M
n ≈

∑
n′,ℓ′

|n′ℓ′; JM⟩
[
h

(2)
ℓ′ (kn′R)δn′,n + h

(1)
ℓ′ (kn′R)SJ

n′ℓ′,nℓ

]
(1.16)

in which |nℓ⟩ = |jA, kA, jB, kB, jAB⟩Yℓ,mℓ
(R̂) and are simultaneously eigenfunctions of

ĤA, ĤB and ℓ̂2, with eigenvalues ϵn = ϵnA
+ ϵnB

and ℏ2ℓ(ℓ + 1), respectively. The Hankel
functions of the first and second kind are represented by h(1)

ℓ and h(2)
ℓ . Finally, the wave

number is given by kn =
√

2µ(E − ϵn)/ℏ2 with E being the total energy. The scattering
matrix elements, for each J-value, are denoted by SJ

n′ℓ′,nℓ and represent transition amplitudes
between the various channels. From the scattering matrix one can calculate observables, such
as differential and integral cross sections.

To calculate the S-matrices, the Q-matrices in the last grid point Rm need to be trans-
formed from a body-fixed to a space-fixed representation |nK; JM⟩ → |nℓ; JM⟩ by

Q̃m = U †QmU , (1.17)
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where Q̃m is the Q-matrix in the space-fixed representation and U is a unitary transformation
matrix with elements

UJ,jAB
ℓ,K = (−1)−jAB+ℓ−K

√
(2ℓ+ 1)

(
jAB ℓ J
K 0 −K

)
. (1.18)

The final Q-matrix can be used to calculate the K-matrix, which satisfies the boundary con-
ditions, by

K = (Gm−1 − Q̃mGm)−1(Fm−1 − Q̃mFm), (1.19)

in which F and G are diagonal matrices in terms of spherical Bessel functions for incoming
and outgoing waves, respectively

F (R)nℓ,n′ℓ′ =δn,n′δℓ,ℓ′jℓ(knR)
√
knµ

ℏ
R,

G(R)nℓ,n′ℓ′ =δn,n′δℓ,ℓ′yℓ(knR)
√
knµ

ℏ
R. (1.20)

The spherical Bessel functions jℓ(knR) and yℓ(knR) of the first and second kind are related to
Hankel functions via h(1)

ℓ (knR) = jℓ(knR)+iyℓ(knR) and h(2)
ℓ (knR) = jℓ(knR)−iyℓ(knR).

Once the K-matrix for the open channels is known, the S-matrix can be determined from

S = (I − iK)−1(I + iK), (1.21)

where I is the unit matrix and i the imaginary unit.

1.3.4 Cross sections
Once the S-matrices are obtained, differential and integral cross sections can be calculated
for scattering from the initial state |jA,mA, kA, jB,mB, kB⟩ into the primed final state. The
differential cross section is defined as [66]

dσ

dΩ = k−2
jA,kA,jB ,kB

∣∣∣qj′
A,m′

A,k′
A,j′

B ,m′
B ,k′

B←jA,mA,kA,jB ,mB ,kB
(Ω)

∣∣∣2 , (1.22)

where q(Ω) is the scattering amplitude. The symbol kjA,kA,jB ,kB
=
√

2µ(E − EjA,kA,jB ,kB
)

is the wave number of the incoming channel, with µ being the reduced mass, E the total
energy, and EjA,kA,jB ,kB

the asymptotic energy of the initial state. The scattering amplitude
may be calculated by

qj′
A,m′

A,k′
A,j′

B ,m′
B ,kB←jA,mA,kA,jB ,mB ,kB

(Ω) =

∑
J

J∑
M=−J

J+jAB∑
ℓ=|J−jAB |

J+j′
AB∑

ℓ′=|J−j′
AB |

ℓ′∑
M ′

ℓ
=−ℓ′

∑
jAB

∑
j′

AB

∑
mAB

∑
m′

AB

iℓ−ℓ′
π1/2(2ℓ+ 1)1/2

×⟨jAB,mAB; ℓ, 0|J,M⟩⟨j′AB,m
′
AB; ℓ′,M ′

ℓ|J,M⟩
×⟨jA,mA; jB,mB|jAB,mAB⟩⟨j′A,m′A; j′B,m′B|j′AB,m

′
AB⟩

×T J
j′

A,k′
A,j′

B ,k′
B ,j′

AB ,ℓ′←jA,kA,jB ,kB ,jAB ,ℓ Yℓ′,M ′
ℓ
(Ω), (1.23)
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1.3 Quantum scattering theory

1where the T -matrix is defined as T = 1 − S and in the above example is represented
in a coupled angular basis. The state-to-state differential cross sections are obtained by
averaging over the degenerate initial state mA and mB components and by summation over
the degenerate final state m′A,m

′
B components

dσj′
A,k′

A,j′
B ,k′

B←jA,kA,jB ,kB
(Ω) = [(2jA + 1)(2jB + 1)]−1 (1.24)

×
jA∑

mA=−jA

jB∑
mB=−jB

j′
A∑

m′
A=−j′

A

j′
B∑

m′
B=−j′

B

k−2
jA,kA,jB ,kB

×
∣∣∣qj′

A,m′
A,k′

A,j′
B ,m′

B ,k′
B←jA,mA,kA,jB ,mB ,kB

(Ω)
∣∣∣2 .

Finally, the integral cross sections can be calculated by integration

σj′
A,k′

A,j′
B ,k′

B←jA,kA,jB ,kB
≡
∫
dσ =

∫
k−2

jA,kA,jB ,kB

∣∣∣qj′
A,k′

A,j′
B ,k′

B←jA,kA,jB ,kB
(Ω)

∣∣∣2 dΩ. (1.25)

In the work described in this thesis, the theoretically calculated differential and integral
cross sections are used in various types of analysis and, most importantly, are compared to
experimentally measured angular distributions after being used in simulations that account
for experimental effects.
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Chapter 2

Experimental details

In this section a brief overview of the essential experimental details and methods for cold
and controlled scattering experiments will be given. All experimental results described in
this work are measured using a Nijmegen crossed molecular beam setup. A typical setup
combines two experimental techniques developed in Nijmegen: 1) the Stark-decelerator,
which uses alternating electric fields to manipulate and decelerate molecules with a perma-
nent dipole moment, and 2) velocity map imaging (VMI), which allows spatial detection
of scattered products using laser ionization and a series of electrostatic lenses, resulting in
so-called ion images. The experimentally measured ion images are often compared to sim-
ulated images, which are calculated using theoretical differential cross sections from the
coupled-channels scattering calculations as an input, and take experimental conditions into
account. Additionally, from the experimentally measured and simulated ion images, angular
distributions can be extracted that can be compared to each other.
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2.1 The Stark-effect
One way to experimentally measure state-to-state scattering cross sections is to perform
crossed molecular beam scattering experiments, in which one or both molecular beams is
manipulated utilizing the Stark effect. In order for a molecule to experience the Stark effect,
it needs to possess an electric dipole transition moment, often referred to as the “permanent”
dipole moment. When a molecule is placed in an electric field the energy levels the molecule
shift as function of the electric field strength and the Hamiltonian of the system becomes

H = H0 +HStark, (2.1)

in which H0 is the molecular Hamiltonian in zero-field, and HStark = −µe · E , with E
being the electric field, and µe the dipole moment. Diagonalization of the Hamiltonian
matrix yields energy levels in the presence of an electric field. For sufficiently low electric
field strengths one can include only the rotational part of the molecular Hamiltonian. The
rotational wavefunctions are then given by

|JKM⟩ =
√

2J + 1
8π2 DJ∗

M,K(ζ), (2.2)

where, M is the space-fixed projection of J , and K is the body-fixed projection of J , and ζ
denotes the space-fixed Euler angles. To calculate the Stark effect, the space-fixed quantiza-
tion axis is usually chosen to coincide with the electric field vector, after which the following
matrix elements can be calculated

⟨J ′K ′M ′|HStark|JKM⟩ = − E
√

(2J + 1)(2J ′ + 1)
∑

q

(−1)K′−M ′
µe

q (2.3)

×
(

J 1 J ′

M 0 −M ′

)(
J 1 J ′

K q −K ′
)
,

where the spherical components of the dipole moment in the molecular frame are given by
µe

q, and (:::) is a 3-j symbol. The NO molecule is central in this work and is an open-shell
molecule with two Λ-doublet components. In the presence of an electric field, the two Λ-
double components shift in energy. To calculate the Stark shift for the NO molecule, equation
2.4 can be simplified significantly by considering only the interaction between the two Λ-
doublet levels. Choosing a coordinate system in which the dipole moment of the molecule is
directed along the principle molecular axis, in which µe

0 corresponds to µz in the Cartesian
coordinate frame, the Stark energy can be calculated by

EStark = EΛ

2 ±

√√√√(EΛ

2

)2
+
(
µeE · MΩeff

J(J + 1)

)2
, (2.4)

where EΛ is the Λ-doublet splitting energy, Ωeff is the effective value of the Ω quantum
number that denote the spin-orbit state of the NO molecule. This effective value results from
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2
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Figure 2.1: The Stark shift of the NO molecule in the rovibrational ground state X2Π 1
2
, v =

0, j = 1/2, and the Stark shift of the two rotational inversion states of para-ND3 molecule
in the rotational ground state jkND3

= 11 as function of the electric field strength.

the mixing of the two different spin-orbit manifolds. From this formula it becomes clear that
at low electric field strengths the Stark effect behaves quadratic and becomes linear at higher
fields. Figure 2.1(a) shows the Stark shift for the two Λ-doublet components of the rotational
ground state of NO. The upper Λ-doublet component is called ”low-field seeker” whereas
the lower component is called a ”high-field seeker”. In the scattering experiments discussed
in this work low-field seeking states are selected using a Stark-decelerator, whereas the high-
field seeking states are rejected from the molecular beam. Figure 2.1(b) show the Stark shift
for the two rotational inversion levels for the ND3 molecule. Similar to the NO molecule,
for ND3 the upper component is the low-field seeker whereas the lower component is the
high-field seeker. In the work discussed in Chapter 7, the low-field seeking ND3 state was
selected using a hexapole.

2.2 The Nijmegen setup
The Nijmegen crossed molecular beam setup typically consists of: a source that produces
the primary molecular beam and passes through the Stark decelerator, a source that produces
the secondary molecular beam (that in some setups passes through a hexapole), a scattering
chamber, and a VMI detector. A schematic representation of various experimental configu-
rations that are used throughout this work are shown in Fig. 2.2(a-d).

The primary beam usually contains NO radicals seeded in an inert carrier gas and is
expanded from a Nijmegen pulsed valve [67]. During the expansion, nearly all NO radicals
cool to the rotational and vibrational ground state X2Π1/2(j = 1/2, v = 0). The beam then
passes a skimmer and enters a 2.6-meter-long Stark decelerator consisting of 317 pairs of
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(a)

(b)

(c)

(d)

Figure 2.2: Schematic representations of the crossed molecular beam setups used for this
work. In all setups, a beam of state selected NO molecules emerges from the 2.6-meter-
long Stark decelerator, and scatters with a secondary beam in a scattering chamber. Here,
the scattered NO molecules are selectively ionized using a laser ionization scheme, upon
which they are detected using velocity map imaging (a-d). Setup with a low intersection
angle between the two molecular beams for low collision energy measurement (a). Setup
employing hexapole state-selection of the secondary molecular beam (b). Setup employing
a curved hexapole for state-selection of the secondary molecular beam and to achieve very
low collision energies (c). Conventional setups employing different valves (d).
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2.3 Scattering kinematics

2

electrodes that operate at high voltage differences between the opposing electrodes [8]. In
the beam of NO radicals, the two Λ-doublet levels of NO, e and f , respectively, are equally
populated before entering the Stark decelerator. NO radicals in the low field seeking f state
can be controlled in the Stark decelerator, whereas the high field seeking e state is deflected
from the molecular beam. This results in a molecular beam that consists of nearly only the
upper Λ-doublet component, the X2Π1/2(j = 1/2f, v = 0) or (1/2f) state. Unlike what
the name ”Stark decelerator” suggests, the NO radical can hardly be decelerated due to its
small static dipole moment of 0.16 D. Instead, the Stark decelerator is used to state-select
NO radicals, and produce a packet of NO with a very narrow velocity spread [8].

The secondary beam contains the collision partner and is placed in such a way that the
two beams cross in the scattering chamber at a desired collision angle. In this thesis, experi-
mental results are discussed that were obtained using different experimental configurations,
see Fig. 2.2. For instance, high temperature NO-CO and NO-HD collisions were studied
at intersection angles of 45◦ and 90◦, depicted in Fig. 2.2(c-d), whereas low temperature
NO-He collisions were studied at an intersection angle of about 10◦, see Fig. 2.2(a). Even
lower collision energies are achieved using a so-called merged beam set-up in which a curved
hexapole is used to bend the secondary molecular beam to achieve scattering angles close to
zero, Fig. 2.2(b).

Inside the scattering chamber, the collisions are studied. To detect the scattered molecules,
the NO molecule is ionized using multiple lasers in a (1+1′) resonance enhanced multiphoton
ionization (REMPI) scheme. The NO ions are subsequently extracted from the scattering re-
gion, and directed trough a time-of-flight tube toward the microchannel plate (MCP) detector
that is coupled to a phosphor screen, using a series of electrostatic lenses. Scattering images
are then recorded using a CCD camera that counts the number of events, and software that
performs further data analysis.

2.3 Scattering kinematics
The recorded scattering images are Newton spheres crushed on a two dimensional surface.
Typically, these Newton spheres are analyzed in the center of mass (COM) frame, so that the
kinetic energy can be represented in terms of the relative velocity and the reduced mass of
the collision complex

νCOM = mAνA +mBνB

mA +mB

, (2.5)

in which mX and νX are the mass and velocity of molecule A or B, respectively. The total
kinetic energy is then given by

Ekin = 1
2mAν

2
A + 1

2mBν
2
B

= 1
2(mA +mB)ν2

COM + 1
2µν

2
rel, (2.6)

where νrel = νA − νB is the relative velocity between the collision partners, and µ is the
reduced mass of the complex. The first term in equation Eq. 2.6 corresponds to the kinetic
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Figure 2.3: Newton diagrams for an elastic and inelastic collision event between molecules
A and B, and a velocity map image.

energy of the COM motion, whereas the second term describes the kinetic energy in the
COM frame and is also known as the collision energy Ecol and is given by

Ecol = 1
2µν

2
rel

= 1
2µ(ν2

A + ν2
B − 2νAνB cos β), (2.7)

where β corresponds to the experiment collision angle between the two molecular beams.
From Eq. 2.7 it becomes apparent that in our experimental configuration a low collision
energy can be realized in the following ways: (1) reducing the collision angle β, and simul-
taniously matching the velocities of both collision partners, (2) reducing the velocities of
both collision partners. Lastly, the velocities in the COM frame are given by

uA = mB

mA +mB

νrel

uB = − mA

mA +mB

νrel. (2.8)

Figure 2.3 shows Newton diagrams in terms of the laboratory and center of mass frame,
and a velocity map image of a collision experiment. Here, u′X are the velocity vectors post
collision for molecule A and B respectively. In an elastic collision the velocity components
of both molecules are conserved and the velocity vectors of molecule A and B before and
after the collision are equal i.e. uX = u′X . For inelastic collisions, however, the kinetic
energy is not conserved and decreases/increases by ∆E so that the relative velocity also de-
creases/increases and results in a smaller/larger Newton sphere, see Fig. 2.3(b). For inelastic
collisions the velocity vectors in the COM frame are given by

u′A = mB

mA +mB

√
2
µ

(Ecol − ∆E)

u′B = − mA

mA +mB

√
2
µ

(Ecol − ∆E) (2.9)
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2

The angle θ between the non-primed and primed vectors is called the scattering angle and
is the same as the scattering angle discussed in Chapter 1. The standard convention is used
in which θ = 0◦ corresponds to forward-scattering and θ = 180◦ corresponds to back-
scattering. Throughout this thesis all experimental and simulated scattering images will be
represented in such a way that the mean relative velocity vector of the detected molecule
(molecule A) is oriented horizontally, and that forward-scattered directions is on the right
side of the image, see Fig. 2.3.

In velocity map imaging the radius of the measured rings corresponds to the final velocity
of the scattered molecules in the COM frame. Molecules possess internal structure and can
be rovibrationally excited during a collision. In molecule-molecule collisions it is therefore
possible to record molecules with different final velocities in a velocity map image, resulting
in multiple concentric rings, see Fig. 2.3(c). These rings are called product-pairs, because
they contain information about the internal state of the detected molecule as well as the
molecular collision partner. In this thesis, all velocity map images are recorded for the final
velocity distributions the NO molecule.

2.4 Scattering image analysis
The measured scattering images can be analyzed further and compared to results obtained
from theoretical calculations. The theoretical DCSs are typically calculated on an angular
grid ranging from 0◦ to 180◦ in steps of 0.1◦. Simulations of the scattering outcomes can
be performed using the theoretical DCSs from coupled-channels calculations as an input. In
these simulation various experimental effects can be accounted for [68]. Here, we briefly
mention the origin of these effects.

Effects that originate from velocity-dependent detection efficiency include the Doppler
effect and collision induced alignment. After the collision the molecules are distributed
according to Newton spheres in which there exists a large range of final velocities and
molecules have Doppler-shifted absorption frequencies. In our experimental set-up, molecules
different velocities are not detected with equal probability as our laser wavelength is set to
the Doppler-free molecular absorption frequencies. This effect typically plays a role at rela-
tively high collision energies due to the larger radius of the Newton sphere, whereas at low
collision energy measurement, for example in the scattering resonance regime, this effect is
often negligible due to the smaller radius of the Newton sphere. Collision induced alignment
is when the direction of the final rotational angular momentum j′ depends on the scattering
angle θ. It is therefore possible that the polarization of the probe laser and the direction of
j′ influences the detection efficiency of the recoiled molecules. Both the Doppler-effect and
collision induced alignment can have substantial effects on the intensity distribution of the
measured velocity map images. However, collision induced alignment is only expected for
excitations to high-lying j′-levels which we typically do not probe in our experiment. We
therefor do not take collision induced alignment into account in our simulations.

Two other important effects that originates from the kinematics of our experiment are the
so-called flux-to-density and image resolution effects. The beams in our collision experiment
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Figure 2.4: Example extracting an angular distribution from an experimentally measured
velocity map image for NO-CO collisions by integrating the intensity within a small annulus
of one of the concentric rings (a). Extracted angular distribution (Exp.) compared with a
simulated (Sim.) angular distribution using the DCS from a coupled-channels calculation
(b).

possess some angular and velocity spread and result in slightly different conditions during
each collision of two particles. This results in a superposition of many Newton spheres and
influences both the intensity distribution and the resolutions in different parts of the velocity
map image. When two colliding molecules recoil they are in free flight for a brief moment
before being probed by the probe laser. The laser probe volume is relatively small compared
to the volume of the recoiled molecules. The flux-to-density effects stems from a detection
bias toward molecules with a low velocity as molecules with a high velocity have a higher
probability to fly outside the laser probe volume. The images resolution effect stems from
the accumulation of different Newton spheres that do not possess the same center. This
results in that for some parts of the recorded image the different Newton spheres fall on the
same position resulting in a high resolution, whereas in other parts of the image the Newton
spheres fall on other positions and result in a blurring effect. Both these effects can lead to
strong gradients of image intensity and must be accounted for in the simulations.

The measured images and simulated images can be compared qualitatively by visual in-
spection, but also quantitatively, see Fig. 2.4. In the latter case, angular distributions are
extracted from both the experimental and simulated image by integrating the intensity distri-
bution in a narrow annulus close to the outer rim of the (concentric) ring(s). The agreement
between experiment and theory can then be quantified by calculating the root mean square
error. Details about this analysis but also about more subtle effects that affect the measured
images can be found in Ref. [68]. Lastly, the intensity of each individual ring can be ex-
tracted and quantified in so-called radial distributions. These distributions can give insight
in the relative intensities between the rings [69].

Throughout this thesis various experimentally measured and simulated angular distri-
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butions are compared. By doing so we test the quality of both our experiment and our
theoretical calculations.
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Chapter 3

Imaging the onset of the resonance
regime in low-energy NO-He collisions

At low energies, the quantum wave-like nature of molecular interactions results in distinctive
scattering behavior, ranging from the universal Wigner laws near zero Kelvin to the occur-
rence of scattering resonances at higher energies. It has proven challenging to experimentally
probe the individual waves underlying these phenomena. We report measurements of state-
to-state integral and differential cross sections for inelastic NO-He collisions in the 0.2 -
8.5 cm−1 range with 0.02 cm−1 resolution. We study the onset of the resonance regime by
probing the lowest-lying resonance dominated by s and p waves only. The highly structured
differential cross sections directly reflect the increasing number of contributing waves as the
energy is increased. Only with CCSDT(Q) level of theory it was possible to reproduce our
measurements.

All experimental results presented in this work are measured by others. Part of this work has
also been described in the PhD thesis of T. de Jongh.

Parts of this chapter are published in Science, 368, 626-630, (2020) Imaging the onset of the
resonance regime in low-energy NO-He collisions.
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3 Imaging the onset of the resonance regime in low-energy NO-He collisions

3.1 Introduction
The study of collisions between atoms and molecules at the full quantum level has been
an important research goal in chemistry and physics for decades [1]. To date, the internal
rotational and vibrational states of molecules have received most attention, and a rich variety
of experimental methods has been developed to select a single quantum state before the
collision, and to probe the occupied quantum states of the products [70]. The wealth of
experimental and theoretical state-to-state scattering studies has contributed immensely to
our present understanding of molecular interactions [66].

Yet, in addition to these internal states, the angular momentum associated with the rel-
ative motion of the particles is also quantized. It is described by a set of orbital angular
momentum states, or partial waves, with integer quantum number ℓ which takes the values
ℓ = 0, 1, 2, .... with names s, p, d, ...-wave, respectively. The contribution of each partial
wave to a scattering cross section describes how the reagents transform into products at the
most fundamental state-to-state level, and contains all information about the scattering event.

The influence of a single partial wave to a collision event is in principle directly encoded
in the differential cross sections (DCSs), that can be probed experimentally. For atom-atom
collisions, each wave will result in a distinctive angular distribution in which the number
of nodes observed in a DCS equals the value of ℓ [71]. That is, s-wave scattering leads to
an isotropic DCS, p-wave scattering results in a single node, etc.. For molecular systems
with anisotropic interactions, multiple partial waves contribute and interfere with each other,
resulting in a more complicated DCS pattern from which the partial wave composition can-
not be directly discerned. The identification of the partial wave composition of a collision
event from experimental observations has therefore remained a formidable challenge [72],
preventing state-to-state experiments at the full partial wave level.

The effects of individual partial waves may best be observed in situations where only
a limited number of interfering waves contribute. This number critically depends on the
particles’ de Broglie wavelengths, and hence the collision energy [73, 74]. If the energy is
too high, a large number of waves contribute, such that the collisions may be regarded as
semiclassical and the dynamics can often be described by semiclassical models. There is
no hope to disentangle the contribution of individual waves from experimental observations
in this regime. By contrast, at energies approaching zero Kelvin, only the lowest allowed
partial wave (for most systems this is the s-wave) contributes leading to universal rules for
the energy dependence of collision cross sections in the form of Wigner’s threshold laws
[75]. In this often referred to as the ultracold regime, the s-wave results in differential cross
sections that contain no intrinsic structure, i.e., the number of contributing waves is too low
to harness information on the interaction potential and collision dynamics from state-to-state
experiments.

As the energy is increased from the ultracold limit, the number of contributing partial
waves consecutively increases yielding unprecendented opportunities to directly observe the
effect of individual waves on the scattering cross section. Here, the regime is entered where
scattering resonances occur in the collision cross sections: when the collision energy be-
comes resonant with a quasi-bound state supported by the interaction potential, the incident
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particles are temporarily captured into a quasi-bound long-lived complex [76]. In a simplified
picture, these resonances may be regarded as the orbiting of the atom around the molecule
(a shape resonance), or as the transient excitation of the molecule to a state of higher energy
(Feshbach resonance). Analogous to Bohr’s model of electrons orbiting around an atom’s nu-
cleus with given angular momentum, the atom-molecule binary system is stabilized when the
collision energy is resonant with a partial wave that fits on the atom’s orbit an integer times.
The corresponding ”resonant” partial wave will dominate the scattering process, which ap-
pears as a sudden increase in the integral cross section (ICS) at the resonance energy. Most
importantly, the resonant wave will dominate the differential cross section (DCS) as well,
resulting in an angular distribution that fits the value for ℓ from which the resonance orig-
inates. Measurements of DCSs at resonances therefore yield the distinctive opportunity to
experimentally probe the partial wave fingerprint of the collision process, thereby revealing
the scattering mechanism at the most fundamental state-to-state quantum mechanical level.

Scattering resonances are extremely sensitive to the details of the potential energy sur-
face (PES), in particular at energies just above the ultracold Wigner limit where only a few
waves with ℓ > 0 start contributing. Their observation has been a quest in molecular physics
for decades [77], however, it has proven extremely challenging to experimentally reach the
low energies to access the relevant energy region and the high energy resolutions required
to scan the energy over the resonances and to probe DCSs [78–82]. In ultracold gases, scat-
tering resonances are routinely induced by tuning external fields to shift bound states into
resonance [83, 84], but s-wave collisions observed here invariably result in isotropic DCSs,
containing little information about the collision dynamics. To date, only a few experiments
have succeeded in directly measuring the energy dependence of state-to-state cross sections
near resonances, mostly using molecular beam methods [85]. Resonances in ICSs have
been observed using the crossed beam approach employing a small beam intersection angle
[17, 61, 86–88]. Using merged beams, resonances in Penning ionization cross sections of
metastable atoms with atomic and molecular partners have been studied at energies down
to 0.01 cm−1 [11, 85, 89–91]. Measurements of resonances features in state-to-state DCSs
for inelastic collisions have recently also become possible using the Stark deceleration and
velocity map imaging techniques [10, 92], although the lowest energy achieved was limited
to 13 cm−1 which is typically two to three orders of magnitude too hot to probe individual
partial waves. Measurements of state-to-state ICSs and DCSs at energies that approach the
ultracold Wigner regime where only a few waves contribute have remained elusive, hamper-
ing a detailed view on how molecular collisions evolve from the pure quantum single-partial-
wave into the multi-partial-wave regime [93].

Here, we report the measurement of state-to-state ICSs and DCSs for inelastic collisions
between state-selected NO (X 2Π1/2, v = 0, j = 1/2f , hereafter referred to as (1/2f) [94])
radicals and He atoms in a crossed beam experiment at energies between 0.2 and 8.5 cm−1,
with an energy resolution of 0.02 cm−1. Three fully resolved partial wave resonances were
observed in the ICS, and the incline of a fourth resonance at the lowest energies. These reso-
nances originated from the lowest lying quasi-bound states supported by the NO-He interac-
tion potential just above the energetic long-range asymptote. They correspond to values for ℓ
that follow a progression from the lowest possible value, and probe the onset of the resonance
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regime at energies connecting to the ultracold Wigner limit. Rapid variations were observed
in the highly structured DCSs as the energy was scanned over the resonances, where the
number of nodes observed in the angular distributions directly reflected the increasing value
of ℓ as the energy was increased. We found that our measurements of the lowest partial wave
resonances in NO-He could not be reproduced satisfactorily by the most advanced NO-He
PES at the CCSD(T) [95] level of theory. Good agreement was only obtained with an ab
initio PES at the CCSDT(Q) [95] level. Such level of precision was previously only needed
for high-resolution spectroscopy of bound states probing the PES in the region of the well
[50], and anticipated for low-energy scattering resonances [10]. The need for theory at the
CCSDT(Q) level as demonstrated here for NO-He collisions illustrates the unprecedented
sensitivity of scattering resonances in probing PESs – accross their entire energy landscapes.

3.2 Theoretical Methods

3.2.1 Potential energy surfaces

Near-threshold resonances in molecular collisions as detected and characterized in this work
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 [96]. 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. [59], with the inclusion of midbond functions (3s3p2d). In
the present work we developed a new NO-He interaction potential at the 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 contributions beyond
the CCSD(T) approximation [97, 98].

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) in-
teraction energies 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 poten-
tial.

3.2.2 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.
3.1, 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
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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 [63]. 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 [10] when the expansion is truncated at sufficiently high
values of L. We use Lmax = 12.

3.2.3 Basis sets

Basis set convergence was tested for specific geometries, with basis sets supplemented with
different sets of midbond functions. Table 3.1 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 [99]. Our electronic basis sets are augmented
correlation-consistent basis sets, aug-cc-pVXZ (AVXZ), where X denotes the cardinal num-
ber of the basis. As shown in table 3.1 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 ex-
tended bond functions. These midbond functions were placed at the midpoint of theR-vector
connecting the He atom with the NO center of mass. Overall, the inclusion of midbond func-
tions 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.

Also the effect of using unrestricted and partially spin restricted coupled cluster meth-
ods [UCCSD(T) and RCCSDT(T)] was tested in this work. Overall, the UCCSD(T) method
resulted in a slightly lower interaction energy for some geometries, but this difference be-
comes 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 cou-
pled 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 3.1 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.
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Table 3.1: 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 [96].
‡ Final CCSDT(Q) potential used in this work.

3.2.4 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. [96]), or at the
vibrationally averaged bond length, r0 [92]. In a study on HF-Ar [100] a 2D intermolecular
potential computed with the monomer bond length fixed at r0 was shown to give better
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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 [64, 101] consisting of 5 points, with the central point always coinciding with r0. A
vibrationally averaged potential was obtained from these PESs for different r values by nu-
merical 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 3.1. 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.

3.2.5 Relativistic corrections
Scalar relativistic effects can be accounted for by means of the Pauli Hamiltonian [60]. 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 geometries tested. Therefore, they were not included.

3.2.6 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 nu-
clear coordinates. 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[102], and analyzed, implemented, and used by many
others [103–107]

E
(DBOC)
I = ⟨ΨI(r;R)|T̂N |ΨI(r;R)⟩. (3.1)

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

−ℏ2

2mA

[
∂2

∂X2
A

+ ∂2

∂Y 2
A

+ ∂2

∂Z2
A

]
, (3.2)

where mA is the mass of nucleus A. This operator includes rotation and translation of the
complex, as well as all internal motions.
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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. [58] and references therein,

Vsum = VA′ + VA′′

2 (3.3)

and
Vdiff = VA′′ − VA′

2 . (3.4)

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′ (3.5)

and in the A′′ potential
∆(DBOC)

A′′ = E
(DBOC)
A′′ − Ẽ

(DBOC)
A′′ . (3.6)

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

A′′ remove the singularities in the nuclear deriva-
tives 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
ℏΛ = ±ℏ. 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 ℏ2. 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
ℏϕL̂z |ΠX⟩. (3.7)
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θ

Figure 3.1: Jacobi coordinates for He-NO (R, θ,RNO) and the distance of helium to the NO
axis, R(He)

⊥ .

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

ℏ2 e
− i

ℏ L̂z L̂2
z|ΠX⟩ = −|Πx⟩. (3.8)

For the |Πy⟩ state we also find
∂2

∂ϕ2 |Πy⟩ = −|Πy⟩. (3.9)

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, (3.10)

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 = − ℏ2

2mHe
⟨Πx| ∂2

∂X2
He

+ ∂2

∂Y 2
He

+ ∂2

∂Z2
He

|Πx⟩. (3.11)

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. With R

(He)
⊥ the distance

between the helium atom and the NO axis we have

YHe = R
(He)
⊥ sinϕ = R sin θ sinϕ, (3.12)

where R and θ are the Jacobi coordinates of the system (see Fig. 3.1). Thus, at ϕ = 0, we
have

∂2

∂Y 2
He

= 1
R2 sin2 θ

∂2

∂ϕ2 (3.13)

and using Eq. (3.8) we find for the contribution of helium to the DBOC:

Ẽ
(He)
DBOC = ℏ2

2mHeR2 sin2 θ
. (3.14)
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N O

He

n̂
sin γ n̂⊥

cos γêz

γ

R
(N)
⊥

Figure 3.2: To derive the expression for E(N)
DBOC [Eq. (3.18)], 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.

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

∆q = ∆χ n̂ × q, (3.15)

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⊥, (3.16)

so the displacement due to rotation around êz is

∆q∥ = cos γ ∆χ êz × q, (3.17)

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, butR(He)

⊥ is replaced byR(N)
⊥ , the distance of the N atom to the O–He axis,

and the result is multiplied with cos2 γN−O−He. Figure 3.2 shows the decomposition of the
vector n̂ in parallel and perpendicular components and that R(N)

⊥ = RNO sin γN−O−He, so we
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find

Ẽ
(N)
DBOC = cos2 γN−O−He

2mNR2
NO sin2 γN−O−He

= cot2 γN−O−He

2mNR2
NO

. (3.18)

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

. (3.19)

The near-deneracy of the |Πx⟩ and |Πy⟩ states of NO in the NO-He complex severely
complicates the ab initio DBOC calculations and results in numerical instabilities for many
geometries. 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. Figures 3.3(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 adiabatic electronic states in NO-He and the (near)-singularity
in their nuclear derivatives, which we avoid by the use of diabatic states. With the model
correction according to Eq. (3.6) derived above one obtains the residual DBOCs shown in
Figs. 3.3(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.

3.2.7 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 originates from higher order electron correlations effects beyond CCSD(T). Similar
observations were made previously in our group for the NO-H2 system [10]. Also Jankowski
et al. [50] in their theoretical study of the high-resolution spectrum of H2-CO concluded that
an intermolecular 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
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Figure 3.3: 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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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 [97]. Due to high
computational 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, possibly extended with perturbative quadruple excitations, CCSDT(Q). In analogy
to the work of Jankowski et al. [50] it is useful to define a quantity

ET(Q) = ECCSDT(Q) − ECCSD(T), (3.20)

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). (3.21)

The effect of the correctionET(Q) on the Van der Waals well in the NO-He potential is shown
in Table 3.1. 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 drasti-
cally reduce computational costs. We performed tests to see what the effect of a frozen-core
approximation is on the CCSDT(Q) interaction energy. Usually, for the non-frozen-core ap-
proximation so-called core-correlated correlation-consistent electronic basis sets are used,
denoted as aug-cc-pwCVXZ, with X being the cardinal number. Table 3.1 shows the differ-
ences 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 [50]. The effect of going to perturbative pentuples, EQ(P), as represented
by Eq. 3.21, computed with a VDZ basis, are shown in table 3.1 and were found negligi-
ble. In summary, the UCCSD(T)-CBS potential 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. 3.20 was calculated with
a smaller (AVDZ) electronic basis due to the high computational 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 [108] and used in our scattering cal-
culations. This procedure was performed for all ab initio points.

3.2.8 Scattering Calculations
In order to obtain state-to-state integral and differential cross sections for NO-He inelas-
tic collisions we performed coupled-channels or close-coupling scattering calculations [42].
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The maximum 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 mo-
mentum, 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.

3.3 Experimental Methods

Experimental measurements in this work were conducted by others and all details can be
found in the Supporting Materials (SM) of reference [109]. Briefly, we used a crossed molec-
ular beam apparatus that combines Stark deceleration and velocity map imaging (VMI). A
packet of NO (1/2f ) radicals with a computer-controlled velocity and a narrow velocity
spread was produced using the Stark decelerator. A beam of He atoms was produced by a
cryogenic valve held at temperatures between 11 and 18 K. Beam intersection angles of 5◦

and 10◦ were used to cover the 0.2 - 3 cm−1 and 0.8 - 8.5 cm−1 energy ranges, respectively.
The collision energy resolution ranged from 0.02 cm−1 for the lowest collision energies to
0.7 cm−1 for the highest energies. The scattered NO radicals were state-selectively detected
using a two-color laser ionization scheme and velocity mapped on a two dimensional detec-
tor. The measurements with a 5◦ intersection angle were performed using a VMI detector
that offered improved velocity resolution.

3.4 Results and Discussion

We studied collisions that de-excite the NO radicals from the (1/2f ) to the (1/2e) level,
which have an energy splitting of 0.01 cm−1 [110]. For ICS measurements, we scanned
the collision energy between 0.2 and 8.5 cm−1, and observed three prominent resonances
in the relative ICS with almost zero scattering probability at energies in between the res-
onances (see Fig. 3.4A). The incline of a fourth resonance was observed below 1 cm−1.
We compared the experimentally obtained relative ICS with theoretical ICSs, convoluted
with the experimental resolution, based on two sets of PESs (See Fig. 3.4). The first set of
potentials was computed at the UCCSD(T)/CBS [95] limit using a complete basis-set ex-
trapolation (CBS) scheme. The second set of PESs were computed at the UCCSDT(Q)/CBS
[95] level. We refer to the sets as CCSD(T)- and CCSDT(Q)-potentials, respectively. The
CCSDT(Q)-potential is deeper than the CCSD(T) potential by about 0.6 cm−1 near the well
of the potential, and causes a linear shift of roughly 0.25 cm−1 in the position of all the calcu-
lated resonances. We found that the CCSDT(Q) corrections were essential to quantitatively
describe the lowest-lying resonances, although the resonance observed near 6.5 cm−1 was
predicted at slightly lower energies by both potentials. We performed several tests to investi-
gate the possible origin of this discrepancy. A few test points computed at the UCCSDTQ(P)
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[95] level suggest that the electron correlation for the UCCSDT(Q) potentials is converged
to better than 0.1 cm−1. We performed three further checks: we investigated (i) the effect of
including scalar relativistic effects, (ii) the effect of explicitly including NO zero-point vi-
brational motion, and (iii) the effect of the diagonal Born Oppenheimer correction (DBOC).
This last test required a modification of the usual DBOC, because the two PESs scattering
method already corrected for the dominant non-Born-Oppenheimer couplings. These three
checks are discussed in detail in the Theoretical Methods section, and all three were found
to have a negligible effect.

3.4.1 Cross sections and partial wave analysis
We analyzed the partial wave composition of the resonances from the CCSDT(Q) potentials,
and expressed them in terms of the total angular momentum with conserved quantum num-
ber J , which forms from the coupling of the rotational state of NO with quantum number
j = 0.5 and the partial wave quantum numbers ℓin and ℓout that represent the relevant partial
waves in the ingoing and outgoing channel, respectively, i.e., J = ℓin/out ± 0.5 (Fig. 3.4 B).
Each observed resonance feature was found to consist of a set of overlapping resonances,
that we could characterize as mostly pure Feshbach resonances with a distinctive value for
the resonant partial wave ℓres corresponding to the quasi-bound NO-He state from which the
resonance originates. The resonance below 1 cm−1 is characterized by the lowest possible
value for J and ℓres (J = 0.5; ℓres = 2), corresponding to the lowest NO-He quasi-bound
state located just above the energetic asymptote of the free NO radical and He atom. Res-
onances with ℓres = 0 or 1 do not exist, as these values correspond to real bound states
supported by the potential well. The ℓres = 2 resonance is further characterized by almost
equal contributions of outgoing waves with ℓout = 0 (s-wave) and ℓout = 1 (p-wave). From
the ICS calculated in an extended energy regime (Fig. 3.5), this resonance was found to con-
nect to the pure s-wave Wigner regime where the ICS is proportional to 1/

√
E . The series

of resonance features found at higher energies follow the progression of ℓres = 2, 3, 4, 5, ....,
and probe the consecutive series of quasi-bound NO-He states supported by the interaction
potential. A more detailed overview of resonance characterization, including graphical rep-
resentations of the scattering wavefunctions, is given below.

The underlying partial wave composition of a resonance was directly reflected in the
energy dependence of the DCS. We first analyzed the inherent structure of the DCS by com-
piling a contour plot of the theoretically predicted DCS versus collision energy, see Fig. 3.4
C. We found that at energies in between the resonances, the DCS was rather independent of
the collision energy. By contrast, at a resonance, the DCS was observed to change rapidly,
following the rapid change of contributing partial waves. At the resonance energies, it was
possible to discern the two dominant ingoing and outgoing partial waves ℓin and ℓout under-
lying the resonance from the DCS: the number of nodes observed in the angular distribution
equals the highest value of 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. 3.6. 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
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Figure 3.4: Collision energy dependence of integral and differential cross sections for in-
elastic NO-He (j = 0.5f → j = 0.5e) collisions. (A) Comparison between measured (data
points with error bars) and calculated (solid curves) cross sections based on CCSD(T) and
CCSDT(Q) potentials. Experimental data in a.u., arbitrary units. Data is accumulated using
a continuous cycle over collision energies. Vertical error bars represent statistical uncertain-
ties at 95% of the confidence interval. Horizontal error bars represent uncertainties in energy
calibration. The calculated cross sections were convoluted with the experimental energy
resolution. (B) Theoretically predicted state-to-state cross section based on the CCSDT(Q)
potential (black), together with the contribution of each angular momentum state with quan-
tum number J . The value for the resonant partial wave ℓres is given in parenthesis. (C)
Contour plot of theoretically calculated (CCSDT(Q)-potential) DCS as function of collision
energy.
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ing the contribution of s, p and d partial waves in the ingoing channel. The value for the
resonant partial wave ℓres is given in parenthesis. The light blue shaded area indicates the
energy region probed in our measurements.

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 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. 3.6 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
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Figure 3.6: (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.

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
scattering 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. 3.7 tells us whether a resonance is
of shape or Feshbach type. Table (3.2-3.3) gives an overview and complete characterization
of the resonances shown in Fig. 3.7. Most of the scattering resonances appear to be of Fes-
hbach type, since the wavefunctions of the quasi-bound states correspond to NO monomer
states that are asymptotically closed. However, the resonances at energies above 5 cm−1
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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 3.2: Summary of the relevant properties that characterize the resonances at various
collision energies for P = −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.

3.4.2 Bound-state calculations
The bound ro-vibrational states of NO-He are calculated with the coupled-channel varia-
tional 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 Jacobi 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 eigen-
states of the Hamiltonian matrix is obtained with the iterative Davidson algorithm [111].
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, (3.22)

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 αwas 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 [112] on a grid of 118 points ranging from 3.5 to 25 a0. In the
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Figure 3.7: 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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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 3.3: Summary of the relevant properties that characterize the resonances at various
collision energies for P = 1.

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. 3.8
and table 3.4. 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. 3.6 and 3.7. Figure 3.8 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.

3.4.3 Comparison between CCSD(T) and CCSDT(Q) PESs in scatter-
ing calculations

We experimentally probed the energy dependence of the DCS by measuring scattering im-
ages at selected energies where the DCS was predicted to change rapidly with collision
energy, and compared them to a simulated scattering image based on the CCSDT(Q) poten-
tials and kinematics of the experiment (Fig. 3.9). At the lowest energies probed, the velocity
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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 3.4: 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.

images were small, but we could still discern structure in the images. For energies up to 0.7
cm−1, we found strong backscattering, which evolved into a forward-backward peaked struc-
ture at energies around 0.7-0.8 cm−1. The observed distributions arose from the interference
of the s and p-waves that dominate the scattering at these low energies. For energies above
0.8 cm−1, we observed a rich energy dependence of the DCS, with additional peaks and
nodes appearing directly reflecting the addition of consecutive partial waves as the energy
was increased. Angular scattering distributions were extracted from the experimental and
simulated images, and excellent agreement was found with the experimental and simulated
distributions.

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. How-
ever, 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. 3.10.

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
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Figure 3.8: Calculated bound state levels of the NO-He complex. The bound states are la-
beled with jNO, the dominant rotational NO monomer state, and the dominant orbital angular
momentum 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.

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

k(E) = vσ(E), (3.23)

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
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 theory are found to be roughly a factor 1.6 times larger than those obtained with the lower
level of theory.

3.4.4 15NO/14NO isotope effects
The resonance structures in both the ICS and DCS as reported here were extremely sensi-
tive to the details of the PESs: the small change in well-depth between the CCSD(T) and
CCSDT(Q) PESs caused a significant and experimentally observable shift in resonance po-
sition. We investigated this sensitivity further by measuring the resonance position found
around 1.3 cm−1 for collisions of He with 14NO and 15NO, see Fig. 3.11. The isotope effect
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Figure 3.9: Experimental (Exp) and simulated (Sim) ion images based on the CCSDT(Q)
potential at selected collision energies. The images are presented such that the relative ve-
locity vector is oriented horizontally, with the forward direction on the right side of the
image. Small segments of the images around forward scattering are masked due to imperfect
state selection of the NO packet. The angular scattering distributions as derived from the
experimental (blue curves) and simulated (red curves) images are shown for each collision
energy.
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scale in the range of 10−4 − 10 cm−1, calculated with two levels of theory: CCSD(T)-
CBS and CCSDT(Q). Shifts in the position of the scattering resonances and scattering cross
sections are found.

and associated change in reduced mass, center-of-mass point of the NO-He complex, and
rotational constant resulted in a difference in the centrifugal barrier, anisotropy of the poten-
tial, and change in energies of the rotational states. Consequently, the resonance position for
He collisions with the heavier 15NO radical was found to shift by approximately 0.18 cm−1

to lower energies, primarily caused by a change in the rotational constant, and in excellent
agreement with theoretical predictions.

The observed and calculated shifts in the resonance structure for 15N16O-He scattering
with respect to 14N16O-He scattering, see Fig. 3.12, 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 3.12 shows that the resonance peaks for 15N16O-He scattering (blue) shift to sub-
stantially 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
resonance position are mainly caused by the smaller rotational constant of 15N16O. Res-
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3 Imaging the onset of the resonance regime in low-energy NO-He collisions
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Figure 3.11: Measurements of the relative state-to-state ICSs for inelastic (j = 0.5f → j =
0.5e) collisions of 14N16O (blue data points) and 15N16O (red data points) with He around the
resonance feature at 1 cm−1, together with the calculated cross sections from the CCSDT(Q)
potential convoluted with the experimental resolution. Vertical error bars represent statistical
uncertainties at 95% of the confidence interval. Horizontal error bars represent uncertainties
in energy calibration.

onances 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 resonances are shifted by insignificant amounts. These results
are in line with our characterization of the observed scattering resonances in Tables 3.2 and
3.3; 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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3.5 Conclusions

Our joint experimental and theoretical studies of partial wave resonances for the bench-
mark NO-He system at energies down to 0.2 cm−1 showed that cold collisions in chemi-
cally relevant systems can be probed with full quantum state resolution – at the partial wave
level –, and at energies approaching the Wigner regime. Measurements of the collision en-
ergy dependence of the ICS and in particular the DCSs revealed how molecular collisions
transformed from ultracold into hot by subsequently adding a partial wave as the energy
is increased, thereby bridging the gap between the ultracold quantum physics and physical
chemistry communities. The high resolution with which resonances were probed exper-
imentally required theory beyond the gold-standard CCSD(T) level to obtain quantitative
agreement, and allowed for the observation of minute isotope shifts in the resonance posi-
tions. The energies attained here were lower than the typical interaction energy of a molecule
that possesses an electric or magnetic dipole moment with an external electric or magnetic
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3 Imaging the onset of the resonance regime in low-energy NO-He collisions

field, respectively, opening up the possibility to tune the collision dynamics with tailored
electric or magnetic fields, maintaining the quantum state preparation of the reagents and the
quantum state resolution of the products. Field control of cold molecular collisions would
transform these studies from merely probing nature with the highest possible level of detail
into manipulating nature with the highest possible level of control.
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Chapter 4

Mapping partial wave dynamics in
scattering resonances by rotational
de-excitation collisions

One of the most important parameters that determines the outcome of a collision is the ‘miss-
distance’ or impact parameter, which in quantum mechanics is described by quantized partial
waves. Usually, the collision outcome is the result of unavoidable averaging over many par-
tial waves. Here we present a joint experimental and theoretical study of low-energy NO-He
collisions, that allows us to probe how individual partial waves evolve during the collision.
By tuning the collision energies to scattering resonances between 0.4 and 6 cm−1, the initial
conditions are characterized by a limited set of partial waves. By preparing NO in a rotation-
ally excited state before the collision and by studying rotational de-excitation collisions, we
were able to add one quantum of angular momentum to the system and trace how it evolves.
Distinct fingerprints in the differential cross sections yield a comprehensive picture of the
partial wave dynamics during the scattering process. Exploiting the principle of detailed
balance, we show that rotational de-excitation collisions probe time-reversed excitation pro-
cesses with superior energy and angular resolution. Our results are in good agreement with
state-of-the-art quantum chemistry calculations at the CCSDT(Q) level.

All experimental results presented in this work are measured by others. Part of this work has
also been described in the PhD thesis of T. de Jongh.

This work has been accepted by Nature Chemistry.
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4 Mapping partial wave dynamics in scattering resonances by rotational de-excitation
collisions

4.1 Introduction

Understanding the interactions between individual atoms and molecules at the complete
quantum level is of fundamental importance to physics and chemistry. Collision experiments
have proven an indispensable tool to unravel these interactions. The key to understanding a
collision lies with investigating how the interaction potential transforms the initial conditions
of the reagents into the final conditions of the products. Experimentally, this is best probed
by so-called state-to-state measurements, in which the initial conditions are precisely con-
trolled and the final conditions are precisely detected. To date, state-to-state measurements
for (almost) all degrees of freedom have become possible. Ingenious methods have for in-
stance been developed to prepare a single rotational or vibrational state of a molecule before
the collision, and to detect it state-selectively afterwards [71, 72, 113, 114].

In addition to the quantized energy levels of an isolated molecule, quantization also ap-
pears when the molecule interacts with another particle. The relative motion of the particles
is perceptibly quantized in terms of the orbital angular momentum, labeled by the integer
ℓ, which replaces the classical notion of the impact parameter by its quantum mechanical
analogue of partial waves. The nomenclature of these discrete orbital states is similar to that
of the electronic states of the hydrogen atom: ℓ = 0, 1, 2, ... are named s, p, d, ... waves,
respectively.

Gaining control over this relative motion (i.e., impact parameter or partial waves) is a
long-standing dream in state-to-state measurements [56]. Indeed, the ultimate information
about a collision event would be found by selecting a single partial wave ℓin from the ini-
tial conditions, and by subsequently following how the interaction transforms it into product
partial waves ℓout. Directly probing the transition ℓin → ℓout poses a tremendous challenge,
however, and is in many cases even considered impossible. Herschbach et al. affectionately
characterized the task of measuring and controlling the impact parameter as the pursuit of
the ”forbidden fruit” in reaction dynamics [115, 116]. The number of partial waves taking
part in a collision event is directly connected to the particles’ de Broglie wavelength, and
hence to the temperature or collision energy. The higher the collision energy, the smaller the
de Broglie wavelength, and the larger the number of partial waves contributing to the colli-
sion. These interfere with each other, which hampers a detailed view on how the interaction
potential transforms ℓin into ℓout at the single partial wave level.

The main strategy to constrain the number of possible values for ℓin – and thus to obtain
a clear picture of the partial wave evolution during a collision – therefore lies with studying
collisions at the lowest possible temperature [71, 72, 117]. In the extreme case where the
temperature approaches zero Kelvin one enters the ultracold Wigner limit [75]. Here, the
de Broglie wavelength approaches infinity and we find a situation where in principle only a
single partial wave contributes – for most systems this is the s-wave –, unequivocally defin-
ing ℓin. At slightly higher temperatures several incoming partial waves start to contribute to
the collision, but effects of single partial waves can often still be traced through scattering
resonances. Such a resonance implies that the scattering partners briefly form a quasi-bound
state, and that only one – or at most a few – partial wave(s) dominate(s) over other con-
tributing waves. Tuning the collision energy to a scattering resonance therefore offers the
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4

opportunity to ‘select’ a single partial wave from the initial conditions. This strategy works
best at energies just above the ultracold Wigner regime, where the number of partial waves
is still low such that scattering resonances appear as prominent and distinct features in the
cross sections.

Although spectacular progress has recently been made to experimentally study molecular
collisions at ever lower energies — fully resolving scattering resonances and even approach-
ing the Wigner limit — [11, 71, 72, 85, 87, 88, 90, 109, 117, 118], there are still caveats
for studying the evolution of partial waves during a collision event. In the ultracold regime
the de Broglie wavelength becomes so large that the topology of the underlying interaction
potential becomes irrelevant. Integral scattering cross sections (ICSs) simply obey the uni-
versal Wigner laws, and the differential cross sections (DCSs) show no intrinsic structure. In
the resonance regime, cross sections do possess intrinsic structure related to the dominating
partial wave, but so little energy is available that the exit channel is necessarily governed
by the same ‘selected’ initial partial wave and little is learnt about the evolution of partial
waves [109]. Both effects pose a fundamental dilemma for experiments designed to probe
the collision dynamics at the state-to-state partial wave level: The energy regime in which
individual partial waves are most easily probed, is also the energy regime in which one be-
comes insensitive to how the interaction potential transforms these waves during a collision.

Here we present a strategy that resolves this catch-22, and that allows us to experimen-
tally probe the transition ℓin → ℓout in the cleanest way. To this end, we exploit a degree of
freedom of molecules that is foreign to atoms: rotational motion. The key idea is to probe
collisions in the translationally cold Wigner or low-energy resonance regime such that the
entrance channel is dominated by a single partial wave only, and to add well-defined quanta
of angular momentum by rotationally exciting the molecules prior to the collision. The study
of rotational de-excitation collisions makes it possible to trace how this additional amount of
angular momentum is transferred into translational motion. The outgoing de Broglie wave-
length is substantially decreased, which enriches the spectrum of outgoing partial waves. The
released kinetic energy has the additional experimental benefit of increasing the otherwise
minute collisional recoil energies, making it easier to resolve structures in the DCS.

Experimental studies on rotational de-excitation collisions at low energies largely remain
unexplored territory. In photodissociation of ultracold molecules — where an additional
quantum of angular momentum is offered by a photon — similar ideas have previously been
exploited to probe partial wave dynamics [71, 117]. For rotational state-to-state experiments
such ideas were previously explored theoretically [119], whereas recent measurements of
collisions involving rovibrationally excited NO molecules demonstrated the possibility of
monitoring rotational de-excitation in low-energy collisions [120]. However, the relatively
high energies involved in that study obscured clear resonance structures and the partial wave
fingerprints underlying the collisions.

We studied collisions between NO radicals and He atoms in a crossed molecular beam
machine. By optically preparing rotationally excited NO radicals prior to the collision, we
measured scattering resonances in the ICSs and DCSs for rotational de-excitation collisions
with energies between 0.4 and 6 cm−1 and an energy resolution up to 0.05 cm−1. By tuning
the collision energy to individual resonances, the observed structures in the DCSs revealed
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how the additional quantum of rotational energy transforms into the quantized relative mo-
tion of the recoiling collision partners, revealing state-to-state energy transfer at the full
partial wave level. In addition, exploiting the principle of detailed balance, we demonstrate
that measurements of rotational de-excitation processes provide a way to probe the time-
reversed inelastic excitation processes with much improved energy resolution. Moreover,
inelastic de-excitation processes do not have the energy threshold of the corresponding ex-
citation processes, which allows us to measure resonance effects in cross sections at even
lower energies.

4.2 Results and discussion
Low-energy rotational de-excitation collisions between He atoms and NO molecules were
studied in a crossed molecular beam machine that combines Stark deceleration and velocity
map imaging (VMI) [12, 121, 122]. The NO molecules were state-selected and velocity con-
trolled by the Stark decelerator and subsequently excited into the X 2Π1/2, ν = 1, j = 3/2, f
state by a quantum cascade laser (QCL). Here, X 2Π1/2, ν and j indicate the electronic,
vibrational and rotational states, respectively and each rotational state is split into two Λ-
doublet components of opposite parity indicated by the labels e and f . In the following we
will drop the electronic state label X 2Π1/2 and use the subscripts ‘in’ and ‘out’ to indicate
angular momentum quantum numbers for the reagents and products. Rovibrational excita-
tion of the NO radicals using the infrared radiation offered by a QCL was chosen over a
pure rotational transition (which would require a THz source) for experimental reasons. The
induced vibrational excitation generally does not influence the scattering process and the
vibrational motion can in most cases be regarded a spectator in the collision process.

We measured state-to-state ICSs for the ν = 1, jin = 3/2, f → ν = 1, jout = 1/2, f and
ν = 1, jin = 3/2, f → ν = 1, jout = 1/2, e rotational de-excitation channels of NO at ener-
gies between 0.4 and 6 cm−1. We refer to these de-excitation transitions as channels A and
B, and present the results in Figs. 4.1A and 4.1B, respectively. An energy level diagram indi-
cating the involved rovibrational states and collision induced transitions is presented in Fig.
4.1C. The experimentally obtained ICSs are compared with theoretical predictions based on
a state-of-the-art interaction potential created with the coupled cluster method involving sin-
gle, double, triple and perturbative quadruple excitations [CCSDT(Q)], as described in Ref.
[109]. These theoretical curves were convoluted with a Gaussian of varying width to ac-
count for the experimental energy resolution. Experimental data points are vertically scaled
using root-mean-square fitting and corrected for density-to-flux effects. For both channels,
the measured ICS shows good agreement with theoretical calculations, with peaks clearly
indicating the presence of partial wave resonances.

To investigate the nature of these resonances, we decomposed the theoretically predicted
cross sections in terms of the conserved total angular momentum quantum number J and
overall parity P = ±1. A full overview of the theoretical cross sections for both channels
A and B, expressed in terms of total angular momentum quantum J and overall parity P ,
is given in Fig. 4.2(a-d). For P = −1 the resonances are seen to be relatively pure and are
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Figure 4.1: Collision energy dependence of the ICS and energy level diagram of the in-
volved molecular states. Comparison between measured (data points with error bars) and
calculated (solid curves) state-to-state inelastic scattering cross sections for the (A) ν =
1, jin = 3/2, f → ν = 1, jout = 1/2, f and (B) ν = 1, jin = 3/2, f → ν = 1, jout = 1/2, e
transitions. Experimental data is given in arbitrary units (arb. u.). Vertical error bars display
statistical uncertainties at 95% of the confidence interval. Horizontal error bars represent the
uncertainty in energy calibration. Solid lines show the theoretical curves convoluted with ex-
perimental energy spread. (C) Energy level diagram of NO( X 2Π1/2), indicating the optical
transition used to prepare NO radicals in the ν = 1, j = 3/2, f state (upward arrow), and
the collision induced rotational de-excitation transitions studied (downward arrows). Energy
level splittings due to Λ-doubling are greatly exaggerated for clarity.
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A
B

C D

Figure 4.2: Integral cross sections (ICSs) of channels A and B (black) and their respective
J - and P-contributions (a-d). panels (a) and (c) show the total ICSs (black) for the channel
A and their respective J -contributions (colored) for P = −1 and 1, respectively. panels (b)
and (d) show the total ICSs (black) for the channel B and their respective J -contributions
(colored) for P = −1 and 1, respectively.

dominated by only a few values for J . The purity of the strong resonance feature in the
ν = 1, jin = 3/2, f → ν = 1, jout = 1/2, f channel just below 1 cm−1 is near-ideal, and
is governed by only one value for J . Due to the conservation of J and P , the values for
the partial wave quantum numbers ℓin and ℓout are constrained by the initial jin and final jout
rotational states of NO — taking the vector addition of angular momenta into account —
via:

J⃗ = j⃗in + ℓ⃗in = j⃗out + ℓ⃗out, (4.1)

and
P = ϵin(−1)jin−1/2+ℓin = ϵout(−1)jout−1/2+ℓout , (4.2)

where ϵ equals +1 and −1 for rotational states with labels e and f , respectively.
The resonances for channel A in Fig. 4.2(a,c) were further characterized by calculat-

ing scattering wavefunctions for various (J ,P) combinations that contribute to the cross
section. A scattering resonance correspond to a quasi-bound state of the NO-He complex,
involving a specific NO monomer state and resonance partial-wave, ℓres. By analyzing the
radial wavefunction one can further characterize the resonances as having either Shape or
Feshbach character [109]. Table 4.1 gives a complete overview of the resonances in Fig.
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4

Table 4.1: Characterization of resonances for channel A at various collision energies.

Ecol (cm−1) J P ℓin ℓres ℓout Type of resonance
0.57 5/2 −1 1 0/1 2 jNO = 5/2, f/e Feshbach
0.99 9/2 −1 3 5 4 jNO = 3/2f Feshbach
1.13 13/2 −1 5 5 6 jNO = 3/2f Feshbach
1.74 7/2 −1/1 3/2 1 4/3 jNO = 5/2, e/f Feshbach
2.67 5/2 −1 1 4 2 jNO = 3/2e Feshbach
2.67 9/2 −1 3 4 4 jNO = 3/2e Feshbach
4.16 7/2 1 4 5 5 jNO = 3/2e Feshbach
4.16 9/2 1 2 4 3 jNO = 3/2f Feshbach
4.53 11/2 1 2/4 6 3/5 jNO = 1/2e Shape
6.76 7/2 −1 5 1 6 jNO = 5/2e Feshbach

4.2(a,c). It can be seen that indeed the first six resonances are described by P = −1 for
various J -values. The fourth resonance at 1.74 cm−1 also possesses P = 1 contributions,
resulting in different ℓin and ℓout-values and NO resonance states. Resonances at higher ener-
gies show dominant P = 1 contributions and contain the only shape-type resonance around
4.53 cm−1. The last scattering resonance at 6.76 cm−1 is described by the highest J -value
of 13/2.

For channel A, the parity p of NO is not conserved. In order to conserve the overall parity
P , the parity due to the orbital angular momentum needs to change sign so that

(−1)ℓin = (−1)(−1)ℓout , (4.3)

which shows ∆ℓ = ℓout − ℓin is odd. Conversely, for channel B p is conserved and ∆ℓ must
be even-numbered. To understand why the sharp resonance features are restricted to certain
values of J and ℓ we make use of the triangular inequality

|ℓ− j| ≤ J ≤ ℓ+ j. (4.4)

For both channels A and B, jin = 3/2 and jout = 1/2 and for an incoming s-wave (ℓin = 0)
the outgoing waves are easily calculated since:

|ℓin − jin| ≤ J ≤ ℓin + jin

|0 − 3/2| ≤ 3/2 ≤ 0 + 3/2,
(4.5)

which gives J = 3/2, and:

|ℓout − jout| ≤ J ≤ ℓout + jout

|ℓout − 1/2| ≤ 3/2 ≤ ℓout + 1/2,
(4.6)
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gives ℓout = 1 and 2. Using Eq. 4.3 we find that an incoming s-wave will result in an outgoing
p-wave (ℓout = 1) for channel A, and an outgoing d-wave (ℓout = 2) for channel B. Next, for
an incoming p-wave (ℓin = 1) we find that:

|1 − 3/2| ≤ J ≤ 1 + 3/2, (4.7)

so that J can take the values 1/2, 3/2, and 5/2, and only ℓout = 0, 1, 2, and 3 are allowed.
Again, using Eq. 4.3 we find that this will results in an outgoing s- or d-wave for channel
A, and an outgoing p- or f -wave for channel B. Conversely, an outgoing s-wave must corre-
spond to an incoming p- or d-wave, where the first is allowed for channel A and the second
for channel B.

We can generalize the transfer of angular momentum even further for high incoming
partial waves. Firstly, for ℓin ≥ 1 we can see that the value between the absolute signs in
the left part of Eq. 4.4 cannot be negative because jin = 3/2 and jout = 1/2. Therefore, for
values ℓin ≥ 1 we can write:

ℓ− j ≤ J ≤ ℓ+ j. (4.8)

Since J lies between |ℓout − jout| and ℓout + jout we can rewrite Eq. 4.8 into:

ℓin − jin ≤ ℓout ± jout ≤ ℓin + jin. (4.9)

By inserting the known incoming (initial) and outgoing (final) j-values and rewriting Eq. 4.9
one obtains the following equations for the plus and minus combination, respectively:

−2 ≤ ℓout − ℓin ≤ 1
−1 ≤ ℓout − ℓin ≤ 2. (4.10)

Both rotational de-excitation transitions probed here ensure ∆j = jout − jin = 1, resulting in
a richer evolution from ℓin to ℓout compared to previous low-energy NO-He experiments that
were restricted by ∆j = 0 [109]. For channels A and B, from application of equations 4.1
and 4.2 we can derive the propensity rules for the partial wave quantum number ∆ℓ = ±1
and ∆ℓ = 0,±2, respectively, where ∆ℓ > 0 generally has the largest contribution to the
cross sections.

Figure 4.3 illustrates the relation between J , ℓin and ℓout for channel A at various colli-
sion energies. It is seen that de-excitation collisions add one unit to the partial wave quantum
number, consistent with the propensity rule ∆ℓ = 1. At 0.5 cm−1, a single total angular mo-
mentum value dominates (J = 5/2) causing the incoming p-waves (ℓin = 1) to be almost
fully converted into outgoing d-waves (ℓout = 2). This low energy resonance exquisitely il-
lustrates the advantage of measuring rotational de-excitation processes to probe partial wave
dynamics in collisions: The purity of the incoming p-wave can only be achieved at ener-
gies approaching the ultracold regime, while the introduction of outgoing partial waves with
higher ℓ is only allowed because of the released quantum of angular momentum stored in the
rotation of the incoming NO molecule. A similar analysis was made for the resonances ob-
served in channel B , where the evolution of partial waves was found to follow the propensity
rule ∆ℓ = 0 or 2.
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Figure 4.3: Theoretically predicted partial cross section (PCS) contributions for the total
angular momentum J (left column) as well as incoming (ℓin) and outgoing (ℓout) partial
waves (center and right columns, respectively) for the v = 1, jin = 3/2, f → v = 1, jout =
1/2, f rotational de-excitation channel (channel A). Note that the PCSs are only additive for
J , as ℓin/out are not good quantum numbers. Experimental energy spreads were accounted
for when calculating the individual contributions.
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The evolution of partial waves ℓin → ℓout in a collision event is directly encoded in the
measured DCS, which reflects the outgoing partial waves, each corresponding to a spher-
ical harmonic of degree ℓout. The number of nodes in the DCS is related with the largest
value of ℓout [123], leading to an isotropic pattern in the case of pure s-wave scattering,
a pattern with at most a single node for pure p-wave scattering, and so on. We there-
fore probed DCSs for both collision induced ∆j = 1 de-excitation transitions by mea-
suring velocity mapped ion images at several selected collision energies between 0.4 and
2.0 cm−1. To elucidate the effect of the additional quantum of angular momentum released
in the de-excitation collision, we compared our results with measurements from ∆j = 0
transitions. To this end, we measured ion images for the previously [109] investigated
ν = 0, jin = 1/2, f → ν = 0, jout = 1/2, e parity de-excitation channel at the same
collision energies. Effects of the difference in vibrational state exist but in most cases were
small enough to warrant direct comparison and trace the effects of the released quantum of
angular momentum in the rotational de-excitation channels.

The experimentally obtained ion images are shown in Fig. 4.4 for each scattering channel
and collision energy. In these images, the angular distribution reflects the underlying DCS.
Indeed, the distributions for ∆j = 1 rotational de-excitation transitions show more complex
features with additional nodes compared to the ∆j = 0 transition, a direct consequence of
the transition of rotational into translational angular momentum. The rotational de-excitation
channels furthermore lead to distinctly larger ion images than the ∆j = 0 parity de-excitation
channel as a result of the transfer of internal into kinetic energy. This enables a higher
resolution in the measured angular distributions of the scattering products. In addition, the
scattering signal is well separated from the image position of the reagent packet, referred
to as the beam spot, which is caused by imperfect state selection of the reagent beam and
is masked in the images by a black spot. Simulations of the expected images based on
DCSs computed with the CCSDT(Q) potential are shown as well, together with the angular
distributions extracted from both the experimental and simulated images. These simulations
take the full kinematics of the experiment into account, such as collision energy spreads and
detection efficiencies. Overall, good agreement is obtained between theory and experiment,
although for channel A disparities are found in the backward scattering region (θ ≈ 180◦) at
0.6 and 0.8 cm−1.

The increased complexity of the DCS structure caused by the added quantum of angular
momentum can be directly related to the evolution of partial waves during the collision. This
can be seen most clearly at the lowest energies probed. Here, the ∆j = 0 channel displays
a rather simple angular distribution, consistent with the interference of only s- and p-wave
distributions found at these energies [109]. By contrast, the ∆j = 1 rotational de-excitation
transitions measured at the same collision energy lead to structures with a larger number
of nodes, indicative for the additional contributions of outgoing waves with ℓout > ℓin and
consistent with the propensity rules for the partial waves discussed above. Specifically, for
channel A at Ecol = 0.5 cm−1 — which exhibits the most pristine partial wave resonance
probed here — the observed two-node structure in the angular distribution directly reveals
the evolution of a p- wave into a d-wave that underlies the scattering event.

The DCS measurements presented in Fig. 4.4 thus display many advantages introduced
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Figure 4.4: Experimental and simulated ion images at selected collision energies for the
(upper row) ν = 0, jin = 1/2 f → ν = 0, jout = 1/2 e parity de-excitation collisions,
(middle row) ν = 1, jin = 3/2, f → ν = 1, jout = 1/2, e rotational de-excitation channel,
and the (bottom row) ν = 1, jin = 3/2, f → ν = 1, jout = 1/2, f rotational de-excitation
channel. Collision energies are indicated in the top of the figure and are identical throughout
each column. Experimental (Exp) and simulated (Sim) ion images are rotated such that the
relative velocity vector is oriented horizontally, with the forward scattering direction on the
right side of each image. Color scale represents intensity and the overall intensity scale
for the simulated images is fitted to that of the experiment. A small portion of the images is
masked due to imperfect state selection of the incoming NO molecules. Angular distributions
are extracted from the ion images and plotted for each channel and collision energy.
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by adding an internal quantum of angular momentum before the collision. Yet there is an-
other aspect that can be expoited to study low-energy collision phenomena: owing to the
principle of time-reversal invariance, de-excitation collisions probe the same partial wave
dynamics that underlies the corresponding excitation process, but with a significantly higher
experimental energy resolution. This principle — often also referred to as the principle of
microscopic detailed balance — dictates that the DCS for a scattering event is identical to
the DCS for the time-reversed process apart from a constant factor, with time-reversal effec-
tively swapping (jin, ℓin) and (jout, ℓout) , provided that the total (kinetic + rotational) energy
remains the same. Whereas the excitation process has an energetic threshold corresponding
to the internal energy of the excited state, de-excitation processes can be probed at arbitrarily
low energies where the experimental energy resolution is typically much higher.

The experimental arrangement used here, which offers access to well-resolved scattering
resonances and the possibility to prepare molecules in a rotationally excited state, yields
the unique opportunity to probe two complementary time-reversed processes under similar
circumstances. To illustrate this, we compared the scattering images for the ν = 1, jin = 3/2,
f → ν = 1, jout = 1/2, f de-excitation channel at collision energies Ecol (from Fig. 4.4)
with images taken for the ν = 0, jin = 1/2, f → ν = 0, jout = 3/2, f excitation transition
at energies Ecol + ∆Erot , where ∆Erot = 5.02 cm−1 is the energy difference between the
j = 1/2 and j = 3/2 rotational states of NO. Under these conditions, we can regard these
transitions as each other’s time-reversed process for which the reversibility principle should
hold, provided that the vibrational state is a spectator in the collision process.

We calculated integral and differential cross sections for the de-excitation jNO(3/2f) →
jNO(1/2f) and excitation jNO(1/2f) → jNO(3/2f) process for collision energies rang-
ing from 0.1 to 7.0 cm−1. For the calculations describing the de-excitation process, we
use a vibrationally averaged (ν = 1) NO-He interaction potential [109]. Calculated inte-
gral cross sections are expressed in terms of incoming ℓin and outgoing ℓout partial-waves.
Scattering resonances were analyzed in terms of J and the contributing partial-waves, ℓ.
To illustrate the effect of time-reversal, i.e., the swapping of (jin, ℓin) with (jout, ℓout) and
vice versa, we have plotted the incoming and outgoing partial wave contributions to the
ν = 1, jin = 3/2, f → ν = 1, jout = 1/2f and ν = 1, jin = 1/2f → ν = 1, jout = 3/2f
channels in Fig. 4.5. This interchange becomes especially apparent for the isolated resonance
peaks near Ecol +∆Erot = 6 cm−1. That is, Ecol = 1 cm−1 for the ν = 1, jin = 3/2f → ν =
1, jout = 1/2f channel and Ecol = 6 cm−1 for the ν = 1, jin = 1/2, f → ν = 1, jout = 3/2,
f channel. Note that in the detailed balance measurements presented in the main text the
jin = 1/2, f → jout = 3/2, f transition was probed within the vibrational ground state.
As discussed above this has slight implications for the position of the resonances. The un-
derlying partial wave structure, however, remain the same. To provide an easier comparison
between these structures we have plotted the contributions in Fig. 4.5 for both scattering
channels within the ν = 1 state.

Table 4.2 gives a full overview and and a complete characterization of the first four
resonances in Fig. 4.5 for the (de-)excitation of NO. We find all resonances to be of the
Feshbach-type since the wavefunctions of the quasi-bound states are asymptotically closed.

The images pertaining to the jin = 3/2 → jout = 1/2 de-excitation channel from the last

60



4.2 Results and discussion

4
1 2 3 4 5 6 7

0

50

100

150

200

250

x3

1 2 3 4 5 6 7

0

50

100

150

200

250

x3

Figure 4.5: Theoretically calculated incoming ℓin (left) and outgoing ℓout (right) partial cross
sections for the ν = 1, jin = 3/2f → ν = 1, jout = 1/2f and ν = 1, jin = 1/2f →
ν = 1, jout = 3/2f channels. The excitation channel is plotted in the same figure as the
de-excitation channel and opens at 5 cm−1. The excitation channel is given an offset and is
multiplied by three (×3) for clarity.

row of Fig. 4.4 are re-plotted for selected energies in Fig. 4.6, together with the obtained ion
images for the corresponding jin = 1/2 → jout = 3/2 excitation channel. For both channels,
the simulated images and extracted angular distributions are shown as well. The ion images
for the jin = 1/2 → jout = 3/2 excitation channel show two concentric rings, with the
smaller ring pertaining to the ν = 0, jin = 1/2, f → ν = 0, jout = 3/2, f transition and the
larger ring caused by elastic collisions involving NO radicals in the ν = 0, j = 3/2, f state,
which is present in minute amounts in the primary NO packet. This outer ring appears as a
relatively strong feature due to the much larger cross section for elastic scattering compared
to inelastic collisions.

Overall, good agreement is obtained between the experimental and the simulated images.
However, at the lower energies probed the angular distributions of the de-excitation and its
time-reversed excitation process appear rather different, seemingly violating the principle of
detailed balance. Yet, the purely theoretical DCSs (within the respective vibrational states)
underlying these simulated images are shown in the rightmost column of Fig. 4.6, and are
found to be indeed identical, except at a collision energy of 1.1 cm−1 (6.1 cm−1 for the ex-
citation channel) in the vicinity of a scattering resonance, where the vibration does cause a
notable difference in the cross sections. This apparent contradiction is merely a direct con-
sequence of the kinematics of the experiment: The higher collision energy for the excitation
process results in a larger collision energy spread, and the transfer of kinetic into rotational
energy results in a smaller image. Both have substantial consequences for the observable
angular distribution in a scattering image: The larger energy spread causes averaging of the
cross sections within a broader energy range, while structures in the DCS are more easily
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Figure 4.6: Experimental (Exp) and simulated (Sim) ion images for two inelastic scattering
processes subject to the detailed balance principle. (Left) images for the ν = 1, jin = 3/2,
f → ν = 1, jout = 1/2, f rotational de-excitation process at selected collision energies
Ecol. (Right) images for the ν = 0, jin = 1/2, f → ν = 0, jout = 3/2, f rotational
excitation channel at energies Ecol + ∆Erot, with ∆Erot = 5 cm−1. An outer ring is visible
that is caused by elastic scattering of NO molecules in the ν = 0, j = 3/2, f state. Part
of the forward scattering direction of these outer rings are masked due to imperfect state
selection of the NO radicals. Images are oriented such that the relative velocity vector is
aligned horizontally, with the forward direction on the right. Extracted angular distributions
for the inelastic channels are plotted for each collision energy. The rightmost column shows
normalized purely theoretical DCSs (The) within the respective vibrational states.
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4

Table 4.2: Summary of the relevant properties that characterize the resonances at various
collision energies for P = −1 to compare the de-excitation/excitation processes.

Ecol (cm−1) J P ℓin ℓres ℓout jin jout Type of resonance
De-excitation
0.57 5/2 −1 1 0,1 2 3/2f 1/2f jNO = 5/2, f/e Feshbach
0.99 9/2 −1 3 5 4 3/2f 1/2f jNO = 3/2f Feshbach
1.13 13/2 −1 5 5 6 3/2f 1/2f jNO = 3/2f Feshbach
1.74 7/2 −1 3 1 4 3/2f 1/2f jNO = 5/2e Feshbach
Excitation
5.57 5/2 −1 2 0,1 1 1/2f 3/2f jNO = 5/2, f/e Feshbach
6.01 9/2 −1 4 5 3 1/2f 3/2f jNO = 3/2f Feshbach
6.16 13/2 −1 6 5 5 1/2f 3/2f jNO = 3/2f Feshbach
6.76 7/2 −1 4 1 3 1/2f 3/2f jNO = 5/2e Feshbach

blurred in images with small diameter. These effects are taken into account in the simula-
tions, and cause the angular distributions of the simulated scattering images to deviate, even
though the underlying DCSs obey detailed balance.

These results further underline that by virtue of time-reversal invariance, rotational ex-
citation processes are actually probed with superior energy and angular resolution by mea-
suring the corresponding de-excitation channel instead. For the energy ranges investigated
here, the collision energy spread (FWHM) for the de-excitation collisions ranges from 0.07
to 0.3 cm−1 whereas it ranges from 0.41 to 0.44 cm−1 for the excitation collisions. At the
lowest energies probed, this enhancement in resolution can thus reach up to a factor 5 or
higher. Furthermore, the larger image diameter afforded by the de-excitation measurements
translates into an angular resolution of approximately 3◦, whereas the angular resolution of
the excitation images is between 5◦-18◦.

4.3 Conclusion

The study of low-energy molecular collisions provides unique opportunities to trace the par-
tial wave dynamics underlying a scattering event. The limited set of incoming partial waves
available at these energies is a prerequisite for the mapping of their dynamics, but the typi-
cally equally limited set of outgoing partial waves reduces the sensitivity to the interaction
potential. Using rovibrational excitation of the reagent molecules, and subsequently study-
ing de-excitation inelastic scattering, we were able to resolve this catch-22 as it introduces
an additional available quantum of angular momentum to the outgoing spectrum of partial
waves. We traced its effects on the scattering dynamics by measuring integral and differen-
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tial cross sections at energies in the vicinity of scattering resonances, revealing the evolution
of partial waves throughout the scattering process. Such rotational de-excitation collisions
were also demonstrated to offer superior resolution — in both the collision energy and the
angular distribution of the scattering products — compared to their time-reversed rotational
excitation counterparts. Excitation to any initial rotational state can in principle be achieved
by sequential optical rotational excitations, offering the unique opportunity to study how
controlled amounts of angular momentum stored in translationally ultracold molecules is
released at the full partial wave level.

Appendix

4.A Time-reversal symmetry
To substantiate why the differential cross sections for the the-reversed processes are the
same, we derive the equations by which the differential cross sections are calculated. The
scattering wave function may be written as a sum of incoming plane waves plus outgoing
spherical waves [66],

ΨSC
n ≈ |n⟩v−

1
2

n eikn·r +
∑
n′
v
− 1

2
n′
eikn′ r

r
fn′←n(r̂, k̂), (4.A.1)

with fn′←n(r̂, k̂) being the scattering amplitude

fn′←n(r̂, k̂) = 2π
ikn

∑
ℓmℓℓ′m′

ℓ

iℓ−ℓ′
Yℓ′m′

ℓ
(r̂)Tn′ℓ′m′

ℓ
;nℓmℓ

Y ∗ℓmℓ
(k̂), (4.A.2)

and with k̂ and r̂ being the incident and final directions, respectively, the wave vector kn
is related to the energy of the initial state n = |j,mj⟩, and ℓ and ℓ′ being the incoming
and outgoing partial waves respectively, and mℓ and m′ℓ being the corresponding space-fixed
(SF) projections. The T -matrix is related with the scattering matrix S via T = I − S, with
I being the identity matrix, and contains all details of the underlying scattering dynamics.
The Yℓmℓ

’s are spherical harmonics. The differential cross section with incident direction k̂
is given by

σn′←n(r̂, k̂) = |fn′←n(r̂, k̂)|2. (4.A.3)

As can be seen from Eq. 4.A.2, the scattering amplitude, and therefore the differential
cross section, is dependent on the incident and final direction, k̂ and r̂, of the scattering wave
function, and the incoming ℓ and outgoing ℓ′ partial waves with associated SF projections
mℓ and mℓ′ , respectively. The T-matrix can be written in a coupled basis using the following
transformation

Tj′m′
jℓ′m′

ℓ
;jmjℓmℓ

=
∑
JM

⟨j′m′jℓ′m′ℓ|JM⟩T (J)
j′ℓ′;jℓ⟨JM |jmjℓmℓ⟩. (4.A.4)
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4

By combining Eq. 4.A.3 with the transformation in Eq. 4.A.4 and solving it, yields the fol-
lowing expression for the square of the scattering amplitude

|fj′m′
j←jmj

(r̂, k̂)|2 = 4π2

k2
n

∑
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∑
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(k̂).

From this equation we can spot that, apart from the multiplication factor 4π2/k2
n, this ex-

pression is symmetric under rotation of the incident vector k̂ and final vector r̂ and the
permutation of the incoming and outgoing partial waves.
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Chapter 5

Experimental and Theoretical
Investigation of Resonances in
Low-Energy NO-H2 collisions

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 calcu-
lations 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 − 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 ex-
periment involving Stark deceleration and velocity map imaging. We are able to resolve
resonance features in the measured integral and differential cross sections. Results are com-
pared 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 col-
lisions 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 experimental limit.

All experimental results presented in this work are measured by others. Part of this work has
also been described in the PhD thesis of T. de Jongh.

Parts of this chapter are published in the Journal of Chemical Physics 153, 244302 (2020).
Experimental and theoretical investigation of resonances in low-energy NO–H2 collisions
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5 Experimental and Theoretical Investigation of Resonances in Low-Energy NO-H2
collisions

5.1 Introduction
Scattering resonances are among the most subtle phenomena observed in molecular col-
lisions and therefore serve as an extremely sensitive probe for theoretical descriptions of
molecular interactions [1, 78]. They appear only at low collision energies, i.e., conditions
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 particles, and its characteristics
are influenced by minute details in the underlying potential energy surface (PES). A reso-
nance 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 tech-
nique has been an essential tool. The first measurements of resonances were performed in
a crossed molecular beam apparatus and involved elastic collisions between hydrogen and
mercury atoms [124]. Later on, similar techniques were used to study resonances in col-
lisions of hydrogen atoms and molecules with a variety of scattering partners [125, 126].
These observations were in part made possible by the advantageous kinematics for the re-
spective systems,[127] and it would take years until experimental 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 scattering resonances in the seminal F + H2 reaction [79, 128–131]. Further-
more, resonances in Penning ionization reactions have been studied with the merged beam
technique. In these experiments, curved magnetic and electrostatic guides were used to attain
zero degree scattering angles and reach energies down to a few milikelvin [11, 85, 89–91].
The first observation of scattering resonances in the ICS of state-to-state rotationally inelastic
collisions was made in a crossed molecular beam apparatus in which cryogenically cooled
beams collided at small scattering angles. This allowed for thorough verification of theoreti-
cal models for a host of astrochemically relevant systems, involving species such as O2, CO,
and H2 [61, 87, 132].

In recent years, full characterization of resonances in inelastic scattering has become pos-
sible by combining the Stark deceleration 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 distri-
butions. It thereby provides an adjustable collision energy with small energy spreads. VMI
detection allows for state-selective detection of the collision products, and enables measure-
ments of both the ICS and the DCS. This approach led to full identification and characteri-
zation of resonance structures in NO-He and NO-H2 collisions [10, 92, 109].

For the NO-He and NO-H2 systems, the spatially degenerate nature of the electronic
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states of the NO radical dramatically increases the complexity of quantum chemical calcu-
lations describing these experiments. Open-shell radical systems therefore serve as a crucial
test for such computational methods, and the recent measurements of resonances in these
systems have challenged the validity of even the most sophisticated quantum chemistry cal-
culations. 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 [10]. For NO-He, recent characterization
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 was included – was able to capture the experimentally observed resonance
features in the 0.2 cm−1 - 8.5 cm−1 range [109].

Here, we report new measurements of resonances in state-to-state inelastic NO-H2 col-
lisions, 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
velocities and gain access to the regime in which resonances can be observed [10]. In the
present work, this regime is reached by significantly 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 resonance features for both systems. Measurements are compared with
the two previously mentioned PESs for the NO-H2 system. Our results confirm the previous
discernment between the two models, and show an excellent agreement with one of the two
CCSD(T) potentials even in this low energy regime.

5.2 Experimental Methods
The experiments were conducted in a crossed-beam apparatus which has been described
in detail previously [8, 109]. Key aspects concerning the experiments conducted in this
work can be found in Ref. [133]. We briefly highlight some 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 [67]. After passing through a skimmer, the
molecules entered a 316 stage Stark decelerator [12]. This allowed for state-selection of the
NO molecules in theirX2Π1/2, v = 0, j = 1/2, f state [referred to hereafter as (j = 1/2, f )]
at a controllable velocity.

We generated the neat beam of H2 molecules with a cryogenically cooled Even-Lavie
valve [134]. 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 molecular beam expansion
ensures that only the lowest rotational levels, j = 0 and 1, are occupied. Scattering experi-
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ments were performed with beams of pure para-H2 as well as 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 gas to its true lowest rotational state j = 0. This beam allowed for direct probing
of scattering between NO and H2 (j = 0). Results for ortho-H2 (j = 1) were obtained by
subtracting signal acquired with the pure para-H2 beam from that acquired with the normal
H2 beam. It was found that 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 normal H2 beam [133].
The para-H2 beam was found to contain less than 2% ortho-H2.

5.3 Theoretical Methods
We performed coupled-channels calculations for the NO-H2 system using a scattering pro-
gram able to handle bimolecular open-shell systems, as previously described in [135]. State-
to-state integral and differential cross sections were computed for collision energies ranging
from 0 − 10 cm−1 in steps of 0.01 cm−1. Contributions of partial waves up to 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 calculations. We propagated the wavefunction
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 [48]
and is constructed using the F12a method, scaling the contribution of triple excitations. The
second, described in Ref. [135] used a complete basis set (CBS) extrapolation. We will refer
to these PESs as the F12 and CBS potential, respectively.

5.4 Results
Relative ICSs for the NO(j = 1/2, f ) + H2 → NO(j = 1/2, e) + H2 parity changing process,
which has an associated energy release of 0.01 cm−1 were measured. Results for collisions
involving para-H2 are plotted in Fig. 5.1 and show two clear peaks associated with res-
onance 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 collision energy spread the theoretical cross sections were convoluted with a
Gaussian distribution of variable width σ(E) ranging from 0.03 to 1.6 cm−1, depending on
the collision energy. The resonance 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. Results show an excellent agreement
with predictions from the F12 potential.

Similar measurements were performed for collisions involving ortho-H2 as a scattering
partner. As discussed, this data was 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.
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Figure 5.1: Collision energy dependence of the ICS for the (j = 1/2, f ) → (j = 1/2, e)
channel of NO-H2(j = 0) (left) and (j = 1) (right) collisions. 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 (arb.u.). Vertical error bars rep-
resent the uncertainties at the 95% confidence level and horizontal error bars represent the
standard errors in the mean collision energies, effectively displaying calibration uncertain-
ties. The calculated cross sections were convoluted with experimental energy spreads, and
vertically scaled to the data points using root-mean-square fitting.

Results are shown in Fig. 5.1. The anisotropic nature of the H2 (j = 1) results in completely
different scattering 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 experimental 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. One can reach the same collision energy by different combinations
of molecular-beam velocities. However, the involved spread differs for each combination.
For most measurements the parameters are tuned such that an optimized collision energy
resolution is obtained – as described in Ref. [136] – but by deliberately increasing ∆E
contributions from scattering events at energies a factor of two below our lowest achievable
mean collision energy can be obtained.

To achieve this, ICS measurements using two sets of molecular-beam velocity (v1, v2)
combinations were used. We performed a measurement – denoted as ICSA – with reduced
energy resolution and compared our findings with our high-resolution measurements – la-
beled as ICSB. Both measurements are shown in Fig. 5.2 together with theoretical predic-
tions 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 showing a stronger increase in scattering signal for decreas-
ing energy. This indeed suggests the existence of a sharp resonance feature at energies below
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Figure 5.2: Collision energy (Ecoll) dependence of ICS for the NO-H2(j = 1) collision,
measured with different energy spreads. Vertical error bars show the uncertainties 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 calculated from the F12 potential
and convoluted with the energy spreads of the corresponding measurements. ICSA has been
given a vertical offset for clarity. See text for details.

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

To further characterize the scattering behavior, we conducted a theoretical analysis on the
partial wave nature of the observed resonances. By decomposing the cross sections in the
contributions of individual partial waves we were able to assign a total angular momentum
(J ) value – a quantity conserved throughout the collision – for all predicted resonance fea-
tures. Results based on the F12 potential for collisions of NO with para- and ortho-H2 are
shown in Fig. 5.3. For NO colliding with para-H2, at energies below 1 cm−1 the interaction
is dominated by a distinct resonance feature corresponding to J = 3/2. At energies be-
tween 1 and 3 cm−1, several sharp resonance features pertaining to J = 7/2 can be clearly
distinguished. At higher energies, several other resonance features related to different values
of J can be seen. The partial wave decomposition for NO-ortho-H2 shows a strikingly dif-
ferent 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 1–8 cm−1

region. The origin of the differences between scattering of NO with para- or ortho-H2 will
be discussed in section 5.5.

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 2 – 8 cm−1 energy range. In previous work, we found that these angular
distributions respond sensitively to the existence of resonances, and in some cases directly
reflect the partial wave fingerprint underlying the resonances [10, 92, 109]. The experimental
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Figure 5.3: Theoretical partial cross sections based on the F12 potential for NO-H2(j = 0)
(left) and NO-H2(j = 1) (right) collisions in terms of total angular momentum J . The sub-
Kelvin regime is shown in more detail in Fig. 5.6.

ion images for NO-H2(j = 0) and NO-H2(j = 1) are shown in Fig. 5.4 and 5.5, respectively.
Part of the forward scattering region is masked in the images due to imperfect state selection
of NO. All images 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 the respective figures. At the lowest energies, the ion images appear slightly
asymmetrical. This is attributed to the fact that reaching sufficient scattering signal for ion
image measurements at these low energies requires a hydrogen beam with reduced speed
ratio, as well as to aberrations 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 presence of resonance features. All images furthermore
display pronounced backward scattering. Simulated ion images were created with numerical
trajectory simulations, as described previously [137], using DCSs provided by either the
F12 or CBS potential as input. The results show good agreement with simulations for both
potentials. Despite the vast differences in their respective ICSs, the angular distributions
for NO colliding with either ortho- or para-H2 show only subtle differences at the energies
probed experimentally, and it is challenging to experimentally record scattering images with
sufficient signal to noise ratio to probe these differences. Hence, for the systems and energies
probed here, we find the ununusal (and unexpected) situation that ICS measurements are
more sensitive to resonance phenomana than DCS measurements.

5.5 Discussion
Our measurements of ICS for scattering of NO with both para-H2 and ortho-H2 clearly show
better agreement with results for the F12 potential compared to the CBS potential. We thus
conclude that the better agreement for this potential found earlier[10] for energies down to
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Figure 5.4: Experimental and simulated ion images for NO-H2(j = 0) collisions at several
collision energies. Simulated ion images are shown in the left (based on the F12 potential)
and right (based on the CBS potential) image columns. The center image column contains
the experimental ion images. The relative velocity vector is horizontally oriented such that
forward scattering signal is displayed on the right hand side of the image. A portion of the
experimental image at forward scattering is masked due to imperfect state selection of the
reagent NO packet. The angular distributions are derived from the experimental (blue) and
simulated (red for F12, yellow for CBS potentials) images. They are displayed in the right-
most column for each respective collision energy. The curves are normalized with respect to
their area.
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Figure 5.5: Experimental and simulated ion images for NO-H2(j = 1) collisions at several
collision energies. See the caption of Fig. 5.4 for details.
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10 cm−1 persists for energies down to 0.4 cm−1.
As discussed in detail in Ref. [10], the well depth of the F12 potential is about 2 cm−1

larger than the well depth of 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
significant 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. [10], the
deeper well for the F12 potential is most likely the result of the choice of basis set used in the
calculations. Inclusion of a larger atomic basis would have caused its minimum to become
less deep, so that it nearly coincides with the minimum in the CBS potential. Adding 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 measurements of
resonances in this system [109]. Unfortunately, due the high number of degrees of freedom
for a bimolecular system, computation 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 scat-
tering of this complex. Effects of partial wave resonances are observed, showing significant
differences between collisions involving ortho- and para-H2. These differences are expected
to result from interactions arising from the coupling between hydrogen’s quadrupole mo-
ment with the dipole and quadrupole moment of NO [48]. They contribute only for H2 in
the j = 1 state, since the ground rotational state has a spherical charge distribution such
that the interaction potential is governed exclusively by dispersion. The quadrupole-dipole
and quadrupole-quadrupole interactions 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 reac-
tions, showing stronger interactions for He(23P2) with ortho-H2 compared to para-H2 [91].
For NO scattering with ortho-H2, the quadrupole moment of H2 results in a much denser
grid of bound-states compared to NO-para-H2 potential, explaining the denser cluster of
resonances (quasi-bound states) observed for NO-ortho-H2 collisions [48]. The contribution
of the quadrupole-quadrupole interaction further explains the order of magnitude higher ICS
oberved for ortho- compared to para-H2 collisions at sub-Kelvin energies (see Fig. 5.3). Ad-
ditionally, 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 disentangled contributions from individual multipolar interac-
tions using the multipolar expansion [49, 138] and applied this to the F12 potential to com-
pute 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 potential (Λ′ = Λ, where Λ(′)

is the body-frame projection of the electronic orbital angular momentum of NO). The result-
ing ICSs are shown in Fig. 5.6 and clearly show that the resonance at 0.1 cm−1 disappears
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Figure 5.6: Theoretical cross section based on the F12 potential for the parity-changing
channel of the NO-H2(j = 1) interaction. Lines show contributions from different 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.

when the quadrupole-quadrupole interaction is excluded, further illustrating that at these en-
ergies NO-H2(j = 1) collisions are indeed dominated by interactions involving hydrogen’s
quadrupole moment.

5.6 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, the parity-changing de-excitation of NO for
collisions with both para-H2 and ortho-H2, resolving resonance structures in the energy de-
pendent cross sections, were measured. 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
experimental energy resolution. The measured ICS and DCS were compared to theoretical
predictions based on the two most advanced ab initio PESs available for this system: the CBS
and F12 potentials, which are both constructed using CCSD(T) methods. Previous work at
higher energies showed a better fit of experimental data with the F12 potential [10], 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 measure-
ments shows that this agreement still holds for energies 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 hydrogen. Effects of this quadrupole moment are av-
eraged out in para-H2(j = 0) collisions, which explains why the rotational ground state of
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hydrogen leads to an order of magnitude smaller ICS and vastly different resonance struc-
tures for sub-Kelvin collisions. Theoretically, we revealed the contributions to the collision
of different multipole components of the NO-H2 interaction potential, giving us relevant
insight into the nature of sub-Kelvin bimolecular collisions.
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Chapter 6

Glory scattering in deeply inelastic
molecular collisions

In molecular collisions, the measurement of the deflection of a molecule’s trajectory provides
one of the most sensitive probes of the interaction potential. General rules of thumb exist
that relate deflection into a certain direction to pre-collision conditions. Following mech-
anistic intuition, forward scattering results from glancing collisions, whereas near head-on
collisions result in back scattering. Here, we present the observation of forward scattering in
inelastic processes that defies this common wisdom: for deeply inelastic collisions between
NO radicals and CO or HD molecules, we observe forward scattering in the fully resolved
pair-correlated differential cross sections, despite the low impact parameters that are needed
to induce sufficient energy transfer. We rationalized these findings by extending the text-
book model of hard-sphere scattering by taking inelastic energy transfer into account and
attribute the forward scattering to glory-type trajectories caused by attractive forces. This
phenomenon, which we refer to as Hard Collision Glory Scattering (HCGS), appears ubiq-
uitous. We derive under which conditions HCGS occurs and retrospectively identify HCGS
in previously studied systems.

All experimental results presented in this work are measured by others. Part of this work will
also be described in the PhD thesis of G. Tang.

This work has been accepted by Nature Chemistry.
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6.1 Introduction

Rotational energy transfer (RET) in molecular collisions plays an important role in a variety
of fields, ranging from combustion and atmospheric chemistry to astronomy. Nowadays, full
quantum dynamical scattering calculations are possible for a growing number of systems,
yielding almost exact scattering cross sections that are used as inputs to model the behavior
of macroscopic systems. Yet, these full quantum treatments give the correct cross sections,
but do not immediately lead to a conceptual understanding of the underlying scattering mech-
anisms. Therefore, understanding trends in RET in terms of simple mechanistic models re-
mains a central goal of physical chemistry [135, 137, 139–142]. Successful examples of such
models are the kinematic apse [140, 143–145] and hard-ellipsoid models [146–149], as well
as semiclassical approaches such as the quasi-quantum treatment [6, 9, 37–39, 150–155].

One of the simplest scattering models, dating back to the early 19th century, is the elastic
scattering of hard spheres [156]. This model describes billiard ball-like collisions in which
the colliding particles repel each other when they meet at a distance smaller than the sphere
radius. Within this model, small impact parameters result in back-scattering, while larger
impact parameters result in side- and forward-scattering leading to an isotropic total cross
section. Although extremely simple in nature, this hard-sphere model has been successful in
the description and understanding of the ideal gas law, for instance. More realistic models of
interactions between molecules also include long-range attractive interactions, such as van
der Waals attraction. The resulting cross sections are no longer isotropic, but rather reflect
the balance between attractive and repulsive interactions. As a result, new features in the
dynamics arise, such as long-ranged glancing collisions with impact parameters larger than
the hard-sphere radius, and the so-called glory and rainbow effects. These models are also
effective in the understanding of RET in inelastic collisions. Processes in which there is
small RET are typically dominated by long-range contributions and are therefore mainly
forward scattered, whereas deeply inelastic collisions with large RET require hard collisions
with small impact parameters that lead to backward or side scattering.

This basic hard-sphere model including long-range attraction is now commonly treated
in textbooks [1, 157, 158], and its predictions for molecular collision cross sections have
served as general rules of thumb for decades. Yet could there be collisional processes that
defy this simple intuition? Recent observations seem to violate this common wisdom as
cross sections for high energy transfer caused by hard collisions are nevertheless found to
be forward scattered. In recent experiments in our laboratory, for instance, we have been
able to fully resolve the pair-correlated cross sections for processes in which two molecular
collision partners are rotationally excited. Inelastic collisions with a substantial amount of
RET in relation to the collision energy were found to be strongly forward scattered, even
for systems like NO-O2 with relatively strong interactions [69]. Since then, similar counter-
intuitive forward scatterings were found in a variety of other systems. For instance, for
collisions between two CO molecules studied by Sun et al. [40], strong forward scattering
was observed when both CO molecules were excited into identical high rotational levels,
although the symmetry of the shape and excitation of both colliders was deemed necessary
for the forward scattering to occur. Yet, all these observations raise the pressing question
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whether there is a general mechanism underlying these unexpected forward scatterings, and
whether such a mechanism can be explained in terms of a simple scattering model.

Here, we present such a model by extending the textbook model of hard-sphere scat-
tering [1, 157, 158]. To account for RET, we include an energy-uptake by the colliding
molecules when the hard spheres touch, thereby instantaneously reducing the radial kinetic
energy at the point of contact. This slowing of the receding trajectory together with conser-
vation of angular momentum causes the trajectory to bend forwards, compared to the elastic
trajectory. For a suitable set of parameters, this effect can be sufficiently strong to alter back-
ward trajectories induced by low impact parameters into a forward scattered distribution,
peaking at a deflection angle of zero degrees. As the latter reminds one of the well known
glory effect in glancing elastic collisions, we call this mechanism “Hard Collision Glory
Scattering (HCGS)”. We derive under which conditions HCGS occurs and demonstrate the
general validity of our model by conducting two series of high-resolution scattering experi-
ments on two completely different scattering systems, namely NO scattering with (1) CO and
(2) HD molecules. These scattering partners have vastly different rotational constants (being
about 20 times larger for HD) and reduced masses (which is about five times smaller for
HD). For both bimolecular systems, we fully resolve individual product-pairs by exploiting
the exceptional experimental resolution offered by the combination of Stark deceleration and
velocity map imaging. In both systems, we observe highly forward-scattered products for in-
elastic channels that are characterized by large RET induced by low impact parameters. The
experimental results are in excellent agreement with quantum mechanical coupled-channels
calculations [42], as well as with semiclassical trajectory calculations based on our model,
revealing that HCGS is responsible for the observed forward scattered distributions. We ret-
rospectively identify HCGS in previous experiments on NO-O2 collisions [69, 159] and find
HCGS to occur in NO-Ar as well. Furthermore, our model yields a simple explanation for
the observed forward scattering in CO-CO collisions [40], without the need for imposing
additional symmetry requirements.

6.2 Experimental Methods

To study NO-CO collisions, a packet of velocity controlled NO radicals (X2Π1/2, v = 0, j =
1/2, f , referred to hereafter as (1/2f )), in which the labels X2Π1/2 and v denote the elec-
tronic and vibrational states of the NO radical, respectively, was produced using a 2.6-m-long
Stark decelerator. The NO beam had a mean velocity of 440 m/s and subsequently scattered
with a pulsed beam of neat CO molecules at an intersection angle of 45◦, resulting in a col-
lision energy E = 220 cm−1. In the NO-HD experiments a packet of velocity controlled
NO (1/2f ) radicals seeded in Kr with a mean velocity of 390 m/s, was scattered with HD
molecules at an intersection angle of 45◦. The valve producing the HD beam was kept at
100 K, resulting in a collision energy E = 133 cm−1. After the collisions the scattered NO
radicals were state-selectively ionized near the ionization threshold through a (1+1’) REMPI
scheme, and collected by home made VMI ion optics.
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6.3 Results

Before describing the essence of our model, let’s first recapture what is expected for elastic
events from the textbook model [1, 157, 158] using an example. Figures 6.1(a) and 6.1(b)
illustrate several typical trajectories and the expected deflection angles, respectively, for the
scattering of NO radicals with HD molecules at a collision energy of 133 cm−1. We define as
scattering target a hard sphere with radius a. Consistent with common treatment in textbooks,
each trajectory is defined by the impact parameter b and deflection angle χ. The observable
scattering angle θ is closely related to χ but lies between 0 and 180◦. The classical turning
point is found at the hard-sphere radius a, which separates hard collisions with b < a from
the soft long-ranged collisions with b > a. The balance between long-range attractive and
short-ranged repulsive interactions leads to particular trajectories, as indicated by arrows in
Fig. 6.1(b). The rainbow trajectory is found at the impact parameter for which maximum net
attraction is experienced, resulting in a minimum deflection angle χ. By contrast, the glory
trajectory is found when the repulsive and attractive forces experienced during the trajectory
exactly cancel, yielding perfect forward scattering. The classical cross section depends on
1/ (sinχ · |dχ/db|), which diverges for rainbow and glory scattering as either |dχ/db| = 0
or sinχ = 0, respectively, resulting in prominent features in the scattering cross section.
For completeness, we also include in Fig. 6.1(b) the deflection function one expects from
a hard-sphere model without attraction. Here, the divergence disappears, as χ(b) does not
cross zero but rather approaches zero infinitely steeply.

Let’s now consider a very simple extension to the hard sphere model by including uptake
of internal energy to account for RET. In the simplest approximation, we assume this energy
uptake is instantaneous at the point of contact. Compared to elastic scattering, the reduced
kinetic energy after RET causes the receding trajectory to bend forwards, i.e., for a given
impact parameter b the deflection function χ(b) shows less deflection as also illustrated in
Fig. 6.1(b). For an appropriate set of parameters, orbiting can occur in the receding trajectory.
That is, there is an impact parameter with b < a at which after RET there is barely sufficient
radial kinetic energy to escape in the receding trajectory, and the deflection angle diverges
towards −∞, as illustrated in Fig. 6.1(b). This guarantees that the deflection angle will
first cross zero, leading to forward-scattering similar to the well-known glory scattering in
elastic collisions. The corresponding trajectory is illustrated in Fig. 6.1(a), illustrating how
a trajectory with low impact parameter below the classical turning point ends up forward
scattered. Just as for glory scattering, the crossing χ(b) = 0 leads to a 1/ sinχ divergence
in the cross section; hence we refer to this mechanism as Hard Collision Glory Scattering
(HCGS).

In order to experimentally identify HCGS, we conducted two series of high-resolution
scattering experiments on two vastly different scattering systems (1) NO-CO and (2) NO-
HD. The key differences between these systems lie in the rotational constants (BCO =
1.9225 cm−1 and BHD = 44.6665 cm−1) and corresponding energy spacing between ro-
tational levels. The experiments were performed in two different crossed molecular beam
machines to study NO-HD and NO-CO collisions at two different energies. Both machines
make use of a Stark decelerator to manipulate NO radicals and a velocity map imaging (VMI)
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Figure 6.1: Trajectories and deflection functions predicted from hard-sphere models with
hard sphere radius a for the scattering of NO with HD at a collision energy of 133 cm−1. (a)
For elastic collisions, trajectories are shown for the well-known rainbow (blue dashed, θR)
and glory scattering (blue dash-dotted, θG). A model that includes energy transfer by inelas-
tic collisions leads to trajectories that are bent into the forward direction. The Hard Collision
Glory trajectory with impact parameter b < a that leads to perfect forward scattering (solid
orange) is labeled by θHCGS. The black dotted curve shows the elastic trajectory with the
same impact-parameter b as the HG trajectory. (b) Corresponding deflection angle χ as a
function of the impact parameter b. Arrows indicate the locations at which the cross sections
diverge as 1/ sin θ or |dχ/db|. The deflection function expected from a hard-sphere model
without any attractive forces is shown by the green dotted line.
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6 Glory scattering in deeply inelastic molecular collisions

detector to record the scattered products [8, 12, 121].
Scattering images for NO-CO collisions at an energy E = 220 cm−1 were measured for

six final NO states, ranging from j′NO = 3/2e to 13/2f . Figure 6.2(a) shows the results
for the lowest excited state of NO as an example; a full overview of all probed final states
is presented in the appendix of this chapter. Multiple concentric rings are observed, where
each ring corresponds to a different rotational excitation of the CO collision partner, ranging
from j′CO = 0 up to 8. Most rings are fully resolved, however, the process in which the
CO molecule scatters elastically with jCO = 0 → j′CO = 0, is superposed with the first
inelastic channel jCO = 0 → j′CO = 1 in the outermost ring. Rings with smaller diameters
correspond to ever larger inelastic excitation of CO. Scattering images for NO-HD were
measured at an energy E = 133 cm−1 for seven final NO states, ranging from j′NO = 3/2e
to 11/2e. The results for the lowest excited state of NO is shown in Fig. 6.2 (b); a full
overview of all data is again provided in the appendix of this chapter. For NO-HD, only two
rings are observed, as the collision energy is insufficient to excite HD to final states with
j′HD > 1. Similar to the results in NO-CO collisions, the outermost ring corresponds to the
process in which HD scatters elastically, whereas the inner ring corresponds to the inelastic
jHD = 0 → j′HD = 1 channel. Due to the low mass of HD, the scattering images feature
clearly resolved diffraction oscillations, resulting in vertical stripes in the images. These
diffraction oscillations have been observed for a variety of systems in our earlier experiments,
and are not further discussed here.

Despite the substantial differences between the two collisional systems, all product-pairs
in the recorded scattering images are highly forward-scattered, see the appendix of this chap-
ter for the full overview. At first glance, the outermost rings in the NO-CO scattering images
seem to follow the rule of thumb that low RET is forward scattered, whereas high RET re-
quires hard collisions leading to more side scattering. However, for the innermost rings,
this scattering picture breaks down. Here RET is substantial, and thus, one expects the
products to be back-scattered. Instead, forward scattering is observed throughout, even for
the innermost ring in which almost all available energy is transferred into rotational mo-
tion. For the NO-HD system the observations are even more counter-intuitive. For the
jHD = 0 → j′HD = 1 excitation channel, some 90 cm−1 from the available 133 cm−1 is
transferred into a single quantum of rotational energy of the HD molecule. Yet, the angular
distribution is strongly peaked around θ = 0◦.

6.4 Discussion
To substantiate our findings we performed quantum coupled-channels (CC) scattering cal-
culations of the pair-correlated DCSs for excitations in both NO-CO and NO-HD collisions
[42]. Technical details of these calculations, such as the potential energy surfaces (PESs) and
the channel basis are treated in the appendix of this chapter. In the NO-CO calculations the
CO channel basis had to be truncated at jCO = 6, so that excitations beyond j′CO = 6 could
not be described. The calculated DCSs were used in a program that simulates scattering im-
ages taking into account the kinematics of the experiment [69]. For both collisional systems,
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Figure 6.2: Experimental (Expt.) and simulated (Sim.) scattering images for inelas-
tic scattering of NO (X 2Π1/2, j = 1/2, f ) radicals with CO (X 1Σ+, j = 0) (a) and
HD(X 1Σ+, j = 0) (b) molecules at collision energies of 220 and 133 cm−1, respectively,
probing the (X 2Π1/2, j = 3/2, e) final state of NO. Images are presented such that the for-
ward scattering direction is located on the right hand side of the image. Small segments of
the images around forward direction are masked due to the imperfect state selection of the
initial NO packet. The simulated image for NO-CO shows less rings than the experimental
one, as the coupled-channels scattering calculations are truncated at jCO′ = 6. The angular
distributions derived from the images for selected scattering channels are shown on the right.
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6 Glory scattering in deeply inelastic molecular collisions

the experimental and simulated images show excellent agreement, as can be seen in Fig. 6.2.
To further analyze our near-exact quantum scattering calculations, we calculated opacity

functions (see Appendix 6.D) to quantify the contributions of short-range hard collisions and
long-range glancing collisions. For the jNO = 1/2f + jHD = 0 → j′NO = 3/2f + j′HD = 1
and the jNO = 1/2f + jCO = 0 → j′NO = 13/2f + j′CO = 6 channel, these opacity functions
are shown in Fig. 6.3(a) as an example. This analysis showed that for the NO-CO system the
elastic channels are governed by long-range glancing type collisions, and when either NO
or CO, or both molecules are excited to progressively higher-lying final states the collisions
become more short-ranged with dominant contributions from impact parameters smaller than
the hard-sphere radius. Similarly, elastic collisions in NO-HD are governed by long-ranged
glancing type collisions, whereas the inelastic collisions for HD are completely governed by
short-ranged hard collisions.

These results and the observation of forward scattering in both the experiment and CC
calculations paint a strikingly counter-intuitive picture of forward scattering in deeply in-
elastic collisions, which we attribute to HCGS. The discussion of HCGS as given above and
illustrated in Fig. 6.1 give a conceptual and qualitative understanding of the observed effects.
In order to also yield a more quantitative understanding, we performed semiclassical calcu-
lations where we used a more realistic interaction potential, which also describes van der
Waals attraction at long range but smoothly becomes repulsive at short range. Furthermore,
we describe energy transfer through an effective potential that reduces the kinetic energy not
instantaneously, but over a time scale determined from the semiclassical calculation itself.
We incorporated this inelastic scattering model into a semiclassical scattering code that treats
the translation of the two colliding molecules classically and the rotation quantum mechan-
ically. The propagation of the classical trajectories is done using Hamilton-Jacobi classical
equations of motion using the isotropic part of the full interaction potential. The main advan-
tage of this approach is that one can interpret the dynamics in terms of classical trajectories,
while maintaining a quantum mechanical description of the rotational part (see Appendix
6.E).

Using this semiclassical model, we calculated differential scattering cross sections for
NO-CO and NO-HD collisions, for various final states, at collision energies of 220 and
133 cm−1. Resulting DCSs are shown in Fig. 6.3(b) together with the results of quantum
CC calculations. The semiclassical DCS again captures forward scattering in hard collisions
with small impact parameters caused by HCGS, and the model DCSs are in close agreement
with the CC calculations.

The agreement of cross sections derived from our model with experiment and CC cal-
culations illustrates that the HCGS mechanism for forward scattering in deeply inelastic
collisions in essence relies on the amount of energy transfer ∆E, and the strength of the at-
tractive interactions and associated well-depth Vmin of the interaction potential, in relation to
the collision energy E. For a given system, i.e., for a given value of Vmin/E, one expects for
low values of ∆E/E results similar to those of the elastic scattering model. Cross sections
follow the common wisdom and intuition: long-range glancing collisions lead to forward
scattering, whereas short-ranged hard collisions lead to side or back scattering. By contrast,
for high ∆E/E the DCSs are dominated by forward-scattering as a result of HCGS, even if
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Figure 6.3: (a) Opacity functions and (b) DCSs predicted by coupled channels (solid) and
semiclassical (dotted-dashed) calculations for selected inelastic channels in NO-CO and NO-
HD collisions at a collision energy of 220 and 133 cm−1, respectively. The dashed vertical
lines correspond to the hard-sphere radii of both complexes.

hard collisions are required to induce RET.
These trends for the occurrence of HCGS can be described more quantitatively by defin-

ing a parameter to indicate the “strength” of HCGS. Referring back to Fig. 6.1, HCGS occurs
as χ(b) crosses zero yielding a divergence in the classical cross section. Long-range attrac-
tion is essential for this to happen; without attraction χ(b) approaches zero infinitely steeply,
i.e., |dχ/db| becomes infinite yielding zero contribution to the cross section. With attraction,
χ(b) crosses zero less steeply such that |dχ/db| becomes smaller and the divergence of the
classical cross section more prominent. Hence, we interpret |db/dχ| at the HCGS impact pa-
rameter, relative to the intensity for backward scattering, as a figure of merit for the strength
of HCGS. This strength of HCGS as computed using our semiclassical model as a function
of ∆E/E and Vmin/E is shown in Fig. 6.4 and can be used to predict whether HCGS occurs
in a given system. As shown in Appendix 6.F.7, the classical deflection angle for isotropic
interactions is universal in that it does not depend on the mass, but depends only on the ra-
tio of the interaction potential and collision energy, Vmin/E, and on the amount of energy
transferred, ∆E/E.

Figure 6.4 indicates that HCGS only occurs in processes with high RET and for systems
with sufficiently strong attractive interactions. The values for ∆E/E and Vmin/E pertaining
to the various pair-correlated inelastic NO-CO and NO-HD transitions as observed in our
experiments are indicated in Fig. 6.4 as circles and diamond data points, respectively. For
NO-CO, it is seen that HCGS occurs for jCO′ ≥ 5. For these relatively high excitations, the
opacity functions reveal that low impact parameters are needed to induce the transitions, yet
the collision products are strongly forward scattered. For NO-HD, HCGS already occurs for
the ∆jHD = 1 transition as a consequence of the high ∆E needed to rotationally excite the
HD molecule.
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6 Glory scattering in deeply inelastic molecular collisions

Figure 6.4: HCGS intensity dependence |db/dχ| at a deflection angle χ(bHCGS) = 0, nor-
malized to the intensity for backscattering, for various combinations Vmin/E and ∆E/E.
In the white region, HCGS does not occur. Parameters pertaining to various systems stud-
ied experimentally recently are shown as data points. Open circles: NO(jNO = 1/2f ) +
CO(jCO = 0) → NO(j′NO = 3/2e) + CO(j′CO) at a collision energy of 220 cm−1 (this work).
Diamonds: NO(jNO = 1/2f ) + HD(jHD = 0) → NO(j′NO = 3/2e) + HD(j′HD) at a collision
energy of 133 cm−1 (this work). Blue crosses: NO(jNO = F1, 1/2f ) + O2 (NO2 = 1) →
NO(j′NO = F1, 3/2e) + O2(N ′O2) at a collision energy of 480 cm−1 (Ref. [69]). Red crosses:
NO(jNO = F1, 1/2f ) + O2 (NO2 = 1) → NO(j′NO = F2, 3/2e) + O2(N ′O2) at a collision
energy of 480 cm−1 (Ref. [159]). Stars: pair-correlated transitions in CO-CO as studied by
Sun et al. for the CO(j′CO = 15)+CO(j′′CO) final states, with j′′CO ranging from 0 to 20 in steps
of 5 (Ref. [40]).
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As shown in Fig. 6.4, our model is able to predict the occurrence of HCGS from two
simple parameters. Based on this analysis, we can retrospectively identify HCGS in pre-
viously studied systems as well. A comprehensive overview of all studied transitions and
systems can be found in Appendix 6.F. This includes the full series of NO-CO and NO-HD
excitations that are studied in this work as well as NO-O2 collisions studied in our earlier
work [69, 159]. For the latter, fully resolved pair-correlated DCSs were measured for both
spin-orbit (SO) conserving (F1 → F1) and SO changing (F1 → F2) transitions in NO. Al-
though not recognized nor appreciated at the time, the surprising result was found that for
SO conserving NO transitions excitation of O2 to progressively higher rotational levels leads
to DCSs that follow the expected trends and intuition, while SO changing NO transitions
were always found forward scattered irrespective of the O2 excitation. These observations
are now readily understood in the context of HCGS. In Fig. 6.4, the series of SO conserving
and SO changing NO-O2 transitions are indicated by blue and red crosses, respectively. The
parameters for SO conserving NO-O2 transitions are found in the region where HCGS does
not occur, whereas SO changing transitions are within the HCGS region throughout. Finally,
we also analyzed the CO-CO collisions studied experimentally by Sun et al. [40], in which
they report on forward-scattered product-pairs in which both CO molecules are excited to
high rotational states of j = 15, yet exhibit forward scattering. Using QCT scattering cal-
culations, the forward scattering was attributed to a do-si-do dance by both CO molecules
that results in a forward scattered symmetrical excitation (FSSE), in which “symmetrical”
refers to both the shape of the molecules and the excitation to identical final rotational states.
Figure 6.4 shows the values for ∆E/E and Vmin/E pertaining to the CO-CO experiment,
suggesting that the observed forward scattering can also be interpreted as HCGS without
imposing additional requirements on the shape, symmetry, and orientation of the molecules,
nor on the symmetric excitation to final rotational states.

6.5 Conclusion

We developed a new model for inelastic molecular scattering that is an extension of the
textbook hard-sphere elastic scattering model. We assume RET occurs around the classical
turning point in hard collisions, such that the slower receding trajectory is more susceptible to
the van der Waals attraction and bends into the forward scattering direction. This gives rise to
a hard-collision analogue of glory scattering for which trajectories with an impact parameter
smaller than the hard sphere radius unexpectedly lead to forward scattering. We refer to this
phenomenon as Hard Collision Glory Scattering (HCGS). Numerical (semi)classical model
calculations using realistic interactions also exhibit HCGS and yield quantitative agreement
with the results of full quantum coupled-channels calculations. We find that HCGS is ubiq-
uitous and derive under which conditions HCGS occurs. We experimentally probe HCGS
by fully resolving rotational product-pairs in the inelastic scattering of NO radicals with CO
and HD molecules, and identify HCGS retrospectively in NO-O2 and CO-CO collisions.
Our model, although conceptually a very simple extension of text-book models dating back
decades, describes a fundamental aspect of energy transfer in molecular collisions that hith-
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6 Glory scattering in deeply inelastic molecular collisions

Figure 6.A.1: Sketch for incoming trajectory with impact parameter b and velocity v scat-
tering off a hard sphere with radius a. At the point of impact energy is transferred such
that the velocity is reduced to v′. The force responsible for the energy uptake is assumed to
act radially, such that the perpendicular velocity v⊥ is conserved. The deflection angles are
α = sin−1(b/a), α′ = sin−1(b′/a) and the scattering angle is θ = π − α− α′.

erto appears to have escaped attention.

Appendix

6.A Minimal Model
Here, we consider a simple model for a classical collision with energy transfer but without at-
traction. We do not explicitly account for the rotation of the colliding molecules and assume
their interaction is isotropic. To further simplify the description, we consider hard-sphere
scattering with a hard-sphere radius a, and we will assume the transfer of kinetic energy
occurs instantaneously when the hard spheres touch.

Since we assume the interaction is isotropic the force responsible for removing kinetic
energy acts radially. Thus, at the point of impact the perpendicular component of the velocity,
v⊥, is conserved. This is sketched in Fig. 6.A.1. The radial velocity component, vr, is
reduced by an amount depending on how much energy is transferred, which reduces the
total velocity from v to v′. This causes the trajectory to bend forwards, which appears to
explain how hard collisions can nevertheless result in forward scattering. However, we will
see below this alone does not explain forward-scattered cross sections.

More quantitatively, the scattering angle is given by

θ = π − α− α′, (6.A.1)

where α and α′ are the angles between the hard sphere’s surface normal and the incoming
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and outgoing trajectory, respectively. Hence

α = sin−1(b/a) (6.A.2)

is the usual result for hard-sphere scattering, whereas

α′ = sin−1(b′/a) = sin−1(v/v′ b/a) (6.A.3)

is obtained including energy transfer. For energy uptake, v′ < v, at any fixed impact pa-
rameter α′ becomes larger and θ smaller, i.e. more forward scattered, as expected. However,
there are also impact parameters where there are no solutions for α or α′. No solution for α
can be found if b/a > 1, in which case the particle has missed the hard sphere and there is
no collision. For α′ this condition becomes b/a > v′/v, which is smaller than unity. That is,
there are b smaller than a that are still too large for there to be a valid trajectory, i.e. where
v⊥ exceeds v′ such that sufficient energy cannot be transferred while conserving v⊥.

We compute the classical differential cross section as

dσ

dΩ = b db dϕ

d cos θ dϕ = b

∣∣∣∣∣ db

d cos θ

∣∣∣∣∣ (6.A.4)

First, consider the usual hard-sphere scattering

θ = π − 2 sin−1(b/a),
cos θ = 2(b/a)2 − 1,

d cos θ/db = 4b/a2,

dσ

dΩ = a2/4. (6.A.5)

That is, the differential cross section is completely independent of θ and the integral cross
section is πa2 as expected. Including energy transfer we have

θ = π − sin−1(b/a) − sin−1(v/v′ b/a),

d cos θ/db = 1
a

(
1/
√

1 − (b/a)2 + 1/
√

(v′/v)2 − (b/a)2
)

sin θ,

dσ

dΩ = ab(
1/
√

1 − (b/a)2 + 1/
√

(v′/v)2 − (b/a)2
)

sin θ
. (6.A.6)

Rather than geometrically, the deflection angles can also be found as

α =
∫ ∞

0

ℓ

µr2dt

=
∫ ∞

a

vb

r2
1

vr(r)
dr

= ℓ
∫ ∞

a

1
r2
√

2µE − ℓ2/r2
dr (6.A.7)

= sin−1
(

ℓ

aµv

)
= sin−1(b/a), (6.A.8)
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Figure 6.A.2: Panel (a) shows scattering angle as a function of impact parameter, panel (b)
shows the differential cross section. Each is shown for usual hard-sphere scattering, v′ = v,
energy uptake, v′ = v/2, and energy release, v′ = 2v.

where µ is the reduced mass, r is the distance from the center of the sphere, E = 1
2µv

2 is the
energy, and ℓ = µbv is the angular momentum. Similarly for

α′ =
∫ ∞

a

v′b

r2
1

v′r(r)
dr = sin−1(b′/a). (6.A.9)

Here, v and v′ indicate the asymptotic velocities with and without energy uptake, respec-
tively, which are set by the initial and final kinetic energy. By contrast, vr(r) = v

√
1 − (b/r)2

and v′r(r) = v′
√

1 − (b/r)2 are the radial kinetic energies at separation r with and without
energy uptake, respectively. The advantage of this formulation is that vr(r) and v′r(r) can
easily be modified to include a different isotropic interaction energy. Without such modifi-
cation, these equations lead to exactly the results obtained geometrically above.

The resulting differential cross sections are shown in Fig. 6.A.2, which also shows the
scattering angle θ as a function of impact parameter. Results are shown for elastic scattering,
v′ = v, for kinetic energy uptake, v′ < v, and kinetic energy release, v′ > v. This shows
that inclusion of energy uptake causes the scattering angle to be more forward at the same
impact parameter. However, due to the missing contribution of impact parameters b > av/v′,
the overall cross section actually becomes backward scattered. For kinetic energy release,
v′ > v, one obtains a similar angular distribution, although the backscattering is now caused
by a minimal scattering angle determined by the minimum vr after energy uptake for any
impact parameter.

The essential ingredient that is missing here, required to describe forward-scattered angu-
lar distributions for hard collisions with small impact parameters, is an attractive interaction
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potential, V (r). Including an isotropic interaction, V (r), the deflection angle becomes

α = ℓ
∫ ∞

a

1
r2
√

2µ [E − V (r)] − ℓ2/r2
dr

= b
∫ ∞

a

1
r2
√

1 − V (r)/E − b2/r2
dr. (6.A.10)

Again, for hard-sphere scattering, V (r) = 0, this leads to the same result as above, α =
sin−1(b/a). For an arbitrary isotropic interaction potential, Equation (6.A.10) shows that
the deflection angle α is universal. In particular, the deflection angle does not depend on
the mass, and it depends on the strength of the interaction and the collision energy only as
their ratio, V (R)/E. Similarly for the receding half of the trajectory, where α′ will depend
on E ′, and hence on how much energy has been transferred ∆E/E. For large amounts of
angular momentum transfer, this universality will break down as the corresponding “impact-
parameter transfer” will be mass dependent.

Now we will include an attractive van der Waals potential, V (r) = −C6r
−6, such that

the deflection angles become,

α = b
∫ ∞

a

1
r2
√

1 + c6/r6 − b2/r2
dr,

α′ = b
∫ ∞

a

1
r2
√

1 + c′6/r
6 − b2/r2

dr, (6.A.11)

where we have defined c6 = C6/E and c′6 = C6/E
′. The resulting deflection angles, scatter-

ing angles, and differential cross sections are shown in Fig. 6.A.3(a) for v/v′ = 2 and c6 = 1.
The cross section is now clearly forward scattered although the largest impact parameter that
contributes b = 0.86a, i.e. shorter than the hard-sphere radius.

Now that we include long-range attraction, the effective radial potential contains a cen-
trifugal barrier with a maximum located at

r∗ =
(3c6

b2

)1/4
, (6.A.12)

and has height in units of the initial kinetic energy

V∗/E =
(
3−1/2 − 3−3/2

)
b3c
−1/2
6 . (6.A.13)

The height of the barrier is equal to the collision energy for b = b∗ where

b∗ =
 c

1/2
6

3−1/2 − 3−3/2

1/3

. (6.A.14)

This results in orbiting where the trajectory gets stuck on top of the centrifugal barrier. For
b slightly smaller than b∗, the trajectory will barely overcome the centrifugal barrier, for b
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Figure 6.A.3: (a) Deflection angle α or α′ for a half collision for v′ = v and v′ = v/2,
respectively. This includes an attractive van der Waals interaction with c6 = 1. The deflection
angle for hard-sphere scattering is included for comparison. (b) Resulting scattering angle
θ = π − α− α′. (c) Resulting scattering cross section for v′ = v/2.
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6

slightly larger than b∗, the trajectory will not quite reach the top of the centrifugal barrier. In
either case, the trajectory spends a long time orbiting near the top of the barrier resulting in
a large deflection angle. This is the textbook description of orbiting in classical scattering,
which for hard-sphere plus van der Waals potentials occurs for b > a, i.e., at long range, but
does not play a role for the rotational energy transfer considered here.

In the present case, we consider energy transfer to occur at the hard-sphere radius, a,
which reduces the asymptotic velocity from v to v′. After this event, the interaction is
stronger relative to the kinetic energy: c6 → c′6 = c6(v/v′)2, and also the centrifugal barrier
is relatively larger as b → b′ = b v/v′. This leads to a much smaller b∗ = 1

2

√
3a for v/v′ = 2

and c6 = 1, the example illustrated in Fig. 6.A.3(a). Again, at b = b∗ an orbiting occurs
in the second half of the collision, i.e. after the energy uptake. Collisions with b > b∗ have
reached r = a in the first half of the collision, but after transferring kinetic energy to rotation,
classically cannot dissociate in the second half of the collision. Collisions with b smaller than
but close to b∗ can barely dissociate after transferring kinetic energy, such that these trajec-
tories may exhibit large deflection angles and even multiple orbits. Before reaching large
negative values near b = b∗, the scattering angle will cross zero for particular b < b∗. That
is, for particular b < b∗ the van der Waals potential has exactly bent the trajectory forward,
resulting in zero scattering angle, which can also be seen in Fig. 6.A.3(b). For such a trajec-
tory, the scattering cross section dσ/dΩ = b/ sin θ|dθ/db|, see Fig. 6.A.3(c), diverges in the
forward direction as 1/ sin θ because dθ/db remains finite despite the head-on nature of the
collision which has an impact parameter small compared to the hard-sphere radius. We call
this hard-collision glory scattering (HCGS).

6.B Potential energy surfaces
The NO-HD potential energy surfaces (PESs) employed in this work were obtained from
NO-H2 PESs, reported elsewhere [10]. We applied a coordinate transformation from the Ja-
cobi coordinates of NO-H2 to NO-HD, which differ only by a shift in the hydrogen molecule’s
center of mass (COM). The NO-H2 interaction potential was calculated using the spin-
restricted coupled-cluster method treating the single and double excitations iteratively and
the triple excitations perturbatively [RCCSD(T)]. The ab-initio calculations employed aug-
cc-pVTZ (AVTZ) and AVQZ monomer-centered basis sets, which were used in a complete
basis-set (CBS) extrapolation scheme. A multiple-property-based algorithm was used to
transform to the diabatic states [160]. The properties that were chosen are all components of
the electric quadrupole tensor and orbital angular momentum.

The NO-CO PES was computed in this work at the CCSD(T) level using the MOL-
PRO package [60]. Molecular orbitals were calculated as canonical orbitals from a two-
configuration self-consistent field calculation for the lowest two states. This permits a single-
determinant description of both states, and hence a subsequent correlated RCCSD(T) calcu-
lation step. The PES was diabatized using a multiple-property-based algorithm[160] using
again all components of the electric quadrupole tensor and orbital angular momentum. The
required properties were calculated from the single-determinant reference wave functions.
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We used an AVTZ monomer-centered basis set augmented with a set of 3s,3p,2d,1f mid-
bond functions. The mid-bond exponents are even tempered with a radially dependent mean
of 20/R2 and a constant spread of a factor 3. Interaction energies were corrected for the
basis-set super position error using the counterpoise procedure of Boys and Bernardi [99].
These calculations were performed for 15 000 geometries on a grid in Jacobi coordinates
R, θNO, θCO, ϕ. The values chosen for R are 4.5, 5, 5.5, 6, 6.5, 7, 7.5, 8, 9, 10, 12, 15, 20,
30 a0, for the Jacobi angles θNO, θCO and ϕ we chose 10-point Gauss-Legendre and Gauss-
Chebyshev quadrature points. Finally, the diagonal and off-diagonal diabatic potentials were
expanded in coupled angular functions, and the radial dependence of the expansion coeffi-
cients was represented with the Reproducing-Kernel Hilbert Space method [161].

6.C Quantum Scattering Calculations
We performed coupled-channels (CC) scattering calculations for NO-HD and NO-CO colli-
sions using a program for bi-molecular scattering, developed in Nijmegen, that is also able
to handle open-shell systems [135]. State-to-state integral (ICSs) and differential cross sec-
tions (DCSs) were calculated at collision energies of 133 cm−1 for NO-HD, and 220 cm−1

for NO-CO. The Hamiltonian we use in the scattering calculations is

Ĥ = − ℏ2

2µR
∂2

∂R2R+ ℓ̂2

2µR2 +ĤA(rA)+ĤB(rB)+
∑
Λ′,Λ

|Λ′⟩⟨Λ′|V̂ (rA, rB,R)|Λ⟩⟨Λ|, (6.C.1)

where R is the vector that connects the two COMs, rA and rB are vectors that denote the
orientation of the molecular axes, in which A designates NO and B either HD or CO, µ is
the reduced mass of the complex, ℓ̂2 is the end-over-end total angular momentum operator,
and ⟨Λ′|V̂ (rA, rB,R)|Λ⟩ are the diabatic potentials mentioned in the previous section. The
symbol Λ = ±1 denotes the two orbital angular momentum components of the NO(2Π)
ground state. The Hamiltonian of the NO monomer, ĤA, includes spin-orbit coupling, Λ-
doubling, and the rotational kinetic energy, as described in Ref. [162]. The diagonal potential
with Λ′ = Λ is also diagonal in the spin-orbit states of NO with Ω = ±1/2 and ±3/2,
whereas the off-diagonal potentials with Λ′ ̸= Λ couple the spin-orbit states with Ω = ±1/2
to those with Ω = ∓3/2. The HD and CO monomer Hamiltonians include the rotational
kinetic energy. The monomer constants that were used in the scattering calculations are
listed in Table 6.C.1.

In the NO-HD scattering calculations, angular basis functions up to a total angular mo-
mentum of J = 121/2 and rotational levels for NO and HD up to jNO = 25/2 and jHD = 3
were included. This amounted to a total number of channel functions of 5 792. The ini-
tial states in our NO-HD calculations are NO(j = 1/2, f)F1 and HD(j = 0). For the
NO-CO scattering calculations we used an angular basis up to J = 301/2 and rotational
levels for NO and CO up to jNO = 15/2 and jCO = 6 were included, and amounting to a
total number of 6 985 channel functions. The initial states in our NO-CO calculations are
NO(j = 1/2, f)F1 and CO(j = 0). Finally, in both calculations, the wavefunction was
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Parameter Value (cm−1)
ASO 123.1393
BNO 1.6961
p 1.1688 · 10−2

q 9.4135 · 10−5

BHD 44.6665
BCO 1.9925

Table 6.C.1: Monomer constants used in the scattering calculations. The symbols ASO, BNO
p and q are the spin-orbit constant, the rotational constant, and the two Λ-doublet parameters
of NO. The symbols BHD and BCO are the rotational constants of HD and CO, respectively.

propagated on a radial grid ranging from R = 4.5 to 60 a0 with a grid spacing of roughly
0.1 a0 for NO-HD and 0.05 a0 for NO-CO, corresponding to at least 10 points per local de
Broglie wavelength at 133 and 220 cm−1, respectively.

6.D Coupled-channel results and analysis
State-to-state ICSs are calculated using

σ(E)
n→n

′ = π

(2jA + 1)(2jB + 1)kn2

∑
J ,P

(2J + 1)
∑

n,ℓ,n′ ,ℓ′
|T (J ,P)

n,ℓ;n′ ,ℓ′ |2, (6.D.1)

where the quantum numbers J and P represents the total angular momentum and the over-
all parity respectively, the symbols n and n

′
represent the initial

{
ϵ, jA,Ω, jB

}
and final{

ϵ′, j′A,Ω′, j′B
}

states, respectively. The symbol kn =
√

2µ(E − En) is the wave number
of the incoming channel, with µ being the reduced mass of the complex, E the total energy,
En the channel energies, and T (J ,P)

n,ℓ;n′ ,ℓ′ are elements of the T -matrix, related to the scattering
S-matrix by T = 1 − S. The partial sum in Eq. (6.D.1) can be restricted to certain initial
and/or final values of ℓ, giving the individual contributions of these quantum numbers to the
total cross section

σi→f (E) =
ℓmax∑
ℓ=0

σi→f (ℓ, E), (6.D.2)

where σi→f (ℓ, E) are the ℓ-dependent partial cross sections. Partial cross sections can reveal
important information about underlying scattering dynamics. Furthermore, they can be used
to calculate opacity functions, which are the contributions of specific ℓ to the integral scatter-
ing cross section. Here, it is useful to express the partial-wave ℓ in terms of classical impact
parameters through b = ℓ/k. The opacity function in terms of classical impact parameters is
defined as

Pi→f (b) = k

2πbσi→f (b), (6.D.3)
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where b is the classical impact parameter, and Pi→f (b) is the probability function for going
from a particular initial to final state, and k is the length of the wave vector. The energy de-
pendence of the opacity function is implicit in the notation of Eq. (6.D.3). Opacity functions
allow one to interpret the scattering event in terms of classical short-ranged “hard collisions”
and longer-ranged “glancing-collisions”.

Opacity functions were calculated for NO-HD collisions at a collision energy of 133
cm−1, for both the elastic and inelastic channels in HD, see Fig. 6.D.1. Panel (a) shows
that collisions in which HD scatters elastic (purple and yellow) long-ranged contributions
are dominant and indicative of glancing-type collisions. Contrary to the elastic case, for
collisions in which HD scatters inelastically (blue and orange) the dynamics are dominated
by short-ranged contributions i.e., hard collisions. Interestingly, the opacity functions in
panel (a) show that the opacity functions fall off steeply around the classical turning-points
(indicated by the black dashed lines). Panel (b) shows opacity functions calculated from the
outgoing partial-waves ℓout and reveals that the associated bout-values are much higher than
the classical impact parameters, bin, and extend well beyond the classical turning points.
This is a direct result of the relationship between b and ℓ through b = ℓ/k in which k
is substantially lower after rotational energy transfer (RET) occurs, thereby increasing the
associated bout-values. The dominant short-ranged contributions to the cross sections for
the channels in which HD is excited can be understood because HD has a large rotational
constant (44.667 cm−1), about 26 times larger than that of NO (1.696 cm−1), and requires
high translational to rotational energy conversion during the collision. This, in turn, requires
sufficient probing of the anisotropy of the underlying PESs. For weakly interacting van
der Waals complexes, like NO-HD, this can only occur in the short-range. These findings
support the well-established idea that high RET can only be achieved during hard head-on
collisions.

The calculated DCSs for collisions between NO and HD at a collision energy of 133 cm−1

for various final states are shown in Fig. 6.D.2. All DCSs, both elastic and inelastic in HD, are
highly forward scattered. All theoretically calculated DCSs are used in a simulation program
that accounts for all experimental effects before a final comparison is made with experimental
results, see Section: Simulation and Analysis. It is remarkable that the opacity functions
show that the inelastic channels for NO and HD are dominated by low impact parameters
and hard collisions, while the experimentally obtained and theoretically calculated velocity
map images and angular distributions in Figs. 6.H.1 and 6.H.2 are all forward-scattered.

We calculated DCSs and opacity functions for NO-CO collisions at a collision energy of
220 cm−1, see Figs. 6.D.3 and 6.D.4. All DCSs are highly forward-scattered independent of
the final states of NO and CO. It can be seen that even for the innermost rings, corresponding
to the highest rotational levels of CO, DCSs are exclusively forward-scattered. An analysis
of the opacity functions shows that for low final j-levels of NO and CO, forward scattering
is primarily caused by glancing collisions, whereas for the higher j-levels forward scattering
is a result of low impact-parameter hard collisions.

Despite the difference in the rotational constant between HD and CO, the trends in cross
sections and opacity functions for both systems are similar, with all DCSs being highly
forward-scattered for all final states.
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Figure 6.D.1: Opacity functions for NO-HD collisions at 133 cm−1, expressed in terms of
the classical impact parameter b and total angular momentum, J . The classical impact pa-
rameters were calculated from incoming ℓin and outgoing ℓout partial waves, resulting in bin
and bout, respectively. a-c: Opacity functions expressed in terms of a classical impact param-
eter bin (a). Opacity functions expressed in terms of bout (b). Opacity functions in terms of
total angular momentum J (c). The three dashed lines correspond to three classical turning
points at the parallel, T-shaped and collinear geometry of the NO-HD complex respectively.
Shaded areas correspond to ranges of impact parameters resulting in back-scattering (dark-
grey) and forward-scattering (light-grey).
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Figure 6.D.2: Theoretically calculated DCSs at collision energy of 133 cm−1 for various
final states. All cross sections were calculated with the NO(j = 1/2f, F1)+HD(j = 0)
initial states. Cross sections for the inelastic channels in HD are scaled to fit on the same
axis.

6.D.1 Decomposition of DCSs

Similar to how we expressed the ICS in terms of its partial contributions, it is useful to
express the DCS in terms of partial contributions. This decomposition is not rigorous as
the DCS depends on interference between different partial waves such that these cannot be
separated, strictly speaking. Nevertheless, decomposition of the DCSs can give some insight
into the underlying scattering dynamics. Here, we analyze the NO-HD DCSs in terms of
subsets of J -values to see which subset is responsible for the forward-scattering behavior.
Figures 6.D.5(a-d) show total- and partial-DCSs for the j ′

NO = 3/2e and 5/2f final states of
NO with HD scattering either elastically or inelastically at a collision energy of 133 cm−1.
The solid black lines are the total DCSs and the different colored dashed lines represent
various subsets of J .

The three subsets of J explain different features of the DCSs. The back-scattered fea-
tures in the DCSs are fully captured by the J = 1/2 − 11/2 subset. This subset of J -values
corresponds to a very narrow range of low impact parameters (highlighted by the dark-grey
shaded areas in Fig. 6.D.1(a)) that result in head-on collisions and back-scattering. The
second subset ranges from J = 11/2 − 41/2 and captures most of the forward-scattered
features. These J -values translate to a range of impact parameters that are hard collisions
(below the classical turning-points), but lie closer toward the edge of the classical turning
points. This set of impact parameters (light-grey shaded area in Fig. 6.D.1(a) turns out to
cause the observed forward-scattering as will be discussed further in the next paragraph. The
J = 41/2 − 81/2 subset describes a sharp forward-scattered feature that can be observed
in the full DCSs only for the collisions elastic in HD, see Fig. 6.D.5(c,d), and is caused by
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Figure 6.D.3: Theoretically calculated DCSs at a collision energy of 220 cm−1 for dif-
ferent final states of NO and CO. All cross sections were calculated with the NO(j =
1/2f, F1)+CO(j = 0) initial states.
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Figure 6.D.4: Theoretically calculated opacity functions expressed in terms of J at a col-
lision energy of 220 cm−1 for different final states of NO and CO. All cross sections were
calculated with the NO(j = 1/2f, F1)+CO(j = 0) initial states. The four dashed lines, from
left to right, are the J -values corresponding to the classical turning points for the parallel,
linear, T-shape NO, and T-shape CO geometries (in which we assume J ≈ µvb).
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Figure 6.D.5: Partial (colored-dotted) and full (black-solid) differential cross sections of
NO-HD collision for various final states at a collision energy of 133 cm−1. a-d: The partial
differential cross sections are calculated for three different subsets of total angular momen-
tum J , where J (1/2 − 11/2) is show by the red-dashed curves, J (11/2 − 41/2) is shown
by the yellow-dash curves, and J (41/2 − 81/2) is shown by the purple-dash curves.
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long-ranged glancing collisions.

6.E Semiclassical scattering calculations

We developed a 2D semiclassical scattering code to explain the observed scattering dynamics
in rotationally inelastic collisions, in particular the hard-collision forward-scattered product-
pairs. We studied NO-HD and NO-CO collisions at collision energies of 133 and 220 cm−1,
respectively. To test the generality of our scattering model calculations we also studied
other molecular systems including NO-H2, NO-O2, CO-CO, NO-He, and NO-Ar, at vari-
ous collision energies. The semiclassical scattering code calculates scattering trajectories for
collisions between molecules A and B, in which the translational motion evolves classically.
The relative translation of the monomers is decoupled from their rotational motion, which
is described quantum mechanically. Hence, the semiclassical scattering model consists of
two separate calculations: (1) we calculate classical elastic scattering trajectories and the
quantum-mechanical evolution of the rotation of both monomers along these trajectories. In
these calculations the total energy (translational + rotational) is not conserved, i.e., RET is
not accounted for. (2) we calculate inelastic scattering trajectories that account for the en-
ergy loss due to RET of both molecules using an energy uptake function, which is based on
the quantum-mechanical evolution of the rotations, obtained in the first step. This approach
allows us to control the energy uptake of both monomers during the inelastic trajectory cal-
culations. In this section, we explain our semiclassical scattering calculations and the results
for the NO-HD complex. For all other molecular systems, we only present the results with
some discussion.

6.E.1 Elastic classical trajectory calculations

The two-dimensional classical scattering trajectories are calculated using the following Hamil-
tonian

H = |ℓc|2

2µR2 + p2
R

2µ + Viso(R), (6.E.1)

where µ is the reduced mass of the complex, R = |RA(t) − RB(t)| is the distance between
the centers of mass of the molecules A and B, ℓc is the classical angular momentum, pR ≡
R̂ · p is the linear momentum along the vector R, and Viso(R) is the isotropic part of the
interaction potential. Solving for R(t) is equivalent to solving a one-dimensional problem
with an effective potential

Veff(R) = |ℓc|2

2µR2 + Viso(R), (6.E.2)
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where the first term is known as the centrifugal term [66]. Making use of the Hamilton-Jacobi
classical equations of motion we find

p = µṘ,

µR̈ = −dVeff(R)
dR . (6.E.3)

To find the complete two-dimensional solution of R(t) = R(t)R̂(t) we expanded R̂(t) as
R̂(t) = ex cosχ+ ey sinχ, from which follows the angular evolution [66]

χ̇(t) = |ℓc|
µR2 . (6.E.4)

Equations (6.E.3) to (6.E.4) are solved numerically using the Scilab ordinary differential
equation solver LSODA [163, 164]. A trajectory is considered completed when the centers
of mass of the two molecules are 40 a0 apart.

6.E.2 Quantum mechanical rotation
In the quantum mechanical rotational part of the semiclassical scattering calculations we
omit the first two terms from the Hamiltonian in Eq. (6.C.1) which refer to the translational
motion and use the two monomer Hamiltonians and the full set of diabatic potentials. The
remaining Hamiltonian is time-dependent, because the potential depends on the translational
coordinate R(t) that follows the classical trajectories. To simplify the semiclassical calcula-
tions we use an uncoupled and non-parity-adapted channel basis of the following form

|nk(t)⟩ = |nNOnHD⟩ = |jNOmNOΩ
〉
|jHDmHD

〉
, (6.E.5)

where the quantum numbers jNO,mNO, and Ω label the rotational state, the space-fixed pro-
jection of jNO and the spin-orbit state of NO, and the quantum numbers jHD andmHD refer to
the rotational quantum numbers and their space-fixed projections of HD. The evolution of the
internal degrees of freedom evolve according to the time-dependent Schrödinger equation

∂

∂t
|ψ(t)

〉
= −iĤ[R(t)]|ψ(t)

〉
, (6.E.6)

with
|ψ(t)

〉
=
∑

k

ak(t)e−iϵkt|nk(t)
〉
, (6.E.7)

in which ak are the time-dependent coefficients, the energies ϵk are the eigenvalues of Ĥ0 =
ĤNO + ĤHD, and nk the channel functions of the states k. By substituting Eq. (6.E.7) into
Eq. (6.E.6) and projecting it with ⟨nl(t)| we obtain

⟨nl(t)|
d

dt

∑
k

ak(t)e−iϵkt|nk(t)⟩ =

⟨nl(t)| − i[Ĥ0[R(t)] + V̂ [R(t)]]
∑

k

ak(t)e−iϵkt|nk(t)
〉
,

(6.E.8)
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which yields the following differential equation

ȧl(t) = −i
∑

k

e−i(ϵl−ϵk)tak(t)
〈
nl(t)|V̂ |nk(t)

〉
, (6.E.9)

in which ⟨nl(t)|V̂ |nk(t)
〉

are matrix elements of the potential. Equation (6.E.9) is solved
numerically during the propagation of the elastic classical trajectories. The resulting coeffi-
cients a(t) can be used to calculate ICSs from the initial state i = {jNO,Ω, jHD} to final state
f = {j ′

NO,Ω
′
, j

′
HD, } using the following expression

σ(E)i→f = 2π
(2jNO + 1)(2jHD + 1)

∑
mNO,m

′
NO

∑
mHD,m

′
HD

∫ ∞
0

|ai
f (t = ∞)|2 b db, (6.E.10)

By squaring and taking the absolute value of the time-dependent coefficients one obtains
time-dependent excitation probabilities, |ai

f (t)|2, going from an initial to final state. Exci-
tation probability curves allow us to study the transfer of angular momentum, and thereby
RET, as a function of the distanceR(t) and time for different impact parameters b. We calcu-
lated excitation probability curves for NO(j = 1/2, F1)+HD(j = 0) collisions at a collision
energy of 133 cm−1, for different impact parameters b, see Fig. 6.E.1. In these calculations,
RET is not accounted for, and the channel basis was truncated at jNO = 15/2 and jHD = 3.
The results in Fig. 6.E.1(a) show that during the collision the probability of excitation steeply
rises around the classical turning pointRc which is designated as t0 (black dashed line). This
means that almost all angular momentum transfer (and therefore RET) occurs in a narrow
time span during the collision, and the resulting kinetic energy loss is rather abrupt. The final
excitation probability, |ai

f (t = ∞)|2, drops by about one order of magnitude when the impact
parameter b is doubled from 3 to 6 a0, see Fig. 6.E.1(b). This observation is in line with the
opacity-functions obtained from CC calculations, depicted in Fig. 6.D.1, which show a rapid
decrease in contributions to the cross sections around b = 6 a0, which lies in between the
various classical turning points. Finally, the probability curves in Fig. 6.E.1(a) show that
rotational excitation to higher-lying j-levels in NO occurs in successive steps, i.e. excitation
to a higher-lying j-levels occur when the probability-curves of the lower-lying j-levels reach
their asymptotic limit.

6.E.3 Rotational energy transfer
In our semiclassical trajectory calculations, the translational motion and the rotational part
are decoupled and the total energy is not conserved. To account for the conservation of en-
ergy we include a rotational energy uptake function that decreases the kinetic energy during
the collision as both molecules are rotationally excited. We model the rotational energy up-
take function based upon the excitation probability curves that we obtain in the first step of
our semiclassical calculations, shown in Fig. 6.E.1. Specifically, the probability curves are
fitted with a sigmoid function

s[R(t)] = 1
e[Rc−R(t)]/λ + 1 , (6.E.11)
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Figure 6.E.1: Semiclassical excitation probabilities calculated with the NO(j = 1/2)F1
and HD(j = 0) initial states at a collision energy of 133 cm−1, and for different impact
parameters. a,b: Color-coded excitation profiles to different final states, including both spin-
orbit conserving and changing transitions (a). Excitation probabilities as a function of the
impact parameter b for the rotational excitation of the HD molecule (b). The time of shortest
distance between the two centers of mass is defined as t0 = 0 and represented by the black
dashed line.

in which R(t) stands for the center of mass distance, t for the collision time, Rc the classical
turning point at t = t0, and λ determines the width of the sigmoid function. The fitted
sigmoid is scaled by the energy difference, ∆E, between the initial and final state of interest
and used in inelastic scattering trajectory calculations. With this approach, half of the RET
occurs before t0, and the other half after t0.

The total energy uptake ∆E and the excitation probability curves are different for each
unique excitation and impact parameter, see Fig. 6.E.1. In principle, for each transition
and impact parameter one requires a unique sigmoid fit to account for RET. Fortunately,
we found that after normalizing the intensities, that the shape of the excitation probability
curves is similar for the various channels and impact parameter, and can be fitted by sigmoid
functions in which λ ranges from 0.20 to 0.25 a0, see Fig. 6.E.2 (a,b). Figure 6.E.3 shows
an example of such a fit. In the subsequent inelastic trajectory calculations, we found that
different λ-values within the range indicated above result in negligible differences in the
scattering outcome. Even much larger differences in this parameter up to λ = 0.5 a0 do not
significantly affect the scattering trajectories. Therefore, we could choose λ = 0.20 a0 in all
calculations, which yields a substantial simplification.

In scattering calculations for systems that have a larger reduced mass than NO-HD, such
as NO-CO, many more rotational states are energetically accessible at the same collision en-
ergy. This requires a much larger channel basis, which will substantially increase the compu-
tation time to calculate the |a(t)|2 excitation probabilities, and thereby the uptake functions,
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Figure 6.E.2: Scaled excitation probabilities as function of time for different impact parame-
ters in NO-HD collisions at energy 133 cm−1. (a,b): Scaled semiclassical probability curves
for NO(j = 1/2)+HD(j = 0) → NO(j = 3/2)+HD(j = 1) and NO(j = 1/2)+HD(j = 0)
→ NO(j = 3/2)+HD(j = 0).
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Figure 6.E.3: Energy uptake functions based on a fit of the semiclassical probability curves
for rotational excitation of HD in NO-HD collisions with two different impact parameters.
The sigmoid fit (dotted black lines) in panels (a) and (b) has a scaling parameter λ = 0.2 a0.
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Figure 6.E.4: Illustration of the two effective PESs (isotropic PES + uptake functions) for
the forward and backward propagation in NO-HD collisions at energy 133 cm−1.

in the semiclassical model. Fortunately, we found that for such heavier systems one can
perform 2D classical rigid-rotor calculations, and fit the increase of angular momentum with
the same sigmoid-function of Eq. (6.E.11)). The resulting λ-values lie in the same range
as the values obtained from fitting the excitation probabilities in semiclassical calculations.
For this reason, we chose for the heavier systems to base our energy uptake functions on the
angular momentum increase in classical calculations.

6.E.4 Trajectory calculations with energy uptake

In the second and final step of the semiclassical calculations, we calculate inelastic scatter-
ing trajectories that include a rotational energy uptake function based on a sigmoid fit, see
Fig. 6.E.3. The amount of RET, ∆E, depends on the transition of interest.

The inelastic scattering trajectories are calculated differently than the elastic trajectories
in that the propagation is started at the classical turning point Rc, from which the trajectories
are propagated forward and backward in time. With this approach one effectively propagates
on two PESs, one in which additional kinetic energy is released as one goes backward in
time, and one in which additional kinetic energy is absorbed as one moves forward in time,
see Fig. 6.E.4. The classical turning point Rc at which V (Rc) + ℓ2

c/2µR2
c = E − ∆E/2,

is determined with the Newton-Raphson method. Then, starting at Rc, we propagate the
trajectories forward and backward in time on two different PESs using Eqs. (6.E.3) and
(6.E.4). The resulting forward and backward-propagated trajectories are then merged and
the deflection angle is determined. The resulting inelastic scattering trajectories are used to
calculate deflection functions and DCSs for various transitions.
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6 Glory scattering in deeply inelastic molecular collisions

6.F Results of semiclassical and classical model calculations
In this section, we discuss the results for the inelastic semiclassical and classical scatter-
ing trajectory calculations for various molecular systems at different collision energies. It
is useful to analyze the inelastic scattering results in terms of the dimensionless quantities
∆E/E, the ratio between the energy uptake and the collision energy, and Vmin/E, the ratio
between the well depth of the isotropic potential, Vmin, and the collision energy. These are
related to the parameters v′/v, a, and c6 of the minimal model, described in Sec. 6.A, as
∆E/E ↔ 1 − (v′/v)2 and Vmin/E ↔ c6a

−6.

6.F.1 NO-HD collisions
Inelastic scattering trajectories, semiclassical DCSs, and deflection functions were calculated
for NO-HD collisions at a collision energy of 133 cm−1. In these calculations, we use the
isotropic part of the full NO-HD interaction potential, and Vmin/E is equal to 35%. For
the NO-HD system, we focused on three transitions: (i) the rotational excitation of NO
jNO = 1/2 → 3/2, (ii) the rotational excitation of HD jHD = 0 → 1, and (iii) the spin-orbit
(SO) changing transition of NO F1 → F2, with ∆E/E equal to 4, 67, and 92%, respectively.

Figures 6.F.1(a-c) show inelastic scattering trajectories for these three transitions. Dif-
ferent amounts of RET result in dramatically different scattering outcomes. For instance, the
rotational excitation of NO jNO = 1/2 → 3/2 has a much lower ∆E/E ratio compared to
the rotational excitation of HD jHD = 0 → 1, and results in contributions of glancing-type
collisions for the excitation of NO, which are also found in elastic collisions, but absent for
rotational excitations of HD. For high RET collisions, low impact parameters result in back-
and side- scattering, whereas a narrow range of impact parameters, just below the classical
turning point, show strong forward-scattering. Within this narrow range of impact parame-
ters there is a point at which the scattering angle crosses zero for b < Rc. For this special
case, the combination of loss in kinetic energy and the radial pull of the isotropic potential
results in a trajectory bent exactly forward, in which the scattering angle equals zero. As
discussed in Sec. 6.A, cross sections for such trajectories diverge in the forward direction.
This type of collisions are highlighted in blue in Figs. 6.F.1 (b-c); we call them hard-collision
glory scattering. Impact parameters slightly beyond the classical turning point result in or-
biting trajectories, in which, there is not enough kinetic energy to overcome the centrifugal
barrier after the majority of kinetic energy is lost. Interestingly, these findings are in agree-
ment with our partial DCS analysis from the CC calculations, which show that a narrow
range of low J -values (low b) result in back-scattering and higher J -values, but still below
the classical turning point, result in forward-scattering.

To study the effect of the collision energy on the 2D scattering dynamics, we calculated
inelastic scattering trajectories at a collision energy of 700 cm−1 for the excitation of HD,
with Vmin/E and ∆E/E being 7 % and 13 %, respectively, see Fig. 6.F.1 (d). It can be seen
that at elevated collision energies, the decrease in radial velocity as a result of RET doesn’t
impact the trajectories significantly, resulting in almost unperturbed scattering trajectories
and HCGS is not observed.
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Figure 6.F.1: Semiclassical scattering trajectories calculated at a collision energy of 133
and 700 cm−1. a-d: In all calculations a scaling factor for the energy uptake functions of
λ = 0.2 a0 was used. The blue and red trajectories corresponds to the glory- and rainbow-
trajectories, respectively.
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Figure 6.F.2: Deflection angles and the deviation ∆χ from the elastic deflection angles as
function of the impact parameter b for NO-HD collisions at a collision energy of 133 cm−1.
a,b: Panel (a) shows the deflection angles for the inelastic scattering trajectory calculations
for various transitions. In panel (b) the deviation with respect to the elastic scattering angles
are plotted. The black dashed-line represents the classical turning point.

The deflection angles χ and the difference in deflection angles compared to the elas-
tic scattering angles ∆χ = χ − χ0 as a function of the impact parameter b are shown in
Fig. 6.F.2(a,b). The blue (solid) curve shows the deflection angles for elastic NO-HD col-
lisions at a collision energy of 133 cm−1. The orange (diamond) and cyan (dotted) curves
show the deflection angles for collisions in which HD scatters inelastically and elastically,
respectively. Due to the low amount of RET during the rotational excitation of NO, and the
contribution of glancing-type collisions, the deflection angles closely match those of elas-
tic collisions. For the inelastic collisions in HD, the deflection curve drops steeply toward
low deflection angles as the impact parameter b approaches the classical turning point at
Rc = 5.96 a0. For the SO-changing transition the deflection angle drops even faster and
orbiting-trajectories occur at much lower impact parameters.

Differential cross sections were calculated using the deflection functions in Fig. 6.F.2.
The DCS for purely elastic collisions (solid blue) shows the typical rainbow-scattering angle
and the dominant forward-scattered peak as a result of glory scattering. Similarly, the cross
sections for rotational excitation of NO (cyan dots) show the typical rainbow- and glory-
scattering peaks. This is because of the small RET and the collision being nearly elastic.
Highly inelastic collisions such as the rotational excitation of HD (orange diamonds) and
SO-changing excitation of NO (yellow circles) show completely forward-scattered DCSs
resulting from HCGS and the lack of glancing-type collisions. The overall shape of the
inelastic model DCS and the CC DCS are in good agreement, both being dominantly forward
scattered.
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Figure 6.F.3: Semiclassical DCSs for inelastic NO-HD collisions at a collision energy of
133 cm−1. All cross sections were calculated based on the inelastic scattering trajectories
that account for RET.

6.F.2 NO-CO collisions

We calculated inelastic scattering trajectories (not shown) and DCSs for NO(j = 1/2) and
CO(j = 0) collisions at a collision energy of 220 cm−1 with Vmin/E equal to 32%, see
Fig. 6.F.5. We study rotational excitations to final states up to j′NO = 13/2 and j′CO = 6,
resulting in a range of ∆E/E-values, ranging from 3 to 74%.

Collisions elastic in CO, result in a deflection function and DCS that shows rainbow-
scattering around θR = 45◦. Modestly inelastic collisions in CO, jNO(1/2) + jCO(0) →
j′NO(3/2) + j′CO(2), show a deflection function with typical rainbow-scattering followed by
a rapid decrease in the deflection angle as a result of being trapped behind the centrifugal
barrier at higher impact parameters. This scattering behavior results in a secondary rainbow
peak in the DCS that is located between the rainbow peak and the intense glory-scattering
peak. Both the rainbow feature and the secondary peak completely disappear for the higher-
lying j-levels (high ∆E/E-values), when HCGS is observed. The DCSs calculated for all
final states show strong forward-scattering and are in good agreement with the experimental
DCSs, see Fig. 6.F.6. We find that HCGS occurs in collisions where, either or both, the NO
and CO molecules are rotationally excited to high j-levels.

6.F.3 CO-CO collisions

In order to relate our results to those of Sun et al. [40] we extended our inelastic trajectory
calculations to include CO-CO collisions at a collision energy of 1460 cm−1. Figure 6.F.7
shows the deflection functions calculated for different combinations of j-values. Similar to
the results obtained for the NO-CO system, low j′-levels (small ∆E/E) result in elastic-like
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Figure 6.F.4: Deflection functions for inelastic NO-CO collision at a collision energy of 220
cm−1. a,b: All cross sections were calculated based on the inelastic scattering trajectories
that account for RET. The black dashed-line represents the classical turning point.

0 45 90 135 180
0

0.5

1

0 45 90 135 180
0

0.5

1

Figure 6.F.5: Differential cross sections for inelastic NO-CO collisions at a collision energy
of 220 cm−1. a,b: All cross sections were calculated based on the inelastic scattering trajec-
tories that account for RET.
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Figure 6.F.6: Comparison of semiclassical DCSs and experimentally measured angular dis-
tributions for inelastic NO-CO collisions at a collision energy of 220 cm−1. All cross sections
are scaled to unity.

scattering behavior, including contributions of glancing collisions, whereas deeply inelastic
collisions with excitation to high j′-levels (large ∆E/E) show ever more steeply downward
deflection curves. Figure 6.F.8 shows the angular distributions as a function of the energy
uptake, which is expressed as final rotational quantum numbers of the two molecules, j′′ and
j′. These results show forward-scattered angular distributions, which for low rotational final
states include glancing contributions in the form of a rainbow peak. This rainbow peak shifts
to higher deflection angles as the final rotational quantum number j′ increases up to a point at
which the rainbow peak disappears and HCGS is observed. A similar trend in cross sections
for deeply inelastic collisions with small impact parameters was observed by Sun et al. [40].
Their observations were twofold: 1) forward scattering with small impact parameter and 2)
symmetric excitation for j′′ = j′ = 15. Our results show that the forward scattering can
be interpreted as HCGS, without invoking specific orientation-dependent CO-CO collisions,
and we believe that HCGS is a more general phenomenon caused by the large uptake of
rotational energy during the collision. The symmetric excitation to j′′ = j′ = 15, however,
is not part of our model as our trajectory calculations are based on isotropic interactions and
cannot predict the relative cross sections for rotational transitions to high j′′, j′ values, nor the
propensity for symmetric excitations. This peculiar excitation can beautifully be interpreted
as a do-si-do dance [40].

6.F.4 NO-H2 collisions
For the NO molecule the j′NO = 5/2(e/f), F2 and the jNO = 17/2(e/f) states are ener-
getically nearly degenerate and are higher by about 134 cm−1 than the rotational ground
state of NO (j = 1/2, e, F1). In NO-H2 collisions, excitations to these nearly degenerate

115



6 Glory scattering in deeply inelastic molecular collisions

0 5 10 15

-45

0

45

90

135

180

Figure 6.F.7: Deflection functions for inelastic CO-CO collision at a collision energy of 1460
cm−1. a,b: All cross sections were calculated based on the inelastic scattering trajectories
that account for RET.
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Figure 6.F.8: Contour plot of DCSs for various j′′CO(5) + j′CO combinations at a collision
energy of 1460 cm−1. Hard collision glory-scattering is observed for the highest j′, j′′-
combinations.
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Figure 6.F.9: Differential cross sections and opacity functions for NO-H2 collisions at a
collision energy of 450 cm−1. Scaled coupled-channels DCSs for NO-H2 collisions to ener-
getically nearly degenerate final states.

states lead to totally different scattering outcomes, with DCSs for the SO-changing chan-
nel being completely forward- and DCSs for the pure rotational excitation being completely
backward-scattered, see Fig. 6.F.9(a).

Within our simple model, which depends on the molecular transition only through the
amount of energy transfer, one cannot account for the observed differences. Extensions are
possible by accounting not only for energy transfer, but also the transfer of angular momen-
tum. A high rotational excitation is then accompanied by a large change in orbital angular
momentum. The outgoing impact parameter b′ = l′/µv′ is affected by this transfer of angu-
lar momentum and for small reduced masses, such as for collisions involving H2 molecules,
this could have especially large effects on the resulting trajectories. Such extensions are not
pursued here, as the aim of this work is to explain the observed forward scattering in highly
inelastic collisions.

6.F.5 NO-O2 collisions
In a recent study, Gao et al. have shown that spin-orbit (SO) changing NO-O2 collisions
are exclusively short-ranged and all measured DCSs are completely forward-scattered for
all probed final states [159]. In an effort to explain these observations, we study various
SO-changing transitions in NO-O2 collisions at a collision energy of 480 cm−1 (Vmin/E =
17%). In our calculations we used the isotropic part of the full NO-O2 interaction potential
described elsewhere [69].

Deflection functions were calculated for different SO-changing transitions of NO with O2
scattering elastic, see Fig. 6.F.10. It can be seen that all deflection functions rapidly drop to
large negative deflection angles as the impact parameter b increases, and that for the higher-
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Figure 6.F.10: Deflection functions and DCSs for NO-O2 collisions at a collision energy of
480 cm−1 a-c: Calculated deflection functions (a) and DCSs (b), Experimental DCSs (c), for
various rotational final states.

lying final states (high ∆E/E) this drop becomes slightly faster. All semiclassical DCSs for
the different final states are found to be highly forward-scattered as a result of HCGS, and
match trends in the experimentally measured DCSs nicely.

6.F.6 NO-rare gas collisions
We extended our calculations to include two NO-Rg systems, NO-He and NO-Ar. The NO-
He system is weakly interacting [109] and has a reduced mass similar to that of NO-H2. For
the NO-Ar system the interaction is much stronger [165] and the reduced mass is similar to
that of NO-O2. From coupled-channels calculations on both systems at a collision energy of
400 cm−1 we find that the isoenergetic transitions, jNO = 1/2(f), F1 → j′NO = 5/2(e), F2
and jNO = 1/2(f), F1 → j′NO = 17/2(f), F1, lead to a completely different scattering out-
come for NO-He, and similar forward-scattered outcomes for NO-Ar. In the case of NO-He
the DCSs are completely forward-scattered for the SO-changing and backward-scattered for
the SO-conserving transition. The DCSs for the isoenergetic transitions in NO-Ar collisions
are both strongly forward-scattered.

For the NO-Ar system, the dominant forward-scattering contributions in the DCSs are
explained successfully by our inelastic model calculations. However, as discussed previously
for the NO-H2 system, it is expected that for collisions of systems with a small reduced mass
—such as NO-He—, involving high rotational excitation, angular momentum transfer could
play an important role. Our simple model depends on the molecular transition only through
the amount of energy transfer, and therefore cannot account for the observed differences
between the isoenergetic excitations in NO-He collisions.

6.F.7 Interplay between Vmin/E and ∆E/E
To study the interplay between energy uptake and attraction during a collision, we calculated
deflection functions and DCSs for various combinations of Vmin/E and ∆E/E at a collision
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Figure 6.F.11: Coupled-channels DCSs for NO-Helium and NO-Argon collisions at a colli-
sion energy of 400 cm−1 a-b: NO-Helium (a) and NO-Argon (b) DCSs for two energetically
degenerate rotational final states.

energy of 200 cm−1. In our calculations, we used a Lennard-Jones potential with the mini-
mum located at rmin = 7 a0, and a reduced mass µ of 2.724 amu, which corresponds to the
NO-HD system. The well depth Vmin is calculated through Vmin/E. Analysis of the previ-
ously studied systems shows that fitted λ-values (the parameter that determines the slope of
the energy uptake functions) lie between 0.20 and 0.25 a0, whereas even increasing λ up to
0.5 a0 would not signficantly affect the scattering trajectory. In these calculations we choose
λ to be equal to 0.20 a0.

Figures 6.F.12(a,b) show the deflection functions and DCSs for various values of ∆E/E.
As collisions become more inelastic (higher ∆E/E) a secondary rainbow peak appears (or-
ange curve), which is a result of glancing-type trajectories that are affected by the loss in
kinetic energy. A further increase of ∆E/E leads to the loss of glancing-type contributions
and ever more steeply dropping deflection functions, resulting in the eventual disappearance
of the rainbow peaks and the transformation into HCGS. By changing Vmin/E one changes
the measure of attraction, and thereby, the location of the classical turning point Rc. This, in
turn, affects the distance at which exactly half of the RET occurs, and the range of contribut-
ing impact parameters to the cross section, see Fig. 6.F.12 (c,d).

As discussed previously, HCGS occurs as χ(b) crosses zero yielding a divergence in the
classical cross section, 1/ sinχ |db/dχ|. Therefore, |db/dχ| at the HCGS impact parame-
ter, bHCGS, sets the absolute amplitude of the 1/ sin θ divergence for forward scattering. For
observation of HCGS, however, the figure of merit is this strength relative to the intensity
for backward scattering. Hence, we normalized the HCGS strength |db/dχ| at bHCGS to the
DCS for b = 0, and the resulting HCGS intensity is shown in Fig. 6.F.13(a) as a function of
∆E/E and Vmin/E. For different combinations of ∆E/E and Vmin/E, χ(b) crosses zero
more or less steeply, which results in a different HCGS intensity, |db/dχ|. In the region of
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Figure 6.F.12: Deflection functions and DCSs for different combination of Vmin/E and
∆E/E (%) at a collision energy of 200 cm−1 a-d: The left column shows deflection functions
and the right column the corresponding DCSs. The first row shows the scattering behavior
for different ∆E/E-values with Vmin/E = 30% (a,b). The second row shows the behavior
for different Vmin/E ratios with ∆E/E = 30% (c,d). In all calculations the scaling factor of
the energy uptake functions, λ, was set equal to 0.20 a0.
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parameter space shown in white, HCGS does not occur as χ crosses zero only for b > a, i.e.
at long range resulting in well-known glory scattering. As explained around Eq. (6.A.10),
the classical scattering with an isotropic potential is universal at fixed energy and impact pa-
rameter, such that measurements at different energies and for different systems — described
by isotropic Lennard-Jones potentials — probe different ∆E/E and Vmin/E. Various com-
binations of ∆E/E and Vmin/E at which experimental measurements are conducted are
highlighted by color-coded markers, in which the blue designates low and red high ∆E/E.
Figures 6.F.13(b-d) show opacity functions of the different molecular systems studied in
this work, and show that as one probes high-lying rotational final states the contributing im-
pact parameters become more short-ranged. This trend is also reflected in the surface plot in
Fig. 6.F.13, indicating that nearly elastic scattering results in no HCGS whereas HCGS can
be probed by the higher product pair measurements.

6.G Experimental methods

The experiments were performed in two different crossed molecular beam machines to study
NO-CO and NO-HD collisions, respectively. The crossed molecular beam apparatus are
shown schematically in Fig. 2.2(d)and have been utilized in previous experiments [69, 162].
Both machines use a Stark decelerator to control the NO radicals and use velocity map
imaging (VMI) ion optics to detect the scattered products. The details about Stark decelerator
and VMI ion optics were described previously [8, 12, 121]. Details about the experiments
described in this chapter can be found in the paper on which this work is based.

6.H Simulation and Analysis

Based on the theoretically predicted differential cross sections (DCSs) and the experimental
parameters, the simulated scattering images are presented by using a set of self-programmed
simulation code [68]. The details about the simulation and analysis have been described in
Ref. [69, 137], here we will not describe them further. It should be noted that although an
apparent portion of the reagent CO molecules populate the j = 1 state, there is no noticeable
effect on the scattering images from the j = 1 state of CO molecules. Besides, since a
majority of the HD molecules are populated in the j = 0 state, hence in both NO-CO and
NO-HD scattering simulations, only the j = 0 initial state of CO molecule and HD molecule
are considered. Figure 6.H.1 simultaneously presents the comparison of experimental and
simulated scattering images for both collision systems NO-CO and NO-HD.

The angular distribution of each ring is shown in Fig. 6.H.2 for both NO-CO and NO-HD
collision systems, respectively. The angular distribution of each ring in the scattering image
was determined by integrating the scattering intensity at each angle in a narrow annulus close
to the rim of the ring [92]. Figure 6.H.2 shows the comparison of the angular intensity dis-
tributions extracted from the experimental VMI images (Expt.) and simulated VMI images
(Sim.) for both NO-CO and NO-HD collision systems that are shown in Fig. 6.H.1. Overall,
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Figure 6.F.13: HCGS intensity dependence |dχ/db| at a deflection angle χ(bHCGS) = 0 for
various combinations Vmin/E and ∆E/E, and opacity functions for systems measured in
this work a-d: In the white region, HCGS does not occur. Parameters pertaining to various
systems studied experimentally are shown as data points. Open circles: NO(jNO = 1/2f ) +
CO(jCO = 0) → NO(j′NO = 3/2e) + CO(j′CO) at a collision energy of 220 cm−1 (this work).
Diamonds: NO(jNO = 1/2f ) + HD(jHD = 0) → NO(j′NO = 3/2e) + HD(j′HD) at a collision
energy of 133 cm−1 (this work). Blue crosses: NO(jNO = F1, 1/2f ) + O2 (NO2 = 1) →
NO(j′NO = F1, 3/2e) + O2(N ′O2) at a collision energy of 160 cm−1 (Ref. [69]). Red crosses:
NO(jNO = F1, 1/2f ) + O2 (NO2 = 1) → NO(j′NO = F2, 3/2e) + O2(N ′O2) at a collision
energy of 480 cm−1 (Ref. [159]). Stars: pair-correlated transitions in CO-CO as studied by
Sun et al. for the CO(j′CO = 15)+CO(j′′CO) final states, with j′′CO ranging from 0 to 20 in
steps of 5 (Ref. [40]) (a). NO-HD opacity functions for the elastic and inelastic channel of
HD, with the dotted line being the classical turning point (b). NO-CO opacity functions for
the various channels in CO, with the dotted line being the classical turning point (c). NO-O2
opacity functions for the SO-conserving and changing channels in NO and various channels
in O2 , with the dotted line being the classical turning point (d).
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Figure 6.H.1: Experimental (Expt.) and simulated (Sim.) state-to-state VMI images of the
scattered NO radicals for both collision systems NO-CO (upper panel) and NO-HD (lower
panel). The VMI images are measured and simulated for NO-CO system at a collision energy
of 220 cm−1, and NO-HD system at a collision energy of 133 cm−1. The collision energies
and the final states of scattered NO radical are labelled. The right-hand side of each image
corresponds to forward scattering. Some images are masked around the forward direction
with a small black block to cut off the intense beam spot detected from the parent NO beam.
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the experimental angular distributions are in good agreement with the simulated ones for
both NO-CO and NO-HD collision systems, except for the 7/2f final state in NO-HD col-
lisions. This significant discrepancy between experiment and simulation has been observed
in NO-H2/D2 collision systems before [162, 166]. The origin of this puzzling discrepancy is
still unclear at present.
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Figure 6.H.2: Angular intensity distributions of each ring in the scattering images in
Fig. 6.H.1 for both NO-CO and NO-HD collision systems. The experimental (Expt.) and
simulated (Sim.) angular distributions are indicated by red and blue profiles, respectively.
The final states of the scattered NO radicals are labelled in a row above the line graphs, and
the final states of the scattered CO and HD molecules are labelled in a column on the left of
the line graphs.
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Chapter 7

Dipole-dipole interaction and backward
glories in NO-ND3 collisions

The outcome of a molecular collision is governed by the interaction potential through the in-
terplay of long-ranged attractive and short-ranged repulsive forces. Polar molecules posses a
dipole moment and experience a long-ranged dipole-dipole interaction that is much stronger
than the typical van der Waals interaction between non-polar molecules. Here, we present
a joint theoretical and experimental study on collisions between the polar NO and ND3
molecules for collision energies ranging from 0.01 to 158 cm−1. At all probed energies,
for all final states, we observe highly forward-scattered and much weaker, but still substan-
tial, backward-scattered product distributions in the fully resolved pair-correlated differen-
tial cross sections. The strong forward scattering was attributed to glancing-type collisions
resulting from the long-ranged dipole-dipole interaction between NO and ND3. However,
for deeply inelastic collisions the forward-scattering was attributed to hard collision glory
scattering (HCGS), instead. Our results of full quantum scattering and classical trajectory
calculations suggest that the strong interaction potential and relatively low collision ener-
gies result in glancing-type collisions that show nearly perfect orbits that lead to backward
glory scattering. Although very common in the field of optics, to our knowledge, this is the
first time backward-glories are observed in molecular collisions. Finally, we extended our
theoretical calculations down to 10−6 cm−1 which is well into the Wigner regime. At the
lowest energies the cross sections follow the Wigner threshold law and scale with 1/

√
E

[66, 75]. For collision energies above the splitting energy of the e and f Λ-doublet levels
of NO, the interactions between NO and ND3 are determined by the strong dipole-dipole
interaction, and agree surprisingly well with the cross sections calculated with the Langevin
capture model including only the dipole-dipole interaction.

All experimental results presented in this work are measured by others. Part of this work will
also be described in the PhD thesis of G. Tang.

This work has not yet been published.
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7.1 Introduction

Polar molecules offer a new opportunity in crossed molecular beam experiments, namely,
to explore collisions with intermolecular interactions that are strong, anisotropic, and long-
ranged. This is in contrast with the systems that were studied previously by our group, which
are generally weakly interacting, and do not have a strong anisotropic character. Moreover,
studying bimolecular collisions opens up the possibility to discover new phenomena as many
aspects of bimolecular collisions, to this day, remain unknown [40, 69, 162].

One of the most well-known and studied interaction is the so-called dipole-dipole interac-
tion. Utilizing the electric dipole moment provides unique opportunities in various fields of
study such as the control of ultracold chemical reactions [167, 168], the theoretical progress
in few- and many-body physics of ultracold dipolar gases [169, 170], the preparation of
trapped polar molecules for quantum computing [171–173], precision measurements and
the preparation of optical lattices [1, 2], understanding trap losses in evaporative cooling
experiments [174]. In all the above examples, a proper theoretical understanding of colli-
sion processes involving two dipolar molecules is crucial and has been the focus of many
theoretical studies [175–177].

Despite various experimental efforts to study the influence of the dipole-dipole interac-
tion on molecular collisions, many aspects of the influence of the dipole-dipole interaction
on the collision dynamics to this day remain unknown. Here, we study state-to-state rota-
tionally inelastic collisions between the polar NO and ND3 molecules, which exhibit a strong
long-ranged dipole-dipole interaction, by combining crossed molecular beam scattering ex-
periments and theoretical chemistry calculations. We performed coupled-channels scattering
calculations to calculate state-to-state scattering cross sections at collision energies ranging
from 10−6 to 158 cm−1. We developed a new five-dimensional (5D) NO-ND3 potential en-
ergy surface (PES) at the CCSD(T) level of theory. To test the quality of our calculations
we compared our results to state of the art crossed molecular-beam scattering experiments of
NO(X2Π) radicals and ND3 molecules of E symmetry, with both molecules residing in the
vibrational ground state, at collision energies ranging from 0.01 to 158 cm−1. By combin-
ing Stark deceleration, hexapole focusing, and velocity map imaging (VMI), state-resolved
integral and differential cross sections were obtained and were compared to the theoretically
calculated cross sections. The exceptional experimental resolution allows us to fully resolve
multiple concentric rings in the velocity map images which contain information about pair-
correlated excitations. Interestingly, for the nearly elastic outermost rings, our results show
strong forward-scattering and substantial back-scattering for all probed final states of NO.
The innermost rings in our images correspond to deeply inelastic collisions between NO and
ND3 and exhibit strong forward-scattering.

The results in our images can be understood by three types of collisions. (1) a glancing-
type collision that results in forward-scattering due to the strong long-ranged dipole-dipole
interaction. (2) a glancing-type collision that results in back-scattering due to the backward-
glory scattering mechanism. (3) a deeply inelastic hard collision that results in forward-
scattering as a result of the hard collision glory scattering (HCGS) mechanism discussed
in Chapter 6. We show that for the energetically low-lying final states, and at all probed
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collision energies, the dipole-dipole interaction dominates the collision dynamics resulting
in strong forward scattering. By using classical trajectory calculations, and by relating the
results to quantum-mechanical opacity functions, we find a narrow range of classical glanc-
ing impact-parameters to be responsible for the observed back-scattering as a result of the
backward-glory. The backward-glory scattering mechanism was found to be independent
of the dipole-dipole interaction and results from a trajectory which, under the influence of
the attractive part of the isotropic potential, makes a half revolution before receding out-
ward in the backward direction and leads to a divergence in the cross-section. We find that
backward glories occur when the well depth of the interaction potential is comparable to,
or much larger than, the collision energy. This explains why backward glories have not
been observed in our previous studies as the collision energy is usually much greater than
the well depth of the potential. Furthermore, we find that when the backward-glory and
the rainbow point exactly coincide, the intensity of the cross section in the backward direc-
tion is greatly enhanced and can even exceed the forward-glory cross section. The rainbow
enhanced backward glory gives a tentative explanation for the results obtained with coupled-
channels scattering calculations in which the dipole-dipole interaction is “turned-off” and
which show stronger back-scattering at some energies. Lastly, we show that for deeply in-
elastic collisions the forward-scattering is not described by the long-ranged character of the
dipole-dipole interaction, but instead, is described by short-ranged hard collisions through
the HCGS mechanism.

7.2 NO-ND3 potential energy surface

The NO-ND3 potential energy surface (PES) used in this work was calculated with the spin-
restricted coupled-cluster method including single, double, and perturbative triple excitations
[RCCSD(T)] using the Molpro package [60]. We used an aug-cc-pVTZ (AVTZ) monomer-
centered basis set augmented with a set of 3s,3p,2d mid-bond functions. The interaction
energies were corrected for the basis-set superposition error using the counterpoise procedure
of Boys and Bernardi [99]. We calculated energies for 32 076 unique geometries on a grid
of Jacobi coordinates of which 22 radial distance points range from 4.4 to 20 a0 in steps of
0.3 a0. We used two Gauss-Legendre quadratures of nine points for the angles between the
principal molecular axis and the vector connecting the two centers of mass (COM) θNO and
θND3 . We used two Gauss-Chebyshev quadratures of which one contained six points for the
dihedral angle ϕ and three points for the rotation about the C3-axis of ND3 labeled by γND3 .
In these calculations we assume NO and ND3 to be rigid.

The NO molecule has an open-shell character that results in a twofold degenerate Π
ground state with electronic angular momentum projections Λℏ = ±ℏ on the N-O bond
axis. In this work we only focus on spin-orbit conserving collisions that are described by
the diagonal part (Λ = Λ′) of the potential. Therefore, in our calculations, the PES was
diabatized by averaging and the off-diagonal part was neglected. Lastly, we expanded the
diagonal potential in functions depending on the BF angles
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Figure 7.1: Radial expansion coefficients of the NO-ND3 interaction potential. Each curve
represents a different combination of LNO, KNO, LND3 , KND3 , andL (a). Radial expansion
coefficients multiplied by their respective radial dependence RL+1 (b). The long-ranged
dipole-dipole interaction is represented by the black dashed line and coincides with the
{1, 0, 1, 0, 2} term in the long-range.

⟨Λ|V̂ (R, θNO, θND3 , γND3 , ϕ)|Λ′⟩ =
∑

LNO,KNO,LND3 ,KND3 ,L

vΛ,Λ′

LNO,KNO,LND3 ,KND3 ,L(R)

×
∑
M

(−1)LNO+LND3 +L

(
LNO LND3 L
M −M 0

)

×D
(LNO)
M,Λ−Λ′(ϕNO, θNO, 0)∗D(LND3 )

−M,KND3
(ϕND3 , θND3 , γND3) (1)

with the dihedral angle ϕ = ϕNO − ϕND3 and the R-dependent expansion coefficients
vΛ,Λ′

LNO,KNO,LND3 ,KND3 ,L(R) are calculated by numerical quadrature for each point on the R-
grid. Next, we used the Reproducing-Kernel Hilbert Space method to represent the radial
dependence of the expansion coefficients [161]. The functions D(l)

m,k(ϕ, θ, χ) are Wigner
D-matrix elements, and the expression in round brackets is a Wigner 3-j symbol. For the
diagonal potential KNO = Λ − Λ′ = 0 and KNO = Λ − Λ′ = ±2 for the off-diagonal
potential. Possible values for KND3 are 0,±3,±6, ...,±Kmax

ND3 , and in our calculations is
truncated at Kmax

ND3 = 3. The radial expansion coefficients are real-valued and the diag-
onal diabatic potentials ⟨1| V̂ |1⟩ and ⟨−1| V̂ |−1⟩ are equal [138]. The radial expansion
coefficients for which L = LNO + LND3 correspond in the long-range to the electrostatic
interactions between the 2LNO-pole and a 2LND3 -pole. For example, in the long-range the
LNO, KNO, LND3 , KND3 , L = {1, 0, 1, 0, 2} term describes the dipole-dipole interaction. Fig-
ure 7.1 shows the radial expansion coefficients for various LNO and LND3 combinations.

As has been shown previously, and as will be done in this work, one can study the ef-
fect of various interactions on the scattering dynamics by excluding certain terms from the
potential during the coupled-channel scattering calculations [162].
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7.3 Coupled-channels scattering calculations

State-to-state inelastic scattering cross sections were calculated for NO-ND3 collisions us-
ing coupled-channels or close-coupling scattering calculations [42]. The calculations were
divided into two sets of collision energies, the low collision energies ranging from 0.01 − 10
cm−1, and the high collision energies at 25, 35, 65, 87, and 158 cm−1. For the low collision
energies, the maximum jNO in our channel basis was 9/2, the maximum jND3 = 4, and the
highest total angular momentum value J = 201/2. The radial grid ranged from 4.4 to 300
a0, and in steps of 0.1159 a0 for distances between 4.4 and 10 a0, steps of 0.2319 a0 for dis-
tances between 10 and 15 a0 and steps of 0.4636 a0 for distances between 15 and 300 a0. In
a collision event the total angular momentum J and the overall parity P are conserved. The
coupled-channel calculations were performed for the complete range of collision energies,
for each J ,P combination.

For the high collision energies, the maximum jNO in our channel basis was 13/2, the
maximum jND3 = 6, and the highest total angular momentum value was J = 401/2,
amounting to 33 000 unique channels. The radial grid ranged from 4.4 to 120 a0 in steps
of 0.0898 a0. The coupled-channels calculations at high collision energies were performed
in parallel, on 8 cores, for each value of J and P . In these calculations, one parallel job
required about 120 Gigabytes of memory which allowed us to run 12 parallel jobs simulta-
neously over two cluster machines so that the total calculation time at one collision energy
was about 16 days.

The rotational states of the nuclear spin modification of ND3 of symmertry E have
kND3 = ±1 (modulo 3), with the rotational ground state being jND3 , kND3 = 1, 1. For the NO
molecule the upper Λ-doublet component in the rotational groud state equal jNO = 1/2f . In
all calculations we use the jNO = 1/2f and jND3 , kND3 = 1, 1 initial states for NO and ND3,
respectively. Furthermore, we assume ND3 to be rigid and did not include the tunneling
motion of ND3 that leads to the inversion doublets. For this reason we can only study the
rotational states of ND3 in terms of jND3 and kND3 . We were not able to converge the cross
sections for the highest collision energy of 158 cm−1 using our open-shell coupled-channels
scattering code due to the high channel basis and memory requirements. To solve this is-
sue, we treated NO as a closed-shell molecule instead so that the size of the channel basis
is greatly reduced making the calculations at higher energies more affordable. Closed-shell
NO has integer numbered values of jclosed

NO = 0, 1, 2, ... and does not possess a Λ-doublet so
that only rotationally inelastic transitions can be studied. The validity of this approach was
verified at a lower collision energy of 65 cm−1, where we compare the cross sections that
result from the open-shell CC calculations with the cross sections resulting from the closed
shell approximation, see Fig. 7.2. In our comparison with the open-shell results, we choose
results for which the parity of the NO wavefunction is conserved, i.e. p = −1 → −1. For
the comparison of the rotational states we assume jclosed

NO + 1/2 = jNO, i.e. jclosed
NO = 1 is

compared to jNO = 3/2. Despite subtle differences between the DCSs calculated with the
open- and closed-shell approximations, there exists a good agreement between the overall
trends in the cross sections, that is, the dominant forward- and backward-scattering observed
in numerically exact open-shell calculations is reproduced with the closed-shell calculations.
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Figure 7.2: Differential cross sections calculated with the open-shell (dot-dash) and closed-
shell (solid) scattering code at a collision energy of 65 cm−1 for various final-states. In the
closed-shell NO calculations the initial jclosed

NO = 0.

As one probes higher collision energies, the rotational excitation and energy transfer is in-
creasingly dependent on the repulsive part, in-stead of the attractive part, of the interaction
potential. It is therefore expected that at higher collision energies the agreement between the
open- and closed-shell cross sections improves.

All the theoretically calculated scattering cross sections are used in a simulation program
that accounts for the experimental conditions so that the theoretically simulated and mea-
sured DCSs and ICSs can be compared. Details about the simulation program can be found
in Chapter 2 and elsewhere in, for instance, Ref. [137].

7.4 Comparison between theory and experiment
All simulated scattering images are compared to the measured velocity map images, see
Fig. 7.3-7.6. The scattering images for collision energies ranging from 0.2-35 cm−1 were
measured using the merged beam experimental setup depicted in Fig. 2.2(c) in Chapter 2,
whereas the higher collision energy results were measured using the setup depicted in Fig.
2.2(b). The scattering images are oriented in such a way that the right side of the image
corresponds to the forward-scattered and the left side of the image to the back-scattered
direction. Due to the imperfect state selection of the Stark decelerator, the forward direction
of the measured images contains a signal of the beam spot. For this reason, some of the
experimental images are masked with a black square in the forward direction.

The lowest probed energies are shown in Fig. 7.3. The radii of the images are small
due to the low velocity of the receding particles but become larger as one progresses to
higher collision energies. It can be seen that all measured images exhibit strong forward- and
backward-scattering but no side-scattering. We find good agreement between the simulated
and measured DCSs at collision energies ranging from 0.2-7.8 cm−1 demonstrating the high
quality of the ab-initio and coupled-channels calculations, and the exceptional resolution of
the experimental measurements. For the high collision energies of 25, 35, 65, 87, and 158
cm−1 we fully resolve the pair-correlated (product-pair) cross sections for the different final
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states of NO and ND3, see Fig. 7.4-7.6. At the higher energies, we find good agreement
between the simulated and experimental results. In all images, the intensity of the outermost
ring, which corresponds to the elastic channel in ND3, is much stronger compared to the
inner rings that correspond to the various final states of ND3. For all collision energies, the
product distributions of the various concentric rings vary substantially. The outermost rings
are completely forward- and backward-scattered, whereas the innermost rings progressively
show less back-scattering as one goes inward (higher final states of ND3). None of the
measured and simulated images show side- or rainbow-scattering.

The observed peaking of the cross sections in the forward and backward directions across
all collision energies ranging from 0.1 to 158 cm−1 is highly unusual in rotationally inelastic
molecular collisions. Typically, at low energies, scattering images show strong oscillations
in the product distributions as a result of scattering resonances or diffraction oscillations
[10, 109, 119]. At higher energies, and for the relatively low excitations of NO as probed
here, the scattering images typically show strong forward- and/or rainbow-scattering and
diffraction oscillations, but no back-scattering [69, 135, 141, 159, 162, 166].

In addition to the DCSs, we also compare our theoretically calculated ICSs to the mea-
sured integral cross section, see Fig. 7.8(a). The experimental data points are represented by
the black data points and are scaled to match the cross sections at the highest energies. Figure
7.8(b) shows the same data, but on a log-log scale. The theoretical ICS is extended down to
10−6 cm−1 to investigate how the cross section connects to the ultracold Wigner limit. It can
be seen that the trend in theoretical (blue) and experimental (black) scattering cross sections
show good agreement in the range of 0.36-10 cm−1, but begin to diverge at lower energies.
The theoretical results show a local maximum in the ICS at 0.01233 cm−1. For lower ener-
gies the cross sections gradually decrease until the Wigner threshold law dominates and the
cross sections scale with 1/

√
E [66, 75]. Interestingly, no scattering resonances are observed

and the ICSs show a smooth trend as function of the collision energy. In subsection 7.5.1
we discuss the possible origin of the mismatch between theory and experiment at the lowest
energies. The lack of well-known features such as scattering resonances at low energies,
diffraction oscillations, side- and rainbow-scattering, and the highly unusual product distri-
butions containing strong backward scattered features, leads to the following fundamental
question: how can we rationalize these observations for NO-ND3 molecular collisions?

In this work, we try to explain the observed trend and local maximum in the ICS as
a function of the collision energy. Furthermore, we try to explain the dominant forward-
and backward-scattering throughout the range of collision energies in both the measured and
theoretically calculated scattering cross sections. We do this in three steps: (1) we investigate
the leading interaction(s) between NO and ND3 and its influence on the ICS as a function of
the collision energy. (2) we try to explain the origin of the forward-scattering, and (3) we
try to explain the origin of the back-scattering. Considering the amount of data available,
we limit our analysis to the lower energy data ranging from 0.1-10 cm−1 and to the 65 cm−1

results.
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Figure 7.3: Experimentally measured and simulated velocity map images for NO-ND3 col-
lisions at collision energies in the range of 0.2-7.8 cm−1. In this comparison the forward
direction is on the right side of the images. For the experimental images, the forward direc-
tion is masked by a small black square where our experiment is less sensitive. The middle
column shows simulated images using the results of full coupled-channels calculations em-
ploying the full interaction potential. The most right column show simulated images in which
the {LNO, KNO, LND3 , KND3 , L} = {1, 0, 1, 0, 2} term was excluded from the expansion of
the interaction potential.
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Figure 7.4: Experimentally measured and simulated velocity map image for the jNO(1/2f)+
jND3 , kND3(1, 1) → j′NO(3/2e) + j′ND3 , k

′
ND3 transitions at a collision energy of 25 and 35

cm−1. In this comparison the forward direction is on the right side of the images. For the
experimental images, the forward direction is masked by a small black square where the
experiment is less sensitive.

7.5 The dipole-dipole interaction
Both the NO and ND3 molecule possess a dipole transition moment that couples the different
parity states of the rotational levels. For the NO molecule, the two different parity states are
commonly referred to as a Λ-doublet and are denoted by e and f , respectively, with the latter
having a slightly higher energy of about 0.0119 cm−1 in the jNO = 1/2 rotational ground
state. For the ND3 molecule, the two rotational inversion levels are a result of the umbrella
tunneling motion and are labeled with + and −, respectively, with the latter having a slightly
higher energy of about 0.053 cm−1 in the jND3 , kND3 = 1, 1 rotational state.

We calculated the effect of the dipole-dipole interaction on the interaction energy as a
function of the radial distance R between NO and ND3 using a simple model of two two-
level systems. The interaction energy was calculated by diagonalizing a 4 × 4 matrix where
the diagonal elements contain the the sum of the monomer energies EpA,pB

, with pA/B being
the molecular parity of either the NO(jNO = 1/2) or ND3(jND3 , kND3 = 1, 1) molecule, and
the (m,n) = (4, 1) and (1, 4) off-diagonal positions contain the dipole-dipole interaction

−Vdd = 2µNOµND3

R3 , (2)

in which we use the expectation value of the dipole moments

⟨µ⟩ = K M/(J(J + 1))µ, (3)

where J and M are the rotational quantum numbers of NO or ND3, and the expectation
values of the dipole moments for the jNO = 1/2 and jND3 , kND3 = 1, 1 rotational ground
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Figure 7.5: Experimentally measured and simulated velocity map image for the jNO(1/2f)+
jND3 , kND3(1, 1) → j′NO(3/2e) + j′ND3 , k

′
ND3 transitions at a collision energy of 65 and 87

cm−1. In this comparison the forward direction is on the right side of the images. For the
experimental images, the forward direction is masked by a small black square where the
experiment is less sensitive.
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Figure 7.6: Experimentally measured and simulated velocity map images of various final-
states of NO at a collision energy of 158 cm−1. For this comparison the theoretical DCSs for
the integer jclosed

NO -valued final-states are compared with the ‘real’ half-integer jNO-values,
i.e. jclosed

NO + 1/2 = jNO. In this comparison, the parity of the NO molecule is not taken into
account for the simulated results.
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Figure 7.7: Radial dependence of the NO-ND3 interaction strength. At short distances be-
tween NO and ND3 and high interaction energies the interaction strength scales with 1/R3,
whereas at large distances where the interaction strength is lower than the sum of the splitting
energies of NO and ND3 the interaction strength scales with 1/R6.
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states, equal 0.0533 and 0.7300 debye for NO and ND3, respectively:


E1,1 0 0 Vdd

0 E1,−1 0 0
0 0 E−1,1 0
Vdd 0 0 E−1,−1

 . (4)

It has to be noted that the dipole-dipole interaction in Eq. 2 is a model in which the molecules
are assumed to lie parallel with respect to the vector that connects the two centers of mass. In
reality the dipole-dipole interaction is a function of relative orientation and radial distance R
[66]. After diagonalization of the 4×4 matrix we follow the lowest-lying adiabat and plot the
absolute value of the interaction energy as a function of the radial distance, see Fig. 7.7. At
small distances, i.e. when the molecules are close together as is the case during a collision,
the interaction energy is high and scales with 1/R3. Conversely, at large separations the
interaction energy is lower than the splitting energy of the inversion levels, and only a second
order dipole-dipole interaction is observed, leading to a 1/R6 radial dependence. Based
on these results, it is expected that during NO-ND3 collisions, at energies greater than the
splitting between the inversion levels, the dipole-dipole interaction will play a significant
role in the scattering dynamics.

7.5.1 Integral cross sections

We calculated ICSs for the jNO(1/2f) + jND3 , kND3(1, 1) → j′NO(1/2e) + j′ND3 , k
′
ND3(1, 1)

parity changing transition at collision energies ranging from 10−6 − 10 cm−1 and compared
them to the experimental results that range from 0.01 to 10 cm−1, see Fig. 7.8(a) (solid blue
line and black error bars). The theoretically calculated cross sections show good agreement
with the measured cross sections (in particular for energies above 0.36 cm−1), which are
scaled to fit on the same axis. Unlike other systems that were studied previously [109], the
cross sections for NO-ND3 collisions at low collision energies exhibit no distinct resonance
features. Figure 7.8(b) shows the same results as in Fig. 7.8(a), but on a double logarithmic
scale and shows partial-wave contributions up to ℓ = 10. It can be seen that at energies
> 10−4 cm−1 a substantial number of partial-waves contribute to the overall cross section.
The cross sections at the lowest range of collision energies scale with 1/

√
E and correspond

to the s-wave Wigner regime (indicated by the left black dotted line) [109]. In this regime,
only the partial wave ℓ = 0 (s-wave) contributes substantially to the cross sections.

At the lowest energies we observe a mismatch between the measured and theoretical
results. This mismatch was found not to be a result of poor convergence, or other numerical
factors, but instead likely to be a result of not accounting for the inversion splitting of the
ND3 molecule in our scattering calculations. For this reason, it is safe to assume that we are
not able to accurately calculate the Wigner cross sections at the lowest energies.

To study the effect of the dipole-dipole interaction on the ICSs we removed the long-
ranged dipole-dipole interaction (yellow) and removed the {LNO, KNO, LND3 , KND3 , L} =
{1, 0, 1, 0, 2} term (orange) from the potential during our calculations, see Fig. 7.8 (a) and
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(c). The L = {1, 0, 1, 0, 2} term contains both the long-ranged dipole-dipole as well as
the short-ranged repulsive interactions. These show that the dipole-dipole interaction plays
a crucial role in NO-ND3 collision dynamics and the scattering outcomes. It can be seen
that at the highest energies, the trend in the cross sections is substantially different from
the results obtained with the full calculations. We find that the short-ranged part of the
L = {1, 0, 1, 0, 2} term has minimal effect on the outcome of the collisions.

As has been shown in Figure 7.7, the dipole-dipole interaction is relatively strong com-
pared to the other multipole interactions and shows significant contributions to the dynamics
and overall trends in the scattering cross sections, see Fig. 7.8(a) and (c). In capture theory
it is assumed that the scattering cross sections are completely determined by the long-ranged
interaction between two collision partners, and one assumes a long-ranged interaction of the
following form [66]

Vn = −Cn

Rn
, (5)

in which Cn is the long-range coefficient, and R is the distance between the two centers of
mass of the collision partners. The electrostatic interaction between a 2LNO-pole and a 2LND3 -
pole scales with n = LNO+LND3 +1 = L+1, so that n = 3 for the dipole-dipole interaction.
The scattering cross sections as a function of collision energy for a system in which the
dipole-dipole interaction is dominant can be calculated using the so-called Langevin model
[66]:

σ(E) = 3π(C3/2E)2/3. (6)

For NO-ND3 the C3 long-range coefficient equals 0.030616 atomic units (a.u.). Figures
7.8(a-d) show the Langevin scattering cross sections for the n = 3 dipole-dipole interaction
(purple dots) on a double-logarithmic scale, with a slope that equals −2/3 . It can be seen
that for collision energies in the range of 1.8-10 cm−1 marked by the vertical black dotted
line, both coupled-channels and Langevin scattering cross sections show good agreement.
At energies below 1.8 cm−1 the coupled-channels and Langevin (n = 3) cross sections begin
to diverge, with the coupled-channels ICSs being substantially lower and no longer follow
the Langevin dipole-dipole trend. This observation can be understood as follows: at low
collision energies the capture impact parameter is large. At large distances the interaction
energy no longer scales with 1/R3 but scales with 1/R6 instead, see Fig. 7.7. Conversely,
at collision energies higher than the splitting energy of NO and ND3, the capture impact
parameter is low and the molecules come in close proximity. This polarizes the molecules
resulting in a 1/R3 dipole-dipole interaction.

We also calculated cross sections with the Langevin model for the n = 6 dispersive
interactions and compared them with the results in which we removed the dipole-dipole in-
teraction or excluded the term in the potential that contains the dipole-dipole interaction, see
Fig. 7.8(c). It can be seen that the coupled-channel results excluding the various interactions
and the Langevin (n = 6) cross sections follow the same trend.

The ICSs at collision energies between the s-wave Wigner and the Langevin regime
show a local maximum. To investigate the origin of this maximum we calculated coupled-
channel scattering cross sections in which we artificially modify the size of the Λ-doublet
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Figure 7.8: Integral cross sections for the jNO(1/2f) + jND3 , kND3(1, 1) → j′NO(1/2e) +
j′ND3 , k

′
ND3(1, 1) transition for collision energies ranging from 10−6-10 cm−1 (a-d). Full

coupled-channels (blue) and measured (black) scattering cross sections (a). Total ICSs
(blue), partial-wave contributions, and Langevin capture theory scattering cross sections for
the dipole-dipole (n = 3) interaction (b). Scattering cross sections as a function of colli-
sion energy in which the {LNO, KNO, LND3 , KND3 , L} = {1, 0, 1, 0, 2} term was excluded
(orange), or the long-ranged dipole-dipole interactions was removed (yellow), from the po-
tential during the scattering calculations, and Langevin capture theory scattering cross sec-
tions for the dipole-dipole (n = 3) and dispersion (n = 6) interactions (c). Scattering cross
sections as a function of collision energy, in which the e/f splitting energy for the NO Λ-
doublet was artificially modified (d).
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splitting energy ∆e/f , see Fig. 7.8(d). A larger e/f splitting results in a shift of the local
maximum toward higher energies. We also find that a large splitting leads to a shift towards
higher energies of the range of energies where the coupled-channels scattering cross sections
follow the n = 3 dipole-dipole Langevin cross sections. Based on our previous findings we
hypothesize that: when the interaction energy is comparable to the energy splittings, the
dipole-dipole interaction between NO and ND3 scales with 1/R3 , see Fig. 7.7. Therefore,
if the splitting becomes larger, higher interaction energies are required to achieve a dipole-
dipole interaction that scales with 1/R3. Furthermore, to couple two states with a high
energy splitting one needs to probe the anisotropy of the underlying PES. Both these factors,
a high interaction energy and the probing of the anisotropy, occur at short distances, which
can only be achieved at sufficiently high collision energies. For energies below 1.8 cm−1

the interaction energy is insufficient and the cross sections can no longer be described by
the Langevin dipole-dipole capture model. Moreover, the Langevin model assumes isotropic
interactions only, and does not take into account any anisotropic effects. Efforts have been
made by others to include anisotropic effects in the Langevin capture model but these are not
considered here [178]. As discussed previously, in our scattering calculations, we neglect the
inversion splitting of the ND3 molecule, which can be a possible explanation for the observed
mismatch between the theoretical and experimental ICS.

Despite the simplicity of the Langevin capture model, we are able to show that at suf-
ficiently high collision energies the coupled-channels scattering cross sections follow the
same trend as predicted by the dipole-dipole Langevin capture model. We also observe that
the position of the local maximum in the cross sections depends on the Λ-doublet splitting
energy, and shifts to higher/lower values for higher/lower splitting energies between the two
inversion levels. It is not yet known what is the exact origin of the observed maximum, and
why we find good agreement between the coupled-channel and capture cross sections at high
collision energies.

7.5.2 Differential cross sections
The calculated DCSs are in close agreement with the experiment, and contain some inter-
esting and unexpected features. To elucidate these features we analyze the theoretical DCSs
presented in a contour plot, see Fig. 7.9(a). All scattering cross sections are found to be
highly forward-scattered. Back-scattering is also observed but is completely overshadowed
by the forward-scattering signal which is about one order of magnitude stronger. Only by
masking the cross sections with a scattering angle < 90◦ the backward contributions become
visible, see Fig. 7.9(b). Interestingly, unlike the results found in other studies at low collision
energies, no side-scattering features -due to the limited contribution and/or interference of
partial waves- are observed [109].

To explain the dominant forward scattering contributions, we performed scattering cal-
culations in which we exclude (or take various combinations of) various terms of the interac-
tion potential. Figure 7.9(d) shows the results in which the {LNO, KNO, LND3 , KND3 , L} =
{1, 0, 1, 0, 2} term is excluded. It can be seen that by removing this term from the in-
teraction potential, the forward-scattering intensity disappears, suggesting that the dipole-
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Figure 7.9: Contour plots of calculated DCSs for the j′NO(1/2e) and j′ND3 , k
′
ND3(1, 1) fi-

nal states at collision energies ranging from 0.01 - 10 cm−1: Cross section for the full
coupled-channels calculations (a). Cross section for the full coupled-channels calcula-
tions but masked for θ < 90◦ (b). Cross sections calculated with only the isotropic
{LNO, KNO, LND3 , KND3 , L} = {0, 0, 0, 0, 0} and the {LNO, KNO, LND3 , KND3 , L} =
{1, 0, 1, 0, 2} term (c). Cross sections for calculations in which we subtracted the long-
ranged dipole-dipole interaction from the {LNO, KNO, LND3 , KND3 , L} = {1, 0, 1, 0, 2} term
of the potential (d).
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Figure 7.10: Differential cross sections for the jNO(1/2f) → j′NO(3/2, e/f) par-
ity conserving/changing collisions for various final states of ND3, in which the
{LNO, KNO, LND3 , KND3 , L} = {1, 0, 1, 0, 2} or the {2, 0, 1, 0, 3} term was excluded from
the PES, at a collision energy of 65 cm−1 (a-e). DCSs calculated with the full potential (a,d),
DCSs in which the {1, 0, 1, 0, 2} term was excluded from the calculations (b,e), DCSs in
which the {2, 0, 1, 0, 3} term was excluded from the calculations (c,f).

dipole interaction is completely responsible for the observed forward-scattering. The de-
crease in forward-scattering can also be clearly seen in the simulated images, see Fig. 7.3.
To corroborate this finding, we performed scattering calculations in which we expect to
observe forward-scattering, namely, by including only the isotropic {0, 0, 0, 0, 0} and the
{1, 0, 1, 0, 2} term of the interaction potential and by removing all other terms, see Fig.
7.9(c). It can be seen that the calculated DCSs are almost identical to the DCSs in Fig. 7.9(a)
in which the full potential was used, and underpins that the forward-scattered component at
low collision energies is completely dominated by the long-ranged dipole-dipole interaction.
Interestingly, from Fig. 7.9(d) it can be seen that for some energies, the intensity in the back-
ward direction is stronger compared to the forward direction. A tentative explanation for this
observation will be given in ‘Comparison of classical and coupled-channels calculations’
section.

At high collision energies, various rotational final states of NO and ND3 are energetically
accessible. Here, we limit our analysis to the 65 cm−1 results only. Figures 7.10(a) and (d)
show the DCSs for the jNO = 1/2f → 3/2e parity conserving and the jNO = 1/2f → 3/2f
parity changing collisions, respectively. For both final states of NO, and for all final states
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Figure 7.11: Opacity functions in terms of the classical impact-parameter b for various fi-
nal states at a collision energy of 65 cm−1 (a-c). In the left two panels the full colored and
dotted lines correspond to calculations using the full potential and calculations in which the
{1, 0, 1, 0, 2} term, which in the long-range contains the dipole-dipole interactions, was re-
moved (a) and (b). The right panel contains the same results as in panel (b) but now with
the dotted lines corresponding to calculations in which the {2, 0, 1, 0, 3} term was excluded,
instead (c). The dashed-line represents the classical turning point at 65 cm−1. The black dot-
ted lines highlight a narrow range of impact-parameters which fully described the observed
back-scattering for the jND3 , kND3 = (1, 1), (2, 1) and (2, 2) final states.

of ND3, it can be seen that the DCSs are exclusively forward and/or backward scattered. As
one probes energetically higher-lying final states the overall cross section becomes smaller
and less backward scattering is observed. The results in Fig. 7.10(b,c) show that for the
parity conserving collisions, excluding the {1, 0, 1, 0, 2} term has no substantial effect on
the forward-scattered peak of the DCS for the various final states of ND3. Interestingly, by
excluding the {2, 0, 1, 0, 3} term, which in the long-range corresponds to the quadrupole-
dipole interaction between NO and ND3, the complete forward-scattered peak of the elastic
channel in ND3 (blue) disappears, whereas the DCS of the other final states remains almost
unaffected. For the parity changing results in Fig. 7.10(e,f), in which ND3 scatters elastic
(blue), the DCS is substantially affected by excluding the {1, 0, 1, 0, 2} term as the com-
plete forward-scattering intensity disappears. Conversely, the DCSs for the parity changing
transition of NO are not affected by excluding the {2, 0, 1, 0, 3} term.

These findings can be understood as follows. For the NO molecule, channels of different
parities are coupled by odd-numbered terms in the potential, such as the LNO = 1 term,
whereas the channels with the same parity are coupled by even-numbered terms, such as
the LNO = 2 term. Furthermore, for channels in which almost no rotational energy transfer
occurs -which is the case for the channels elastic in ND3- the scattering dynamics are deter-
mined by longer-ranged interactions, and therefore excluding terms that contain long-ranged
contributions can have a drastic effect on the scattering outcome. Conversely, more inelas-
tic collisions in NO and ND3 are governed by short-ranged interactions, and therefore the
scattering outcome is less susceptible to excluding certain long-ranged interactions.

We try to quantify these findings further by analyzing so-called opacity functions, see

144



7.5 The dipole-dipole interaction

7

Chapter 6 for more details on opacity functions. Opacity functions allow one to describe
the collision event in terms of short-ranged “hard-collisions” and long-ranged “glancing-
collisions”. We calculated opacity functions at a collision energy of 65 cm−1, in which the
{1, 0, 1, 0, 2} term was removed from the interaction potential during the scattering calcu-
lations, see Fig. 7.11(a,b). The black dashed line corresponds to the classical turning point
at 6.32 a0 and is based on the isotropic part of the NO-ND3 interaction potential. The elas-
tic channel in ND3 (solid blue) shows long-ranged glancing type contributions beyond the
classical turning point. Energetically higher-lying final states progressively show less long-
ranged and more short-ranged contributions and follow the well-known rule of thumb that
higher rotational energy transfer requires hard collisions. The opacity functions for the high-
est rotational final states of ND3, rapidly drop to zero around the classical turning point and
show no long-ranged contribution. It can be seen that removing the dipole-dipole interaction
has a drastic effect on the long-ranged contributions for the parity changing collisions of
NO with ND3 scattering elastic, but has no effect for all other final states, see Fig. 7.11(a).
Conversely, for the parity conserving collisions, the overall long-ranged contributions are
much lower, and removing the dipole-dipole interactions has no effect on the opacity func-
tions for all final states. Lastly, Fig. 7.11(c) shows that by removing the {2, 0, 1, 0, 3} term
–which contains the long-ranged quadrupole-dipole interaction– from the calculations, the
long-ranged contributions to the cross section are greatly reduced. Opacity functions at other
energies were studied as well and show similar results but are not shown here.

Finally, we find that the forward-scattering for the highest final-states is not described
by the long-ranged dipole-dipole interaction, but is described exclusively by short-ranged
hard collisions, instead. Considering the amount of rotational energy transfer, and the short-
ranged character of the collisions, we attribute the forward-scattering for the high-lying final
states to the hard collision glory scattering (HGCS) mechanism discussed in Chapter 6. As
it is not the aim of this work to revisit this mechanism, we refer the reader to Chapter 6 for
further details.

In all the results shown in Figs. 7.9(a-d) and 7.10(a-f) the back-scattering remains un-
affected when certain terms of the interaction potential are excluded or limited during the
scattering calculations. This suggests that the back-scattering is not a direct result of any
specific interaction, or any other unique term of the potential, and therefore requires a dif-
ferent explanation instead. Detailed analysis on the origin of the back-scattering is given in
section 7.6.

So far, we have only analyzed the 65 cm−1 results in detail. However, at higher energies,
more channels are energetically accessible and allow us to study transitions to higher-lying
j-levels, as well as ∆kND3 transitions. The high computational costs of the coupled-channels
calculations prohibited us from performing a similar detailed analysis at collision energies
of 158 cm−1 or higher. Nevertheless, based on the results obtained at 65 cm−1 we can
make some assertions and hypothesize what types of interactions are important at high colli-
sions energies. Firstly, the results in Fig. 7.10 show that the DCSs for the highest rotational
final-states of ND3 with kND3 = 1 are not affected by excluding either the {1, 0, 1, 0, 2} or
the {2, 0, 1, 0, 3} term. This suggests that the higher-lying rotational states are coupled by
higher terms in the potential that, possibly, couple the different jNO and jND3-levels directly.
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The KND3 ̸= 0 terms in the potential couple the different kND3-levels and are expected to
be more important at higher collision energies. Secondly, at higher collision energy one
typically probes the short-range of the potential. Logically, this means that the long-ranged
dipole-dipole interaction will be of less importance. Lastly, our 87 cm−1 results show that the
cross sections for the jNO(1/2f) + jND3 , kND3(1, 1) → j′NO(3/2, e) + j′ND3 , k

′
ND3(2, 1) tran-

sition is about 40 % lower compared to the jNO(1/2f) + jND3 , kND3(1, 1) → j′NO(3/2, e) +
j′ND3 , k

′
ND3(2, 2) transition [179]. At 65 cm−1 the difference in the cross sections between the

two transitions is only about 12 %. Based on the well established energy gap law one expects
the reverse to be true. Therefore, this observation should be the focus of future research.

7.6 Backward glory-scattering
So far, in this work, we have only considered the dominant forward-scattering in NO-ND3
rotationally inelastic collisions. However, at almost all collision energies, substantial back-
scattering is observed, see Figs. 7.3-7.6. In molecular collisions, back-scattering is usually
associated with hard-collisions in which a colliding particle is recoiled in the direction oppo-
site to the incidence trajectory. Nearly elastic collisions are usually associated with forward-
scattered glancing-type collisions. Surprisingly, for the nearly elastic NO-ND3 collisions
studied in this work, substantial back-scattering is observed. In this section, we further in-
vestigate these observations in terms of classical elastic trajectory calculations.

7.6.1 Classical elastic scattering calculations
As demonstrated in Chapter 6, two-dimensional (2D) classical scattering calculations can
be very useful in elucidating unknown scattering phenomena. For this reason, to explain
the origin of the observed back-scattering, we perform 2D classical elastic scattering cal-
culations. Details of our calculations have been treated extensively in Chapter 6, and the
reader is encouraged to revisit this chapter. Briefly, we performed classical trajectory calcu-
lations in which we solve Hamilton Jacobi’s classical equations of motion. We assume that
the molecules are point particles and have no internal structure. To solve Hamilton Jacobi’s
equations, we use only the isotropic part of the full interaction potential described in the
previous section. In these calculations, the minimum of the isotropic interaction potential
Vmin = 101.14 cm−1 is located at a distance Rmin = 7.46 a0. In our calculations, we assume
the collisions to be elastic, since the rotational energy transfer associated with the channels
that scatter elastically in ND3 (the outermost rings in Figs. 7.5-7.6) is negligible compared
to the collision energy.

We calculated classical deflection functions χ(b) with values ranging from 180◦ to −∞
for the measured collision energies ranging from 1 to 580 cm−1, see Fig. 7.12(a). At colli-
sion energies of 158 cm−1 and above, the rainbow-angle χR(b) and the forward glory-point
χG(b) = 0◦ can be observed, see Fig. 7.12(a). The forward glory-point lies beyond the clas-
sical turning point, and the rainbow-angle is the highest negative scattering angle as a result
of attractive interactions during the collision [66, 180]. As the collision energy increases the
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Figure 7.12: Classical elastic deflection functions and DCSs for various collision energies
(a,b). The black dashed line represents the classical turning point. The black dotted line is
drawn at χ = −180◦.

rainbow angle χR(b) steeply drops to low values and crosses −180◦ smoothly. As the scat-
tering cross sections depend on 1/ sin θ · |dχ/db|, crossings at χ(b) = 0◦,−180◦, and −360◦
leads to a divergence in the cross section for glory type scattering, whereas for rainbow type
scattering a divergence occurs when |dχ/db| = 0.

Consistent with Ref. [181] one can define three distinct collision energy regions: (1)
the non-orbiting region at E > ER, where ER is the collision energy at which the rainbow-
angle χR(b) = −180◦. (2) a transitional orbiting region at energies E∗ < E ≤ ER, where
the trajectory is not able to complete a revolution so that −360◦ < χ(b) ≤ 180◦, with E∗
being the orbiting energy (commonly also referred to as the critical energy Ecrit [181]) at
which χ(b) approaches −∞. (3) the orbiting region at energies 0 < E ≤ E∗ where χ(b)
lies between −∞ and 180◦ and where the trajectory can make one or more or even infinite
revolutions. Almost all studies on rotationally inelastic molecular collisions occur in the first
region as the molecular interactions are usually weak and collision energies are typically
high. The collision energies probed in this work cover all three regions. From the deflection
functions shown in Fig. 7.12(a) we numerically find that ER ≈ Vmin and E∗ ≈ 80 cm−1. In
this section, we will focus our attention on regions (2) and (3).

We calculated DCSs for the collision energies in regions (2) and (3), see Fig. 7.12(b). A
strong backward-scattering intensity in the DCSs can be observed, which is a direct result
of the divergence that occurs at a deflection angle of −180◦ and is also known in literature
as a backward-glory scattering [180, 181]. The observed forward-scattering is a result of
the divergences at 0◦ and −360◦ giving rise to the forward-glory. The rainbow-scattering
peak is not present for cross sections that lie in regions (2) and (3) as χ(b) approaches −∞.
There is however one exception to this, when χR(b) = −180◦. As can be seen in Fig.
7.12(b) this results in the strongest back-scattering of all studied energies. The ratio between
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the maximum intensity of the forward-scattered and backward-scattered peaks DCS(θ =
0◦)/DCS(θ = −180◦) of the DCSs in Fig. 7.12(b) where found to lie between 23 and 39
and do not show a clear dependence on the collision energy.

To better understand our results we calculated classical scattering trajectories using the
following potential:

Veff(R) = VLJ(R) + ℓ2

2µR2 , (7)

with the second term being the centrifugal term and VLJ(R) is the Lennard-Jones (LJ) poten-
tial:

VLJ(R) = Vmin

[(
Rmin

R

)12
− 2

(
Rmin

R

)6]
. (8)

Using the LJ potential in our calculations has advantages over using the isotropic part of the
NO-ND3 potential. For instance the LJ potential is expressed in terms of the location of the
minimum of the potential Rmin and the well-depth Vmin, and allows us to study the interplay
between the collision energy and Vmin more easily. From dVeff(R∗)/dR = d2Veff(R∗)/dR2 =
0 the threshold of region (3) can be calculated analytically [182] and equals

E∗ = 4
5Vmin. (9)

For a well-depth of Vmin = 101.14 cm−1 we find the orbiting energy E∗ = 80.8 cm−1, which
lies very close to the numerically calculated value of ≈ 80 cm−1. At this moment we have
not found an analytical expression for ER. Nevertheless, our numerical calculations show
that ER ≈ Vmin and we will use this relation in further discussion.

Similar to hard collision glory scattering (HCGS) discussed in Chapter 6, we quantified
the strength of the forward- and backward-glories as the derivative |db/dχ| at χ(b) = 0◦
and −180◦, respectively, as a function of the collision energy E and the well-depth of the
isotropic potential Vmin, in steps of 5 cm−1, see Fig. 7.13(a,b). In region (1) and no backward-
glories can be observed. At E = ER ≈ Vmin the rainbow-enhanced backward-glory can be
observed, where χ = −180◦ leads to a divergence in the cross section (a solid white line at
energies E = Vmin is drawn to guide the eye) [180, 181]. At energies slightly below ER,
region (2) is located. The backward glories in this region are found to be relatively weak. The
orbiting energyE∗ is highlighted by the white dashed line in Fig. 7.13(b). With the exception
of the rainbow enhanced glory point that separates region (1) and (2), the backward-glory
strength in region (3) is much higher than in region (2) as χ(b) crosses −180◦ less steeply and
at higher impact-parameters, see Fig. 7.12. Unlike the backward-glory, the forward-glory can
be found at all probed E, Vmin combinations and has a much higher glory strength compared
to the backward-glories, with the exception of the rainbow-enhanced backward-glories.

The divergence as a result of the rainbow-enhanced backward-glory at E = ER is seen
better in Fig. 7.14 which shows a horizontal cut through the contour plot of Fig. 7.13(b) and
where we show the backward-glory strength as a function of E/Vmin at Vmin = 40 cm−1. It
can be seen that the rainbow-enhanced backward-glory occurs at energies close to Vmin. At
this moment, it is not yet known what is the cause of this observation.
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Figure 7.13: Forward- (left) and backward-glory (right) scattering intensity dependence
|db/dχ| at χ(b) = 0◦ and −180◦, respectively, for various combinations Vmin and E. The
solid white line shows the E = Vmin dependence at and above which backward-glory scat-
tering can occur. The dashed white line shows the E∗ = 4

5Vmin dependence at and above
which orbiting trajectories can occur.
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Figure 7.14: Backward-glory strength as functions of E/Vmin at Vmin = 40 cm−1. A diver-
gence occurs at E = ER where the rainbow- and glory-point exactly coincide.
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7.6.2 Comparison of classical and coupled-channels calculations

To link the classical to the coupled-channels results we further analyze the backward glory
scattering phenomenon by expressing the coupled-channels DCSs in terms of the partial con-
tributions by restricting them to certain values of J . Strictly speaking, this decomposition
is not rigorous as the DCS depends on interference between different partial waves such that
these cannot be separated. Nevertheless, by decomposing the DCS useful insights into the
underlying scattering dynamics can be obtained. Here, we analyze the NO-ND3 DCSs at a
collision energy of 65 cm−1 for various ranges of J -values.

We calculated partial DCSs by using a small subset of J -values that were successively
increased until full convergence was again obtained, see Fig. 7.15(a). In Fig. 7.15 the
forward-scattered direction is masked so that the backward direction is clearly visible. By
successively increasing the range of J -values different features of the DCS can be explained.
For example, it was found that the back-scattering intensity already converges for the J =
1/2 − 101/2 range and that J -values beyond 101/2 only contribute to the forward-scattered
signal. This can be understood because high J -values tend to describe glancing-type colli-
sions (with high classical impact-parameters) which are generally forward-scattered.

Interestingly, we find that a very narrow range of J -values completely describes the ob-
served back-scattering, see Fig. 7.15(b). This range is highlighted and represented in terms
of classical impact-parameters (through J = µvb) by the black-dotted lines in the opacity
functions in Fig. 7.11 and range from 11-12 a0 at 65 cm−1. As shown in Fig. 7.12(a), this
range of impact parameters lies far beyond the classical turning point and therefore the col-
lisions are considered to be of glancing-type. Figure 7.15(c) shows classical trajectories at
a collision energy of 65 cm−1 for impact-parameters calculated from the partial DCS analy-
sis. It was found that an impact parameter b = 11.5 a0 results in a glancing-type collision
and leads to perfect back-scattering. Because this type of collision is a ‘soft-collision’ we
name this phenomenon: soft collision backward glory scattering (SCBGS). Similar to the
results shown in Fig. 7.12(a), we find that the SCBGS impact parameter, bSCBGS, varies with
the collision energy, with the lower collision energies having higher-lying bSCBGSs, and high
collision energies having lower-lying bSCBGSs, that still lie beyond the classical turning point.
It is interesting to note that there exists a very close agreement between the range of impact
parameters calculated from the partial DCS analysis and the classical trajectory calculations
that describe SCBGS, see Fig. 7.11(b) and Fig. 7.15(c).

Next, we compared the classical and coupled-channels DCSs calculated at a collision en-
ergy of 65 cm−1, see Fig. 7.15(d). It can be seen that, apart from the weak oscillations found
in the coupled-channels results, the classical and coupled-channels DCSs bear a close resem-
blance and both show dominant forward-scattering and backward-scattering. As discussed
previously, the simulations use the coupled-channels DCSs as an input and show excellent
agreement with the experimental results, see Figs. 7.3-7.6.

Lastly, we turn our attention to the interesting observation in Fig. 7.9, which shows that
when the dipole-dipole interaction is “turned-off” the intensity of the cross section in the
backward direction is sometimes stronger compared to the forward direction. Based on our
analysis in Fig. 7.13(a) and (b), and by realizing that the slope of the deflection curve at
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Figure 7.15: Partial DCSs for jNO(1/2f)+jND3 , kND3(1, 1) → jNO(3/2e)+j′ND3 , k
′
ND3(1, 1)

collisions at 65 cm−1 for various combinations of Jtots. In these figures, the x-axis ranges
from θ = 20 − 180◦ to mask the forward direction and highlight the back-scattering (a,b).
Soft-collision backward-glory scattering trajectory at 65 cm−1 (c). A comparison between
the coupled-channels (CC) and classical DCSs at a collision energy of 65 cm−1 (d).
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χ(b) = −180◦ is much steeper than at χ(b) = 0◦, one does not expect the backward-glory
ever to be stronger than the forward-glory. There is however one exception to this, namely, at
the rainbow enhanced glory point, see Fig. 7.14. We, therefore, hypothesize that the rainbow
enhanced glory can be an explanation for the observed results. This, however, needs to be
further tested in future research.

In the classical picture of molecular and nuclear scattering, the (forward-)glory is well-
known and results from scattering trajectories where the repulsive and attractive forces of
the potential exactly cancel, thereby yielding a perfect forward-scattering with θ = 0◦. In
the field of nuclear physics, it is said that forward- and backward-glories are expected to
serve as good probes for nuclear interactions at long and short distances [180, 183]. While
many interesting phenomena have been observed in nuclear scattering, backward glories,
however, to this day remain elusive. Similarly, for molecular scattering, backward-glories,
to our knowledge, have never been reported in the literature before as this requires highly
unusual scattering trajectories that scatter perfectly in the backward direction (−180◦). Their
observation furthermore requires collision energies smaller than the well-depth of the inter-
action potential. State-to-state experiments that probe DCSs in this energy regime have only
recently become possible.

7.7 Conclusion
We conducted a joint experimental and theoretical study on NO-ND3 bimolecular rotational
inelastic collisions at collision energies ranging from 0.01 cm−1 to 158 cm−1. We devel-
oped a new state-of-the-art ab-initio PES at the CCSD(T) level of theory, that was later used
in full coupled-channels calculations to calculate scattering cross sections. On the experi-
mental side, integral cross sections and angular distributions were measured for various final
states of NO using a combination of Stark-deceleration, hexapole focusing, merged beam
scattering, and velocity map imaging.

The measured and theoretically calculated ICSs show good agreement for collision en-
ergies above 0.36 cm−1, thereby demonstrating the quality of our calculations and measure-
ments. At energies below 0.36 cm−1 there is a mismatch between theory and experiment,
which is most likely a result of neglecting the inversion splitting of the ND3 molecule. We
calculated ICSs using Langevin’s capture theory, including only the n = 3 dipole-dipole
interaction, and find that in the range of 1.8-10 cm−1 the coupled-channels and Langevin
scattering cross sections show suprisingly good agreement. It is however not yet fully under-
stood why there exists such an agreement. A detailed analysis of the coupled-channels ICSs
shows that when the dipole-dipole interaction is removed from our calculations the ICSs drop
by at least one order of magnitude, thereby demonstrating that scattering dynamics are pre-
dominantly determined by the dipole-dipole interaction. We extended our coupled-channels
scattering calculations to collision energies below 10−6 cm−1 where the cross sections follow
the Wigner threshold law and scale with 1/

√
E. The ICSs at collision energies between the

s-wave Wigner and the Langevin regime show a local maximum. By artificially modifying
the splitting energy between the NO e and f -state we were able to tune the position of this
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maximum, and show that higher/lower splitting energies result in a shift of the maximum
toward higher/lower energies. Although we hypothesize about the cause of this maximum, it
is not yet fully understood and further research is required.

The experimental and simulated angular distribution distributions show good agreement
and show highly unusual peaking of the cross sections in the forward and backward direc-
tions across collision energies ranging from 0.1 to 158 cm−1. At energies below 10 cm−1, our
detailed analysis of the DCSs shows that the forward-scattering is a result of the long-range
dipole-dipole interaction between NO and ND3. Similarly, at the higher collision energy
of 65 cm−1 we find that the forward-scattering for the nearly elastic parity-changing colli-
sions is a result of the strong long-ranged dipole-dipole interaction between NO and ND3.
The forward-scattering for the nearly elastic parity conserving collisions at 65 cm−1 on the
other hand is a result of the long-range quadrupole-dipole interaction instead. Excitations to
higher-lying final states show substantial short-ranged contributions where the dipole-dipole
interaction is not as important. Instead, due to the relatively high amount of rotational en-
ergy transfer, we attribute the forward-scattering for higher-lying final states to hard collision
glory scattering (HCGS).

Using elastic classical scattering trajectory calculations, we give a tentative explanation
for the strong back-scattering intensity in the DCSs as a result of backward-glory scatter-
ing. To our knowledge, backward-glory scattering has never been observed in molecular
scattering before. Our calculations suggest that backward-glory-scattering only occurs when
E ≤ Vmin. This explains why in molecular scattering the observation of the backward-glory
remained elusive for many decades, as the interaction between neutral molecules is generally
much weaker than the probed collision energies.

Appendix

7.A Computational tricks for large scattering calculations
In the NO-ND3 coupled-channels calculations we used some noteworthy computational tricks
to speed up the computation. In this section we discuss four tricks that were employed in
this work: (1) doubling the step-size, (2) truncating terms in the potential, (3) state specific
calculations, (4) parallel scattering calculations.

7.A.1 Doubling the step-size
Typically, one uses an equally spaced radial grid in the Numerov propagation (discussed
in the Introduction). At low collision energies and large intermolecular separations, the de
Broglie wavelength of the complex is large. This can be used to our advantage by increasing
the radial grid spacing at larger intermolecular separations so that the total number of grid
points and computation time are reduced. For example, because of the strong long-ranged
dipole-dipole interaction between NO and ND3 we needed to propagate up to 300 a0 for the
lowest collision energies to obtain a result converged within 1%. Instead of an equidistant
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spacing, one can use a radial grid with step-size ∆, which is doubled once or twice after
a certain distance. In our low collision energy calculations, the step-size ∆ = 0.1159 was
used for distances ranging from 4.4-10 a0, after which we doubled ∆ for R > 10 a0, and
then doubled ∆ again for R > 15 a0, resulting in a grid consisting of 638 points instead of
4271 radial grid points, thereby reducing the computation substantially. The renormalized
normalized Numerov algorithm can also be adapted for arbitrary step sizes, but this is more
complicated [65].

7.A.2 Truncating terms in the potential
In scattering calculations the PES is expanded in sets of angular functions and radial expan-
sion coefficients with labels LA, KA, LB, KB, L, which in the long-range represent various
multipole interactions. Higher-order interaction often do not contribute to the overall scat-
tering dynamics and in some cases can be excluded from the calculations.

7.A.3 State specific calculations
As we show in the numerous opacity functions described in this work, cross section for en-
ergetically high-lying final states are typically described by a narrower range of total angular
momentum J -values (or impact-parameters) than low-lying final states. In the coupled-
channels scattering calculations, we calculate cross sections for all final states simultane-
ously, and the calculations are performed for J -values ranging from Jmin-Jmax Further-
more, the channel basis is also determined by monomer angular momenta jA and jB. In
practice, this means that the calculations for the low-lying final states have a monomer basis
that is too large, i.e. if one was only interested in cross sections for low-lying final states a
smaller monomer basis would be sufficient. Conversely, for the calculations of the high-lying
final states the total angular momentum basis is too large, i.e. if one was only interested in
the high-lying final states, a smaller J basis would be sufficient. For the bimolecular systems
that were studied up till now, such as NO-H2, NO-HD, and NO-CO, this is not a problem
as the computational costs are relatively low. However, for large systems that contain a
polyatomic molecule, such NO-ND3, this can approach can be highly inefficient. In this
case, a better approach is to calculate cross sections for the low-/high-lying final states sepa-
rately, using a small/big monomer channel basis and a big/small J -basis, respectively. This
approach was used for the highest collision energies in NO-ND3 collisions and resulted in
reduced computational costs.

7.A.4 Parallel scattering calculations
For molecule-molecule coupled-channels scattering calculations, the channel basis can be-
come large because of the high number of accessible states. In the case of NO-ND3 colli-
sions, for collision energies > 35 cm−1, the channel basis amounted to 33000 unique chan-
nels, resulting in matrices with dimensions 33000 × 33000, and requires about 9.8 Gigabytes
of memory. The renormalized Numerov propagation, and the various other steps in our code,
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require to keep 11 matrices in memory throughout the calculation, which in total amounts
to a memory requirement of 11 × 9.8 ≈ 110 Gigabytes per job. Each job corresponds to a
unique J -value, of which there are 120 in our calculations. As can be seen from the above-
outlined example, calculations at high collision energies, have high memory requirements.
The cluster machines that were used for the NO-ND3 calculations have a combined total of
96 Intel Xeon Platinum 8268 2.9 GHz CPUs, and 1536 Gigabytes of memory, which al-
lows us to run about 12 single-core jobs simultaneously. As our calculations are limited by
memory and not the CPUs, we decided to make the code work in parallel thereby utilizing
the full capacity of our nodes. In the parallel version of our scattering code, all steps that
involve matrix operations, such as the construction of the W-matrix and the propagation, are
performed in parallel. For this, we use a Fortran program with an Intel Math Kernel Library
for the matrix operations that is also able to perform the calculations in parallel. In our par-
allel calculations, each job uses 4 cores and 110 Gigabytes of memory and reduced the total
computation time by a factor of 3 compared to the single-core scattering code.
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Chapter 8

Conclusions and Outlook

8.1 Concluding remarks

The goal of this thesis is to investigate and understand intricate phenomena in molecular
collisions that have been observed in recent experiments. Previous research shows that a
joint theoretical and experimental approach often leads to the most detailed and profound
understanding of molecular collisions. Phenomena such as scattering resonances, diffrac-
tion oscillations, molecular rainbows and glories and more, have all been experimentally
measured and theoretically predicted and often contain vital information about the nature of
the underlying interactions during molecular collisions. This thesis describes the theoreti-
cal part of joint theoretical and experimental investigations of such phenomena. The results
discussed in this thesis are calculated with various theoretical methods including ab-initio
quantum chemistry, coupled-channels, (semi)classical, and model scattering calculations,
and are compared to high-resolution experimental measurements.

In the first part of the thesis, we focus on scattering resonances at low collision energies.
In Chapter 3 we present a combined experimental and theoretical study on NO-He partial
wave scattering resonances in the 0.2 - 8.5 cm−1 energy range. We developed a state-of-
the-art NO-He potential energy surface (PES) and show that agreement between theory and
experiment was only found with the CCSDT(Q) PES and not with CCSD(T), previously
considered the gold standard. Theoretical details that affect the shape and well depth of
the PES, such as, the choice of basis set, the NO vibrational coordinate, diagonal Born-
Oppenheimer corrections, and relativistic corrections were studied. Our new PES was used
in coupled-channels scattering calculations, and we were able to fully characterize the NO-
He scattering resonances and show that at the lowest energies approaching the Wigner regime
cross sections are fully governed by s- and p-waves. The theoretical and experimental ICSs
and DCSs show excellent agreement.

The PES that is described in Chapter 3 is used in Chapter 4 where we study the effect of
adding a quantum of rotational angular momentum to the NO molecule before the collision.
We were able to trace this effect by studying the differential cross sections and scattering
resonances, and to reveal the evolution of the partial waves throughout the scattering process.
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Our theoretical analysis shows a small shift of scattering resonances as a result of vibrational
excitation to the v = 1 vibrational state of NO. Finally, we show that rotational de-excitation
collisions probe time-reversed excitation processes and experience the same partial wave
dynamics, so that the DCSs are the same apart from a multiplicative factor.

In Chapter 5 we continue our study on scattering resonances at energies below 10 cm−1

for the NO-H2 molecular system. In our calculations, we used two different potentials, the
F12 and the CBS potential. The well in the F12 potential is about 2 cm−1 deeper than in the
CBS-potential [10]. We show that the results calculated with the F12 potential agree better
with the experimental data, and confirm our earlier conclusions at energies above 10 cm−1

[10]. The larger depth and the better performance of the F12 potential turned out, however,
to be fortuitous and it is therefore expected that actually a potential beyond the gold stan-
dard would be required to fully capture the underlying dynamics. Lastly, we identify the
partial wave contributions to the NO-H2 resonances, and reveal that the quadrupole moment
of ortho-H2 leads to ICSs that are one order of magnitude stronger compared to collisions
involving para-H2, in which the quadrupole moment averages out. The work discussed in
Chapters 3 through 5 challenges the most advanced experimental measurements and theo-
retical calculations and therefore contributed to our understanding of molecular collisions in
the low energy regime.

The second part of this thesis focuses on various phenomena in molecule-molecule colli-
sions at low and elevated collision energies. In Chapter 6 we study rotational energy transfer
(RET) processes in deeply rotationally inelastic molecular collisions. We developed a new
model for inelastic molecular scattering that is an extension of the textbook hard-sphere elas-
tic scattering model. In this model we use an isotropic interaction potential and assume that
RET occurs around the classical turning point in hard collisions. Our new model predicts
a hard-collision analogue of glory scattering for which trajectories with an impact parame-
ter smaller than the hard-sphere radius unexpectedly lead to forward-scattering. We refer to
this phenomenon as Hard Collision Glory Scattering (HCGS). The results were compared to
numerical classical and semiclassical model calculations, using realistic interactions, and to
full quantum coupled-channels calculations for the NO-HD and NO-CO molecular systems
and find qualitative agreement. We find that HCGS is ubiquitous and derive under which
conditions HCGS occurs. Experimentally, HCGS was probed by fully resolving rotational
product-pairs in the inelastic scattering of NO radicals with CO and HD molecules. Lastly,
we were able to identify HCGS retrospectively in NO-O2 and CO-CO collisions.

Chapter 7 presents a combined experimental and theoretical study on NO-ND3 collisions
in the 0.01-158 cm−1 range. Both the NO and ND3 molecule possess a dipole moment and
are therefore ideal candidates to study dipolar interactions during molecular collisions. We
show there exists good agreement between the results from coupled-channels calculations
and experimental measurements in which we fully resolve all rotational product-pairs. The
coupled-channels calculations for the NO-ND3 system are computationally extremely de-
manding, and become prohibitively expensive at energies close to 158 cm−1. To overcome
this issue we treat the NO molecule as a closed-shell molecule for energies above 158 cm−1,
thereby reducing the number of open channels substantially. By running the scattering cal-
culations in parallel, we reduced the computation time even further by a factor of 3. At
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all energies and for all final states we find the DCSs to be completely forward-scattered
or forward- and backward-scattered. For nearly rotationally elastic parity changing colli-
sions, the forward-scattering is found to be a direct result of the long-ranged dipole-dipole
interactions between NO and ND3. Parity conserving collisions show much lower cross
sections, and were found to be governed by the quadrupole-dipole interaction, instead. A
detailed analysis of opacity functions suggests that deeply rotationally inelastic NO-ND3
product-pairs exhibit HCGS (discussed in Chapter 6). At the lowest energies ranging from
1.8 − 10 cm−1, and for reasons that are currently not fully known, the coupled-channels and
Langevin dipole-dipole capture ICSs are almost identical, but begin to deviate at energies
below 1.8 cm−1. Moreover, a peculiar energy dependence in the ICS was found, revealing
the evolution of the cross sections from the pure quantum ultracold Wigner regime into the
regime described by the Langevin capture theory. The experimentally measured energy de-
pendence of the ICS confirms this evolution for energies in the 0.01-10 cm−1 range. Using
classical trajectory calculations discussed in Chapter 6, we were able to attribute the strong
back-scattering to a glancing type collision that –under the influence of attraction– results
in a backward-glory scattering phenomenon. Despite being commonly known in the field of
optics, backward-glory scattering, to our knowledge has never been observed in molecular
collisions before. Chapters 6 and 7 show that by combining a relatively simple model and
full quantum coupled-channels calculations we were able to find and understand new phe-
nomena in molecular scattering. We, therefore, expect model calculations to be useful in
future research on molecular collisions.

8.2 Stereodynamics

The outcome of an inelastic molecular collision depends on various factors, such as the col-
lision energy, the quantum-state of a molecule, the intermolecular interaction energy, the
polarization of rotational angular momentum, and the multipole moments of the monomers.
The field of stereodynamics concerns the study of vector properties, and the manipulation
thereof, in molecular collisions [19]. For instance, one can control the polarization of rota-
tional angular momentum of a molecule by controlling the m quantum number, which is the
projection of the monomer angular momentum j onto a quantization axis. Two commonly
studied polarizations are orientation and alignment [2]. A molecule is said to be oriented
when one controls the value as well as the sign of the m quantum number, i.e, the angular
momentum of the molecule points along a specific axis with a preferred direction. Align-
ment is when one knows the magnitude of |m| but not its sign, i.e., the angular momentum of
the molecule points along a specific axis without knowing its directionality. One can achieve
polarization by employing external fields, such as electric, magnetic, and even optical fields
[19]

The earliest stereodynamics experiments date back to the work of Bernstein and, for
instance, focused on reactive collisions between CH3I and Rb [19, 184, 185]. Rovibrationally
inelastic molecular collisions have been studied extensively by the groups of Brouard, Ter
Meulen, and Stolte [19, 140, 186–192]. In these studies, open-shell molecules such as NO or
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OH, are state selected using a hexapole and oriented using static electric fields. Then, they
are collided with various closed-shell atomic collision partners, and state-to-state scattering
cross sections are measured. Often, the stereodynamics of these types of collisions, can be
described with simple classical models [2]. Other work in which orientation and alignment
effects are studied includes photodissociation [82], Penning ionization reactions [193], and
inelastic bimolecular collisions [167, 168, 194].

The combination of high-level theoretical calculations and state-of-the-art scattering ex-
periments allow us to study ever more complex molecular systems in great detail. Through-
out this thesis, we study collisions between molecules at energies lower than the typical
interaction energy of a molecule that possesses an electric or magnetic dipole moment with
an external electric or magnetic field, respectively. The polar nature of various candidate
molecules opens up the possibility to study collision dynamics with tailored electric, mag-
netic, or optical fields and study state-to-state product distributions. There exists a wealth
of literature on molecular collisions in electric fields at (ultra)cold collision energies, see for
instance the overview in Ref. [195]. With the introduction of external fields one not only
introduces an additional direction –which can result in various vector correlation effects–
but also influences the underlying collision dynamics itself because the interaction energy
is no longer negligible compared to the kinetic energy. Considering the exceptional resolu-
tion in our experiments, one may envision that studying the effect of external fields on the
collisional outcome is a promising prospect indeed.

8.3 Theoretical limitations and challenges
Throughout the various chapters discussed in this work, we encountered theoretical chal-
lenges and limitations of some sort. In Chapters 3 and 4 these challenges involved ex-
tremely accurate electronic structure calculations. In Chapter 6 the challenges were of a
different origin and had to do with difficulties in interpreting and converging the results of
coupled-channels calculations. In Chapter 7 we encountered multiple challenges including
expensive electronic structure calculations, the theoretical treatment of the polyatomic ND3
molecule, and technical difficulties due to the relatively heavy NO-ND3 system, a deep po-
tential well, and relatively high collision energies, which results in many open channels and
make coupled-channels calculations at these high collision energies prohibitively expensive.

Some of the challenges we faced also exist in the closely related field of ultracold chem-
istry. The main goal in this field is to prepare reactants and control the products with state-
to-state precision at temperatures close to absolute zero. Perhaps the best known and studied
molecule in the field of ultracold chemistry is the 40K87Rb molecule. For example, KRb
+ KRb reactions were studied experimentally and could be turned on and off by flipping a
nuclear spin. Theoretical work on ultracold molecular systems such as KRb + K is already
prohibitively expensive and requires a supercomputer to perform coupled-channels scattering
calculations [196]. As was also demonstrated in our work in Chapters 3 and 4, at (ultra)cold
temperatures collisions become extremely sensitive to the underlying PES, and require ac-
curate electronic structure calculations. Furthermore, systems that are currently considered
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in the field of ultracold chemistry are heavy and have deep potential wells.
There are two popular solutions to tackle these issues: (1) the brute-force solution, in

which one uses a supercomputer to obtain results in a reasonable amount of time, and (2) by
using much cheaper model calculations in the form of (semi)classical trajectory simulations.

In our crossed molecular beam experiments we try to attain (ultra)cold and controlled
molecular collisions by using various techniques discussed in this work, of which the merged-
beam set-up is the latest development. It is therefore expected that we will encounter similar
challenges as in the field of ultracold chemistry. The push for control over more complicated
systems at lower collision energies will unavoidably lead to theoretical hurdles. Addition-
ally, in the field of astrochemistry, one typically studies molecular collisions at high collision
energies at which coupled-channels calculations quickly become too expensive. We encoun-
tered this problem in our work on NO-ND3 in which the number of open channels prohibited
us from performing coupled-channels calculations at energies above 158 cm−1. Here, a brief
overview of viable solutions is given.

For the accurate calculations of the NO-He PES we used a brute-force method in which
we used multiple computer clusters to sample the entire potential energy landscape at the
CCSDT(Q)-level of theory. The relatively low number of electrons in the NO-He system
allowed for such calculations on our computer clusters without running into significant hard-
ware limitations. It is expected, however, that for heavier systems, such as NO-Ar which
contain more electrons, such calculations will not be possible on our cluster machines due
to memory issues and should therefore be performed on a supercomputer instead. However,
it is noteworthy and well-known that coupled-cluster methods are not suitable for calcula-
tions on molecules in a high vibrational state with a highly stretched molecular bond. This
complicates the quest for highly accurate potential energy surfaces even further, as highly
vibrationally excited molecules are sometimes used in collision experiments. In this case,
hopefully methodological progress in quantum chemistry may provide solutions in the fu-
ture. At high collision energies, it is difficult to converge coupled-channels calculations due
to the large number of open channels resulting in high memory requirements. Here, using
a supercomputer would be the most logical solution. However, for some specific cases, one
can make assumptions to reduce computation time without substantially affecting the qual-
ity of the result. Some of these case specific solutions are discussed in Chapter 7. In cases
where there are extreme memory requirements during the coupled-channels calculations, but
where CPUs are readily available, one should perform the Numerov propagation in parallel.
When a supercomputer is not available one can describe collisions using model calculations
instead. These models can be crude and relatively trivial, such as the hard-sphere scattering
model, or more sophisticated such as quasiclassical and semiclassical methods.

8.4 Closing remarks
The research in this thesis gives a detailed overview and analysis of intricate phenomena
observed in molecular collisions. Starting at the lowest energies, we were able to understand
atom-molecule collisions at the highest level of detail and show that crossed molecular beam
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scattering experiments can serve as a sensitive test of the underlying PES. We continued
our research to study –astronomically relevant– molecule-molecule collisions at elevated
collision energies. We were able to explain interesting collisional phenomena and trends
in cross sections for a handfull of molecule-molecule systems. There exist, however, many
relevant collisional pairs that still require theoretical investigation. This works shows the
strength of combining experimental measurements and theoretical calculations to unravel
and understand the underlying mechanisms in molecular collisions. Hopefully, the research
discussed in this thesis will be helpful in explaining new phenomena that might be discovered
in future collision experiments and help to achieve one of the ultimate goals in the field of
physical chemistry: “complete control and understanding of molecular collisions”.
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Research Data Management

This thesis research has been carried out in accordance with the research data management
policy of the Institute for Molecules and Materials of Radboud University, the Netherlands.
Guidelines can be found at https://www.ru.nl/rdm/vm/policy-documents/policy-imm/. The
data used in this thesis is stored on a departments server and is available upon reasonable
request. The data concerning Chapter 3 can be found at:

T. de Jongh, M. Besemer, Q. Shuai, T. karman, A. van der Avoird, G. C. Groenenboom,
S. Y. T. van de Meerakker, Imaging the onset of the resonance regime in low-energy
NO-He collisions online data. DANS (2020); doi:10.17026/dans-x4h-ur6f.

The data includes a Fortran routine for the NO-He potential energy surface, theoretical
data and results, analysis scripts, raw experimental data, simulation input and output, and
script to prepare figures.
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Summary

This thesis describes a theoretical study of rotationally inelastic molecular collisions. Dur-
ing a collision between two molecules, kinetic energy can be converted into rotation of
the molecules, and vice versa. Also, rotational energy can be transferred from molecule
to molecule. Interesting phenomena can occur during such collisions, such as scattering res-
onances, diffraction oscillations, molecular rainbows, glory scattering, and more. In physical
chemistry, we try to study and understand these processes because they contain information
about the most fundamental interactions between molecules.

The study of molecular collisions is particularly important in the field of astrochemistry.
Astrochemists use information from rovibrational molecular spectra to describe the evolu-
tion of molecular gas clouds, protoplanetary disks, and planetary atmospheres using com-
puter simulations based on models. The rovibrational state population of molecules depend
on the local physical conditions, such as, molecular density. To ensure that the computer
models provide correct predictions, it is necessary to understand molecular collisions and
interactions on a fundamental level.

In the Nijmegen Spectroscopy of Cold Molecules group and the Theoretical Chemistry
group, we try to achieve this by performing accurate experimental measurements and ad-
vanced theoretical calculations, respectively. For example, we look at the angular distri-
butions of the recoiled particles, and at the probability of various processes taking place.
Thanks to recent experimental developments, it is now possible to measure these processes
at high and low collision energies with an exceptionally high resolution. At high energies,
particles often behave classically and the analogy with billiards is often cited. The colli-
sion processes then follow –like colliding billiard balls– Newton’s laws of motion. At lower
energies, this analogy no longer applies because the wavelike character of the particles deter-
mines the collision behavior, which can therefore only be described by quantum mechanics.

An important difference between the description of collisions by classical and quantum
mechanics is that in quantum mechanics also the the angular momentum of scattering tra-
jectories is quantized and described by partial waves. At low collision energies, there are
generally few partial waves involved. Insight into the underlying interactions between the
colliding molecules can be gained by studying the evolution of these partial waves. At high
energies many partial waves are involved, so that the wave character is often averaged out
and a classical description of the collision process suffices. In this thesis, we try to under-
stand molecular interactions and the phenomena that occur during collisions in terms of both
classical and quantum mechanical calculations. In all experiments and calculations described
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Summary

in this thesis, we study collisions between nitric oxide (NO) radicals and different collision
partners, such as the helium atom (He), the argon atom (Ar), different isotopologues of the
hydrogen molecule (H2 and HD), carbon monoxide (CO), oxygen (O2), and deuterated am-
monia (ND3).

Chapter 1 summarizes the ab-initio methods to compute intermolecular potential energy
surfaces. Also, it outlines the mathematical framework of coupled-channels scattering cal-
culations and shows how to calculate scattering cross sections.

Chapter 2 describes the essential aspects of the experiments discussed in this thesis. A
brief overview of the different experimental setups is given and it is shown how one extracts
cross sections from so-called velocity map images. To understand velocity map imaging
results, we give a short explanation of elementary collision kinetics.

Chapter 3 describes the development of a NO-He potential surface at the CCSDT(Q)-
level. We have investigated various theoretical methods and corrections to this potential to
achieve the highest possible accuracy. With this new potential energy surface, integral and
differential collision cross sections were calculated using coupled channels scattering calcu-
lations. Scattering resonances were observed for collision energies between 0.1 and 10 cm−1

and our results show that only with our newly developed potential the experimental results
can be reproduced. We were able to relate the number of nodes in the angular distributions
to the partial waves. Our newly developed CCSDT(Q) potential energy surface has also been
used in the work described in Chapter 4.

Chapter 4 describes the study of rotational de-excitation in NO-He collisions for collision
energies between 0.4 and 6.0 cm−1. The theoretically calculated and experimentally mea-
sured cross sections show excellent agreement and therefore demonstrate the quality of the
potential surface described in Chapter 3. We were able to introduce an additional quantum
of angular momentum into the NO molecule and trace it throughout the collision process
by studying the outgoing partial waves and scattering cross sections. Propensity rules have
been found for both parity-conserving and parity-changing collisions. Finally, we studied
time-reversal invariance and show that the de-excitation and excitation collisions are based
on the same partial wave dynamics, so that the differential cross sections are identical except
for a constant multiplication factor.

Chapter 5 describes the theoretical and experimental study of NO-H2 scattering reso-
nances at low collision energies. We show that two different ab-initio potential surfaces
predict substantially different energies at which scattering resonances occur; one of them
agrees with the experiment. We could identify the partial wave contributions and explain the
differences found between para-H2 and ortho-H2 as a collision partner.

Chapter 6 describes the development of a scattering model which explains the counter-
intuitive phenomenon that deeply inelastic collisions lead to perfectly forward-scattered dif-
ferential cross sections. To understand this phenomenon, we have extended the textbook
model for scattering between hard spheres –billiard balls– by including the kinetic energy
transfer. The forward scattering is assigned to a new type of glory scattering caused by
an abrupt kinetic energy loss during the collision, combined with the attractive long range
forces. We call this new phenomenon: hard collision glory scattering (HCGS). We have ob-
served HCGS in the product-pair distributions in rotationally inelastic collisions of NO with
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HD and CO and we were able to identify HCGS in previously measured systems. Numerical
semi-classical and full-quantum coupled-channels calculations show qualitative and quan-
titative agreement with our model, respectively, and HCGS is observed in all calculations.
Finally, it has been deduced under which conditions HCGS takes place.

Chapter 7 describes a study of NO-ND3 collisions at both low and high collision en-
ergies. To calculate the scattering cross sections, we calculated a new ab-initio NO-ND3
potential energy surface. In coupled-channels calculations we find that the dipole moments
of both molecules strongly influence the collision dynamics. At low energies, this results
in predominantly forward-scattered differential cross sections. To explain the high collision
energy results, both quantum mechanical and classical scattering calculations were used. We
show which types of interaction cause the observed forward scattering. Using our classical
calculations, the observed backward scattering throughout the low and high collision energy
regime can be explained as a well-known phenomenon in the field of optics, the backward
glory.

Chapter 8 contains concluding remarks and some outlooks to future research.
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Samenvatting

Dit proefschrift beschrijft een theoretische studie naar rotatie-inelastische moleculaire bot-
singen. Tijdens een botsing tussen twee moleculen kan er kinetische energie worden omgezet
in de rotatie van een molecuul en vice versa. Ook kan rotatie energie van het ene molecuul
worden overgedragen naar het andere molecuul. Daarnaast kunnen er gedurende een bot-
sing tussen twee deeltjes allerlei interessante verschijnselen plaatsvinden, zoals botsingsre-
sonanties, diffractie-oscillaties, moleculaire regenbogen, glorie-verstrooiing, en meer. In de
fysische chemie proberen we dergelijke processen te bestuderen en te begrijpen omdat dit
informatie oplevert over de meest fundamentele interacties tussen moleculen.

Het bestuderen van moleculaire botsingen is in het bijzonder belangrijk in de astroche-
mie. Hier gebruiken astrochemici informatie van rotatie- en vibratie-spectra om de evolutie
van moleculaire gaswolken, protoplanetaire schijven, en planetaire atmosferen met compu-
termodellen te beschrijven. De populatie van de rotationele en vibrationele toestanden van
moleculen hangt af van de lokale fysische condities, zoals moleculaire dichtheid. Om er
zeker te van zijn dat de computermodellen de juiste voorspellingen opleveren, is het nodig
om moleculaire botsingen en interacties te begrijpen op een fundamenteel niveau.

In de Nijmegen Spectroscopy of Cold Molecules groep proberen we dit samen met de
Theoretische Chemie groep te bereiken door het respectievelijk uitvoeren van nauwkeurige
metingen en geavanceerde theoretische berekeningen. Hierbij wordt bijvoorbeeld gekeken
naar de hoekverdeling van de gebotste deeltjes, of naar de waarschijnlijkheid waarmee ver-
schillende processen plaatsvinden. Door recente experimentele ontwikkelingen is het nu
mogelijk om deze botsingen bij hoge en lage botsingsenergieën te meten met een uitzon-
derlijk hoge resolutie. Bij hoge energieën gedragen deeltjes zich vaak klassiek en wordt de
analogie met biljarten vaak aangehaald. De botsingsprocessen volgen dan namelijk –net als
botsende biljartballen– de bewegingswetten van Newton. Bij lagere energieën gaat deze ana-
logie niet meer op omdat het golfkarakter van de deeltjes het botsingsgedrag overneemt, wat
daarom alleen nog maar beschreven kan worden door de kwantummechanica. Een belang-
rijk verschil tussen de klassieke en kwantummechanische beschrijving van botsingen is dat
in de kwantummechanica ook de bewegingspaden gekwantiseerd zijn. Een gekwantiseerd
bewegingspad wordt ookwel een partiële golf genoemd. Bij lage energieën doen er over
het algemeen weinig partiële golven mee en door het bestuderen van deze partiële golven
kan er inzicht worden verkregen in de onderliggende interacties tussen de botsende mole-
culen. Bij hoge energieën doen er veel partiële golven mee waardoor het golfkarakter vaak
uitmiddelt en een klassieke beschrijving van het botsingsproces volstaat. In dit proefschrift
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proberen we interacties tussen botsende deeltjes en de daarbij optredende verschijnselen te
begrijpen in termen van zowel klassieke als kwantummechanische berekeningen. In alle
experimenten en berekeningen beschreven in dit proefschrift bestuderen we botsingen tus-
sen stikstofmonoxide (NO) radicalen en verschillende botsingspartners zoals heliumatomen
(He), verschillende isotopologen van waterstofmoleculen (H2 en HD), koolstofmonoxide
(CO), gedeutereerd ammoniak (ND3), en meer.

In Hoofdstuk 1 worden de methoden gebruikt voor de ab-initio berekening van inter-
moleculaire potentiaal-oppervlakken samengevat en wordt beschreven hoe deze potentia-
len worden gebruikt in kwantummechanische gekoppelde-kanalen verstrooiingsberekingen.
Ook wordt het wiskundige kader van de gekoppelde-kanalen berekeningen beschreven en
wordt uitgelegd hoe hiermee een botsingsdoorsnede wordt berekenend.

Hoofdstuk 2 beschrijft de essentiële aspecten van de experimenten die in dit proefschrift
besproken worden. Er wordt een kort overzicht gegeven van de verschillende experimentele
opstellingen en hoe de experimentele meting van een botsingsdoorsnede werkt. Om de zo-
geheten velocity-map-imaging resultaten te begrijpen wordt een korte uitleg van elementaire
botsingskinetiek gegeven.

Hoofdstuk 3 beschrijft de ontwikkeling van een NO-He potentiaal-oppervlak op CCSDT(Q)
niveau. We hebben verschillende methoden en correcties op deze potentiaal onderzocht
om de hoogst mogelijke nauwkeurigheid te bereiken. Met het nieuwe potentiaal-oppervlak
zijn integrale en differentiële botsingsdoorsneden uitgerekend door middel van gekoppelde-
kanalen verstrooiingsberekingen. Voor botsingsenergieën tussen 0.1 en 10 cm−1 werden
botsingsresonanties waargenomen. Uit de berekeningen bleek dat alleen met onze nieuw
ontwikkelde potentiaal de experimentele resultaten gereproduceerd konden worden. We wa-
ren in staat om het aantal knopen in de hoekverdelingen te relateren aan de partiële golven.
Ons nieuw ontwikkelde CCSDT(Q) potentiaal-oppervlak is tevens gebruikt in het werk be-
schreven in hoofdstuk 4.

Hoofdstuk 4 beschrijft de studie van rotationele de-excitatie in NO-He botsingen bij bot-
singensenergieën tussen 0.4 en 6.0 cm−1. De theoretisch berekende en experimenteel ge-
meten botsingsdoorsneden stemmen uitstekend overeen en bevestigen daarmee de kwaliteit
van het potentiaal-oppervlak beschreven in hoofdstuk 3. We waren in staat om een extra
impulsmoment-kwantum mee te geven aan het NO molecuul en dit te volgen gedurende het
botsingsproces door de uitgaande partiële golven en botsingsdoorsneden theoretisch te be-
studeren. Voor zowel pariteits-behoudende als pariteits-veranderende botsingen vonden we
duidelijke voorkeursprocessen. Tenslotte hebben we tijdomkeer-invariantie bestudeerd en
hiermee laten zien dat de-excitatie en excitatie botsingen op dezelfde partiële-golfdynamica
berusten, waardoor de hoekafhankelijke botsingsdoorsneden identiek zijn op een constante
factor na.

Hoofdstuk 5 beschrijft de theoretische en experimentele studie van NO-H2 botsingsreso-
nanties bij lage botsingsenergieën. We laten zien dat twee verschillende ab-initio potentiaal-
oppervlakken substantı̈ele verschillen voorspellen in het gedrag van botsingsresonanties, en
dat een van deze oppervlakken resultaten produceert in overeenstemming met het experi-
ment. We zijn in staat de partiële-golfbijdragen te identificeren en daarmee de verschillen
tussen para-H2 en ortho-H2 als botsingsparter te verklaren.
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Hoofdstuk 6 beschrijft de ontwikkeling van een botsingsmodel dat een verklaring geeft
voor een contra-intuı̈tief verschijnsel waarbij sterk inelastische botsingen leiden tot een per-
fect voorwaards-verstrooide hoekverdeling. Om dit verschijnsel te begrijpen hebben we het
leerboek-model voor botsingen tussen harde bollen –biljartballen– uitgebreid door de ver-
mindering van de kinetische energie mee te nemen in het model. De voorwaartse hoek-
verdeling wordt toegeschreven aan een nieuw type “glory-scattering” dat wordt veroorzaakt
door het abrupte verlies van kinetische energie tijdens de botsing, gecombineerd met de aan-
trekkende krachten op langere afstand. We noemen dit nieuwe verschijnsel “hard collision
glory scattering”(HCGS). We hebben HCGS waargenomen in de product-paar verdelingen
van rotationeel-inelastische botsingen van NO met HD en CO en we waren in staat HCGS te
identificeren in eerder gemeten systemen. Numerieke semi-klassieke en volledige kwantum-
mechanische gekoppelde-kanalen berekeningen laten respectievelijk kwalitatieve en kwanti-
tatieve overeenstemming zien met ons model. In alle deze berekeningen werd HCGS waar-
genomen. Tenslotte is afgeleid onder welke condities HCGS plaats vindt.

Hoofdstuk 7 beschrijft een studie van NO-ND3 botsingen bij zowel lage als hoge bot-
singsenergieën. Om botsingsdoorsneden te kunnen berekenen hebben we een nieuwe ab-
initio NO-ND3 interactie potentiaal berekend. Met onze gekoppelde-kanalen berekeningen
vinden we dat de dipoolmomenten van beide moleculen de botsingsdynamica met name bij
lage botsingsenergiën sterk beinvloeden, wat resulteert in compleet voorwaards verstrooide
hoekverdelingen. Om de resultaten bij hoge botsingsenergieën te begrijpen is gebruik ge-
maakt van zowel kwantummechanische als klassieke botsingsberekeningen. We laten zien
dat de waargenomen voorwaardse verstrooiing bij hoge energiën veroorzaakt wordt door
verschillende interacties. Tenslotte laten we zien dat met behulp van de klassieke botsings-
berekingen de achterwaardse verstrooiing, waargenomen bij zowel lage als hoge energiën, te
verklaren is als een veelvoorkomend verschijnsel in de optica, de achterwaardse “glory”.

Hoofdstuk 8 bevat de conclusies en een uitkijkje naar toekomstig onderzoek.
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voor het organiseren van de Guys Weekenden. Een weekend met niets anders dan bier, ga-
mes en de swipe guy voelde vaak als een minivakantie. Ook wil ik je bedanken voor je mooie
en creatieve ontwerp van de kaft van dit boekje. Felix, bedankt voor de gezellige fietstochten
naar Zwolle, de Black Widow Knee Slides, en ons projectje om een trading-bot te maken. Bij
jou kon ik altijd even tot rust komen. Benjamin, je laat me altijd kritisch denken over mijzelf
en de wereld om mij heen. Deze openheid en eerlijkheid vind je maar bij weinig mensen
en daarom betekent onze vriendschap erg veel voor me. Tijdens de moeilijke periodes van
mijn promotieonderzoek heb je me vaak geholpen en goed advies gegeven. Bedankt! Ik wil
alle andere guys: Ebon, Jurgen, Guido en Pepijn bedanken voor alle gezelligheid tijdens de
Guys Weekenden. Marten-Jan, tijdens onze HyET stage zijn we begonnen met 5 kilometer
hardlopen. Na meer dan 10 jaar (bijna) elke zondag rennen hebben we in 2019 besloten deel
te nemen aan de Montafon Totale Trail in Oostenrijk. Hoe we het hebben afgemaakt weet ik
niet, maar als je maar vaak genoeg zegt “niet aanstellen maar doorlopen” kom je vanzelf bij
de finish (een dergelijk gevoel heb ik ook tijdens mijn promotie gehad). Door wekelijks te
rennen kon ik elke maandag met een frisse blik aan mijn onderzoek beginnen. Bedankt voor
de mooie tijd en ik hoop dat we nog vaak mogen rennen!
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