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Voorwoord

“Age si quid agis” 1
— Titus Maccius Plautus (251 BC - 184 BC), Persa
Ruim vijf jaar geleden liep ik voor mijn masterstage rond op de afdelingen
Molecuul- en Laser Fysica van Dave Parker & Theoretische Chemie van Gerrit
Groenenboom. Ineens was daar Bas van de Meerakker, die met een VIDI op zak
zijn eigen groep in Nijmegen ging beginnen onder de vleugels van Dave. Hij ging
een nieuw lab starten en wilde een Stark afremmer combineren met een velocity
map imaging detector om moleculaire botsingen met hoge resolutie in kaart te
brengen. Toen het Instituut voor Moleculen en Materialen (IMM) een potje geld
beschikbaar had gesteld voor gedeelde promotieplaatsen tussen meerdere afdelingen binnen het IMM zag hij zijn kans schoon: samen met Gerrit schreef hij een
voorstel en vroeg hij mij om mee te doen. Dat leek me wel wat: vier jaar lang
experimenten en berekeningen met elkaar combineren om meer te leren over de
bouwstenen van de natuur! Maar alleen nadat hij had beloofd dat zijn lab netjes
en gestructureerd zou zijn, wat wel fijn is om te weten voor zo’n pietje-precies als
ik (Age si quid agis).
De promotieplaats werd toegekend, en na het laatste jaar van mijn master
kon ik vier jaar geleden beginnen met mijn promotieonderzoek op de afdelingen
Molecuul- en Laser Fysica & Theoretische Chemie. Niet alleen Bas en Gerrit,
maar ook Dave en Ad van der Avoird zouden mijn begeleiders worden. In het
Cold and Controlled Collisions (CCC) lab had Bas inmiddels een indrukwekkende
machine opgebouwd met hulp van Alex von Zastrow, Sjoerd Vogels en Raymund
Rammeloo en ze hadden zelfs het eerste botsingssignaal al gedetecteerd!
Nu, vier jaar en heel wat grants van Bas later, is het lab flink uitgebreid en
wordt het assortiment aan afremmers en lasers steeds groter. In deze vier jaar heb
ik dankzij een fantastische combinatie tussen experiment en theorie ontzettend
veel geleerd over moleculaire botsingen. Maar dit had ik nooit alleen gekund, en
1 Als

je iets doet, doe het dan goed
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Voorwoord
daarom wil ik bij deze iedereen bedanken die me hierbij heeft geholpen. Een aantal
mensen wil ik graag in het bijzonder bedanken.
Ten eerste mijn promotor Bas van de Meerakker. Bas, ik ben je ontzettend
dankbaar dat ik bij jou in de groep mocht promoveren. Je enthousiasme en betrokkenheid bij alle projecten zijn voor mij erg belangrijk geweest en hebben me altijd
gestimuleerd om alles tot in detail te onderzoeken. Niet alleen op wetenschappelijk gebied, maar ook op persoonlijk vlak heb ik heel veel van je geleerd. Met al
mijn theoretische vragen en problemen kon ik altijd terecht bij mijn promotoren
Gerrit Groenenboom en Ad van der Avoird. Ik heb de afgelopen jaren erg veel
van jullie geleerd over het hoe en wat van moleculaire botsingen. Bedankt voor
alle begeleiding. Ik vind jullie toewijding aan het onderzoek heel bijzonder. Dave
Parker, bedankt voor de samenwerking bij het ND3 + He project en de zinvolle
discussies. Met vier geweldige supervisors werken, die allemaal wat anders van je
willen, is lang niet altijd makkelijk geweest. Toch ben ik ontzettend blij dat ik dit
project op deze manier heb mogen doen.
De complexe experimenten die de afgelopen vier jaar zijn uitgevoerd zijn tot
stand gekomen door fantastisch teamwork. Ik wil mijn labmaatjes Alex von Zastrow en Sjoerd Vogels dan ook hartelijk bedanken. Alex, du hast mir immer
geduldig gelernt wie ich die Machine benutzen muss. Danke schön! Ich werde unseren Freund Neon nie vergessen. Sjoerd, dankjewel voor alles wat we de afgelopen
vier jaar meegemaakt hebben. Samen hebben we het toch maar mooi voor elkaar
gekregen. We zijn onderweg flink wat problemen tegengekomen (dubbele pieken,
lekkende kleppen, problemen met de lasers om maar eens wat te noemen), maar
we hebben ze altijd op kunnen lossen. Lang leve Abel! Ook de bachelor- en masterstudenten Raymund, Koert, Alex, Tim de Jongh, Tim van der Kruk, Ludger,
Eef en Matthieu hebben een bijdrage geleverd aan ons onderzoek, dankjulliewel.
De experimenten hadden nooit uitgevoerd kunnen worden zonder de expertise
en hulp van alle technici: Leander, Peter, Chris, Niek, André, Cor en Barrie
hebben er allemaal voor gezorgd dat we onze ideeën uit konden voeren. Leander,
wat had jij een doorzettingsvermogen. Ik mis je. Chris, ik zal je blauwe kastje nooit
vergeten. Ook gaat mijn dank uit naar het TechnoCentrum, voor de constructie
van essentiële onderdelen voor onze machines. Uiteraard was ook secretaresse
Magda onmisbaar. Dankjewel voor alle hulp. I would also like to thank the others
of the CCC group (Theo, Simon, Zhi, Arghya, Niek, and Edwin) for all their help
and for the pleasant time in Nijmegen. The lunches, the group meetings, the
conferences, and the dinners and Sinterklaas evenings at Bas’s place were always
great thanks to your presence. Roy, dankjewel voor alle gezelligheid, je humor
en je belangstelling. Onze regelmatige discussies vond ik erg waardevol. Anne,
dankjewel voor de gezelligheid en de samenwerking voor het Radboud Science
Award project. I would also like to thank the other members of the Molecular and
Laser Physics department, such as Gautam, Ashim, Chandan, Zhongfa, Steﬀen,
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and Agniva.
Mijn werkplek bevond zich op de begane grond en eerste verdieping van het
Huygensgebouw, bij de Molecuul- en Laser Fysica afdeling. Voor theoretische vragen of gewoon voor de gezelligheid kon ik altijd terecht op de derde verdieping bij
iedereen van de afdeling Theoretische Chemie, dankjulliewel. Tijs, dankjewel voor
alle discussies en je hulp bij ondermeer het Fraunhofer project. Thanja, bedankt
dat je m’n kamergenootje was bij meerdere conferenties. Herma, bedankt voor
al je nuttige advies en hulp. Joost, Leendertjan, Liesbeth, Dennis, Lei, Adrien,
Eduardo, Peter, Riza, Xander, Boy, and Sasha, thank you for the nice atmosphere
in the group. Verder wil ik graag C&CZ bedanken voor het onderhoud aan de
rekenclusters en de technische hulp bij computerproblemen.
Tijdens mijn promotie heb ik meerdere labs mogen bezoeken. Christian Naulin
and Michel Costes (Bordeaux, France), Mark Brouard (Oxford, United Kingdom),
and Edvardas Narevicius (Rehovot, Israel), thank you for hosting me in your labs.
Christian and Michel, it was great to collaborate on the CO + He project. Mark,
Sean, and Bethan, thank you for the fruitful collaboration on the Fraunhofer
project.
Niet alleen op het werk, maar ook thuis heb ik veel steun ontvangen van familie
en vrienden. Dit is erg belangrijk voor mij geweest. WHV Dames 1, trainers en
coaches, wat is volleyballen met jullie toch leuk! Bedankt voor jullie begrip als ik
te laat was, niet kon komen trainen, of niet mee kon spelen tijdens een wedstrijd
omdat ik moest werken. Papa en mama, bedankt voor jullie eeuwige steun en
support! Jullie hebben ervoor gezorgd dat ik kon worden wie ik nu ben. Lieve
Peter, jij bent echt geweldig. Je weet me altijd op te fleuren als het even tegen zit
en kunt mijn problemen en zorgen goed relativeren. Je bent er altijd voor me en
betekent heel veel voor mij. Ik hoop op een mooie toekomst voor ons samen.
Jolijn Onvlee
Tiel, juli 2016
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1
Introduction

“Atoms are borne downwards, as being heavy, and when solid atoms
come in collision, they must necessarily rebound; some unite with others; those that unite closely, form bodies hard and dense; those that
combine more loosely, thin and subtle substances. Some do not coalesce, but wander continually through space, impelling and agitating
other atoms.”
— Titus Lucretius Carus (99 BC - 55 BC), De rerum natura

1.1

History of molecular interaction potentials

Atoms and molecules are the building blocks of life, and scientists have for centuries
been investigating the interactions between these small particles. The idea that
these interactions can be described by attractive and repulsive forces is very old.
Clausius already stated in 1857 that molecules attract each other at large distances,
while they repel each other when they are close together [1]. In 1873, Van der Waals
realized that the size of molecules and the weak intermolecular forces between them
influence the properties of substances. He therefore modified the ideal gas law to
obtain a relation between pressure, volume, and temperature for real gases and
liquids, that takes these eﬀects into account [2].
The nature of the intermolecular forces was at that time not understood. It
was believed that one unifying force law would be applicable to all molecules, just
like the gravitational force [3, 4]. Only at the beginning of the 20th century, it
was realized that the kind of interactions playing a role depend on the atoms or
molecules that are involved, and that intermolecular forces do not have a simple
nature [3–5]. Studies by, for instance, Reinganum [6, 7], Debye [8, 9], Keesom
[10], Wang [11], and London [12–14] resulted in a better understanding of both
the attractive and repulsive intermolecular forces. These forces were for example incorporated in the interaction potential V (R) = −A/R6 + B/R12 proposed
1
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by Lennard-Jones in 1924 [15], that describes the interactions as function of the
intermolecular distance R. Here, the first term represents the attractive van der
Waals forces, or London dispersion forces [13], at long range and the second term
represents exchange or Pauli repulsion [16] at short range. Together, these forces
result in a potential well, or van der Waals minimum, at intermediate range.
To study intermolecular forces, two diﬀerent approaches were used. In a semiempirical approach, model potentials like the one from Lennard-Jones are fitted
to quantities like second virial coeﬃcients, viscosity, and diﬀusion coeﬃcients [17].
In this method, that involves many approximations, a general expression that
contains some adjustable parameters, such as A and B in the Lennard-Jones potential, is used for the intermolecular forces. The values of these parameters are
then determined empirically, i.e., from observations and experiments.
In a more fundamental or theoretical approach, the interaction potentials are
computed from quantum mechanics. To relate the interactions to the structure of
the molecules, the Schrödinger equation, developed in 1926, is solved. Important
for this approach was the development of the Born-Oppenheimer approximation
in 1927, which separated fast electronic motion from slow nuclear, i.e., vibrational
and rotational, components [18]. The Schrödinger equation can then be solved in
two steps. First, the electronic Schrödinger equation is solved for fixed coordinates
of the nuclei. The electronic interactions as function of the nuclear coordinates are
then captured by a so-called potential energy function, or potential energy surface
(PES). In the second step of the Born-Oppenheimer approximation, this PES is
used in a nuclear Schrödinger equation that is solved for the motion of the nuclei.
The theoretical PESs were of great interest due to their fundamental nature, but
their accurate quantum mechanical calculation can, even with the power of modern
computers, be very computationally intensive.
From the 1970s, the increasing computer power allowed for the construction
of fully ab initio PESs for more and more systems, i.e., approximate solutions of
the electronic Schrödinger equation were computed without recourse to any experimental data. This required accurate electronic structure calculations that were
performed for diﬀerent geometries of the system. An important molecule that was
studied at that time was the helium dimer (He2 ). Several potentials were already
computed for this system in the 1960s, for instance by Ransil [19], Phillipson [20],
and Kestner [21], but the computational methods had to be improved to obtain
accurate PESs. It was found that especially the dispersion attraction was diﬃcult
to account for [5]. Schaefer [22] and Wahl [23] were in 1970 the first that reported
accurate potentials for He2 . The improved computational methods were used to
compute PESs for more complex systems, such as (N2 )2 [24] and (CO)2 [25], in
which more intermolecular coordinates play a role. Due to the high computer
power needed for these kinds of computations, these can be considered as very
challenging, and they remain diﬃcult and time-consuming to date.
2
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The computer power kept increasing and in the 1990s, the technological developments allowed for a new approach to improve ab initio PESs. First of all, the
most precise ab initio methods were used to compute the best possible PESs. These
were then fitted to a smooth analytical function and the nuclear Schrödinger equation was solved for the system under study. After that, the results were compared
with experiment and the remaining diﬀerences between theory and experiment
could be removed by scaling one or more of the parameters in the analytical fit of
the PES. This approach resulted in improved interaction potentials.
The interplay between theory and experiments, in which the ab initio PESs
are improved experimentally, is ideal to determine the accuracy of the PESs. Two
main types of experiments are typically conducted. On the one hand, spectroscopic
studies on bound states of van der Waals complexes mainly probe the shape of
the interaction potential in the region of the van der Waals minimum. Collision
experiments, on the other hand, are typically more sensitive to the short-range
repulsive part, and in some cases also to the long-range attractive part of the
potential. Both types of experiments have become more and more advanced and
have continued to provide ever more sensitive tests for the quality of PESs. In this
thesis, such molecular collision experiments will be discussed.

1.2

History of molecular collision experiments

The experimental study of molecular collisions started in the 1930s with the advent
of molecular beam methods and vacuum technologies. In the first molecular beam
scattering studies, in which an eﬀusive molecular beam was directed through a
vapour cell, so-called integral cross sections – related to the probability for a
collision to occur – and diﬀerential cross sections – the angular distributions of
the scattered molecules – could be measured for collisions involving, for instance,
He, H2 , and alkali atoms [26–29]. The integral cross sections exhibit structure
as function of the collision energy, caused by scattering resonances, for example,
while the diﬀerential cross sections display structure as function of the scattering
angle, such as rainbows and diﬀraction oscillations. These structures, that will be
discussed in detail in this thesis, can provide valuable information on the collision
process and can be used to test the quality of PESs. At that time, however, the
broad Maxwell-Boltzmann velocity distribution of the molecular beams hampered
the observation of all structures in the cross sections.
In the 1950s, Herschbach and Lee developed the crossed molecular beam technique in which two collimated molecular beams intersect within a well-defined
volume in a vacuum. This technique, for which they have been rewarded the
Nobel Prize in 1986 [30, 31], allows molecular collisions to be studied under singlecollision conditions and enables measurements of the direction and velocity of
the scattered products emitted from the collision zone [31]. It has revolutionized
3
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molecular scattering experiments and added tremendous new possibilities and research directions. It is therefore quite rightly referred to nowadays as the workhorse
in the field.
The early crossed beam experiments investigated alkali atoms, since they could
easily be detected using a hot metal filament [31]. At the end of the 1960s, the first
successful ‘universal’ crossed molecular beam apparatus was built. This machine
was equipped with an electron-impact mass spectrometer detector that rotated
around the beam crossing area, with which in principle any chemical species could
be observed [32]. Major improvements in the universality of the crossed beam
technique came with the implementation of supersonic beam sources – resulting in
molecular beams with much narrower velocity distributions and higher densities
at reduced pump speed requirements – and the time-of-flight method into these
machines. During the 1970s and the early 1980s, a wide variety of systems was
studied, including collisions involving hydrogen, oxygen, halogen atoms, and openshell molecules [33–35].
The level of detail that can be reached in these experiments depends both on
the quality of preparation of the collision partners and on the products detection
accuracy. Enhanced detection eﬃciencies and resolutions to measure cross sections
were realized with the advent of tunable lasers. Laser-based detection methods,
such as laser-induced fluorescence and later also resonance-enhanced multiphoton
ionization, with which atoms and molecules can be detected in a specific quantum
state, allowed for the measurement of quantum state-resolved cross sections [36–
41]. The development of ion imaging and velocity map imaging techniques greatly
enhanced our ability to record diﬀerential cross sections [42, 43]. With these techniques, all scattering angles can be probed simultaneously [44] and when they are
combined with laser-based ionization methods, images of the scattered molecules
can be generated that directly reflect the quantum state-resolved diﬀerential cross
sections [45, 46]. In the last decades, these improved detection techniques allowed
for the study of a wide variety of scattering systems [44, 47, 48].
The ability to prepare more precisely the relevant properties of the collision
partners before the collision has faced equally impressive developments in the last
decades [49]. The resolution in molecular collision experiments is generally limited
by the velocity spreads and quantum-state purities of the molecular beams used.
In supersonic beams, translational, rotational, and vibrational cooling already
takes place, but it is often not suﬃcient to obtain the high resolution needed to
resolve all detailed structures that occur in the cross sections. With the help of
either electric or magnetic external fields, atoms and molecules can be prepared
in a specific quantum state. This was first demonstrated in the Stern-Gerlach
experiment in 1922 [50]. Later, multipole focusers, such as hexapole state selectors,
were developed that are still used for selecting the rotational quantum state of
molecules [49, 51, 52]. Using external fields, not only the quantum state, but also
4
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the orientation or alignment of a molecule’s bond axis can be controlled, enabling
the study of the stereodynamics of a collision [51, 53]. Finally, external fields may
also be used to control the forward velocity component of molecules in a beam
[49, 52, 54]. This is, for instance, exploited in the Stark deceleration technique,
that has been developed in 1999 [55]. By applying a burst of high-voltage pulses to
a series of electric field electrodes at appropriate times, samples of state-selected
molecules with a computer-controlled velocity and a narrow velocity distribution
can be produced. This technique has proven to be a powerful tool in molecular
scattering experiments [56–58].
For relatively simple systems, like diatom-atom complexes that are the focus
of this thesis, high-quality PESs are presently available. For more complex systems, however, it remains very challenging to compute accurate PESs. In order
to provide sensitive tests for the theoretical methods and approximations used,
high-resolution collision experiments are necessary. The experimental resolution
in crossed beam experiments needs to be further improved, such that the most
detailed structures, that are most sensitive to the PES, can be resolved.

1.3

This thesis

The studies described in this thesis realize this by combining the powerful Stark
decelerator with a velocity map imaging (VMI) detector. The Stark decelerator allows for full control over a reactant before the collision, and the collision products
are state-selectively ionized and detected using VMI. This combination of techniques allows us to measure high-resolution scattering images that can be used to
test theory at a high level. With this high resolution, we explored phenomena that
are extremely sensitive to the PES. First, we resolved structures at high collision
energies, called diﬀraction oscillations, that are very sensitive to the potential.
These structures could not be resolved in quantum-state resolved cross sections
without the use of a Stark decelerator.
After that, we explored scattering at low collision energies, where so-called scattering resonances occur that correspond to the occurrence of a long-lived collision
complex and that are extremely sensitive to the PES. These kinds of resonances
have only been measured a few times in integral cross sections for inelastic scattering between a molecule and an atom or for penning ionization processes [59–67].
We could for the first time measure diﬀerential cross sections around such resonances, which provide a sensitive test for the quality of a PES and new information on the dynamics of the collision process at these resonances. Theoretically,
we were able to unravel the origin of all structures in diﬀerential cross sections
and we could fully characterize scattering resonances. This powerful combination
of experiments and theory provided new insights in the dynamics of molecular
collisions and sensitive tests for theory.
5
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Chapter 1. Introduction

1

For the work described in this thesis, collisions between nitric oxide (NO)
radicals and rare gas (Rg) atoms are studied. This system is one of the most
intensely studied systems in molecular collision research, both experimentally and
theoretically (see, for instance, Refs. [39, 46, 68–72] and references therein). The
NO radical is present in the atmosphere, the interstellar medium, and in biological
systems such as our body. It is produced, for instance, during combustion of fossil
fuels and during lightning in a thunderstorm. Interest in the NO + Rg system
stems from the open-shell character of NO giving rise to two Born-Oppenheimer
PESs with non-adiabatic couplings between them. Moreover, it is one of the most
important systems to study van der Waals interactions in open-shell systems. The
NO + Rg systems have emerged as the paradigm for rotational energy transfer, and
have frequently been the system of choice to benchmark new theoretical methods
or experimental approaches. Indeed, ion imaging techniques were first applied to
crossed beam experiments using NO + Ar [45, 73].

1.4

Outline

The next chapter gives some theoretical background information necessary to understand the content of this thesis. Chapter 3 describes the experimental methods
used for the work of this thesis. One experimental setup is used, with several
configurations. These are all discussed in this chapter and every following chapter
shortly describes which configuration is used for that specific work. Chapters 4
and 5 report how experiments and theory are combined to resolve and understand
all structures in diﬀerential cross sections at high collision energy. The collision
energy dependence of a specific eﬀect is presented in Chapter 6, showing how
cross sections evolve from semi-classical structures at high energy to pure quantum mechanical structures at low energy. Chapter 7 shows that we can measure
diﬀerential cross sections around scattering resonances and that we can fully characterize them. Some concluding remarks and prospects are given in Chapter 8.

6

2
Theoretical background and methods

In this chapter, some theoretical background information is presented
that is necessary to understand the content of this thesis. The work
described in this thesis concerns collisions between NO radicals and
rare gas atoms. The NO molecule will be introduced here and its Stark
eﬀect and the most important quantum numbers will be discussed. A
molecular collision can be understood in terms of classical mechanics or
quantum mechanics. Both scattering theories will shortly be discussed.
Moreover, the potential energy surfaces for the various NO + rare gas
systems will be introduced and a short description of the quantum
mechanical close-coupling calculations will be given.
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2.1

2

The NO molecule

The nitric oxide (NO) molecule has 15 electrons and its ground state electronic configuration is (1sσ)2 (1sσ ∗ )2 (2sσ)2 (2sσ ∗ )2 (2pσ)2 (2pπ)4 (2pπ ∗ ). The unpaired electron in the anti-bonding (2pπ ∗ ) orbital makes the molecule open shell and leads
to half integer total angular momentum quantum numbers. The projections of
the electronic orbital L and spin S angular momenta on the internuclear axis are
Λ = ±1 and Σ = ±1/2, respectively. This leads to a 2 Π term symbol for the
electronic ground state.
In low rotational levels, the NO molecule can approximately be described by
the Hund’s case (a) coupling scheme [74], where L and S couple with the angular
momentum R of the end-over-end rotation of the nuclei to form the total angular
momentum j = L + S + R, with a projection onto the internuclear axis of Ω =
Λ + Σ, since the projection of R onto the internuclear axis is zero. This gives rise
to two spin-orbit manifolds for the 2 Π electronic ground state: the 2 Π1/2 state
with |Ω| = 1/2 and the 2 Π3/2 manifold with |Ω| = 3/2. The 2 Π1/2 manifold is
lower in energy than the 2 Π3/2 state.
The rotational energy levels can be obtained from the Hamiltonian, where we
neglect Λ-doubling [75]
ĤNO = Bv (j − L − S)2 + Av Lz Sz ,

(2.1)

where the first part is due to the nuclear rotation of the molecule and the second
term represents the spin-orbit coupling. The rotational constant Bv and the spinorbit constant Av depend on the vibrational quantum number v and are 1.69611
cm−1 and 123.1393 cm−1 , respectively, for the vibrational ground state [76].
In the lowest spin-orbit state |Ω| = 1/2, where Ω = 1/2 is formed by Λ = 1
and Σ = −1/2, while Ω = −1/2 is formed by Λ = −1 and Σ = 1/2. The electronic
and rotational part of the wavefunction for the NO molecule in Hund’s case (a) is
given by
1
|Λ S Σ Ω ϵ j m⟩ = √ [|Λ S Σ Ω j m⟩ + ϵ |−Λ S −Σ −Ω j m⟩],
2

(2.2)

where m is the projection of j onto a space-fixed axis, Ω > 0, and ϵ = ±1 is the
spectroscopic parity index, or symmetry index, that is related to the parity p of
the NO wavefunction by
ϵ = p(−1)j−1/2 .
(2.3)
Levels with ϵ = +1 and −1 are denoted by e and f , respectively, and have slightly
diﬀerent energies, resulting in a so-called Λ-doublet. This Λ-doubling is due to
the interaction between the X 2 Π and excited 2 Σ states. The lower component of
the Λ-doublet always has ϵ = 1, while the upper component has ϵ = −1. The Λdoublet splitting, EΛ , for the 2 Π1/2 , v = 0, j = 1/2 state is only 0.0119 cm−1 . The
8
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hyperfine structure has been neglected here, and is not relevant to the experiments
reported in this thesis. The energy level diagram for the lowest rotational levels
in the X 2 Π1/2 and X 2 Π3/2 states is shown in Figure 2.1a.
X 2Π1/2
17/2
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15/2
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150

13/2
11/2
50
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5/2
3/2
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1/2
e

0.08

0.0

2
mΩ = -1/4

f
e
mΩ = +1/4

-0.08
j = 1/2

0
40
80
120
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Figure 2.1: a) Energy level diagram of NO, where the energy splitting between the
Λ-doublet components of each rotational level is greatly exaggerated for clarity. b) The
Stark shift of NO radicals in the X 2 Π1/2 , v = 0, j = 1/2 state as function of the electric
field strength.

2.1.1

The Stark eﬀect of NO

In the presence of an external electric field, the NO molecule experiences the
Stark eﬀect, resulting in shifting of energy levels. When an electric field E is
applied, the Hamiltonian that describes the molecule contains an additional term
HStark = −µel · E = −µel E cos β, where µel is the electric dipole moment vector of
the molecule and β is the polar angle between the molecular axis, which is parallel
to the dipole of NO, and the electric field. As shown in Ref. [52], the first order
Stark correction to the energy for a diatomic molecule in a 2 Π electronic state is
given by
√(
)2 (
)2
EΛ
EΛ
mΩeﬀ
EStark = ϵ
−ϵ
+ µel E
.
(2.4)
2
2
j(j + 1)
Here, Ωeﬀ is the eﬀective value of the Ω quantum number, and only the interaction
between the two Λ-doublet components is taken into account, since the energy
spacing between rotational levels is relatively large. If the mixing between the
9
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2

X 2 Π1/2 and X 2 Π3/2 spin-orbit manifolds is neglected, Ωeﬀ = Ω. This is a good
approximation for the lowest rotational levels in the X 2 Π1/2 state. Molecules in
an ϵ = −1 state, i.e., in the upper component of the Λ-doublet, are so-called low
field seekers, since their energy increases with increasing field strength. Those in
an ϵ = 1 state, i.e., in the lower component of the Λ-doublet, are so-called high
field seekers. The electric dipole moment µel of NO is only 0.16 D, resulting in a
relatively small Stark eﬀect. Figure 2.1b shows the Stark energy level diagram for
NO in the X 2 Π1/2 , v = 0, j = 1/2 state.

2.2

Scattering processes

When an atom A and a molecule BC with internal quantum state n approach
each other, three diﬀerent kinds of scattering processes are possible:
1. Elastic scattering: A + BC(n) → A + BC(n)
2. Inelastic scattering: A + BC(n) → A + BC(n′ )
3. Reactive scattering: A + BC(n) → AB(n′ ) +C
In an elastic collision, the kinetic energy of each of the particles can change, but the
particles stay intact and remain in the same quantum state. During an inelastic
collision, both the kinetic energy and the internal energy of the particles can
change, while in reactive scattering processes the composition of the particles
changes since bonds are broken and new bonds are formed. This thesis solely
deals with inelastic scattering processes between molecules and atoms, involving
rotational excitation of the molecule.
What happens when two particles collide can be described in a classical and in
a quantum mechanical way. In the next sections, the general concepts of classical
and quantum mechanical scattering theories will be discussed for elastic collisions.
These concepts can also be used to understand the inelastic scattering processes
that are the focus of this thesis. It should be noted that only the most important information will be given here that is necessary for this thesis. A detailed
description of these scattering theories can, for instance, be found in Ref. [77].

2.2.1

Scattering: the classical picture

Let us consider a collision between two particles A and B with masses mA and
mB and velocities vA and vB , respectively, as illustrated in Figure 2.2a. They
approach each other with an impact parameter b, which is the distance of closest
approach in the absence of any interaction between the collision partners. The
10

2.2. Scattering processes
impact parameter b is related to the magnitude of the angular momentum ℓ of the
collision partners by
|ℓ| = µ|vrel |b,
(2.5)
where µ = mA mB /(mA + mB ) is the reduced mass of the system, and vrel =
vA − vB is the relative velocity. When b is small, the collision is called head-on,
while large impact parameters are associated with so-called glancing collisions.
The integral collision cross section σ, that is an eﬀective area associated with the
colliding particles and related to the propability for a collision to occur, is defined
as
∫
∫
2π

bmax

σ=

P (b)b db dϕ,
0

(2.6)

0

where ϕ is the azimuthal angle and P (b) is the probability for a collision at a given
value of b, or the opacity function. If the collision partners are not oriented in
space, or if they are spherical particles, the opacity function does not depend on
ϕ and the scattering is cylindrically symmetric. Usually, b, P (b), and σ depend
on the collision energy, and P (b) also depends on the potential energy surface. In
the hard-sphere collision model, P (b) = 1 for b ≤ bmax and P (b) = 0 for b ≥ bmax ,
such that
∫
bmax

P (b)2πb db = πb2max .

σ=

(2.7)

0

The particles can scatter in any direction, and the amount or flux of particles that
scatters to a certain solid angle ω defines the diﬀerential cross section
dσ
scattered flux of molecules per unit solid angle
=
.
dω
incident flux of molecules per unit area
The integral cross section is obtained by integrating over ω:
∫
∫ π
dσ
dσ
σ=
dω = 2π
sin θ dθ,
dω
dω
0

(2.8)

(2.9)

where θ defines the scattering angle and dω = 2π sin θ dθ. In the hard-sphere
collision model, the diﬀerential cross section is given by
dσ
2πb db
b
=
,
=
dω
2π sin θ dθ
sin θ(dθ/db)

(2.10)

using the substitution dσ = 2πb db. The particles experience attractive forces at
large distance, and repulsive forces at small distance. At small impact parameters,
the collision is dominated by repulsive forces, predominantly resulting in backward
scattering, i.e., the particles are reflected to the direction where they came from.
Large impact parameter collisions are dominated by attractive forces and mostly
result in forward scattering, i.e., the particles are hardly deflected due to the
collision.
11
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a

b

eikr

θ

θ

A

z

b

2

B

φ

eikz

Figure 2.2: A classical (a) and a quantum-mechanical (b) picture of a scattering process.

2.2.2

Scattering: the quantum mechanical picture

The classical description of a molecular collision is not able to reproduce a complete
picture of what is happening, since we know that molecules and atoms must be
described using quantum mechanics. In a quantum mechanical approach, the
collision is described in terms of plane waves hitting a target, i.e., there is a
potential, resulting in spherical waves. The incoming plane waves with wave vector
k, that are traveling along the z-axis, are described as eikz , whereas the outgoing
spherical waves are proportional to eikr /r. This is illustrated in Figure 2.2b.
In quantum mechanics, the angular momenta are √
quantized, and the magnitude
of the orbital angular momentum becomes |ℓ| = ~ ℓ(ℓ + 1), where ℓ is a nonnegative integer. The wavefunctions corresponding to diﬀerent values of the orbital
angular momentum quantum number ℓ are referred to as partial waves. A partial
wave can be seen as the quantum mechanical analogue of the classical impact
parameter.
The total wavefunction of both the incoming plane wave and the outgoing
spherical waves can be written in terms of partial waves. The asymptotic entire
wavefunction Ψ is
eikr
,
(2.11)
Ψ(r) = eikz + f (θ)
r
with f (θ) the scattering amplitude, which is in the so-called partial wave expansion
given by
∞
∑
Sℓ − 1
Pℓ (cos θ),
(2.12)
f (θ) =
(2ℓ + 1)
2ik
ℓ=0

where Pℓ are Legendre polynomials and Sℓ is known as a scattering matrix or
S-matrix element. These Sℓ matrix elements can be computed by solving the
Schrödinger equation per partial wave. Once the S-matrix is known, all kinds of
observables can be computed from it, such as the diﬀerential and integral cross
12
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sections and the opacity function. The diﬀerential cross section, for instance, is
now given by
2

∞
∑
dσ
Sℓ − 1
= |f (θ)|2 =
(2ℓ + 1)
Pℓ (cos θ) ,
dω
2ik

(2.13)

ℓ=0

and the integral cross section is obtained by integrating over dω
∫
σ=

2
∫ ∑
∞
Sℓ − 1
2
|f (θ)| dω =
(2ℓ + 1)
Pℓ (cos θ) dω.
2ik

2
(2.14)

ℓ=0

At low collision energies, only a few partial waves contribute, while many partial
waves contribute at high energies.

2.3

Quantum mechanical scattering calculations

The study described in this thesis investigates scattering between NO molecules
and the rare gas atoms He, Ne, Ar, Kr, and Xe. The interactions between the
molecule and atom are captured by a potential energy surface (PES). This PES is
used in the time-independent Schrödinger equation, that is solved with quantum
mechanical close-coupling (QM CC) calculations. This gives us diﬀerential and
integral cross sections, for instance.
Here, the potential energy surfaces for the various systems will be introduced
and a short description of the QM CC calculations will be given.

2.3.1

Potential energy surfaces

The potential energy surface for a NO - rare gas (Rg) system depends on the
distance R, which is the length of the vector R connecting the atom and the
center-of-mass of the NO molecule, the angle γ between the vector R and the
internuclear axis of the NO molecule r, and the NO bond length r. In principle,
this results in a three-dimensional PES. However, for the applications discussed
in this thesis, two-dimensional PESs are used, where the NO internuclear distance
r is fixed. A collinear Rg-NO configuration corresponds to γ = 0, as shown in
Figure 2.3f .
A non-collinear approach of the rare gas atom towards the NO molecule leads
to a splitting of the 2 Π electronic ground state of the molecule, resulting in two
adiabatic PESs of A′ and A′′ symmetry [78], depending on whether the unpaired
electron orbital of the NO molecule is in-plane (A′ ) or out-of-plane (A′′ ) with
respect to the triatomic plane of the complex when γ ̸= 0◦ and γ ̸= 180◦ . For
Hund’s case (a) molecules, Alexander has shown that spin-orbit conserving (∆Ω
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= 0) transitions are coupled by the sum potential, Vsum = (VA′ + VA′′ )/2, while
spin-orbit changing (∆Ω = 1) collisions are governed by the diﬀerence potential
Vdif = (VA′′ − VA′ )/2 [78, 79]. The Vsum potential can be expanded in terms of
Legendre polynomials PL (cos γ) as
Vsum (R, γ) = (VA′ + VA′′ )/2 =

∞
∑

VL0 (R)PL (cos γ)

(2.15)

L=0

2

and the Vdif potential can be expanded in terms of Racah normalized spherical
harmonics CL,2 (γ, 0) as
Vdif (R, γ) = (VA′′ − VA′ )/2 =

∞
∑

VL2 (R)CL,2 (γ, 0),

(2.16)

L=2

where VL0 (R) and VL2 (R) are the expansion coeﬃcients.
These PESs have been computed before, using various electronic structure and
fitting methods. Figure 2.3 shows plots of the Vsum PESs used in this thesis as
function of R and γ. The Vdif potentials are not shown here, since this thesis
mostly deals with spin-orbit conserving collisions.
For NO + He [80, 81], NO + Ne [82–85] and NO + Ar [82, 86–88], multiple ab initio PESs are available. In this work, we used the recent PESs from
Cybulski et al. for these systems [80, 82]. These two-dimensional PESs, with a
fixed NO internuclear distance of re = 1.153763 Å, have been computed using the
spin-restricted coupled cluster method with single, double, and noniterative triple
excitations [RCCSD(T)] with a doubly-augmented correlation-consistent polarized
valence quadruple-zeta basis set (d-aug-cc-pVQZ), extended by midbond functions.
For the NO + Kr and NO + Xe systems, which are less often studied, we used the
PESs described in Refs. [89] and [90], respectively. These two-dimensional PESs
have been computed using the RCCSD(T) method with the NO internuclear distance fixed to re = 1.15077 Å. For NO + Kr, an augmented correlation-consistent
polarized valence triple-zeta (aug-cc-pVTZ) basis set extended by bond functions
has been used. For NO + Xe, an aug-cc-pVTZ basis set has been used for the
NO molecule, in combination with an ECP46MWB eﬀective core potential for the
Xe atom which includes scalar relativistic eﬀects. The basis set has also been
augmented with midbond functions.
The most relevant properties of the various systems, such as the reduced mass
of the NO-Rg complex, the polarizability of the Rg atom and the parameters for
the well depth of the Vsum PES are listed in Table 2.1. For NO + Ne (Chapter 4),
NO + Ar (Chapter 5), and NO + He (Chapters 6 and 7) diﬀerent PESs were
used as well. The diﬀerences between these PESs are also shown in this table.
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Figure 2.3: Potential energy in cm−1 as function of R and γ for the Vsum PESs for NO
+ He (a), NO + Ne (b), NO + Ar (c), NO + Kr (d), and NO + Xe (e). Panel f shows
the NO molecule and rare gas atom in the body-fixed coordinate system with R and γ.
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Table 2.1: Properties for the NO-Rg systems, with Rg = He, Ne, Ar, Kr, Xe. The
reduced mass µ, the polarizability α, the well depth De of the Vsum PES, and the corresponding distance Re and Jacobi angle γe are given.

2

α
De
(10−24 cm3 ) (cm−1 )

Re (a0 )

γe (◦ )

27.7

6.12

96.0

26.9

6.14

96.4

57.0

6.18

95.1

Klos [85]

57.9

6.18

94.8

Alexander [84]

50.1

6.28

95.4

Endo [83]

57.6

6.16

95.1

114.4

6.79

92.5

110.0

6.79

92.4

Atom

PES

µ (u)

He

Cybulski [80]

3.5

0.21

Klos [81]
Ne

Ar

Cybulski [82]

Cybulski [82]

12.0

17.1

0.4

1.64

Alexander [86]
Kr

Wen [89]

22.1

2.48

139.3

7.05

88.3

Xe

Klos [90]

24.4

4.04

141.7

7.52

89.7

2.3.2

Close-coupling calculations

The close-coupling calculations for inelastic collisions between a diatomic molecule
in a 2 Π state and a structureless target, such as NO + Rg inelastic collisions, are
for instance discussed in Ref. [79]. Here, the most important results are presented.
Collisions between a NO molecule and a rare gas atom can be described by the
nuclear Hamiltonian
Ĥ = −

~2 ∂ 2
ℓ̂2
R+
+ V̂ + ĤNO ,
2
2µR ∂R
2µR2

(2.17)

where ℓ̂2 is the orbital angular momentum operator and ĤNO is the Hamiltonian for the isolated NO molecule, that includes rotation, spin-orbit coupling,
and Λ-doubling (see Section 2.1). The eigenfunctions and eigenvalues of ĤNO can
be obtained by solving the time-independent Schrödinger equation for the NO
molecule
ĤNO |n m⟩ = En |n m⟩ ,

(2.18)

where the NO eigenstates are expanded in the Hund’s case (a) basis functions of
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Equation 2.2 as
|n m⟩ =

∑

jϵ
|Λ S Σ Ω ϵ j m⟩ CΩ,n
.

(2.19)

Ω

Here, m is the space-fixed projection of the total angular momentum j of the NO
jϵ
molecule, En are so-called channel energies, and CΩ,n
are the expansion coeﬃcients. The values of Λ and Σ follow from Ω, as shown in Section 2.1.
The NO - Rg interaction is represented by
V̂ =

∑

|Λ′ ⟩ VΛ′ ,Λ (R, γ) ⟨Λ| ,

(2.20)

Λ′ ,Λ

where the operators |Λ′ ⟩ VΛ′ ,Λ (R, γ) ⟨Λ| couple diﬀerent electronic states Λ and
Λ′ . In the X 2 Π ground state of NO, Λ = ±1 and the matrix elements VΛ′ ,Λ of
the potential are nonzero for Λ′ − Λ = 0, ±2, where V1,1 = V−1,−1 = Vsum and
V1,−1 = V−1,1 = Vdif .
In the coupled-channels approach [77, 91], the time-independent Schrödinger
equation is written as
[
]
~2 ∂ 2
ℓ̂2
(2.21)
RΨ =
+ V̂ + ĤNO − E Ψ,
2µR ∂R2
2µR2
where E is the total energy of the system. The asymptotic kinetic energy of the
system is now given by E − En , where a scattering channel is considered open
when E − En > 0 and closed for E − En < 0.
The so-called channel basis functions for the NO + Rg system are defined as
|n ℓ J M ⟩ =

∑

|n m⟩ |ℓ mℓ ⟩ ⟨j m ℓ mℓ |J M ⟩ ,

(2.22)

m,mℓ

where M and mℓ are the space-fixed projections of the total angular momentum J of the system and the orbital angular momentum ℓ, respectively, and
⟨j m ℓ mℓ |J M ⟩ is a Clebsch-Gordan coeﬃcient. The scattering wavefunction is
written in terms of total angular momentum eigenfunctions ΨJM
nℓ (R), that are
expanded in these channel basis functions as
ΨJM
nℓ (R) =

1 ∑ ′ ′
|n ℓ JM ⟩ UnJ′ ℓ′ ,nℓ (R),
R ′′

(2.23)

nℓ

where each column of the expansion coeﬃcient matrix UJ (R) defines a wavefunction ΨJM
nℓ . For clarity, we will omit the label J in matrix notation. By substituting
Equation 2.23 into the Schrödinger equation of Equation 2.21 and multiplying from
17
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the left with the channel basis functions, a set of coupled second order diﬀerential
equations for the expansion coeﬃcients is found
∂2
U(R) = W(R)U(R).
∂R2

2

(2.24)

These equations are known as the close-coupling or coupled-channels equations.
The elements of the coupling matrix W(R) are given by
[

WnJ′ ℓ′ ,nℓ (R)

]
2µ
ℓ(ℓ + 1)
2µ
= − 2 (E − En′ ) +
δn,n′ δℓ,ℓ′ + 2 VnJ′ ℓ′ ,nℓ ,
~
R2
~

(2.25)

where
VnJ′ ℓ′ ,nℓ = ⟨n ℓ J M |V̂ |n′ ℓ′ J M ⟩ .

(2.26)

We can expand this potential matrix element in terms of the Hund’s case (a)
matrix elements as
∑ ( j ′ ϵ′ )∗
jϵ
VnJ′ ℓ′ ,nℓ =
CΩ′ ,n′ VΩJ′ ℓ′ ,Ωℓ CΩ,n
,
(2.27)
Ω,Ω′

which are given by
√
′
VΩJ′ ℓ′ ,Ωℓ = (−1)j+j +J−Ω (2j + 1)(2j ′ + 1)(2ℓ + 1)(2ℓ′ + 1)



∑ ℓ′ L ℓ  j ℓ J  1
′


×
[1 − ϵϵ′ (−1)j+j +L ]
′
′


0 0 0
ℓ j L 2
L




j′ L j
j′
 − ϵ(1 − δΩΩ′ )VL2 (R) 
× δΩΩ′ VL0 (R) 
−Ω 0 Ω
−Ω′

(2.28)

L

j

2

−Ω

 ,

where (:::) and {:::} are Wigner 3j and 6j symbols, respectively. It can be seen
from this equation that the potential matrix elements are independent of M . It
moreover follows that the spin-orbit conserving transitions (Ω = Ω′ ) are governed by the VL0 expansion coeﬃcients only and thereby solely depend on the
Vsum potential, while spin-orbit changing transitions (Ω ̸= Ω′ ) are governed by
the VL2 expansion coeﬃcients of the Vdif potential, as was already described in
Section 2.3.1.
The coupled-channels equations of Equation 2.24 are solved and the solutions
are matched to the asymptotic K-matrix boundary conditions,
U(R) = F(R) − G(R)K.
18

(2.29)

2.3. Quantum mechanical scattering calculations
Here, F(R) and G(R) are diagonal matrices containing flux-normalized incoming
and outgoing waves, respectively:
√
kn µ
Fnℓ,n′ ℓ′ (R) = δn,n′ δℓ,ℓ′ jℓ (kn R)
R
(2.30)
~
√
kn µ
Gnℓ,n′ ℓ′ (R) = δn,n′ δℓ,ℓ′ yℓ (kn R)
R,
(2.31)
~
where jℓ (kn R) and yℓ (kn R) are spherical Bessel functions of the first and second
kind, respectively, and
√
2µ(E − En )
kn =
(2.32)
~2
is the incoming wave number. The K-matrix in Equation 2.29 is related to the
scattering or S-matrix by
S = (I + iK)−1 (I − iK),

(2.33)

where I is the identity matrix.
Once the S-matrix is known, the scattering amplitude for a specific n, m →
n′ , m′ transition can be computed from



′
′
∑
j
J
ℓ
j
J
ℓ
′√


iℓ−ℓ π(2ℓ + 1) 
fnm→n′ m′ (θ) =
′
′
(2.34)
m
−m
0
m
−m
m
′
J,ℓ,ℓ
ℓ
J
× (2J + 1)Tnℓ,n
′ ℓ′ Yℓ′ m′ (θ, 0),
ℓ
J
where the space-fixed projection m′ℓ of ℓ′ is equal to m′ℓ = m − m′ and Tnℓ,n
′ ℓ′ is
an element of the T-matrix that is related to the S-matrix by

T = I − S.

(2.35)

The diﬀerential cross section for a specific n, m → n′ , m′ transition is given by
dσnm→n′ m′
1
(θ) = 2 |fnm→n′ m′ (θ)|2
dω
kn

(2.36)

and the state-to-state diﬀerential cross section for a n → n′ transition is obtained
by averaging over m and summing over m′ as
′

j
j
∑
∑
1
dσn→n′
dσnm→n′ m′
(θ) =
(θ).
dω
2j + 1 m=−j ′
dω
′
m =−j
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(2.37)
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The state-to-state integral cross section for a n → n′ transition can directly be
related to the T-matrix elements via
∑
1 ∑
π
J
2
σn→n′ =
(2J
+
1)
|Tnℓ,n
(2.38)
′ ℓ′ | .
2
(2j + 1) kn
′
J

2

ℓ,ℓ

In a collision, the total energy E, the total angular momentum J, its space-fixed
projection M , and the total parity P are conserved. The value of J ranges from
|j − ℓ| to j + ℓ and the total parity P is for collisions between NO molecules and
rare gas atoms related to the parity p of the Λ-doublet states of the NO monomer
as P = (−1)ℓ p.
All QM CC calculations described in this thesis were performed with a scattering program for open-shell diatom-atom scattering that was originally developed
for OH + Rg collisions [57]. The computational cost of a multichannel calculation scales with the third power of the number of channels involved. For the
calculations, a channel basis is therefore chosen that includes a limited number of
scattering channels, i.e., a limited amount of NO rotational levels j. Moreover,
the total angular momentum J, that is conserved during the collision and that is
related to j and ℓ, can be limited to a maximum value. Convergence checks should
be performed to make sure that the limiting values for j and J do not influence the
results. For solving the second order diﬀerential equations of Equation 2.24, the
renormalized Numerov method is used for the propagation of the wavefunction
on an equidistant grid in R [92]. The limiting values for j and J and the grid
in R used for the scattering calculations depend on the collision energy, and are
specified in the individual chapters.
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3
Experimental methods

In this chapter, the experimental methods are introduced, as well as
the methods used to analyze the experimental results. First, the scattering kinematics are described from an experimental point of view.
In the next section, the Nijmegen crossed molecular beam machine
which combines a Stark decelerator and a velocity map imaging detector is described and some experimental details are presented. The
experimental ion images can be compared to images obtained from
simulations of the experiments that are based on diﬀerential cross sections resulting from quantum mechanical close-coupling calculations
and that take the experimental parameters into account. The simulation program is described here, as well as the analysis method used for
both the experimental and simulated images.

Based on
Molecular collisions coming into focus, J. Onvlee, S.N. Vogels, A. von Zastrow, D.H. Parker,
and S.Y.T. van de Meerakker, Phys. Chem. Chem. Phys. 16, 15768 (2014)
State-resolved diﬀraction oscillations imaged for inelastic collisions of NO radicals with He,
Ne and Ar, A. von Zastrow, J. Onvlee, S.N. Vogels, G.C. Groenenboom, A. van der Avoird, and
S.Y.T. van de Meerakker, Nature Chem. 6, 216 (2014)
Resolving rainbows with superimposed diﬀraction oscillations in NO + rare gas scattering:
experiment and theory, J. Onvlee, S.N. Vogels, A. van der Avoird, G.C. Groenenboom, and
S.Y.T. van de Meerakker, New. J. Phys. 17, 055019 (2015)
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3.1

Scattering kinematics

In a collision experiment, two moving particles A and B with laboratory velocities
vA and vB and masses mA and mB collide with each other. It is more convenient
to study the collision in the center-of-mass, or scattering, frame than in this laboratory frame. A center-of-mass velocity vCOM is therefore defined, that is given
by
mA v A + mB v B
.
(3.1)
vCOM =
mA + mB
The kinetic energy Ekin in the laboratory frame can now be expressed in terms of
the relative velocity vrel = vA − vB as

3

Ekin =

1
1 2
2
(mA + mB )vCOM
+ µvrel
,
2
2

(3.2)

mB
where µ = mmAA+m
is the reduced mass of the system. The second term of this
B
equation corresponds to the center-of-mass kinetic energy, or the collision energy
Ecol . When the two particles collide under an angle α, the collision energy is given
by
1 2
1
2
2
Ecol = µvrel
= µ(vA
+ vB
− 2vA vB cos α).
(3.3)
2
2

The velocities uA and uB of the two particles in the center-of-mass frame are
related to the relative velocity by
uA =

mB
vrel
mA + mB

(3.4)

mA
vrel .
mA + mB

(3.5)

and
uB = −

The relation between the center-of-mass frame and the laboratory frame for an
elastic collision is shown in a so-called Newton diagram in Figure 3.1a. After the
collision, the particles can scatter in all directions. Due to conservation of energy,
the length of the velocity vector u′A , which refers to the post-collision velocity
of particle A in the center-of-mass frame, is the same as the length of uA , and
therefore these vectors all end up on a so-called Newton sphere. Figure 3.1a shows
the Newton circle in the plane of the collision. Here, θ represents the scattering
angle, i.e., the angle between uA and u′A . In the case of inelastic scattering, when
the molecule gets for example rotationally excited during the collision, part of
the translational energy is transferred into internal energy ∆Eint . This leads to a
′
smaller post-collision relative velocity vrel
, and therefore to Newton spheres with
a smaller radius, as shown in Figure 3.1b. The magnitude of the post-collision
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Figure 3.1: Newton diagrams for elastic (a) and inelastic (b) collisions between the two
particles A and B.

velocity of particle A is then given by
u′A

mB
=
mA + mB

√

2
(Ecol − ∆Eint ).
µ

(3.6)

The Newton spheres resulting from the collisions taking place can be detected
using the velocity map imaging (VMI) technique [43], which is an improvement of
the former ion imaging technique [42, 47]. In a scattering experiment employing
VMI, collisions take place in the center of an electrostatic lens, which consists
of several plates on which specific voltages are applied. After the collision, the
scattered molecules are state-selectively ionized using lasers, and the resulting ions
form expanding Newton spheres that are accelerated towards a two-dimensional
position sensitive detector. Ions with the same velocity are mapped to the same
point on the detector, independent of their point of creation. This results in an
image on the detector showing a circle that is a two-dimensional projection of the
initial Newton sphere. The radius r of the Newton circle in pixels is related to the
post-collision velocity of the detected molecule by
√
u′A
1
mB
2
r=
=
(Ecol − ∆Eint ),
(3.7)
f
f mA + mB µ
where f is the pixel-to-m/s conversion factor in the experiment, as will be described
in Section 3.2.2. For a specific radius, the intensity as function of the angle θ, i.e.,
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3

the angular distribution of the ions, can be used to probe the diﬀerential cross
section for a specific scattering channel. In this thesis, all scattering images are
presented such that the mean relative velocity vector is oriented horizontally. An
angle of θ = 0◦ corresponds to forward scattering, while θ = 180◦ corresponds to
backward scattering.
The VMI technique is often employed in crossed molecular beam scattering experiments. The resolution of the scattering images measured in these experiments
is mainly limited by the velocity spreads and the quantum state purities of the
molecular beams used to produce the collision partners. The Stark deceleration
method developed by Meijer and coworkers in 1999 has been a significant advance
in our ability to manipulate molecular beams [55]. The Stark deceleration technique uses time-varying electric fields to produce packets of neutral polar molecules
with a tunable velocity, narrow velocity and angular spreads, narrow spatial distributions, and an (almost) perfect quantum state purity [52, 55]. For the work
presented in this thesis, a Stark decelerator is employed in molecular collision experiments to manipulate beams of NO molecules and the scattered molecules are
detected using VMI. The operation and characterization of a Stark decelerator has
been described in detail before [54], and will not be repeated here.

3.2

Experimental setup

A detailed description of the Nijmegen crossed beam setup can be found in Ref. [93–
95]. Here, some important aspects will be described. A schematic overview of the
setup is shown in Figure 3.2. A pulsed supersonic beam of NO radicals is produced
by expanding 2-5% NO seeded in an inert carrier gas through a Nijmegen pulsed
valve [96]. This valve produces a beam pulse with a temporal duration of about
25 µs (full width at half maximum (FWHM)). The carrier gases Xe and Kr are
used to produce beams with a mean velocity between 350 and 550 m/s. During
the expansion, nearly all NO radicals cool to the lowest rotational (j = 1/2) and
vibrational (v = 0) level of the X 2 Π1/2 electronic ground state.
After passage through a skimmer, the beam enters a 2.6-meter-long Stark decelerator that consists of 317 pairs of high-voltage electrodes [97]. The Stark
decelerator is operated in the s = 3 mode using a phase angle ϕ0 = 0◦ throughout
[98], and a voltage diﬀerence of 36 kV is applied between opposing electrodes. A
detailed description of the NO packet that exits the Stark decelerator will be given
in Section 3.2.1.
The packet of NO radicals intersects with a beam of rare gas (Rg) atoms coming
from a conventional molecular beam source. Three diﬀerent configurations are used
for the experiments described in this thesis, where the crossing angle between the
two beams is 90◦ (Chapter 4), 180◦ (Chapter 5), or 45◦ (Chapters 6 and 7). A
crossing angle of 90◦ is mostly used in crossed molecular beam setups. A crossing
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Pulsed valve

Figure 3.2: Schematic representation of the experimental setup. A pulsed beam of NO
radicals passes through a 2.6-meter-long Stark decelerator, and scatters with a pulsed
beam of rare gas atoms. The inelastically scattered NO radicals are state-selectively
ionized using two pulsed lasers, and detected using velocity map imaging. Only the last
section of the Stark decelerator is shown.

angle of 180◦ , however, results in a higher angular resolution in the scattering
images, while an angle of 45◦ allows us to reach lower collision energies. The
beams at crossing angles of 90◦ and 180◦ are produced by expanding a neat rare
gas into vacuum using either a commercially available pulsed valve (Jordan Inc.),
or a Nijmegen pulsed valve. At a crossing angle of 45◦ , neat He is expanded into
vacuum using a commercially available Even-Lavie valve [99] that can be cooled
to cryogenic temperatures. The beams are collimated by a skimmer and a pinhole
or slit before they enter the interaction region.
The collision region itself is surrounded by an octagonal structure that is
mounted in the center of the collision chamber. This octagonal structure ensures that all molecular and laser beams are properly aligned. Figure 3.3 shows a
photograph of the top view of the interaction region with the last section of the
decelerator, the two conically shaped source chamber walls of the molecular beams
under crossing angles of 90◦ and 180◦ , and the octagonal structure. The molecular
beam under 45◦ is not shown here.
For the detection of the NO molecules, two pulsed dye laser systems are used.
The first laser is used to excite NO radicals to the electronically excited A 2 Σ+
state by inducing the (0 − 0) band of the A2 Σ+ ← X 2 Π transition. The 226 nm
radiation with a bandwidth of approximately 0.08 cm−1 , a 5 ns pulse duration
and a 1-3 mm diameter is produced by frequency tripling the output of a Nd:YAG
laser pumped dye laser. The second dye laser (328 nm, bandwidth approximately
0.06 cm−1 , 5 ns pulse duration, 4-5 mm diameter) is pumped by another Nd:YAG
laser, and is used to subsequently ionize the NO radicals just above the energetic
25
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Figure 3.3: Photograph of the top view of the interaction region, showing two conically
shaped diﬀerentially pumped chambers in which the two conventional beams at crossing
angles of 90◦ and 180◦ are produced, the final section of the Stark decelerator, and the
octagonal structure that surrounds the interaction region (white). The arrows indicate
the propagation directions of the Stark-decelerated beam (green), the two conventional
molecular beams (red), and the two laser beams (blue).

threshold. The laser beams are fired in the plane of the molecular beams, and cross
each other to provide a well-defined ionization volume. They are both focused into
the scattering volume to oﬀer a small ionization volume, using a cylindrical and a
spherical lens for the first and second color, respectively, both with a focal length
of 50 cm. We attenuate the first and second color to approximately 3-8 µJ and
4-6 mJ, respectively, depending on the amount of signal detected. This is done
to prevent Coulomb repulsion eﬀects from excessive signal levels and to prevent
direct (1+1) resonance-enhanced multiphoton ionization (REMPI) by the first dye
laser only. The (1+1) REMPI signal is typically less than 3 % of the (1+1’) signal.
The VMI electric field geometry is produced by a repeller and extractor plate
that are suspended in the octagonal structure. For the experiments described in
Chapters 6 and 7, an improved electrostatic lens is used, consisting of a repeller
and three extractor plates. The electric field in the ionization region is insuﬃcient
to noticeably mix the NO (X 2 Π) Λ-doublet levels or to orient the NO radicals. Ions
pass through a grounded time-of-flight tube before impinging on a microchannel
plate detector that is coupled to a phosphor screen. No time-slicing is available in
the present arrangement. Images are recorded using a CCD camera (PCO Pixelfly
270XS, 1391×1023 pixels), and transferred to a PC for subsequent averaging and
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data analysis. Event counting and a similar centroiding algorithm as described
by Suits and coworkers [100] are used in the data acquisition software to obtain
sub-pixel velocity resolution. All pixel numbers in this chapter refer to sub-pixels,
where every hardware pixel is divided into four sub-pixels.
The experiment runs at a repetition rate of 10 Hz. For the results presented in
this chapter and in Chapter 4, scattering images are recorded by first overlapping
both the atomic and molecular beams in time and then delaying the Rg atom beam
with respect to the NO packet, such that only background signals are recorded.
This is done in an alternating fashion and the final scattering image is inferred
from the signal intensity diﬀerence of both images. In the experiments described
in the other chapters, the background signal is recorded a few times a day, such
that scattering images are measured with higher statistics. No collision-induced
polarization eﬀects are recorded for transitions that induce a small change in rotational angular momentum j. A possible collision induced polarization is expected
to be largely destroyed by nuclear hyperfine depolarization. The excitation laser
polarization is parallel to the detector plane, except for the experiment described
in Chapter 4, where the laser polarization is not yet controlled.

3.2.1

The reagent packet of NO radicals

The manipulation of NO radicals in a Stark decelerator has been presented before [101] and a detailed characterization of the packet of NO that emerges from
the decelerator can be found in Ref. [93]. Here, some important aspects for the
experiments described in this thesis will be presented.
In a molecular beam, the two Λ-doublet levels of the X 2 Π1/2 , v = 0, j = 1/2
rotational ground state of the molecules are equally populated. NO molecules
that reside in the energetically higher lying f -component of the X 2 Π1/2 , v = 0,
j = 1/2 state are low field seeking in inhomogeneous electric fields, as shown in
Figure 2.1, and can be manipulated inside the Stark decelerator. Molecules in
the lower e-component are high field seeking and are therefore deflected from the
beam axis in the experiment.
Since the electric dipole moment of NO is only 0.16 D, the NO radicals in
the X 2 Π1/2 , j = 1/2, f state cannot be significantly accelerated or decelerated in
our Stark decelerator. Instead, we use the decelerator to select a fraction of the
molecular beam pulse with a narrow velocity distribution, and guide this fraction
through the decelerator at constant velocity. As shown in Ref. [93], a packet of
NO molecules emerging from the decelerator with a mean velocity of 480 m/s has
a temporal width of 14 µs (FWHM), a longitudinal velocity spread of 4.8 m/s
(FWHM), and a transversal velocity spread of 1.4 m/s (FWHM). The velocity
distribution can also be expressed as a speed ratio of S = 235 (or a temperature
of T = 15.0 mK) and a divergence of 0.17◦ . Here, the speed ratio S is defined as
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S = v/∆v and the temperature T as T √= m∆v 2 /(kB ), where ∆v is the longitudinal
velocity spread (σ, with FWHM = 2 2ln2σ) of the velocity distribution, m the
mass of the NO molecule, and kB the Boltzmann constant. The packet is also well
defined spatially, with a width (FWHM) of approximately 6 mm and 1 mm in the
longitudinal and transverse direction, respectively.
The mean velocity and velocity distributions of the NO packet can also be
measured using VMI. Figure 3.4a shows a VMI image of the reagent packet of
NO X 2 Π1/2 , j = 1/2, f molecules, indicating the velocities parallel (∥) and perpendicular (⊥) to the NO propagation direction. We refer to such images of the
reagent packet of NO as beam spot. For our experimental setup, each sub-pixel
corresponds to a velocity of 1.2 m/s (see Section 3.2.2).
The manipulation of molecules inside a Stark decelerator results in high quantum state purities of the emerging packet of molecules. Figure 3.4b shows a REMPI
spectrum of the NO packet exiting the Stark decelerator, compared to a simulated
spectrum for a normal molecular beam with a rotational temperature of 2 K that
was simulated using PGOPHER [102]. It can be seen that the vast majority of the
NO radicals resides in the j = 1/2, f level and only a minor fraction is observed
in the j = 3/2, f level. Although the j = 1/2, e and j = 1/2, f levels are equally
populated in the molecular beam pulse, the population in the e level is diminished
to neglectable values by the Stark decelerator, as can be seen from this figure.

3.2.2

Detector calibration

For the interpretation and analysis of scattering images, an accurate calibration
of the VMI detector is essential. The conversion factor that relates camera pixels
to actual velocities is usually determined by measuring the diameter of an image
for a photodissociation process, for which the recoil energy is accurately known.
This, however, can be a time-consuming and cumbersome task. In our experiment,
the Stark decelerator produces packets of molecules with an extremely well known
mean velocity that is set by the sequence of high voltage pulses applied to the
decelerator. We use this knowledge to accurately calibrate the detector by selecting
packets of NO with a velocity ranging from 350 to 550 m/s from the molecular
beam pulse. The resulting beam spot images are shown in Figure 3.5a. The
mean impact positions on the detector are determined for all beam spots. These
positions are shown in panel b and c for the directions along and perpendicular
to the propagation direction of the Stark decelerated beam, respectively. A linear
relation between the mean velocity of the NO packet and the mean impact position
is observed, directly yielding a pixel-to-m/s conversion factor of 1.2 m/s per pixel
for the current setup.
The curves as shown in Figure 3.5b can be extrapolated to zero velocity, yielding
the point on the detector that corresponds to stationary molecules in the labora28
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Figure 3.4: a) VMI image of the reagent packet of NO X 2 Π1/2 , j = 1/2, f radicals indicating the velocities parallel (∥) and perpendicular (⊥) to the NO propagation direction.
Each pixel corresponds to a velocity of 1.2 m/s. b) Comparison between an experimental
REMPI spectrum of the NO packet exiting the Stark decelerator (top), and a simulated
spectrum for a normal beam of NO molecules with a rotational temperature of 2 K (bottom). The labels indicate the rotational levels from which the transitions originate. The
red and blue colors specify the e and f parity of the probed state, respectively.

tory frame. With our experimental arrangement, we have a second independent
method to determine this zero-velocity origin. This is illustrated in Figure 3.6.
First, a series of beam spots is measured for NO packets that emerge from the
Stark decelerator, similar to the measurement presented in Figure 3.5. Then the
two beam spots are measured that originate from the two conventional beams at
90◦ and 180◦ , which both contain trace amounts of NO molecules. Two orthogonal
lines are subsequently fit to the mean impact positions, reflecting the experimental
geometry of the beams. Assuming perfect alignment of the beams with respect
to each other, i.e., a 90◦ and 180◦ crossing angle between Stark decelerator and
the beam axes of the two conventional beams, the zero-velocity origin is directly
obtained from the crossing point of the two orthogonal lines. The origins that are
found using both methods coincide within a few pixels.
Based on these calibration methods, the collision energy in the experiment
can be determined with high precision: once the calibration is known, the mean
velocity of the rare gas beam can be determined from the beam spot, and the
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Figure 3.5: a) Image showing the beam spots of NO packets with a velocity ranging
from 350 to 550 m/s. The mean impact positions of these beam spots are plotted as
function of the mean velocity for the directions along (b) and perpendicular (c) to the
propagation direction of the Stark decelerated beam. Note the diﬀerent vertical scales
that were used in panels b and c.

collision energy can be determined from the velocities of both beams using Equation 3.3. For scattering processes involving He as a collision partner, the collision
energy could be determined with less precision, since the beam spot could not be
measured due to the high velocity of a He beam at room temperature. In these
experiments, the collision energy was determined from the radius of the Newton
circle.

3.3

Simulations

The measured images were compared to images obtained from simulations of the
experiment that are based on diﬀerential cross sections (DCSs) resulting from
quantum mechanical close-coupling (QM CC) calculations. For this, the computer code that was developed to analyze experiments on integral cross sections
for scattering of Stark-decelerated OH radicals with Rg atom beams was modified
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Figure 3.6: Beam spots of NO radicals that emerge from the Stark decelerator or that
originate from either of the two conventional molecular beam sources. The mean positions
of the spots are converted into velocities using the detector calibration as illustrated in
Figure 3.5. The two orthogonal lines define the laboratory zero-velocity origin of the
detector. Note the much larger velocity spreads for the NO radicals entrained in the
conventional beams compared to the NO radicals that have passed through the Stark
decelerator.

and extended [103]. In these simulations, the phase-space distribution of the NO
radicals at the time T0 at which the last electric field stage of the decelerator is
switched oﬀ, is simulated using numerical trajectory calculations. The Rg atom
beam is assumed to have a Gaussian density distribution in the z-direction (corresponding to the molecular beam axis of the Stark decelerator), and a homogeneous
distribution in the x and y-directions. The temporal distribution of the atomic
density is assumed to be a block function with a width of typically 50 µs.
For each NO molecule from the phase-space distribution, the z-coordinate of
the impact position was chosen randomly from the spatial distribution of the
atoms; the x and y coordinates and time of impact Timpact then followed from
the position and velocity coordinates of the NO radicals at time T0 . The three
velocity components of the colliding atom were chosen randomly from Gaussian
velocity distributions. The radius of the Newton sphere in the center-of-mass frame
corresponding to the possible post-collision velocity vectors of the NO radical was
calculated from conservation of energy and momentum. A number of NO radicals
were then distributed over the surface of this sphere according to the diﬀerential
cross section predicted by theory. We used the standard convention in which θ
ranges from 0◦ (forward scattering) to 180◦ (backward scattering). The theoretical
DCS was typically calculated in steps of 0.1◦ .
The final velocities of the scattered NO radicals in the laboratory frame were
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then calculated from a coordinate transformation between the center-of-mass and
laboratory frames. The laboratory positions of the scattered molecules at the time
Tdetect at which the laser is fired were calculated by propagating all molecules from
time Timpact to Tdetect . Only those molecules that were within the laser probe
volume at Tdetect were counted. The velocity components in the plane of the
molecular beams were subsequently binned in a two-dimensional velocity array to
construct a simulated image. The array had a mesh spacing that was equal to the
pixel-to-m/s calibration factor of the VMI detector used in the experiments.
The input parameters for the simulations were chosen to match the experimental values as closely as possible. The spatial, velocity and temporal distributions of
the NO packet were accurately known from simulations of the Stark decelerator,
and were fixed. The parameters to simulate the Rg atom beams were deduced
from the measured beam spots, the measured time-of-flight profiles, and collision
energy analysis where available. These parameters were then optimized, but remained within the experimental uncertainty of these parameters, such that the
best overlap between the experimental and simulated scattering images was obtained. The laser ionization volume was not accurately known, and was estimated
from the lenses used to focus the laser beams inside the interaction area. It was
found in the simulations that the images did not change significantly when the ionization volume was changed within reasonable values. A homogeneous “blur” with
a width of 0 to 2 m/s was applied to the simulated images to reflect imperfections
of the experimental imaging system.
For collisions involving Ne beams, it was found in the simulations and the
theoretical prediction for the DCS, that the presence of 22 Ne (natural abundance
of about 10 %) did not significantly change the angular scattering distribution.
The collision energy dependence of the DCSs was taken into account by using
“eﬀective” DCSs in the simulations. These eﬀective DCSs were established by
calculating the DCSs at least at five diﬀerent energies from the Gaussian collision energy distributions, and by averaging these DCSs using appropriate weight
factors.

3.4

Analysis

The raw experimental scattering images need to be analyzed in order to obtain
information on the diﬀerential cross section. In Figure 3.7a, a typical experimental
scattering image is shown as an example. This image is obtained for the scattering
of NO (X 2 Π1/2 , j = 1/2, f ) radicals with He atoms under an angle of 180◦ , exciting
the NO radicals to the j ′ = 3/2, e state. In this raw image, an oscillatory pattern in
the angular intensity distribution is already visible, although the contrast between
the peaks is relatively small. It is noted that a small segment of the distribution
around forward scattering is aﬀected due to imperfect state selection of the NO
32

3.4. Analysis
packet. In this area, the scattering intensity distribution cannot be trusted, and
we manually set the intensity to zero, resulting in the black square. For this
measurement, the area in which we cannot trust the data is only 2x2 pixels in size,
but to be conservative we discard the data within 7x7 pixels.
In the case of a counterpropagating beam geometry, the scattering images are
in principle cylindrically symmetric with respect to the mean relative velocity
vector of the colliding beams. This allows us to apply the inverse Abel transformation to the raw scattering images, eﬀectively canceling the blurring of images
that occurs when three-dimensional Newton spheres are projected onto a twodimensional detector plane [47]. It is seen in Figure 3.7a that the raw image is
indeed almost symmetric with respect to the relative velocity vector. Within our
experimental geometry, however, Doppler and collision-induced alignment eﬀects
may lead to a small dependence of the detection probability on the angle between
the scattered molecule and the laser propagation direction. No indications are
found that collision-induced alignment plays a significant role for the scattering
processes studied here. We apply a Doppler correction based on the geometry of
the experiment, where we assume that the Doppler eﬀect is mainly caused by the
excitation laser with a bandwidth of 0.08 cm−1 . After the Doppler correction,
the scattering image as shown in Figure 3.7b is obtained, which is symmetric with
respect to the mean relative velocity vector.
The inverse Abel transformation can now be applied to the Doppler corrected
image. We use the BASEX suite of programs without Tikhonov regularization
[104], resulting in the image as presented in Figure 3.7c. The oscillatory diﬀraction
pattern is retrieved with much higher resolution, as is also appreciated from the
three-dimensional representation of the data shown in Figure 3.7d. The inverse
Abel transformation introduces noise on the central line of the image, which is
the line superimposed on the relative velocity vector of the collision system. We
therefore discard the data on this central line, resulting in a white stripe of zero
intensity around forward scattering in the three-dimensional representation of the
data.
We extract angular distributions of the scattered molecules from these Abel
inverted symmetric images by evaluating the intensity distributions that are obtained by integrating around the image in a narrow annulus close to the rim of the
image. It can be very challenging to determine the annulus that should be used
in the analysis, as we described in Ref. [105]. Both the center-of-mass point, i.e.,
the center of the circle, and the mean collision energy should be accurately known.
We choose the inner and outer diameter of this annulus around the diameter that
corresponds to the mean experimental collision energy. We optimized the width of
the annulus for the resolution with which structure in the DCS was sampled, and
for the signal-to-noise ratio of the resulting angular scattering distribution. The
annulus typically has a width of 2-4 pixels. The angular step size with which we
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sampled the angular distribution was chosen such that it was always larger than
one pixel to avoid sub-pixel noise.
The resulting angular distributions do not yet represent the DCS of the scattering process. Additional eﬀects exist, related to the kinematics of the experiment,
that lead for example to a strong detection bias towards forward scattering in the
case of a counterpropagating geometry. This bias is caused by NO molecules that
collide with Rg atoms before reaching the ionization volume, scatter in the forward direction and are to be found in the ionization volume when the lasers arrive.
Moreover, molecules with a low post-collision lab frame velocity are detected more
eﬃciently than molecules that have a high post-collision lab frame velocity. This
so-called flux-to-density eﬀect arises from the temporal overlap of both beams and
the finite detection volume.
In the case of a counterpropagating beam geometry, these kinematic eﬀects result in a correction factor that is equal on both sides of the image, i.e., the inherent
radial and angular resolution on either side of the image is equal. We can thus
easily correct for the eﬀect by calculating the apparatus function that gives the
detection probability as a function of the scattering angle θ. We simulate an image
for an isotropic DCS, i.e., the DCS is the same for all scattering angles, apply the
inverse Abel transformation to this simulated image, and the resulting angular
distribution corresponds to the apparatus function. We then evaluate the DCS
of the scattering process under study by dividing the angular scattering distribution from the experimental Abel inverted image by the apparatus function. This
procedure is illustrated in Figure 3.7f that shows the experimental Abel inverted
angular distribution, the apparatus function and the resulting experimental DCS.
This experimentally determined DCS can now directly be compared to the DCS
that is predicted by QM CC calculations.
The calculation of the apparatus function, and the procedure to correct the
angular scattering distribution, is only correct to the extent that the simulations
properly describe the actual experimental conditions. It is therefore very important to verify that the simulations indeed give an accurate description of the
experiment and its kinematics. To this end, we simulate the scattering image for
the process under study, using the DCS as input that is predicted by QM CC calculations, i.e., we simulate the raw scattering image that we expect to measure in
the experiment. The same analysis procedure as described above is then applied
to this simulated image, resulting in a three-dimensional and Abel inverted representation of the simulated data that can be directly compared to the experimental
results. Figure 3.7e shows the three-dimensional representation of the simulated
image for NO + He. There is very good agreement between the experimental
and simulated images, which implies that the experimental parameters are indeed
properly taken into account in the simulations.
For diﬀerent crossing angles, the kinematics in the experiment lead to a cor34

3.4. Analysis

100 %

a

b

c

50 m/s

50 m/s

50 m/s

d

e

-ẑ

0%

ẑ

-ẑ

ẑ

-ẑ

ẑ

3

1

Intensity (a.u.)

f
Experiment
Apparatus function
Experimental DCS
0.5

0
0

45

90

135

180

θ (degrees)

Figure 3.7: Scattering images for inelastic collisions between NO and He, exciting NO
into the j ′ = 3/2, e state. The reagent beams of NO and rare gas atoms propagate
in the ẑ and −ẑ directions, respectively. The colors represent the scattering intensity.
a) Raw experimental ion image. b) Experimental image after Doppler correction. c)
Experimental image after Doppler correction and the inverse Abel transformation. d)
Three-dimensional representation of the inverse Abel transformed experimental data. e)
Three-dimensional representation of the angular scattering distribution derived from a
simulation of the experiment after the inverse Abel transformation. f ) The experimental
angular distribution resulting from image c (red dotted line), the apparatus function
(black dashed line), and the experimental DCS (blue solid line) that is obtained by
dividing the experimental angular distribution by the apparatus function. Small segments
of the scattering distributions around forward scattering are masked (black squares in
a − c, and white stripes in d − e) due to imperfect state selection of the reagent beam of
NO.
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rection factor that is diﬀerent for both sides of the image, i.e., the inherent radial
and angular resolution on both sides of the image is diﬀerent, as we described
in Refs. [105, 106]. The image is no longer cylindrically symmetric, and the inverse Abel transformation can therefore no longer be applied. The flux-to-density
eﬀect now results in an asymmetry in intensity with respect to the relative velocity vector. In order to extract a DCS from the angular distribution of the
raw scattering image, a flux-to-density transformation is required to correct for
this velocity-dependent detection bias, as for instance developed by Chandler and
coworkers [107]. In this approach, the images are corrected through an iterative
procedure that employs a carefully determined apparatus function based on an
isotropic DCS, and the subsequent iteration of trial DCSs that are determined
by comparing the experimental image to simulated images. Moreover, due to the
projection of Newton spheres onto the plane of the VMI detector and due to the
velocity and angular spreads of the atomic beam, small shifts of structures in
the angular distribution can occur, as we extensively described in the Supplementary Information of Ref. [106]. This shift is asymmetric with respect to the mean
relative velocity vector.
When all experimental parameters are accurately known, these kinematic effects are accounted for by the simulations of the experiment. We refrain from
extracting the DCS from the measured scattering images for these asymmetric
images, but directly compare the experimentally obtained angular distributions
with the ones derived from simulations based on the DCS that is predicted by
QM CC calculations. In case of good agreement, our experimental results are
consistent with the DCSs predicted by theory. To extract angular distributions
from the simulated images, an annulus with the same width and angular resolution was chosen as for the experimental images. Since the mean collision energy
and the center point of the circle can accurately be determined from the input
parameters for the simulation, the extraction of a simulated angular distribution
is straightforward.

Appendix: Analysis program
The analysis of the experimental and simulated images is performed in MATLAB.
As input, the masses of the collision partners, the velocity of the Stark-decelerated
molecule, the crossing angle, and the total internal energy of the collision partners
are needed. Moreover, the pixel-to-m/s conversion factor of the image is required.
For the simulated images, this is just an input parameter of the simulation. For
the experimental images, it can be computed based on a few measured beam spots
of the decelerator, as described in Section 3.2.2. Based on these beam spots of
the decelerator and a beam spot from the secondary beam, the Newton diagram
can be constructed and the lab-zero pixel and the center of the Newton circle, i.e.,
36

3.4. Analysis
the center-of-mass pixel, can be determined. If the beam spot from the secondary
beam is not available, the velocity of this collision partner can be provided as
input. The radius r of the Newton circle is computed using Equation 3.7. The
pixel-to-m/s conversion factor and the center-of-mass pixel can also be specified
manually.
If a beam spot image is available, like Figure 3.4, this can be used to subtract
the beam spot from the image. Another option is to manually set the intensity to
zero for the pixels that are covered by the beam spot.
The angular distribution of a scattering image is computed in two steps. First,
a fine integration is performed on an angular grid from θ = −180◦ : dθfine : +180◦ ,
where dθfine was typically set to 0.01 pixels. For each value of θ, intensity is
integrated inside an annulus from r + rmin to r + rmax in steps of dr, which was
typically set to 0.01 pixels. The values for rmin and rmax were typically −1 and
+1, respectively, but could be optimized for each individual image. The integrated
intensity is divided by the number of steps in r to get the average intensity per
pixel. Subsequently, all intensity in a bin region dθ between θ − dθ/2 and θ + dθ/2
is summed and divided by the number of dθfine steps in this region. The bin size
dθ is chosen such that it is at least larger than one pixel, i.e., dθ > 360◦ /(2πr). A
plot of the intensity versus θ then shows the angular distribution of the scattered
products. If necessary, we can smooth this curve with a function in the analysis
program that uses a 3-point moving average. The raw scattering images can be
smoothed using a 5x5 Gaussian kernel.
In principle, the forward direction in these images can be determined from the
Newton diagrams that were computed for these images, but one can also set the
forward direction by hand.
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Resolving diﬀraction oscillations for inelastic
collisions of NO with He, Ne, and Ar

4

Just as light scattering from an object results in diﬀraction patterns,
the quantum mechanical nature of molecules can lead to diﬀraction
of matter waves during molecular collisions. This behavior manifests
itself as rapid oscillatory structures in measured diﬀerential cross sections and such observable features are sensitive probes of molecular interaction potentials. They have, however, proven challenging to resolve
experimentally. Here, we use a Stark decelerator to form a beam of
state-selected and velocity-controlled NO radicals, and measure stateto-state diﬀerential cross sections for inelastic collisions of NO with He,
Ne, and Ar atoms using velocity map imaging. The monochromatic
velocity distribution of the NO beam produced scattering images with
extremely high sharpness and angular resolution, thereby fully resolving quantum diﬀraction oscillations. We found excellent agreement
with quantum close-coupling scattering calculations for these benchmark systems.

Based on
State-resolved diﬀraction oscillations imaged for inelastic collisions of NO radicals with He,
Ne and Ar, A. von Zastrow, J. Onvlee, S.N. Vogels, G.C. Groenenboom, A. van der Avoird, and
S.Y.T. van de Meerakker, Nature Chem. 6, 216 (2014)
Molecular collisions coming into focus, J. Onvlee, S.N. Vogels, A. von Zastrow, D.H. Parker,
and S.Y.T. van de Meerakker, Phys. Chem. Chem. Phys. 16, 15768 (2014)
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Introduction

The outcome of a collision between molecules is determined by the paths they take
over the underlying potential energy surfaces (PESs). The accurate measurement
of the deflection of the molecules as a result of their encounter, i.e., of the diﬀerential cross section (DCS), constitutes one of the most rigorous tests for ab initio
computed PESs [108].
The velocity map imaging (VMI) technique [43] is nowadays often used to
record DCSs in crossed molecular beam experiments. In combination with laserbased ionization methods, it oﬀers the capability to generate images of recoiling
molecules that directly reflect the state-resolved diﬀerential cross sections [45, 46].
In the last decade, VMI opened new avenues in molecular collision research and has
already proven indispensable to unravel the mechanisms that govern half-collisions
[109, 110], inelastic energy transfer [71, 111] and chemical reactivity [112–116].
The image resolution attainable with VMI is limited by the velocity spread(s)
of the molecular beam(s) used [44]. For uni-molecular dissociation processes –
where the VMI spectrometer can be directed along the beam flight direction –
the narrow transverse velocity spread of a well-collimated beam results in sharp
images of the recoiling fragments [117]. In crossed beam experiments, however,
the detector needs to be directed perpendicular to the plane of the intersecting
beams, and the much larger forward velocity spreads of both beams significantly
blur the image. The resulting image resolution is often not suﬃcient to resolve
the detailed structures in the DCS that are predicted by theory. It has proven
extremely challenging to overcome this fundamental obstacle [44].
Exquisite control over the forward velocity of molecular beams has become
possible with the development of the Stark deceleration technique [52, 55]. Here,
we report the first crossed molecular beam scattering experiment that employs a
Stark decelerator to obtain full control over a molecular beam prior to the collision, in combination with VMI to record the scattered products. State-to-state
rotationally inelastic scattering between NO (X 2 Π) radicals and the rare gas (Rg)
atoms He, Ne, and Ar was studied. The narrow angular and velocity distribution
of the reagent NO beam resulted in scattering images with an unsurpassed radial and angular resolution. This enabled us to fully resolve quantum diﬀraction
oscillations in state-to-state scattering cross sections, which are among the most
detailed structures that can occur in any DCS [118]. They originate from quantum
interference of diﬀerent trajectories of the colliding molecules on the PES leading
to the same final deflection angle. The resulting rapid oscillatory structure in the
DCS occurs in a narrow range of angles in the vicinity of forward scattering, which
makes their experimental observation extremely challenging [119–121] – and thus
far elusive to ion imaging detection. The origin of these and other structures that
can occur in a DCS will be discussed in more detail in Chapter 5.
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4.2

Methods

The experimental methods are described in Chapter 3. We used the Stark decelerator to select a packet of NO (X 2 Π1/2 , j = 1/2, f ) radicals with a mean velocity
of 370 m/s from the molecular beam. This packet crossed a beam of He, Ne, or
Ar atoms, produced by a commercially available pulsed valve (Jordan Inc.) at a
90◦ angle of incidence. The mean velocities of the He, Ne, and Ar beams were
determined to be 2035 m/s, 912 m/s, and 700 m/s, resulting in mean collision
energies of 630 cm−1 , 485 cm−1 , and 450 cm−1 , respectively. For all three collision partners, VMI images were recorded for NO radicals that scattered into final
states ranging from j ′ = 1/2, e to j ′ = 15/2, e. Mostly final states of e parity were
probed, as rotational energy transfer in NO + Rg collisions is subject to so-called
parity pairs [122], i.e., the DCS for scattering into a final state with rotational angular momentum j ′ and parity e is identical to the DCS for scattering into a final
state with rotational angular momentum j ′ + 1 and parity f, apart from a scaling
factor close to unity. Chapter 6 will discuss this phenomenon in more detail.
We observed that the image can move over the detector surface due to slow
charging-up eﬀects of the ion optics assembly. In addition, the Jordan valve used to
generate the atomic beam tended to heat up during an experimental run, causing
a gradient in collision energy and center-of-mass location. Typically, between 1000
and 5000 shots were summed, and it was found to be a good compromise between
statistics and blurring of the image due to drifting eﬀects. Each image was recorded
within a single measurement day to further reduce the risk of reduction in image
resolution.
The quantum mechanical close-coupling (QM CC) calculations are described
in Chapter 2. The renormalized Numerov method was used for the propagation of
the wavefunction on a grid from 3.5 to 35 bohr for NO + He, from 4.5 to 45 bohr
for NO + Ne and from 4.5 to 60 bohr for NO + Ar. A basis set was used that
included all NO rotational levels up to j = 20.5 and all partial wave contributions
up to a total angular momentum of J = 130.5 for NO + He and J = 160.5 for NO
+ Ne and NO + Ar.

4.3

Results and Discussion

To illustrate the high image resolution aﬀorded by the Stark decelerator, Figure 4.1
shows two images obtained for scattering into the j ′ = 7/2, e state for NO + Ar
collisions as an example. The image shown in panel a results when the parent NO
radicals are produced using one of the conventional beams in our machine, and
scatter with a beam of Ar atoms from the other conventional beam source under a
crossing angle of 90◦ . The image shown in panel b was taken when the NO beam
was passed through the Stark decelerator before it scattered with a conventional
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beam of Ar. We refer to these images as conventional image and high-resolution
image, respectively. In panel c, the Newton diagram is shown that defines the
NO, Ar, center-of-mass and relative velocities. Scattering images are presented
such that the mean relative velocity vrel is always oriented horizontally. Both the
mean initial NO and Ar velocities were slightly diﬀerent when recording these two
images, resulting in a slightly larger ring radius for the image shown in panel a.
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Figure 4.1: Velocity-mapped ion image for the scattering process NO(j = 1/2, f ) + Ar
→ NO(j ′ = 7/2, e) + Ar that is obtained when the parent NO beam is generated using
a conventional beam source (a) and when the parent NO radicals are passed through the
Stark decelerator (b). c) Newton diagram for the scattering images, defining the NO, Ar,
center-of-mass (vCOM ), and relative (vrel ) velocities. d) Radial intensity distributions of
the conventional (blue) and high-resolution (red) images for angular sections of ∆θ = 15◦ .
The radii of the two images at which the highest intensities are found are normalized to
each other.

42

4.3. Results and Discussion
The increased resolution that is obtained when a Stark decelerated beam rather
than a conventional beam is used is evident. The conventional image, although of
high-quality for the scattering process measured here, features a relatively broad
ring. At scattering angles around forward scattering, the image is distorted due to
initial population of NO radicals in the j ′ = 7/2, e state, as is frequently observed
in scattering images. The high-resolution image, in contrast, is much sharper and
is hardly aﬀected by the unwanted beam spot at forward scattering angles.
It should be noted that both images display a diﬀerent scattering process,
however. Whereas both Λ-doublet components of the j = 1/2 rotational ground
state of NO are equally populated in the conventional beam, the packet of NO that
emerges from the decelerator exclusively resides in the upper Λ-doublet component
of f parity. This will result in an inherently diﬀerent DCS when probing the
j ′ = 7/2, e state. We therefore refrain from extracting DCSs from the images, but
only analyze the diﬀerence in sharpness of the images, i.e., the radial resolution.
In Figure 4.1d, the radial intensity distributions of both the conventional (blue
curve) and high-resolution (red curve) images are shown for angular sections
∆θ = 15◦ away from the beam spot. The highest intensity in the conventional and
high-resolution images is found at a radius of 462 m/s and 448 m/s, respectively,
reflecting the slight diﬀerence in collision energy for both measurements. To facilitate a direct comparison of the radial intensity distributions, the radii at which
the highest intensities are found are normalized to each other. The conventional
and high-resolution images have full radial widths ∆R of 30 m/s and 9.6 m/s as
defined in the image and the outer rims of the images have radial widths ∆r of
12 m/s and 3.6 m/s, respectively.
Figure 4.2 shows the high-resolution image obtained for scattering into the
j ′ = 11/2, e level for NO + Ne. The REMPI transition used to probe the
j ′ = 11/2, e level simultaneously probes the j ′ = 5/2, f level, and the image
contains the contributions of both scattering channels. These final states have an
energy diﬀerence of ∆Erot = 45.1 cm−1 , corresponding to a diﬀerence in circle
radius of 19.0 m/s, yet the two rings pertaining to both inelastic channels are fully
resolved. This is another testimony of the high image resolution aﬀorded by the
Stark decelerator. The image that results from a simulation of the experiment,
that is based on the temporal, spatial and velocity distributions of both beams, is
shown as well. The simulations use the DCSs predicted by high level QM CC calculations as input, which are based on the most accurate PESs presently available,
see Chapter 3. These ab initio computed PESs were used without any scaling or
modifications.
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Figure 4.2: Velocity-mapped ion image for inelastic collisions of NO (j = 1/2, f ) radicals
with Ne atoms, probing simultaneously the final states j ′ = 5/2, f and j ′ = 11/2, e.
a) Raw experimental image showing two rings that correspond to scattering into the
(j ′ = 11/2, e, inner ring) and (j ′ = 5/2, f , outer ring) states. b) Image resulting from
a full simulation of the experiment, using DCSs from ab initio calculations as input. c)
Radial intensity distributions of experimental (black curve) and simulated (red curve)
images for angular sections ∆θ = 40◦ , as indicated in a and b. The outer rim of the
experimental image has a width of ∆v = 3.1 m/s (at half maximum).

4.3.1

Diﬀraction oscillations

Diﬀraction oscillations mainly occur for collisions that induce a small change in the
rotational angular momentum j of the NO molecules. Figure 4.3a shows the images
that were recorded for NO radicals scattering into the j ′ = 3/2, e state for the three
collision partners He, Ne, and Ar. Parts of the images are shown on an enlarged
scale in Figure 4.3b. A rapid oscillatory structure in the angular distribution is
observed; the four most prominent diﬀraction peaks are indicated by arrows. The
full structure is appraised best by a three-dimensional representation of the data
shown in panel c. Small segments of the distributions around forward scattering
are masked by imperfect state selection of the reagent NO packet. For NO + Ar,
signal from trace amounts of NO in the Ar beam is visible near backward scattering
angles. Figure 4.3d shows the corresponding three-dimensional representations of
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the angular scattering distributions that result from simulations of the experiment
with the DCSs from QM CC calculations.
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Figure 4.3: Experimental and simulated ion images revealing quantum diﬀraction oscillations. a) Raw experimental ion images for the scattering process NO (j = 1/2, f )
+ Rg → NO (j ′ = 3/2, e) + Rg. The diameter of the Newton sphere increases for the
series Rg = He, Ne, Ar due to diﬀerences in reduced mass and collision energy. b) Enlarged view of parts of the images, revealing a rapid oscillatory structure in the angular
scattering distribution. c) Three-dimensional representation of the experimental data.
d) Three-dimensional representation of the angular scattering distributions derived from
simulations of the experiments, which are based on theoretical predictions for the DCSs.
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Figure 4.4 shows the angular scattering intensity distributions derived from
both the experimental (black curves) and simulated (red curves) images for NO
+ He, NO + Ne, and NO + Ar collisions. We use the convention that θ = 0◦ and
θ = 180◦ correspond to forward and backward scattering, respectively. The DCSs
predicted by the QM CC calculations at the mean collision energies are shown by
the green curves in the insets. The peak positions of selected diﬀraction peaks, as
predicted by the theoretical DCSs, are indicated by vertical dashed green lines.
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Figure 4.4: Diﬀraction oscillations for the scattering process NO (j = 1/2, f ) + Rg
→ NO (j ′ = 3/2, e) + Rg for Rg = He, Ne, and Ar. Black curves: experimentally
determined angular scattering distributions. Red curves: angular scattering distributions
that result from the simulated images. Green curves: theoretically predicted DCSs at
the mean collision energies of the experiment. The experimental angular distributions
are in excellent agreement with the simulations, but show small shifts with respect to
the theoretically predicted DCSs. These subtle eﬀects are due to the kinematics of the
experiment and the projection of Newton spheres in the center-of-mass frame to the
detector in the laboratory frame.
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The experimentally observed angular distributions, featuring broader envelope
structures with superimposed the rapid diﬀraction oscillations, are in very good
agreement with the DCSs predicted by QM CC calculations. The peak positions
of the diﬀraction oscillations, however, appear shifted by up to a few 0.1◦ in both
the experimental and simulated distributions with respect to the theoretically predicted DCSs (see insets to Figure 4.4). These shifts stem from the projection of
three-dimensional Newton spheres onto a two-dimensional plane, and from the angular and velocity spreads of the Rg atom beams (see Supplementary Information
of Ref. [106]). Although the appearance of such distortions is inherent to VMI
applied to crossed beam experiments, these eﬀects are usually blurred when conventional beams are used. The observation of these details is a further testimony
of the high resolution obtained in our experiments.
A qualitative understanding of diﬀraction oscillations can be obtained from a
semi-classical picture in which a matter wave scatters on a structureless target. In
a simple hard-sphere model for atom-molecule collisions, the angular spacing ∆θ
of the oscillations is approximately given by π/kR, where k is the wavenumber of
the incoming wave, and R is the radius of the target [119]. We applied this model
to our experimental conditions, and derived R from the eﬀective shell radius of
the NO-Rg interaction potential (Vsum ) at the collision energy of the experiment.
For this, we made spatial contour plots of the NO-Rg interaction potentials [123].
The contour with energy equal to the collision energy of the experiment was fitted
to an ellipse with minor axis Ra and major axis Rb . The eﬀective value for R was
then taken as the average of Ra and Rb . The model predicts ∆θ = 6.0◦ (He), 3.4◦
(Ne), and 2.6◦ (Ar), in qualitative agreement with the values ∆θ = 4.9◦ (He), 2.6◦
(Ne), and 1.9◦ (Ar) that we found here. Note that this model is described in more
detail in Chapter 5.
In our experiment, the collision energy and thus k can be tuned by either
changing the velocity of the reagent NO packet, or by changing the temperature of
the valve producing the collision partner. Additional measurements on diﬀraction
oscillations were performed for the j ′ = 3/2, e channel for NO + Ne at a higher
collision energy of 600 cm−1 . The resulting angular scattering distribution is shown
in Figure 4.5, and compared to the angular distribution at a collision energy of 485
cm−1 . At the higher collision energy, the diﬀraction peaks are closer spaced and
shifted towards forward scattering, in full agreement with the QM CC calculations.
The influence of the isotopic composition of Ne on the diﬀraction oscillations is
investigated theoretically. Neon has three stable isotopes, 20 Ne, 21 Ne, and 22 Ne, of
which 20 Ne has a natural abundance of about 90%, 22 Ne has a natural abundance
of almost 10%, and the contribution of 21 Ne is negligibly small. We computed
DCSs for collisions between NO and 20 Ne and 22 Ne at collision energies of 435
cm−1 and 460 cm−1 , respectively, where it is assumed that both Ne isotopes travel
with a velocity of 855 m/s and collide under an angle of 90◦ with NO molecules
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Figure 4.5: Diﬀraction oscillations for the scattering process NO (j = 1/2, f ) + Ne →
NO (j ′ = 3/2, e) + Ne at a collision energy of 485 cm−1 and 600 cm−1 . Black curves:
experimentally determined angular scattering distributions. Red curves: distributions
that result from simulated images. The theoretically predicted DCSs at the two mean
collision energies are shown by the lower curves. The peak positions of selected diﬀraction
peaks, as predicted by the theoretical DCSs, are indicated by dashed vertical lines to
guide the eye. The upper and middle curves are given a vertical oﬀset for clarity. At
higher collision energies, the diﬀraction peaks are more closely spaced and shifted towards
forward scattering.

with a velocity of 370 m/s. The DCSs for inelastic NO (j = 1/2, f ) + Ne →
NO (j ′ = 3/2, e) + Ne collisions are shown in Figure 4.6 by the blue and the
black curves for 20 Ne and 22 Ne, respectively. The red dashed curve represents the
DCS for this transition when the natural abundances of the two Ne isotopes are
taken into account. This figure clearly shows that the presence of 22 Ne does not
significantly change the angular scattering distribution.

4.3.2

Sensitivity of diﬀraction oscillations to the PES

For NO + Ne, we calculated cross sections using three additional sets of PESs to
investigate how sensitive the diﬀraction oscillations are to the PESs used. The
main diﬀerences between these potentials are listed in Table 2.1. The first set contains two-dimensional PESs obtained by averaging of three-dimensional NO-Ne
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Figure 4.6: Influence of the isotopic composition of Ne on the diﬀraction oscillations.
Blue curve: theoretical DCS for NO (j = 1/2, f ) + 20 Ne → NO (j ′ = 3/2, e) + 20 Ne
at a collision energy of 435 cm−1 . Black curve: theoretical DCS for NO (j = 1/2, f )
+ 22 Ne → NO (j ′ = 3/2, e) + 22 Ne at a collision energy of 460 cm−1 . In both cases,
the Ne atoms have a velocity of 855 m/s, resulting in diﬀerent collision energies for the
two processes. Red dashed curve: theoretical DCS for NO (j = 1/2, f ) + Ne → NO
(j ′ = 3/2, e) + Ne, where the isotopic composition of Ne is taken into account. A part
of the DCS is shown on an enlarged scale in the inset.

potentials over the (v = 0) vibrational ground state of NO. These potentials were
calculated with the RCCSD[T] method using an aug-cc-pVTZ basis set with midbond functions [85]. The second set of PESs was computed using the UCCSD(T)F12(b) method with an aug-cc-pVQZ basis set and fitted to microwave spectra
[83]. Both these PESs and the set of NO-Ne potentials of Cybulski and Fernandez
were calculated recently. The last set of PESs that we used was obtained from
RCCSD(T) calculations [84] in 2001. The resulting diﬀerential cross sections for
the j = 1/2, f → j ′ = 3/2, e transition for NO + Ne collisions at a collision energy
of 485 cm−1 are shown in Figure 4.7 for all PESs used. At this energy, the diﬀerence
in peak positions for the diﬀraction oscillations is less than 0.1◦ for all potentials,
except the last one; note that the diﬀerence increases for diﬀraction peaks that are
further away from forward scattering. The maximum diﬀerence between the DCSs
from the first three sets of potentials is smaller than our current experimental resolution, but it should be noted that these potentials are almost identical. The
DCS from the 2001 potential clearly deviates from our measured data. A resolu49
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Figure 4.7: Theoretically predicted DCSs for the scattering process NO (j = 1/2, f )
+ Ne → NO (j ′ = 3/2, e) + Ne at a collision energy of 485 cm−1 , based on the NO-Ne
PESs from Cybulski et al. (blue curve (ref. [82])), Klos et al. (red curve (ref. [85])),
Sumiyoshi et al. (black curve (ref. [83])), and Alexander et al. (green curve (ref. [84])).
Two diﬀraction peaks, centered around 7◦ and 20.5◦ , are shown on an enlarged scale in
the insets. The peak positions, as predicted by the four PESs used, are indicated by the
vertical dashed lines.

tion that is suﬃcient to resolve even the diﬀerences between the three more recent
potentials might be obtained using a state-of-the-art VMI detector that employs
time-slicing. However, the improvements in experimental resolution should be accompanied by improvements in the calibration of the Rg atom beams, such that
ion images can be transformed into angular scattering distributions with negligible
systematic error.

4.4

Conclusions

The resolution attained here demonstrates that velocity-mapped images in crossed
beam experiments can now be obtained with a sharpness that has thus far been reserved to uni-molecular processes. This is illustrated by resolving quantum diﬀraction oscillations for inelastic scattering between NO radicals and rare gas atoms,
which is one of the most intensely studied and well-known systems in the field
of molecular collision dynamics. Near-exact theoretical predictions for collision
cross sections exist for these benchmark systems, and our experiments are fully
consistent with the most accurate calculations presently possible.
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Resolving rainbows with superimposed diﬀraction
oscillations in NO + rare gas scattering

A Stark decelerator is used in combination with velocity map imaging
to study collisions of NO radicals with rare gas atoms in a counterpropagating crossed beam geometry. This powerful combination of
techniques results in scattering images with unprecedented resolution,
in which rotational and L-type rainbows with superimposed quantum
mechanical diﬀraction oscillations are visible. The experimental data
are in excellent agreement with quantum mechanical scattering calculations. Furthermore, hard-shell models and a partial wave analysis
are used to clarify the origin of the various structures that are visible.
A specific feature is found for NO molecules colliding with Ar atoms
that is extremely sensitive to the precise shape of the potential energy
surface. Its origin is explained in terms of interfering partial waves
with very high angular momentum, corresponding to trajectories with
large impact parameters.

Based on
Resolving rainbows with superimposed diﬀraction oscillations in NO + rare gas scattering:
experiment and theory, J. Onvlee, S.N. Vogels, A. van der Avoird, G.C. Groenenboom, and
S.Y.T. van de Meerakker, New. J. Phys. 17, 055019 (2015)
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5.1

5

Introduction

As shown in Chapter 4, the combination of a Stark decelerator and velocity map
imaging (VMI) allows for the measurement of high-resolution scattering images,
such that quantum diﬀraction oscillations can be resolved in state-to-state diﬀerential cross sections. This resolution is further enhanced when a counterpropagating crossed beam geometry is used, eﬀectively eliminating the contribution of the
atom beam’s velocity spread to the angular image resolution [124]. In addition,
the counterpropagating geometry aﬀords the use of image analysis methods that
reveal the angular scattering distribution from the raw experimental images with
optimal resolution.
Here, we present a combined experimental and theoretical study of state-tostate rotationally inelastic scattering of NO(X 2 Π1/2 ) radicals and the rare gas
(Rg) atoms He, Ne, Ar, Kr, and Xe. Scattering images with the highest resolution
presently possible are obtained by combining the Stark deceleration, VMI, and
counterpropagating beam scattering techniques. Diﬀerent structures are observed
in the diﬀerential cross sections (DCSs) for these systems, such as rotational and
L-type rainbows with superimposed quantum diﬀraction oscillations.
The scattering between NO(X 2 Π1/2 ) and Rg atoms has emerged as a benchmark system for observing these quantum mechanical and classical structures
and has therefore been the focus of many experimental and theoretical studies [38, 46, 90, 106, 111, 124–132]. The physical origin of rotational rainbows
[111, 126, 127, 129, 133–138], L-type rainbows [90, 108, 127, 130, 131, 139–142]
and diﬀraction oscillations [106, 118, 124, 141, 143–145] is well understood and
these structures have been studied before. However, in atom-molecule collisions,
especially L-type rainbows and diﬀraction oscillations could only be observed experimentally in a few systems. The high resolution available in our experiments
aﬀords the clear observation of all of these structures in the state-to-state diﬀerential cross sections for fully state-selected NO + Rg collisions.
We compare our measured DCSs with the DCSs predicted by quantum mechanical close-coupling (QM CC) calculations, providing stringent tests for the
quality of the PESs applied in the calculations. In addition, we use hard-shell
models to reveal and interpret the physical origin of the diﬀerent structures that
are observed. For the scattering of NO with the series of collision partners He,
Ne, Ar, Kr, and Xe, we study how the anisotropy and well depth of the system
influence the various structures, thereby explaining the general trends that are
observed. For NO scattering with Ar, we have observed a distinct feature in the
DCS that appears extremely sensitive to details in the PES, and that can be used
to discriminate between two state-of-the-art NO-Ar PESs [124]. We present a
full partial wave analysis of the scattering process, revealing the nature of the
interference eﬀect resulting in this feature.
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5.2

Methods

The experimental methods are described in Chapter 3. We used the Stark decelerator to select a packet of NO (X 2 Π1/2 , j = 1/2, f ) radicals with a mean velocity
of 350 m/s from the molecular beam. This packet collided with a beam of neat
Rg atoms, produced by a Nijmegen Pulsed Valve [96], at a beam intersection angle of 180◦ . In this counterpropagating beam geometry, the angular resolution in
the scattering images for small deflection angles is mainly limited by the angular
spread of the Rg atom beam, as described in Ref. [124].
When counterpropagating beams are used, it is important that the reagent
beams only overlap within a well defined volume and time. This overlap can be
determined by measuring time-of-flight (TOF) profiles for both beams. A TOF of
the NO molecules exiting the Stark decelerator has been shown before [93]. From
such a TOF we determined that the packet of NO radicals has a temporal width
of 25 µs (full width at half maximum (FWHM)). Trace amounts of NO molecules
entrained in the rare gas atom beams allowed us to measure the TOF profiles
of the atomic scattering partners. Temporal widths of 19, 13, 16, 40, and 59 µs
(FWHM) were obtained for beams of He, Ne, Ar, Kr, and Xe, respectively.
In the scattering experiments, the leading edges of both beams were allowed to
overlap for about 5-30 µs before the detection lasers were fired, depending on the
system and transition of interest. Although the particle densities available in both
beams contributing to the scattering are compromised, the reagent beams overlap
for only a short period of time and spatially overlap within a well defined volume.
In order to determine the collision energies as precisely as possible, we carefully
calibrated the VMI detector as described in Chapter 3 and Ref. [93] and found a
calibration factor of 2.4 m/s per camera pixel. From this calibration, the mean
speed of the rare gas atom beam was determined to be 1850, 850, 660, 440, and
350 m/s for He, Ne, Ar, Kr, and Xe, respectively, resulting in collision energies for
this series of 715, 720, 730, 580, and 500 cm−1 .
The QM CC calculations are described in Chapter 2. The renormalized Numerov method was used for the propagation of the wavefunction on a grid in R
starting at 3.5 bohr for NO + He, at 3.0 bohr for NO + Ne and Ar and at 4.5 bohr
for NO + Kr and Xe, up to 60 bohr for all systems. We used equidistant grids with
687, 1281, 1531, 2031, and 1591 steps for He, Ne, Ar, Kr, and Xe, respectively. A
channel basis set was used that included all NO rotational levels up to j = 20.5
and all partial wave contributions up to a total angular momentum of J = 160.5
for NO + He and J = 250.5 for the other systems.
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5

Results and Discussion

We have measured the state-to-state diﬀerential cross sections for all scattering
partners for two specific final rotational levels of the NO molecules, namely the
j ′ = 3/2, e and the j ′ = 5/2, e states. The three-dimensional representations of the
experimental scattering images, after the inverse Abel transformation is applied,
are presented for all NO + Rg systems in Figure 5.1. A selected part of the
image, displaying the finest structures that are observed, is shown next to each
experimental image.
Broad structures are visible with superimposed rapid oscillation patterns. It
is seen that both these broader structures, as well as the diﬀraction oscillations,
strongly depend on the scattering partner and on the final state that is probed. The
angular spacing between the diﬀraction peaks decreases with increasing reduced
mass, i.e., the spacing is largest for NO + He and smallest for NO + Xe. Moreover,
there is in general more sideward scattering for the j ′ = 5/2, e state than for the
j ′ = 3/2, e state.
The angular distributions that are observed are almost perfectly reproduced by
the QM CC scattering calculations. This is illustrated in Figure 5.2 that shows the
experimental DCSs derived from the experimental images together with the DCSs
predicted by the QM CC scattering calculations at the mean collision energies of
the experiment. In general there is very good agreement between the experimentally observed and theoretically predicted DCSs. Both the overall structure and
the rapid diﬀraction oscillations are reproduced well for all systems and for both
final states. The excellent agreement between experiment and theory, in particular
at the high resolution levels of our experiment, demonstrates that all NO-Rg PESs
used in this work are of high quality.
In the experimental images as well as in the DCSs, diﬀerent types of classical
and quantum mechanical structures are clearly visible. The QM CC calculations
accurately predict these structures, but they do not yield the interpretation on the
physical origin of these structures. Although less quantitative, theoretical models such as hard-sphere models [111, 127, 134, 135], the quasi-classical trajectory
(QCT) method [131, 146] and the quasi-quantum treatment (QQT) [122, 147, 148]
can yield qualitative and valuable insight into the origin of these structures. In the
following, we will use simple hard-shell models to get a better understanding of
the physical origin of these structures, and of the changes that are observed when
going from He to Xe as a scattering partner.

5.3.1

Diﬀraction oscillations

The rapid oscillations that are visible in all images presented in this chapter are
diﬀraction oscillations. They originate from quantum mechanical interference of
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j’=5/2, e

j’=3/2, e

He
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5
Kr
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Figure 5.1: Three-dimensional representations of the experimental scattering images
after the inverse Abel transformation for NO + He, Ne, Ar, Kr, and Xe exciting the NO
radicals to the j ′ = 3/2, e (left) and the j ′ = 5/2, e (right) states. The colors represent
the scattering intensity. Parts of the scattering distributions are shown on an enlarged
scale next to the experimental images.
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Figure 5.2: Experimentally determined DCS (red curves), together with the DCS predicted by QM CC scattering calculations (black dashed curves), for inelastic collisions
of NO (X 2 Π1/2 , j = 1/2, f ) radicals with He, Ne, Ar, Kr, and Xe atoms, probing the
final states j ′ = 3/2, e (left) and j ′ = 5/2, e (right). The experimental and theoretical
DCSs are scaled with respect to each other; the absolute value of the DCS that follows
from the QM CC calculations is given by the right vertical axis. For the j ′ = 3/2, e
state of NO + Ar, Kr, and Xe, a part of the DCS is shown on an enlarged scale with a
diﬀerent scaling between the experimental and theoretical DCSs. The angles at which
the L-type rainbow, as well as the rotational rainbows from the N- and O-ends of the
molecule are expected (see Sections 5.3.2 and 5.3.3) are indicated by the blue, green, and
purple vertical arrows, respectively. Note the diﬀerent horizontal axis that is used for
NO + He.

diﬀerent trajectories of the colliding molecules on the underlying PES that result
in the same final deflection angle. These are the narrowest structures that can
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occur in a DCS and are consequently the most diﬃcult to resolve experimentally.
We could already resolve these oscillations for favorable systems and states in our
previous work, as shown in Chapter 4, but due to the enhanced resolution aﬀorded
by the counterpropagating beam geometry and inverse Abel transformation, we
can now measure them for all systems presented here.
Within a hard-sphere model, the angular spacing ∆θ between diﬀraction peaks
can be approximated by [119]
π
∆θ =
,
(5.1)
kR
where k is the wavenumber of the incoming wave and
√ R is the radius of the sphere.
The collision energy Ecol is related to k via ~k = 2µEcol , where µ is the reduced
mass of the system.
For each NO-Rg complex, the radius R can be determined from a spatial contour plot of the NO-Rg Vsum interaction potential [123]. These plots are shown
for all NO-Rg complexes in Figure 5.3. An eﬀective radius of the complex then
follows from the contour with an energy that equals the collision energy of the
experiment. This contour is approximated by an ellipse as indicated by the red
contour in Figure 5.3, which is described by a minor semi-axis B and two major
semi-axes AN and AO for the N-end and O-end of the molecule, respectively. The
origin is the center-of-mass of the NO molecule.
The values for the three axes are listed for each NO-Rg system in Table 5.1,
together with the collision energies of the experiment. Since NO can almost be
considered homonuclear, the values for AN and AO are almost identical. We used
the largest axis to determine R, and the resulting values for ∆θ are given in Table
5.1, together with the angular spacings that result from the QM CC scattering
calculations.
It is seen that the model predictions for ∆θ are in qualitative agreement with
the QM CC calculations, where the model predicts a 0.3 - 0.5◦ larger spacing than
the QM CC calculations. It follows from both the hard-sphere model and the QM
CC calculations that the spacing between the oscillations decreases with increasing
reduced mass of the system, since the radius of the complex increases. Moreover,
the spacing decreases with increasing collision energy. Even though Kr and Xe
are much heavier than the other rare gases, their ∆θ is only slightly smaller than
for NO + Ar, because the collision energies for NO + Kr and Xe are substantially
lower. The angular range in which diﬀraction oscillations occur becomes larger
with increasing potential well depth [139]. Since the attractive interaction in NO
+ Rg is dominated by dispersion, the well depth correlates with the polarizability
of the rare gas atom, and hence also with the reduced mass of the system (see
Table 2.1).
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)
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Ecol (cm

−1
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4.9

5.1
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5/2, e

NO + He
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12

2.2

2.6

4.68

5.84

5.50
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3/2, e

6

12

17

2.3

2.6

4.67

5.83

5.49
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5/2, e

NO + Ne
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7

10

1.5

1.9

5.41

6.54

6.21

730

3/2, e
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11

15

1.6

1.9

5.41

6.55

6.21
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5/2, e

NO + Ar

22

7

10

1.4

1.8

5.77

6.84

6.53

580

3/2, e

23

11

16

1.4

1.8

5.77

6.84

6.53

580

5/2, e

NO + Kr

26

7

10

1.4

1.7

6.23

7.36

7.03

500

3/2, e

27

11

15

1.4

1.7

6.25

7.38

7.05

480

5/2, e

NO + Xe

Table 5.1: Parameters used for and following from the hard-shell models for the systems and states considered here. The
experimental collision energies Ecol , the major (AO and AN ) and minor (B) semi-axes, the angular spacing ∆θ between the
diﬀraction oscillations following from a hard-sphere model and QM CC calculations, the rotational rainbow angles θr,O and
θr,N and the L-type rainbow angle θL are listed.
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Figure 5.3: Spatial contour plots of the Vsum potentials for the complex of NO with
He (a), Ne (b), Ar (c), Kr (d) and Xe (e). The red contour shows the contour at the
collision energy of the experiment. The contours of the attractive part of the potential
with energies of −140, −120, −100, −50 and −25 cm−1 are labeled to demonstrate the
diﬀerences between the potentials for the diﬀerent systems. The two major semi-axes
AN and AO and the minor semi-axis B for the complex are indicated in panel e.

5.3.2

Rotational rainbows

Apart from the rapid diﬀraction oscillations, broader features exist that can be attributed to rainbow scattering. Two types of rainbows can exist for atom-molecule
scattering: rotational rainbows and L-type rainbows.
Rotational rainbows originate from the repulsive part of the intermolecular potential and are a consequence of its anisotropic character. Their physical origin is
found in an interference eﬀect related to the fact that diﬀerent initial conditions
(impact parameter and relative orientation) can lead to the same collision outcome
(scattering angle θ and final state j ′ ). The rotational rainbow angle corresponds to
the minimum scattering angle at which suﬃcient incoming translational momentum is converted into molecular rotation [129]. Angles smaller than the rotational
rainbow angle are classically forbidden. This eﬀect results in a maximum in the
DCS caused by extrema in the angular momentum of the scattered molecule as a
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function of its initial orientation [131].
For an atom-ellipsoid hard-shell model, the rotational rainbow angle θr appears
at [149]
(
)
1
∆J
sin
θr =
,
(5.2)
2
2k(An − B)

5

where An is the semi-axis AN or AO of the ellipsoid as described in the previous
section. In the case of an open-shell molecule, such as NO, ∆J is approximately
equal to j ′ +ϵ′ /2 for the j = 1/2, f initial state [129]. Here, ϵ is the spectroscopic
parity index, which is related to the parity p of the NO wavefunction by ϵ =
p(−1)j−1/2 . The Λ-doubling components with e parity have ϵ = +1, whereas
the components with f parity have ϵ = −1. In the present experiments, both
parity p conserving (j ′ = 3/2, e) and parity p changing (j ′ = 5/2, e) transitions
are measured, where ∆J is even and odd, respectively. For NO, two rotational
rainbows are expected: one from the N-end and one from the O-end. These
rainbow angles are referred to as θr,N and θr,O , respectively. Both calculated
rainbow angles are listed in Table 5.1 for both final states and for all NO + Rg
systems studied. In addition, the angles at which this model predicts θr,N and θr,O
are indicated in Figure 5.2 by the vertical green and purple arrows, respectively.
It is seen that the rotational rainbow angles decrease with increasing reduced
mass of the complex, reflecting the diﬀerences in anisotropy of the systems. Moreover, they shift to larger scattering angles with increasing rotational energy transfer
∆j.

5.3.3

L-type rainbows

The L-type rainbows arise from attractive forces between collision partners. Classically, they are caused by the focussing of trajectories around the maximum negative deflection angle [108]. The glory point, i.e. the minimum scattering angle in
the deflection function, is associated with the classical impact parameter that leads
to trajectories in which attractive and repulsive forces cancel, leading to zero deflection. Quantum mechanically, the L-type rainbow originates from partial waves
with higher J than the glory partial wave, and can therefore only occur when
these high partial waves contribute to the cross section. As these partial waves
with high J cannot transfer suﬃcient energy to rotationally excite the molecule
to high rotational levels, L-type rainbows are particularly prominent for low ∆j
transitions. Since we measured ∆j = 1, 2 transitions, it is expected that L-type
rainbows are manifest in the DCSs.
In contrast to rotational rainbows, L-type rainbows also occur in elastic atomatom scattering, and have been extensively studied in the past. Within a hardsphere model, the angle θL at which the L-type rainbow for elastic atom-atom
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scattering is expected can be approximated by [141]
θL = 2

ϵ
,
Ecol

(5.3)

where ϵ is the average well depth of the PES. It is noted that in a semiclassical
description of the rainbow eﬀect that takes the de Broglie wavelength of the particles into account, additional maxima in the DCS can occur. The angles at which
these supernumerary rainbows are found depend on the path diﬀerence between
two trajectories that lead to the same scattering angle, and strongly depend on
the collision energy [108].
To apply the hard-shell model to the systems studied in this paper, we used
the minimum of the isotropic potential as the average well depth. Table 5.1 lists
the positions of the L-type rainbows θL predicted by this model for all NO + Rg
systems and they are indicated in Figure 5.2 by vertical blue arrows. In contrast
to the rotational rainbow, the position of the L-type rainbow only depends on the
system and collision energy and not on the rotational excitation of the molecule.
It is seen that the L-type rainbow shifts to larger angles when the reduced mass
of the system increases, since the average well depth increases. Moreover, as can
be inferred from Equation 5.3, θL increases with lower collision energy.

5.3.4

Assignment of the structures

The simple hard-shell models described above yield predictions for the angular
spacing of diﬀraction peaks and the angular positions at which the various rainbows
occur. In the observed DCSs, the diﬀraction pattern is most easily identified.
The assignment of rotational and L-type rainbows, however, is more ambiguous,
because they can occur simultaneously and in overlapping angular regions. Table
5.1 and Figure 5.1 show that θr decreases, while θL increases with increasing
reduced mass of the system. The positions at which the two types of rainbows are
expected cross each other around the NO + Ar system. To assign the rainbows
we use classical trajectories and quantum opacity functions.
We calculated approximately 105 classical trajectories for each system using
the two-dimensional Vsum PESs described in Chapter 2.3.1. The NO rotational
constant B = 1.69611 cm−1 . The initial angular momentum of NO was set to
zero, we chose random initial orientations, and selected an appropriate range of
impact parameters b. For each trajectory we determined the deflection angle χ.
In Figure 5.4 we plot the scattering angles θ = |χ| for each system in the panels
on the right. The green arrows indicate the glory impact parameters, i.e., the
impact parameters for which the deflection angle is zero. Trajectories with smaller
impact parameters have positive deflection angles and we refer to those as nearside
collisions. For the smallest impact parameters we find backward scattering at
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Figure 5.4: Opacity functions for inelastic collisions of NO (X 2 Π1/2 , j = 1/2, f ) radicals
with the collision partners He, Ne, Ar, Kr, and Xe, probing the final states j ′ = 3/2, e
(left) and j ′ = 5/2, e (middle), together with the deflection functions (right) for the
j ′ = 3/2, e (black) and j ′ = 5/2, e (red) inelastic channels, that are computed at collision
energies of 715, 720, 725, 580, and 500 cm−1 for collisions with He, Ne, Ar, Kr, and Xe,
respectively. The vertical green arrows indicate the impact parameter or partial wave at
which the glory point is found in the deflection function or opacity function, respectively.
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θ = 180◦ , as expected. Above the glory point we find trajectories with negative
deflection angles, which we refer to as farside collisions.
In Figure 5.4 we also show the quantum opacity functions for both inelastic
channels. These functions give the contributions of individual partial waves with
angular momentum J to the integral scattering cross section. They are calculated
from the QM CC partial cross sections σ as [90, 150, 151]
Pjα→j ′ α′ (J) =

k2
2j + 1
σ J′ ′ ,
π (2J + 1)[2 min(J, j) + 1] j α ,jα

(5.4)

where j and j ′ denote the rotational quantum number of the initial and final
state, respectively, J represents the total angular momentum, and min(J, j) is the
lowest of the two values for J and j. All other quantum numbers of the initial
and final states are represented by α and α′ , respectively. The green arrows in
the plots of the opacity functions indicate the partial waves J that correspond
to the classical glory impact parameters of the right panel. We refer to partial
waves with smaller (larger) J as nearside (farside) partial waves. Note that more
advanced methods exist to distinguish nearside and farside contributions in quantum calculations[152].
For the series He to Xe as collision partner, Figure 5.4 shows that the range
of impact parameters and the total number of partial waves that contributes to
the cross section increases. This is expected, since the well depth increases for
the heavier systems. The extra energy and angular momentum that must be
transferred to excite the j ′ = 5/2, e channel compared to the j ′ = 3/2, e channel
requires smaller impact parameters. The opacity functions confirm that for the
j ′ = 3/2, e channel partial waves up to higher J contribute.
For NO + He, the highest impact parameters and partial waves that contribute
to the scattering coincide with the glory point, the contribution of farside collisions
is negligible, and we do not expect L-type rainbows. For NO + Ne, an interesting
situation arises: for inelastic collisions populating the j ′ = 3/2, e state, there is just
enough attraction to result in a small farside component, whereas these impact
parameters above the glory point are incapable to excite NO to the j ′ = 5/2, e
state. The NO + Ar, NO + Kr, and NO + Xe systems have larger well depths,
and L-type rainbows are expected to be more pronounced. In particular for the
j ′ = 5/2, e state in NO + Kr and Xe, the L-type rainbow is clearly visible as a
broad maximum in the DCSs around θ ≈ 19◦ and θ ≈ 27◦ , respectively. The
positions of the L-type rainbows, as predicted by the simple hard-shell model,
closely match these values.
In Figure 5.5, we analyze the NO + He and NO + Kr DCSs for both inelastic
channels in more detail by comparing the full quantum results (blue solid curves)
to the contributions of three groups of partial waves. The ranges are based on
the opacity functions in Figure 5.4 and the exact J values contributing to each
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group are given in Figure 5.5. The group with the lowest angular momenta (black
dotted line) has a negligible contribution to the total DCS. The second group (red
dash-dotted curve) consists of the remaining nearside partial waves. For NO + He,
this group gives rise to rotational rainbows and dominates the DCSs. The third
group (green dashed curve) consists of farside partial waves with large J, which
give rise to an unambiguous L-type rainbow in the j ′ = 5/2, e channel for NO +
Kr around θ ≈ 19◦ . Interference between nearside and farside partial waves gives
rise to superimposed diﬀraction oscillations. Similar arguments hold for NO +
Xe. For the intermediate cases NO + Ne and NO + Ar, however, the assignment
is more ambiguous, as both L-type and rotational rainbows play a role. For the
j ′ = 5/2, e state in NO + Ar, where according to the models the L-type and
rotational rainbows overlap, the amplitudes of the diﬀraction oscillations are very
large.
It should be noted that an L-type rainbow for NO + Kr has recently been
observed, although with lower resolution, for the j ′ = 7/2, f state at a collision
energy of 514 cm−1 [130]. The assignment of the L-type rainbow was based on
QCT deflection functions and QM and QCT opacity functions. The transitions
to the j ′ = 5/2, e state studied here and the j ′ = 7/2, f state form a so-called
parity pair, are primarily caused by the same expansion coeﬃcient of the PES,
and therefore exhibit similar DCSs [79, 125, 127, 129]. These parity pairs will be
discussed in more detail in Chapter 6.

5

5.3.5

Subtle interference eﬀects

Clearly, the experimentally determined DCSs in general show excellent agreement
with the DCSs that are predicted by the QM CC calculations, up to the highest
level of detail. Surprisingly, however, close inspection of the data reveals that
there is one small but intriguing peak in the experimental DCS for the j ′ = 5/2, e
state in NO + Ar that does not match with the theory based on the recent PESs
of Cybulski from 2012. This is illustrated in Figure 5.6a, showing the scattering
intensity around forward scattering for this channel on an enlarged scale. As
indicated by the blue vertical arrow in Figure 5.6a, we have measured a peak at a
scattering angle θ ≈ 3.6◦ , where theory does not predict a peak.
By contrast, we have found that theory based on the older PESs of Alexander
[86] from 1999 does predict a peak here, as described earlier in Ref. [124] and
shown in Figure 5.6a. In the following, we investigate the origin of this peak,
which appears to be extremely sensitive to details in the PES, and hypothesize
why the more recent PESs of Cybulski et al. show less good agreement with the
experiment.
The origin of the peak at θ ≈ 3.6◦ for the j ′ = 5/2, e channel in NO + Ar is
investigated using the appropriate opacity functions that are derived from both
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PESs. The opacity functions that result from the Cybulski PESs (black dashed
curve) and the Alexander PESs (black solid curve) are shown in Figure 5.6b on
a semi-logarithmic scale. This figure reveals that the opacity functions are very
similar for partial waves up to J ≈ 150.5, but diﬀer significantly for partial waves
150.5 ≤ J ≤ 250.5. The opacity function takes values below 10−4 in this region.
The glory point is found at J ≈ 110.5, as is indicated by the green arrow in
Figure 5.6b.
Just as in the analysis of L-type rainbows described in Section 5.3.4, we investigate the origin of the peak by calculating the DCS using only partial waves
within a restricted window of values of the total angular momentum J. Figure 5.7
shows the DCS that results from both PESs in the following three situations: all
partial waves with J ≤ 250.5 are taken into account (blue solid curve); only par65
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5

tial waves with 90.5 ≤ J ≤ 150.5 around the glory point are taken into account
(black dashed curve); only partial waves with 90.5 ≤ J ≤ 250.5 are taken into
account (red dotted curve). It is checked that partial waves with J > 250.5 do not
influence the results.
As can be seen from Figure 5.7, the general structure in the DCS is dominated
by partial waves 90.5 ≤ J ≤ 150.5. These partial waves yield a DCS that is almost
identical to the DCS obtained with all partial waves. This is in particular the case
for scattering angles θ > 5◦ , where a regular pattern of diﬀraction oscillations is
observed. For smaller scattering angles, however, the DCS changes significantly
when additional partial waves with J > 150.5 are taken into account. In particular,
the peak at θ ≈ 3.6◦ , is strongly aﬀected. When the extra partial waves are taken
into account, the intensity of this peak slightly decreases when the Alexander PESs
are used, whereas the peak disappears completely for the Cybulski PESs. We can
therefore conclude that both PESs inherently give rise to the peak at θ ≈ 3.6◦ ,
but its contribution to the total DCS strongly depends on a subtle interference
eﬀect that involves partial waves with high values of J.
This behavior can be clarified using the classical deflection function for this
scattering process. We refer to the deflection function as shown in Figure 5.4 that
was calculated using the Cybulski PESs. We refrain from plotting the deflection
function for the Alexander PESs as well, as only minor diﬀerences occur that are
not relevant for the argumentation given below. The diﬀraction oscillation pattern
observed for θ > 5◦ is caused by interference between partial waves around the
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glory point and the partial waves higher than the L-type rainbow partial wave at
J ≈ 122.5, that corresponds to the second maximum in the deflection function.
This regular diﬀraction pattern does not extend to very small deflection angles,
as the highest partial waves that still contribute to the deflection function for the
j ′ = 3/2, e state correspond to such large impact parameters that they cannot
transfer suﬃcient energy to excite the NO radicals to the j ′ = 5/2, e state. The
deflection function therefore misses a tail of partial waves with high J. Consequently, the scattering in the region 0◦ ≤ θ ≤ 5◦ is dominated by a very subtle
interference phenomenon, that is particularly sensitive to the exact shape of the
opacity function for high values of J.
Both the forward peak at θ ≈ 1.1◦ and the peak at θ ≈ 3.6◦ are located in the
transition region, where the partial waves that can just induce a suﬃcient amount
of rotational excitation contribute to the scattering. The scattering in this area
is therefore extremely sensitive to small variations in the contribution of partial
waves with very high values of J (i.e. J > 150.5). This explains why the Cybulski
and Alexander PESs yield identical DCSs for θ > 5◦ , but diﬀer significantly in
their prediction for the region 0◦ ≤ θ ≤ 5◦ .
Although the Alexander PESs predict a peak at θ ≈ 3.6◦ and thus yield better
agreement with our experiments, both PESs fail to agree quantitatively with the
DCS that is measured experimentally for θ < 5◦ . The subtle interference eﬀect
described above suggests that a tiny modification of the intermolecular potential
can result in either an increase or decrease of this peak in the DCS. We may
therefore use modified PESs, constructed via the relation Vλ = λ VAlexander +
67
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(1-λ) VCybulski , thereby interpolating between the Alexander and Cybulski PESs
using the scaling parameter λ.
The results are shown in Figure 5.8, where the DCSs that result from the
modified PESs are shown for diﬀerent values of λ. It is seen that small variations in
the PESs do not influence the diﬀraction pattern for angles θ > 5◦ , but they result
in striking changes for angles 0◦ ≤ θ ≤ 5◦ , consistent with the observations and
interpretation given above. We can even extrapolate the Cybulski or Alexander
PESs by using values for λ of −0.5 or 1.5. It is seen that the peak at θ ≈ 3.6◦ is
further reduced for λ = −0.5 and further enhanced for λ = 1.5, suggesting that
the NO-Ar PESs require more “Alexander” character to match the experimental
observations. Unfortunately, we have been unable to experimentally observe the
peak at θ ≈ 1.1◦ , as this region is masked by imperfect state selection of the
reagent NO packet. Future experiments with improved state selection may yield
experimental data in this region, such that our hypothesis can be tested using both
features at 1.1◦ and 3.6◦ . Either way, the ability to experimentally resolve and
study these details in the DCS as demonstrated here oﬀers new tools to compare
experiment and theory, even for extremely well-known systems such as NO-Rg
studied here.

5

However, a puzzling observation remains: the more recent PESs of Cybulski
et al. [82], calculated with superior computational power, appear to show worse
agreement with the experiment than the 15-year old Alexander PESs [86]. A
possible explanation for this observation lies in the long range part of the PESs
of Ref. [82]. According to theory [79], one should expand the sum potential
Vsum = (VA′ + VA′′ )/2 in terms of Legendre polynomials PL (cos γ) and the difference potential Vdif = (VA′′ − VA′ )/2 in terms of associated Legendre functions
PL,M (cos γ) with M = 2. Instead, Cybulski et al.[82] expanded the adiabatic
potentials VA′ and VA′′ in terms of Legendre polynomials PL (cos γ). The potentials VA′ and VA′′ must be equal and Vdif must vanish for linear geometries with
γ = 0◦ and 180◦ . This holds exactly when the mathematically correct expansion
functions are used, as in Ref. [86], but in the expansion used in Ref. [82] this only
holds approximately. We found by inspection that the numerical error is small for
most NO-Rg distances, but relatively large in the long range. Hence, the PESs of
Ref. [82], although perhaps superior to the Alexander PESs [86] for shorter distances, behave slightly incorrectly for very large distances. Since the behavior of
the PESs at such large distances turns out to be essential to obtain the interference
between partial waves with very large values of J that causes the peak in the DCS
observed experimentally at θ ≈ 3.6◦ , it might well be that the formally incorrect
angular dependence of the PESs of Cybulski et al. explains why these PESs fail
to predict this peak.
The peak observed at θ = 3.6◦ for NO + Ar, and the comparison with two
PESs for this system, is a striking example of the level of detail that can now
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be reached, and the prospects this yields to advance theoretical methods and
fitting procedures. In fact, close inspection of our experimental data also reveals
a mismatch between theory and experiment for the j ′ = 3/2, e state of NO + Kr.
Here, theory predicts a peak in the diﬀraction pattern at θ ≈ 6.3◦ , whereas this
peak appears absent in the experiment. Unfortunately, only one PES is available
for this system, preventing us from performing a comparative study between PESs
as we did for NO + Ar. We hope that new NO-Kr PESs become available in the
near future, such that the origin of this peak can be further investigated.

5.4

Conclusions

We have presented a set of diﬀerential cross section measurements for state-tostate inelastic collisions of NO (X 2 Π1/2 , j = 1/2, f ) radicals with He, Ne, Ar,
Kr, and Xe atoms. We used a novel experimental arrangement combining counterpropagating beam scattering, Stark deceleration and velocity map imaging to
achieve optimal image resolutions. The inherent image symmetry aﬀorded by the
counterpropagating geometry was exploited to improve the resolution further by
applying the inverse Abel transformation to the experimental scattering images,
thereby directly revealing the scattering intensity on the equator of the Newton
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sphere. Together, this resulted in a set of experimentally determined state-to-state
inelastic diﬀerential cross sections, in which rainbow features with superimposed
quantum diﬀraction oscillations are fully resolved. Excellent agreement was found
between the experimental DCSs and the DCSs that result from QM CC calculations with recently computed ab initio PESs. The origin of the main structures
that are present in the DCSs and the general trends that were observed were elucidated using simple semiclassical hard-shell models and deflection functions, as
well as full quantum mechanical partial wave analyses of the scattering processes.
The observation of small details in the DCS, with high sensitivity and good
contrast, yields new possibilities to test PESs with unprecedented level of precision.
This is illustrated in this chapter using a specific peak that was observed in the
DCS for the NO + Ar system as an example. This peak was found to originate
from a very subtle interference eﬀect involving partial waves around the glory
point and the highest partial waves that just induce suﬃcient rotational excitation.
The existence of this peak, however, was predicted by one PES available for this
system, whereas it was not predicted by another PES. Both PESs are of high
quality, but minor diﬀerences in calculation methodology and fitting procedures
result in observable changes in the DCS, in particular around forward scattering
where the peak was found.
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Energy dependence of diﬀerential cross sections for
parity pairs in NO + He collisions

Colliding molecules behave fundamentally diﬀerently at high and low
collision energies. At high energies, a collision can be described to
large extent using classical mechanics, and the scattering process can
be compared to a billiard-ball-like collision. At low collision energies,
however, the wave-character of the collision partners dominates, and
only quantum mechanics can predict the outcome of an encounter. It
is well known how these pictures can describe collisions in the limits
of very high and very low collision energies. It is, however, not so
clear how these limits evolve into each other as function of the collision
energy. Here, we investigate and visualize this evolution using a special
feature of the diﬀerential cross sections for inelastic collisions between
NO radicals and He atoms. So-called “parity pair” transitions have
similar diﬀerential cross sections at high collision energies, whereas
their cross sections are significantly diﬀerent in the quantum regime at
low energies. We used these transitions as a probe for the quantum
character of the collision process.
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6.1

Introduction

In collisions between NO (X 2 Π1/2 , v = 0, j = 1/2, f ) radicals and rare gas atoms,
so-called “parity pair” transitions occur. These are transitions to j ′ , e and j ′ + 1, f
′
final rotational states that have the same parity p′ = ϵ′ (−1)j −1/2 , and the same
value for n = j ′ − ϵϵ′ /2. Here, j ′ is the final rotational level of the NO molecule
and ϵ and ϵ′ represent the spectroscopic parity index of the initial and final state,
respectively, where states of e parity have ϵ = +1, while states of f parity have
ϵ = −1. This chapter focuses on the j = 1/2, f → j ′ = 3/2, e and j = 1/2, f →
j ′ = 5/2, f transitions with n = 2 for NO + He as an example. These transitions
are shown in the energy level diagram of the NO molecule in Figure 6.1a.
As first observed by Stolte and co-workers [122, 148, 153], the diﬀerential cross
sections (DCSs) for these parity pair transitions are similar at relatively high
collision energies of a few hundred cm−1 . This similarity could be explained using
the quasi-quantum treatment (QQT) [122], that is based on the kinematic apse
approximation. The kinematic apse â is defined as [154]
â =

6

k′ − k
,
|k′ − k|

(6.1)

with k and k′ the initial and final wave vector or relative velocity vector. In the
kinematic apse approximation, the projection ma of j on the kinematic apse is
conserved during the collision, i.e., ma = m′a . The QQT DCS for scattering of
j = 1/2, |ma | = 1/2, |Ω| = 1/2, ϵ → j ′ , |m′a | = 1/2, |Ω′ | = 1/2, ϵ′ is proportional to
[122]
dσ
j ′ + 1/2 sin β ∂β
∝
|gj ′ −ϵϵ′ /2 (β)|2 ,
(6.2)
dω
4k 2 sin θ ∂θ
with

∫
gn (β) =

1

−1

gj→j ′ (γa ; β)Pn (cos γa )d cos(γa ).

(6.3)

Here, θ is the scattering angle, the angle γa defines the orientation of the molecular
axis with respect to the kinematic apse, β is the angle between the apse and
the initial wave vector, and Pn (cos γa ) is a Legendre polynomial. Figure 6.1b
illustrates the angles used in the QQT. The molecule-fixed scattering amplitude
gj→j ′ connects the incoming and outgoing wavefunctions and carries their phase
shifts. It has been shown to have a weak j ′ dependence [122].
Using QQT, it could be shown that the DCSs for two neighboring rotational
states with the same parity p′ are similar, except for a diﬀerent prefactor (j ′ +1/2).
For the parity pair j = 1/2, f → j ′ = 3/2, e and j = 1/2, f → j ′ = 5/2, f , for
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Figure 6.1: Energy level diagram of NO and an illustration of the angles defined in
the quasi-quantum treatment. a) Energy level diagram of the NO molecule, indicating
the j = 1/2, f → j ′ = 3/2, e and j = 1/2, f → j ′ = 5/2, f parity pair transitions. b)
The quasi-quantum treatment makes use of various angles. The angle θ is the scattering
angle, i.e., the angle between the initial (k) and final (k′ ) wave vectors, γa defines the
orientation of the molecular axis with respect to the kinematic apse â, and β is the angle
between the apse and the initial wave vector k.

instance, this would be [122]
dσj=1/2,f →j ′ =3/2,e 2 dσj=1/2,f →j ′ =5/2,f
≈
dω
3
dω
∫ 1
2
∝
gj→j ′ (γa ; β)P2 (cos γa )d cos(γa ) .

(6.4)

−1

6

These parity pairs have been studied more often, and have also been explained
in terms of a weak coupling, direct Born scattering model [125, 127]. This model
will be discussed in more detail in Section 6.3. The calculations and experiments
to study parity pairs were all performed at relatively high collision energies >
500 cm−1 . In this chapter, the collision energy dependence of the DCSs for these
parity pairs is studied for the first time. Our high experimental angular resolution
allowed us to investigate the similarity of the parity pair DCSs at the level of
diﬀraction oscillations, which are the narrowest structures that occur in a DCS.
We use the j = 1/2, f → j ′ = 3/2, e and j = 1/2, f → j ′ = 5/2, f transitions for
NO + He as an example.
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6.2

Methods

The experimental methods are described in Chapter 3. A well-defined packet of
NO (X 2 Π1/2 , v = 0, j = 1/2, f ) radicals with a velocity of 390 m/s was produced
using the Stark decelerator and these molecules scattered with a beam of He atoms
under an angle of 45◦ . The beam of He atoms was produced by cooling an EvenLavie valve to temperatures as low as 30 K. By altering the temperature, we could
produce beams of He atoms with a mean velocity ranging from 1710 to 590 m/s,
and we could thereby vary the collision energy between 315 and 25.9 cm−1 .
The QM CC calculations are described in Chapter 2. We computed state-tostate diﬀerential cross sections with the Vsum and Vdif potentials of Klos et al.
[81], instead of the potentials constructed by Cybulski as described in Chapter 2.
Small diﬀerences exist between these two potential energy surfaces, as shown in
Table 2.1. For the scattering calculations, we used a basis set including all partial
wave contributions up to total angular momentum J = 101.5 and all NO rotational
levels up to j = 15.5 for collision energies up to 150 cm−1 . For the higher collision
energies, all total angular momenta up to J = 200.5 and all NO rotational levels
up to j = 20.5 were taken into account. The renormalized Numerov method was
used for the propagation of the wavefunctions on a grid from 3.5 to 60 bohr. Cross
sections were calculated for collision energies between 14 and 150 cm−1 in steps
of 1 cm−1 and at additional energies between 200 and 700 cm−1 in steps of 100
cm−1 . At energies around the experimental collision energies, cross sections were
calculated on a finer energy grid.

6.3
6

Results and Discussion

We measured scattering images for the j = 1/2, f → j ′ = 3/2, e and j = 1/2, f →
j ′ = 5/2, f transitions for NO + He at six diﬀerent collision energies between
25.9 and 315 cm−1 . Figure 6.2 shows experimental scattering images for the
j = 1/2, f → j ′ = 3/2, e (top panels) and j = 1/2, f → j ′ = 5/2, f (bottom panels)
transitions at collision energies of 25.9 (left) and 315 cm−1 (right) as an example.
These images are compared to simulated images, that take the kinematics of the
experiment and the theoretical DCSs into account, as described in Chapter 3.
First of all, it should be noted that the images get smaller with decreasing collision
energy, in agreement with Equation 3.7. Moreover, at a collision energy of 25.9
cm−1 , the image for the j ′ = 5/2, f final state is clearly smaller than the image
for the j ′ = 3/2, e final state, due to the diﬀerence in internal energy of these final
states. The angular structures in the images at a collision energy of 25.9 cm−1 are
diﬀerent for the two parity pair transitions — especially in the backward direction
—, while the two images at 315 cm−1 look very similar. In general, there is good
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Ecol = 25.9 cm-1
Exp
Sim

Ecol = 315 cm-1
Exp
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150 m/s

400 m/s

j' = 3/2,e

j' = 5/2,f

0%

100 %

Figure 6.2: Experimental and simulated scattering images for the j = 1/2, f → j ′ =
3/2, e (top panels) and j = 1/2, f → j ′ = 5/2, f (bottom panels) transitions at collision
energies of 25.9 (left) and 315 cm−1 (right). The images are presented such that the
relative velocity vector is oriented horizontally, and that the forward direction is on
the right side of the image. Small segments around forward scattering are masked by
imperfect state selection of the NO molecules. In the images measured at a collision
energy of 315 cm−1 , small black spots can be observed due to dust particles on the
phosphor screen.

agreement between the experimental and simulated images.
The similarity of the parity pair DCSs can be investigated further by inspecting the experimental and simulated angular distributions. Figure 6.3 compares
the experimental (solid curves) and simulated angular distributions (dash-dotted
curves) for the j = 1/2, f → j ′ = 3/2, e (blue) and j = 1/2, f → j ′ = 5/2, f
(red) transitions at six diﬀerent collision energies between 25.9 and 315 cm−1 .
The insets show a comparison between the theoretically predicted DCSs for these
transitions, that are used as input for the simulations. In general, there is very
good agreement between the experimental and simulated angular distributions.
At high collision energies, the two transitions exhibit similar structures in the theoretical DCSs and in both the simulated and experimental angular distributions.
When the collision energy is lowered, however, a shift can be observed between
the diﬀraction oscillations in the angular distributions for the two transitions. At
collision energies of 25.9 and 39.8 cm−1 , diﬀerent structures are observed for the
two transitions. Clearly, the similarity of the parity pair DCSs breaks down as the
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collision energy is reduced.

6.3.1

The similarity between parity pair DCSs

To evaluate how the similarity of the DCSs for the parity pair transitions evolves as
function of collision energy, we compute the root mean square deviation (RMSD)
as function of energy
v
(
)2
u∑
u N
DCS
DCS
− ||DCS2,i
t i=1 ||DCS1,i
1 ||
2 ||
,
(6.5)
RMSD =
N

6

′
where DCS1 is the DCS for the j√
= 3/2, e final state, DCS2 is the DCS for the
∑N
2
j ′ = 5/2, f final state, ||DCS1 || =
i=1 |DCS1,i | is the Euclidean norm of DCS1
and N is the number of angular steps in the DCS. An angular stepsize of 0.5◦ was
used for the theoretical DCSs at all energies. The stepsize in the experimental
and simulated angular distributions varied with the collision energy, depending on
the size of the image. To determine the RMSD, the experimental and simulated
angular distributions were interpolated on a grid with a stepsize of 0.5◦ .
The RMSD of the theoretical DCSs is shown as function of the collision energy
by the black solid curve in Figure 6.4. The green dots in this figure represent
the RMSD of the experimental angular distributions, whereas the blue diamonds
are the RMSD of the simulated angular distributions. In general, the theoretical,
experimental, and simulated RMSDs show the same trends. The experimental
RMSD is larger than the simulated one, which could be due to the experimental
noise. Moreover, it should be noted that all angles between 0◦ and 180◦ are taken
into account to determine the theoretical RMSD, while the most forward scattered
angles in the experiment and simulation are not taken into account, due to the
presence of the beamspot. The theoretical, experimental, and simulated RMSDs
all clearly increase at lower collision energies, reflecting the larger diﬀerence between the DCSs for the parity pairs.
For comparison, we also computed the RMSD for the neighboring j ′ = 3/2, e
and j ′ = 3/2, f final states and for the j ′ = 3/2, e and j ′ = 5/2, e final states
with the same spectroscopic parity index ϵ, as shown in Figure 6.5. Transitions to
these final states do not form parity pairs and have rather diﬀerent DCSs. Indeed,
the RMSD for DCSs of parity pair transitions is much smaller than the RMSD of
DCSs for neighboring final states or final states with the same ϵ at high collision
energies. At low collision energies, however, the RMSD is similar for all three
situations.
To investigate the energy dependence of parity pair DCSs, we first determine
the part of the PES that governs these transitions. The parity pair transitions
for spin-orbit conserving transitions can be related to the Vsum (R, γ) potential
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Figure 6.3: Experimental (solid curves) and simulated (dash-dotted curves) angular
distributions for the j = 1/2, f → j ′ = 3/2, e (blue) and j = 1/2, f → j ′ = 5/2, f
(red) transitions at collision energies of 25.9 (a), 39.8 (b), 70.0 (c), 97.5 (d), 191 (e),
and 315 cm−1 (f ). The angular distributions are divided by their Euclidean norm, and
the red curves are given a vertical oﬀset for clarity. Note the diﬀerent scales on the
horizontal axis. The peak positions of the first five experimental diﬀraction peaks for the
j = 1/2, f → j ′ = 3/2, e transition are indicated by dashed vertical lines to guide the
eye. The insets show the theoretical DCSs for the j = 1/2, f → j ′ = 3/2, e (blue) and
j = 1/2, f → j ′ = 5/2, f (red) transitions.
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Figure 6.4: The similarity of the DCSs for the j = 1/2, f → j ′ = 3/2, e and j =
1/2, f → j ′ = 5/2, f parity pair transitions is quantified by the RMSD. The theoretical
RMSD is shown as function of the collision energy by the black solid curve, while the
green dots and the blue diamonds represent the RMSD of the experimental and simulated
angular distributions, respectively. The quantum character of the system is shown by
the red dashed line, which represents the ratio between the de Broglie wavelength λ and
the equilibrium distance Re , as will be discussed in Section 6.3.4.

6

energy surface that can be expanded in terms of Legendre polynomials as (see
Section 2.3.1)

Vsum (R, γ) =

∞
∑

VL0 (R)PL (cos γ),

(6.6)

L=0

where VL0 (R) are the expansion coeﬃcients and PL (cos γ) are Legendre polynomials. Figure 6.6 shows the expansion coeﬃcients up to L = 5 as function of the
distance R.
In the Hund’s case (a) limit, which is exact for the j = 1/2 state and a good
approximation for low j states, the potential matrix elements (see Equation 6.7)
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Figure 6.5: The RMSD for the DCSs of the j = 1/2, f → j ′ = 3/2, e and j = 1/2, f →
j ′ = 5/2, f parity pair transition (black solid curve), compared with the RMSD of the
DCSs for the neighboring j ′ = 3/2, e and j ′ = 3/2, f final states (red dotted curve) and
the one for the j ′ = 3/2, e and j ′ = 5/2, e final states (blue dashed curve). Clearly, the
DCSs of the parity pair transitions are much more similar at high collision energies than
the DCSs for neighboring final states or final states with the same spectroscopic parity
index ϵ.

for spin-orbit conserving transitions, i.e., Ω = Ω′ , are given by [126]
√
⟨j ℓ Ωϵ JM |V |jℓΩϵJM ⟩ = (−1)
(2j + 1)(2j ′ + 1)(2ℓ + 1)(2ℓ′ + 1)



∑ ℓ′ L ℓ  j ℓ J 


×
(6.7)
0 0 0 ℓ′ j ′ L
L


′
j
L
j
′
1
.
× [1 − ϵϵ′ (−1)j+j +L ]VL0 (R) 
2
−Ω 0 Ω
′ ′

′

j+j ′ +J−Ω

Here, j is the total angular momentum of the NO molecule, ℓ is the orbital angular momentum quantum number of the collision complex, J is the total angular
momentum quantum number with space-fixed projection M , and (:::) and {:::}
are Wigner 3j and 6j symbols, respectively. For the initial j = 1/2 state, it can
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Figure 6.6: Plot of the VL0 (R) expansion coeﬃcients up to L = 5 of the Vsum potential
energy surface for NO + He as function of the distance R.
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6

be seen from the symmetry factor 12 [1 − ϵϵ′ (−1)j+j +L ] and the 3j and 6j symbols
that transitions to final states j ′ , e and j ′ + 1, f are both directly coupled by the
same VL0 expansion coeﬃcient in the potential. These transitions have the same
parity p′ and the same value for n and form a parity pair. The parity pair transitions investigated here, with final states j ′ = 3/2, e and j ′ = 5/2, f , are both
coupled to the j = 1/2, f initial state by the V20 expansion coeﬃcient (shown by
the red dashed line in Figure 6.6).
The influence of this V20 expansion coeﬃcient that directly couples the j ′ =
3/2, e and j ′ = 5/2, f final states to the initial j = 1/2, f state is investigated
by performing QM CC calculations with a truncated expansion of the potential,
where Vsum (R, γ) = V00 (R)P0 (cos γ) + V20 (R)P2 (cos γ) and Vdif = 0. Figure 6.7
shows the DCSs for the two transitions computed with the full PES (blue), or with
the truncated PES (red) at collision energies of 40 and 730 cm−1 . It can be seen
from this figure that the truncated PES results in the same structures in the DCS
as the full PES, and even slightly overestimates the DCSs for both transitions and
for both collision energies. This demonstrates that the behavior of the DCSs of
the parity pairs is indeed mainly determined by a single expansion coeﬃcient of
the potential, both at high and at low collision energies.

6.3.2

The Born approximation for parity pairs

In order to understand the similarity of the DCSs for parity pair transitions at
high collision energies, the Born approximation can be used, as suggested in Refs.
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Figure 6.7: Theoretical DCSs resulting from QM CC calculations based on the full PES
(blue) or a truncated expansion of the potential (red) are shown for the j = 1/2, f →
j ′ = 3/2, e (left) and j = 1/2, f → j ′ = 5/2, f (right) parity pair transitions at collision
energies of 40 (top panels) and 730 cm−1 (bottom panels).

[125, 127]. In this approximation, only the first-order correction in the Born expansion [155] is taken into account and higher-order terms are neglected. This
means that only direct scattering events are considered, while events in which the
collision complex temporarily enters one or more virtual excited states are neglected. This approximation can be used for direct collision processes involving a
weak interaction between the collision partners, such that the first-order correction to the wavefunction in the Born expansion is small compared to the incident
wave in the region of the potential. At high collision energies, low ∆j transitions
for NO + He sample relatively large values of J, i.e., large impact parameters,
and therefore involve a weak interaction between the molecule and the atom. As
stated in Ref. [125], these transitions can be described by a weak coupling, direct
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Born scattering model.
In general, the scattering amplitude for a specific j, m, Ω, ϵ → j ′ , m′ , Ω′ , ϵ′ transition is given by [79]


∑
j
J
ℓ
′√

fjmΩϵ→j ′ m′ Ω′ ϵ′ (θ) =
iℓ−ℓ π(2ℓ + 1)(2J + 1) 
m
−m
0
′
Jℓℓ


(6.8)
j′
J
ℓ′
J
 TjℓΩϵ,j
×
′ ℓ′ Ω′ ϵ′ Yℓ′ m′ (θ, 0),
ℓ
m′ −m m′ℓ
J
where mℓ is the space-fixed projection of ℓ, and TjℓΩϵ,j
′ ℓ′ Ω′ ϵ′ is a T matrix element,
which is related to the S matrix by [79]
J
J
TjℓΩϵ,j
′ ℓ′ Ω′ ϵ′ = δjj ′ δℓℓ′ δΩΩ′ δϵϵ′ − SjℓΩϵ,j ′ ℓ′ Ω′ ϵ′ ,

(6.9)

as described in Section 2.3.
In the Born approximation, the T matrix elements are directly related to the
potential matrix elements from Equation 6.7 via [79]
∫ ∞
J
∝
⟨j ′ ℓ′ Ω′ ϵ′ JM |V |jℓΩϵJM ⟩ jℓ′ (k ′ R)jℓ (kR)R2 dR,
(6.10)
TjℓΩϵ,j
′ ℓ′ Ω′ ϵ′
0

6

where jℓ (kR) and jℓ′ (k ′ R) are spherical Bessel functions. When the Born approximation is valid, the potential matrix element in Equation 6.7 that directly
couples the initial and final states, in this case with V20 , therefore determines the
DCS. The similarity of the DCSs for parity pairs then arises naturally from the
symmetry properties of the potential matrix elements.
The Born approximation is based on perturbation theory and therefore works
best for high collision energies. At low energies, when the Born approximation
is invalid, the T matrix elements are no longer directly related to the potential
matrix elements via Equation 6.10. Instead, the coupled channels equations need
to be solved, as explained in Chapter 2. This could explain the gradually increasing diﬀerence between the DCSs for the parity pairs as observed in Figure 6.3.
Especially in the vicinity of (quasi-)bound states, that will be discussed in more
detail in Chapter 7, a direct scattering model is insuﬃcient to describe the collision
process.

6.3.3

Parity pairs as a probe for quantum mechanics

At ever lower collision energies, the wave-character of the colliding particles plays
an ever more important role. The quantum character of the system is governed
by the de Broglie wavelength λ. The red curve in Figure 6.4 shows the ratio
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between λ and the equilibrium distance Re = 3.2 Å between the NO molecule
and the He atom. This ratio is a measure of the quantum character of the system
and increases with lower collision energy. When this ratio is small, the system
can approximately be described by classical mechanics. When the ratio, however,
approaches 1, the system enters the quantum regime and the wave character of
the colliding particles starts dominating the collision process.
In this quantum regime, the contributions of the individual partial waves become more important and better visible in the DCS. This is illustrated in Figure 6.8, that shows the partial cross sections σJ for the diﬀerent total angular
momenta J for the transition to the j ′ = 3/2, e (blue dots) and j ′ = 5/2, f final
states (red dots) at collision energies of 25.9 and 500 cm−1 . At a collision energy of
500 cm−1 , partial waves with a total angular momentum up to ∼ 60.5 contribute to
the cross sections, with a maximum at J = 27.5, and their relative contributions
to the two transitions are similar. Therefore, similar potential matrix elements
contribute to the scattering amplitude for the two transitions. At a collision energy of 25.9 cm−1 , however, partial waves with J up to ∼ 20.5 contribute, and
the contributions of the individual partial waves become more important. At this
energy, for instance, J = 6.5 has the highest contribution to the cross section for
the transition to the j ′ = 3/2, e state, while the contribution of J = 6.5 to the cross
section for the j ′ = 5/2, f state is less important and the maximum contribution
is instead given by J = 5.5, resulting in diﬀerent T matrix elements and diﬀerent
DCSs. The increasing importance of the individual partial waves is a testimony
of the increasing importance of the wave character of the colliding particles. The
parity pairs studied here therefore serve as a measure for the quantum character
of the collision process.

6.3.4

Diﬀerent parity pair transitions

So far, we only investigated one specific parity pair transition for collisions between NO radicals and He atoms. This approach can be extended, however, to
diﬀerent parity pair transitions. As described in Ref. [125, 127], transitions to
higher rotational states of the NO molecule generally involve multiple expansion
coeﬃcients of the potential due to higher-order mechanisms, or so-called virtual
transitions. Moreover, transitions to higher rotational states of the NO molecule
are generally caused by lower values for J, as shown in Chapter 5, resulting in
a stronger interaction. The weak coupling, direct scattering model is therefore
less well applicable, and we already expect larger diﬀerences between the DCSs of
the parity pair transitions for these higher excitations at relatively high collision
energies. This is confirmed by the RMSD values for parity pairs with diﬀerent n
values at a collision energy of 300 cm−1 , that are shown in Table 6.1.
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Figure 6.8: Partial cross sections for the diﬀerent total angular momenta J for the
j = 1/2, f → j ′ = 3/2, e (blue) and j = 1/2, f → j ′ = 5/2, f (red) parity pair transitions
at collision energies of 25.9 (left) and 500 cm−1 (right). The partial cross sections are
normalized such that the maximum contribution is 1.

6.4

6

Conclusions

In this chapter, we have presented measured and computed DCSs for so-called
parity pair transitions in collisions between NO radicals and He atoms. Both experimentally as well as theoretically, we observed a high level of similarity between
the DCSs for the parity pair transitions at high collision energies, as has been observed and computed in earlier studies [122, 125, 127, 148, 153]. Here, we could for
the first time observe this similarity at the level of diﬀraction oscillations, that are
the narrowest structures that can occur in a DCS. At lower collision energies, our
high experimental angular resolution allowed us to observe a gradually increasing
diﬀerence between the two DCSs.
We investigated the level of similarity using the Born approximation. This
approximation provides a direct relation between the T matrix elements and the
potential matrix elements and could therefore directly explain the similarity of
the DCSs at high energies. At lower collision energies, however, this approximation is invalid and the diﬀerence between the DCSs gradually increases, both
experimentally as well as theoretically.
It should be noted that, to our knowledge, the Born approximation has not
yet been applied to compute DCSs for collisions between NO molecules and He
atoms. We are currently performing calculations in order to check the validity
of the Born model for high collision energies. The first results seem to suggest
that the Born approximation is not able to reproduce the DCSs resulting from
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Table 6.1: The RMSD for parity pair transitions with diﬀerent n values at a collision
energy of 300 cm−1 .

j′

n

RMSD

1/2, e

3/2, f

1

0.0010

3/2, e

5/2, f

2

0.0019

5/2, e

7/2, f

3

0.0027

7/2, e

9/2, f

4

0.0057

9/2, e

11/2, f

5

0.0033

11/2, e

13/2, f

6

0.0033

13/2, e

15/2, f

7

0.0038

QM CC calculations. This implies that only the first-order correction in the Born
expansion is insuﬃcient and that higher-order perturbations should be taken into
account. We will further investigate this in future work.
The parity pair transitions can be used as a probe for the quantum character
of the collision process. The lower the collision energy, the less partial waves
are involved in the collision, and the more important the contributions of the
individual partial waves become. This is reflected in the larger diﬀerence between
the DCSs for parity pair transitions.

6

85

7

Resolving and characterizing resonances in inelastic
collisions between NO and He

In molecular collisions, resonances occur at specific energies at which
the colliding particles temporarily form quasi-bound complexes, resulting in rapid variations in the energy dependence of scattering cross sections. Experimentally, it has proven challenging to observe such scattering resonances, especially in diﬀerential cross sections. We report
the observation of resonance fingerprints in the state-to-state diﬀerential cross sections for inelastic NO + He collisions in the 13 - 19 cm−1
energy range with 0.3 cm−1 resolution. The observed structures were in
excellent agreement with quantum scattering calculations. They were
analyzed by separating the resonance contributions to the diﬀerential
cross sections from the background through a partitioning of the multichannel scattering matrix. This revealed the partial-wave composition
of the resonances, and their evolution during the collision.

Based on
Imaging resonances in low-energy NO-He inelastic collisions, S.N. Vogels, J. Onvlee, S.
Chefdeville, A. van der Avoird, G.C. Groenenboom, and S.Y.T. van de Meerakker, Science
350, 787 (2015)
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7.1

7

Introduction

As shown in Chapter 2, the relative motion of colliding particles such as atoms
and molecules is described by a set of partial waves with integer quantum number
ℓ, which is the quantum mechanical analogue of the classical impact parameter.
The number of contributing partial waves depends on the de Broglie wavelengths
of the particles; observable quantities such as scattering cross sections therefore
necessarily represent the quantum mechanical superposition of many partial waves
1
. Classically, this can be compared to the unavoidable averaging over all possible
impact parameters of the two colliding particles.
Unraveling the contribution of each individual partial wave to a collision cross
section would provide the ultimate information that can be retrieved from any
collision event. Experimentally, however, it is impossible to select a single partial
wave from the pre-collision conditions, and to study how the interaction transforms
it into post-collision properties.
At low temperatures, special conditions exist in which a single partial wave can
dominate the scattering process, mitigating this fundamental obstacle. When the
collision energy is resonant with a quasi-bound state supported by the interaction
potential, the incident particles can temporarily form a long-lived complex. At
these energies, a resonant partial wave ℓres may dominate over all other partial
waves, and there will be a strong enhancement of the scattering cross section. For
atom-molecule collisions, these so-called scattering resonances may be regarded —
in a simplified picture — either as the orbiting of the atom around the molecule
(a shape or orbiting resonance), or as the transient excitation of the molecule
to a state of higher energy (a Feshbach resonance). After some time, however,
the complex falls apart and decays back into a separate atom and molecule [156].
Illustrations of these two types of resonances are shown in Figure 7.1.
Scattering resonances are the most global and sensitive probes of molecular
interaction potentials. They depend on both the long-range attractive and the
short-range repulsive part of the potential, as well as on the van der Waals well;
they are not only sensitive to the shape of the well — as are the spectra of molecular complexes — but also to the depth of the well relative to the dissociation limit.
Measurements of the resonance position and width in the integral cross section
(ICS) probe the energy and lifetime of the quasi-bound state from which the resonance originates. Such observations may thus be regarded as a type of “collision
spectroscopy”. Still, they do not yield information on the partial-wave composition of the resonance. More information on the collision dynamics is inferred from
1 Single partial-wave collisions are only found at temperatures approaching 0 K, at which
the scattering is governed by the wave with the lowest possible value for ℓ. Collisions between
ultracold atoms and molecules near quantum degeneracy, for instance, are exclusively governed
by partial waves with ℓ = 0 (s-wave) or ℓ = 1 (p-wave).
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Figure 7.1: Illustration of a shape or orbiting (left) and a Feshbach (right) resonance.
In the case of a shape resonance, the quasi-bound state is reached by tunneling through
a centrifugal barrier and the atom temporarily orbits around the molecule, while the
quasi-bound state is formed in an asymptotically closed scattering channel in the case of
a Feshbach resonance. These resonances occur when the collision energy Ecol is resonant
with the energy of a quasi-bound state supported by the interaction potential.

the diﬀerential cross section (DCS) at the resonance energy. The structured DCS
represents the partial-wave fingerprint of the collision process, and oﬀers at the
resonance the opportunity to experimentally probe the relation between incoming,
resonant, and outgoing partial waves. This gives detailed insights into the most
fundamental question in molecular collision dynamics: how does the interaction
potential transform the reagents into the collision products?
Whereas scattering resonances are well known in electron, neutron, and ultracold atom scattering, the observation of scattering resonances in molecular systems
has been a quest for decades. Experimentally, it has proven extremely challenging
to reach the required low collision energies and high energy resolution to observe
and characterize partial-wave resonances. In crossed-beam experiments, signatures of scattering resonances have been observed in reactive systems with a low
excitation barrier, such as the benchmark F + H2 and F + HD reactions, by using
the powerful Rydberg tagging technique to record the angular distribution of the
H or D products [157–163]. In these systems, the resonance is associated with
the formation of transiently stable transition-state structures. High-resolution anion photodetachment spectroscopy in combination with accurate calculations has
recently allowed the observation and characterization of previously unresolved reactive scattering resonances in this system [164]. Using a merged beam approach,
resonances have recently also been observed in ICSs for Penning ionization processes at collision temperatures in the mK regime [64, 65]. Even more recently,
resonances were observed in inelastic scattering processes at energies near the
thermodynamic threshold for rotational excitation of the molecule. Using cryo89
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genically cooled molecular species such as CO and O2 , partial-wave resonances
were observed in the state-to-state ICSs for inelastic collisions with He and H2
target beams at energies down to 4 K [59–61, 63].
The measurement of DCSs at scattering resonances remains a largely unexplored frontier, in particular for species other than H and D atoms. At low collision
energies, the recoil velocities of the scattered molecules are extremely small, and
it has proven a daunting task to obtain the angular resolution required to resolve
any deflection structure. In this chapter, we present the measurement of DCSs at
partial-wave resonances for inelastic collisions between fully state-selected NO radicals and He atoms in a crossed-beam experiment. We combined Stark deceleration
and velocity map imaging to probe scattering resonances in the state-to-state and
parity-resolved DCSs at energies between 13 and 19 cm−1 , with a spectroscopic
energy resolution of 0.3 cm−1 (σ). The high resolution aﬀorded by the Stark decelerator allowed us to observe structure in the very small velocity-mapped scattering
images, directly reflecting the DCSs. Distinct variations in the DCSs were observed
as the collision energy was tuned over the resonances. At oﬀ-resonance energies,
the DCSs were dominated by quantum diﬀraction oscillations, whereas additional
strong forward and backward scattering was found at the resonance energies. We
developed a theoretical approach similar to Feshbach-Fano partitioning [165, 166]
to disentangle the resonance and background contributions to the DCSs, and we
directly revealed the incoming and outgoing waves that characterize the resonances
and the background.

7.2

7

Methods

The experimental methods are described in Chapter 3. A packet of NO (X 2 Π1/2 ,
v = 0, j = 1/2, f ), referred to hereafter as (1/2, f ), radicals coming from the Stark
decelerator collides under an angle of 45◦ with a beam of He atoms with a mean
velocity between 400 m/s and 480 m/s, produced by cooling an Even-Lavie valve to
cryogenic temperatures. By tuning the NO velocity between 350 m/s and 460 m/s
with the Stark decelerator, the collision energy was varied between 13 cm−1 and
19 cm−1 . We determined the mean collision energy within an experimental uncertainty of ±0.15 cm−1 . The collision energy resolution was determined to be
0.3 ± 0.1 cm−1 (see Supplementary Information of Ref. [95]).
The QM CC calculations are described in Chapter 2. The state-to-state integral
and diﬀerential cross sections were computed with the Vsum and Vdif potentials of
Klos et al. [81], instead of the potentials constructed by Cybulski as described
in Chapter 2. Small diﬀerences exist between these two diﬀerent potential energy
surfaces, as shown in Table 2.1. The basis set for the scattering calculations
included all partial wave contributions up to total angular momentum J = 101.5
and all NO rotational levels up to j = 15.5. The renormalized Numerov method
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Figure 7.2: Collision energy dependence of the integral cross section for rotational excitation of NO radicals by He atoms. a) Comparison between measured (data points with
error bars) and calculated (solid curve) state-to-state inelastic scattering cross sections
for excitation into the (5/2, f ) state. Experimental data in a.u., arbitrary units. Each
data point is averaged over 1000 laser shots with the He and NO beams overlapping (collision signal), and 1000 laser shots with the NO beam only (reference signal). Vertical
error bars represent statistical uncertainties at 95% of the confidence interval. The calculated cross section was convoluted with the experimental energy resolution of 0.3 cm−1 .
b) Calculated state-to-state integral cross sections for excitation into the (3/2, e) state
(green curve) and (5/2, f ) state (red curve). The inset schematically shows the energy
level diagram and inelastic excitation scheme of NO.

was used for the propagation of the wavefunction on a grid from 3.5 to 40 bohr.

7.3

Results and Discussion

We studied inelastic collisions that excite the NO (1/2, f ) radicals into either the
(3/2, e) or the (5/2, f ) state. The (5/2, f ) channel opens within the experimentally
accessible energy range at 13.4 cm−1 , and we measured the threshold behavior in
the ICS for this channel so as to calibrate both the collision energy and energy
resolution (shown in Figure 7.2a). We observed a plateau just above threshold
and a clear peak around 18 cm−1 , which were well reproduced by the theoretical
ICS convoluted with the experimental resolution of 0.3 cm−1 . These features were
attributed to a narrow (labeled II) and a broader resonance (labeled III) in the
theoretical ICS. The theoretical ICS for the (3/2, e) state (shown in Figure 7.2b for
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comparison) showed a clear resonance (labeled I) at a slightly lower energy than
resonance II.
For both inelastic channels, scattering images were measured at selected energies, as shown in Figure 7.3. Depending on the energy and the final state probed,
the diameter of the low collision energy images ranged from only a few m/s to
about 60 m/s. The diameter of the (5/2, f ) image approached zero as the energy
approached the thermodynamic threshold of the channel, eﬀectively imaging the
center of mass velocity of the NO-He pair. Despite their small sizes, distinct structure in the images could clearly be discerned. At higher energies, as illustrated by
the additional images probed at 45.0 cm−1 , the DCSs of both channels feature a
rich diﬀraction pattern that extends from forward to backward scattering. Each
diﬀraction peak in the DCS transformed into a stripe in the image because of the
detection method used in the experiment. At low collision energies, the number of
diﬀraction peaks was reduced, and an additional pattern arose in the vicinity of
the resonances. As the energy was varied in small energy steps over the resonances,
a strong variation in the angular distribution featuring pronounced forward and
backward scattering was observed.
To compare our findings with theoretical predictions, we simulated for each
energy the image expected from the kinematics of the experiment and the DCS
predicted with high-level QM CC calculations, as described in Chapter 3. The
DCSs that were used as inputs to the simulations were constructed from the QM
CC calculations, taking a Gaussian energy distribution of 0.3 cm−1 into account.
Both the experimental and simulated images were then analyzed in order to yield
the angular scattering distribution, reflecting the DCS convoluted with the experimental energy and angular resolution. In general, excellent agreement was
found between the experimental and simulated scattering distributions, although
at some energies, the relative intensities of the observed features diﬀered from
the simulated intensities. Small diﬀerences between experimental and simulated
images are found in particular at energies at which the DCS varies rapidly as a
function of collision energy. In addition, the experiment seemed to systematically
underestimate the scattering intensity at forward scattering.

7

7.3.1

Characterization of the resonances

To interpret the state-to-state inelastic cross sections, and in particular the resonances, we performed a detailed partial wave analysis of the scattering process.
We analyzed the partial waves that characterize the entrance and exit channels, as
well as the scattering wavefunctions in the region of the van der Waals minimum
of the potential.
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Figure 7.3: Experimental (Exp) and simulated (Sim) ion images at selected collision
energies as indicated in the top panels. Left panels: (1/2, f ) → (3/2, e) inelastic collisions.
Right panels: (1/2, f ) → (5/2, f ) inelastic collisions. The images are presented such that
the relative velocity 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 channel and collision energy.
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Quantum numbers and scattering wavefunctions at the resonances

7

In a collision, the total angular momentum J is conserved. The value of J ranges
from |j −ℓ| to j +ℓ, where j denotes the rotational quantum number of the NO radical and ℓ is the partial wave quantum number. For inelastic processes, j changes
during the collision, and also the partial wave ℓ is not a good quantum number
and is not conserved during the collision. We can describe the scattering process
in terms of the initial and final conditions, where we denote the partial waves by
ℓin and ℓout , respectively. In this section, we describe how at the resonance energies the values for ℓin evolve into a resonance with quantum number ℓres to finally
result in a distribution of ℓout values, i.e., the full partial wave evolution during
the collision.
Not only the total angular momentum J, but also the total parity P is conserved during the collision. This parity is related to the parity p of the Λ-doublet
states of the NO monomer as P = (−1)ℓ p. This monomer parity p refers to the
symmetry of the electronic wavefunction of the NO radical, and it is related to
the spectroscopic parity ϵ as ϵ = p(−1)j−1/2 . States with ϵ = +1 and −1 are
denoted by e and f , respectively. The initial (1/2, f ) state and both the (3/2, e)
and (5/2, f ) final states investigated have p = −1.
Total and partial integral cross sections, i.e., the contributions of diﬀerent J and
P to the ICSs, are shown for both inelastic channels in Figure 7.4. The partial cross
sections for 0.5 ≤ J ≤ 8.5 are shown for P = +1 in panels b and f , and for P = −1
in panels c and g. It is seen that the strong enhancement in the ICS for resonance
I mainly results from (J, P ) = (5.5, +1) with a second largest contribution from
(4.5, +1). Resonance II is dominated by the overlapping contributions of (4.5,
+1), (5.5, +1), (6.5, +1) and (7.5, +1), whereas the combination (3.5, −1), (4.5,
−1), (5.5, −1) and (6.5, −1) dominates resonance III.
Since the initial NO state has rotational angular momentum j = 1/2 and parity
p = −1, and since both J and P are conserved during the collision, we can uniquely
allocate an ingoing partial wave ℓin to each (J, P ) combination. For instance, the
combinations (6.5, −1) and (5.5, −1) can both be allocated to ℓin = 6. The
resulting partial cross sections for each value of ℓin are shown in panels d and h.
It is observed that resonance I is dominated by ℓin = 5, resonance II is governed
by ℓin = 5 and 7, and that resonance III originates from ℓin = 4 and 6.
For each resonance we calculated the contributions of the asymptotic NO
monomer states labeled by (j, e/f ) and the diﬀerent partial waves labeled by ℓ
to the squared scattering wavefunctions for R values ranging from 4 to 30 bohr.
The results are shown in Figure 7.5 for the (J, P ) combinations that contribute
most to each resonance, i.e., the combinations (J, P ) = (5.5, +1), (7.5, +1), and
(6.5, −1) for resonances I, II, and III, respectively. The wavefunctions were computed at the energies where each (J, P ) contribution to the resonance peak in the
ICS has its maximum. The figure shows clearly that for these values of (J, P ), a
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Figure 7.4: Total and partial cross sections for NO(1/2, f ) + He → NO(3/2, e) + He
(left) and NO(1/2, f ) + He → NO(5/2, f ) + He (right). Panels a and e show the total
integral state-to-state cross sections. The partial cross sections for P = +1 and various
values for the total angular momentum J are shown in panels b and f . Panels c and g
show the partial cross sections for P = −1 and various values for J. Partial cross sections
for various values of the incoming partial wave ℓin are shown in panels d and h.

single (j, e/f ) NO monomer state and partial wave ℓ dominate the scattering wavefunction in the region of the van der Waals well. In other words, each resonance
95

7

Chapter 7. Resolving and characterizing resonances

|Wavefunction|2 (a.u.)

12

a

NO,
(1/2,f ),
(1/2,e),
(3/2,e),
(3/2,e),
(5/2,f ),
(5/2,f ),
(5/2,f ),
(5/2,e),
(7/2,f ),
(7/2,f ),

Resonance I at 14.67 cm-1

8

4

l
5
6
5
7
6
3
5
4
4
6

0
5

10

15

20

25

30

R (bohr)

|Wavefunction|2 (a.u.)

12

b

NO, l

Resonance II at 14.85 cm-1

(1/2,f ),
(1/2,e),
(3/2,e),
(3/2,e),
(3/2,f ),
(5/2,f ),
(7/2,f ),
(9/2,f ),

8

4

7
8
7
9
6
5
4
3

0
5

10

15

20

25

30

R (bohr)

|Wavefunction|2 (a.u.)

c

NO, l

Resonance III at 17.75 cm-1

(1/2,f ),
(1/2,e),
(3/2,e),
(3/2,e),
(3/2,f ),
(3/2,f ),
(5/2,f ),
(5/2,f ),
(7/2,f ),

2

1

6
7
6
8
5
7
4
6
5

0
5

10

15

20

25

30

R (bohr)

7

Figure 7.5: Wavefunctions squared as a function of the radial distance R. a) Wavefunctions at the resonance energy of 14.67 cm−1 for J = 5.5 and P = +1. b) Wavefunctions
at the resonance energy of 14.85 cm−1 for J = 7.5 and P = +1. c) Wavefunctions at the
resonance energy of 17.75 cm−1 for J = 6.5 and P = −1. The rotational and Λ-doublet
state of the NO radical, and the orbital angular momentum of the NO-He complex, are
given for each curve. The states that dominate the resonances are marked with a red
box.

corresponds to a quasi-bound state involving a specific NO monomer (j, e/f ) state
and a specific ℓ value that we will call ℓres . A similar analysis was performed for
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all other (J, P ) combinations contributing to the resonances (curves not shown).
For each resonance we found the same NO state and the same value of ℓres for all
of the contributing (J, P ) combinations.
This analysis yields detailed insights into the nature of the resonances. All
three resonances are associated with the same quasi-bound state of NO(5/2, f )-He.
Resonances I and II originate both from the state with orbital angular momentum
ℓres = 5, and are hence found at almost the same collision energy around 14.8
cm−1 . This energy is not far above the energetic threshold for the opening of
the (5/2, f ) channel at 13.4 cm−1 . Both resonances are associated with tunneling
through the centrifugal barrier, and the long tails of the scattering wavefunctions
are a direct and clear manifestation of this tunneling. When this complex finally
falls apart, the recoiling NO radical exits either in the (3/2, e) or in the (5/2, f )
state, giving rise to resonances I and II, respectively. Resonance II may thus
be called a pure shape resonance. Resonance I may be referred to as Feshbach
resonance, because it is the higher lying (5/2, f ) state of NO that mixes with
the entrance (1/2, f ) and exit (3/2, e) states, but since the (5/2f ) state of NO is
already open at the resonance energy, we could also call it a combined Feshbachshape resonance. Resonance III is also found to correspond to a quasi-bound state
of NO(5/2, f )-He, but with a higher orbital angular momentum ℓres = 6. This
resonance is again a pure shape resonance.
Additional insight into the nature of the resonances can be gained by looking
at the angular behavior of the scattering wavefunctions. Figure 7.6 shows the
absolute square of the scattering wavefunction corresponding to resonance III, for
the same values of (J, P ) as in Figure 7.5c, as a function of R and the scattering
angle and integrated over the remaining coordinates. Figure 7.7 shows the absolute
square of this wavefunction as a function of R and the atom-diatom Jacobi angle
γ, which is the angle between the vector R that points from the NO center of mass
to the He atom, and the direction of the NO axis. Also the NO-He potential Vsum ,
shown in Figure 7.7 as well, depends on the coordinates R and γ. One can observe
in both figures that the wavefunction has large maxima for R ≈ 8 bohr, the same
R value where the dominant radial wavefunction component in Figure 7.5c has its
maximum. These maxima correspond to the quasi-bound state associated with
this resonance.
Figure 7.6 shows seven maxima in this range of R as a function of the scattering angle. These maxima nicely illustrate that resonance III is dominated by
a partial wave with ℓres = 6. The relative heights of the maxima follow from a
dominant contribution of the mℓ = 0 component of this partial wave, with smaller
contributions from components with other mℓ . The quantum number mℓ is the
component of the partial wave angular momentum ℓ along the initial relative velocity vector. Figure 7.7 shows two maxima in this range of R, at γ = 0◦ and 180◦ .
The NO-He potential Vsum has a minimum for γ ≈ 90◦ and is almost symmetric
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in γ with respect to this minimum. It is demonstrated in Ref. [81] that the NO
free rotor quantum number j is a nearly good quantum number to describe the
bound states of the NO-He complex and that only the states with j = 1/2 and 3/2
are bound. All of the resonances observed in the present study correspond to a
quasi-bound state with j = 5/2, which is an angularly excited state of the NO-He
complex. This 5/2f quasi-bound state of NO with spin S = 1/2 can be associated
with the spatial angular momentum quantum number n = 2 [129], from which it
follows that the angular distribution of this state should correspond to a combination of associated Legendre functions Pnm (cos γ) with n = 2 and diﬀerent values
of 0 ≤ m ≤ 2. Such a distribution can produce multiple, at most three, maxima.
This explains the picture of the quasi-bound state at R ≈ 8 bohr in Figure 7.7,
which does not show a single maximum at the minimum of the potential surface
at γ ≈ 90◦ , but rather two maxima of nearly equal height at γ = 0◦ and 180◦ .
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Figure 7.6: Scattering wavefunction for J = 6.5 and P = −1 at the energy of 17.75
cm−1 of resonance III as a function of the radial distance R and the scattering angle.
The absolute squared wavefunction is integrated over all other coordinates.

7

When the NO(5/2, f )-He complexes formed at the resonance energies finally
fall apart, the NO radical may end up either in the (3/2, e) or in the (5/2, f )
state. We analyzed this process in terms of the orbital angular momentum ℓout
labeling the outgoing partial waves. Figure 7.8 displays the partial cross sections
corresponding to diﬀerent values of ℓout for both inelastic scattering channels. It
shows that outgoing waves ranging between ℓout = 3 and 7 contribute to resonance
I in the (3/2, e) channel, with the dominant values being ℓout = 5 and 7. The
evolution of the resonant partial wave ℓres = 5 into this set of outgoing waves is a
direct consequence of the accompanying (5/2, f ) → (3/2, e) transition of the NO
radical when the resonant complex falls apart. The total angular momentum J is
conserved, but the orbital angular momentum ℓ can change since the rotational
state of the NO molecule changes. For the resonances II and III a diﬀerent behavior
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is observed. Here, the receding NO radical remains in the (5/2, f ) state, and the
values of ℓout are the same as the values of ℓres governing the resonances, i.e.,
ℓout = 5 for resonance II and ℓout = 6 for resonance III.
In Table 7.1, we summarize all the relevant properties and quantum numbers
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Table 7.1: Summary of the relevant properties that characterize the resonances (see
text).

Resonance

Final
state

Energy
(cm−1 )

I

3/2, e

14.67

(J, P )
(4.5, +1)

ℓin
5

ℓres ℓout
5

3-7

(5.5, +1)

Type of
resonance
j = 5/2, f ,
Feshbach + shape

(4.5, +1)
5
(5.5, +1)
II

5/2, f

14.85

(6.5, +1)

5

5

j = 5/2, f , shape

6

6

j = 5/2, f , shape

7

(7.5, +1)
(3.5, −1)
(4.5, −1)
III

5/2, f

17.75

(5.5, −1)
(6.5, −1)

4

6

that characterize the three resonances as described above.
Threshold behavior of the (5/2, f ) channel

7

At a collision energy just above the thermodynamic threshold of a scattering channel, the scattering process is dominated by one or a few partial waves. At the lowest energies, the scattering process is dominated by ℓout = 0 (s-wave scattering).
When the collision energy increases, higher partial waves start participating and
p-wave (ℓout = 1) and d-wave (ℓout = 2) scattering can occur.
This behavior is clearly visible in the integral cross section for the (5/2, f )
channel just above the thermodynamic threshold, shown in Figure 7.9. This figure
displays the total integral cross section, as well as the partial cross sections for
various outgoing partial waves ℓout for collision energies up to 1.1 cm−1 above the
thermodynamic threshold. When the kinetic energy in the outgoing channel approaches zero, the figure shows only s-wave scattering. When the collision energy
increases by a few 0.1 cm−1 above the thermodynamic threshold, higher partial
waves start participating and p-wave scattering (ℓout = 1) dominates the process.
Figure 7.9b shows the DCS at 13.5 cm−1 , where one minimum around 90 degrees,
a fingerprint of this p-wave scattering, can be observed. At a collision energy
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Figure 7.9: Integral and diﬀerential cross sections just above the thermodynamic threshold of the (5/2, f ) channel. a) Partial cross sections for various outgoing partial waves
ℓout . b) Diﬀerential cross section at 13.5 cm−1 .

of 13.8 cm−1 , where we measured a scattering image, the contribution of p-wave
scattering to the total ICS is more than 50% and this is reflected in the DCS.

7.3.2

Disentangling resonant and background scattering

At the resonance energies, the DCSs thus contain specific information on the
partial-wave dynamics of the collision process, i.e., the relation between ℓin , ℓres ,
and ℓout . If the scattering were purely determined by a resonance without any
background, the scattering matrix S would be given by the Breit-Wigner formula,
which was originally developed for neutron scattering in 1936 and nowadays is
frequently used to describe scattering processes in high-energy particle physics
[167, 168]. However, in most cases and also in our experiments, the observed
ICSs and DCSs result from an interference between resonance and background
contributions. We disentangled these contributions for each of the resonances I,
II, and III by applying a theoretical analysis similar to Feshbach-Fano partitioning
[165, 166]. We wrote the energy-dependent multichannel scattering matrix as [169]
S(E) = Sbg (E) Ures (E)

(7.1)

where the background contribution Sbg (E) is a slowly varying function of the
collision energy E, and the resonance contribution is given by the Breit-Wigner
formula
2iA
Ures (E) = I −
,
(7.2)
E − Eres + iΓ
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Bound states
Real(E)
Resonance
Eres - iΓ

Figure 7.10: In the complex energy plane, bound states correspond to poles of the Smatrix on the negative real energy axis, while resonances are represented by poles below
the positive real axis at positions Eres − iΓ.
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where I is the unit matrix, Eres is the energy of the resonance, Γ is its width (or
inverse lifetime), and the complex-valued matrix elements Aαβ = aα a∗β contain the
∑
2
partial widths aα obeying the relation α |aα | = Γ. The idea associated with the
Breit-Wigner formula is that in the complex energy plane, where the bound states
correspond to poles of the S-matrix on the negative real energy axis, resonances
are represented by poles below the positive real axis at positions Eres − iΓ, as
illustrated in Figure 7.10. By analyzing the energy dependence of the S-matrix
elements in the range of each resonance with an algorithm described in the Supplementary Material of Ref. [95], we could determine the parameters Eres , Γ, and
aα . Then, we separated the resonance contributions to the scattering matrix S(E)
from the background and applied the usual expressions [170] to compute the ICS
and DCS from the S-matrix, with or without resonance contributions. The results for the final (5/2, f ) state of NO, where the eﬀects are most pronounced, are
shown in Figure 7.11. The peaks in the ICS corresponding to both resonances II
and III vanish when we only include the background contribution, as shown in the
top pannel of Figure 7.11. The eﬀect of the resonances on the DCS at energies
close to these resonances is illustrated in the bottom panel of Figure 7.11. The
background contributions, represented by the dashed lines in Figure 7.11, show
the usual pattern of diﬀraction oscillations, which are most pronounced for small
scattering angles and decrease in amplitude for larger angles. The eﬀect of the resonance contributions is substantial; they lead to additional strong scattering near
the forward and backward directions. Also shown in Figure 7.11 is a comparison
of measured and simulated images at 14.8, 17.1, and 18.2 cm−1 . The simulated
images were based on DCSs calculated in this energy range, with or without resonance contributions, by taking into account the experimental energy resolution
of 0.3 cm−1 . Clearly, the experimental images show much better agreement with
the simulations when the full DCS is taken into account.
Figure 7.12 shows similar results for (1/2, f ) → (3/2, e) inelastic scattering.
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Figure 7.11: Eﬀect of resonances II and III on the cross sections for inelastic (1/2, f ) →
(5/2, f ) NO + He scattering. Integral cross sections are shown above, diﬀerential below.
Solid lines represent the complete theoretical ICSs and DCSs, dashed lines the cross
sections obtained when only the scattering matrix Sbg in Equation 7.1 is included for
resonances I, II, and III. The lower panels show the measured (Exp) and simulated images
based on either the complete DCSs (Sim) or the DCSs computed with the scattering
matrix Sbg only (Sim*) for collision energies of (A) 14.8 cm−1 , (B) 17.1 cm−1 , and (C)
18.2 cm−1 .

7
This figure also confirms that our theoretical procedure to separate the resonance
contributions to the cross sections from the background works well. The peak in
the ICS corresponding to resonance I has completely vanished when we include the
background only, and also the peak near 17.5 cm−1 that corresponds to another
resonance in the (1/2, f ) → (3/2, e) cross section has mostly vanished, due to the
removal of the S-matrix contributions in this energy range related to resonance III
in the (1/2, f ) → (5/2, f ) cross section. The DCS curves in the rightmost lower
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Figure 7.12: Eﬀect of resonance I on the integral (upper panel) and diﬀerential (lower
panels) cross sections for inelastic (1/2, f ) → (3/2, e) NO + He scattering. Solid lines
represent the complete theoretical ICSs and DCSs, dashed lines the cross sections obtained when only the scattering matrix S bg in Equation 7.1 is included for resonances I,
II, and III. The lower panels show the measured (Exp) and simulated images based on
either the complete DCSs (Sim) or the DCSs computed with the scattering matrix S bg
only (Sim*) for a collision energy of 14.8 cm−1 (A).
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panel show that also for (1/2, f ) → (3/2, e) scattering the DCS near resonance I
at 14.8 cm−1 is substantially aﬀected by the resonances. However, the structure in
this DCS is more complex than in the corresponding DCS for (1/2, f ) → (5/2, f )
scattering shown in Figure 7.11. The reason for this more complex behavior is
the participation of partial waves with ℓout values ranging from 3 to 7 when the
quasi-bound (5/2, f ) state of NO-He with ℓres = 5 decays into the lower (3/2, e)
state of NO. Moreover, we found that the structure in the DCS for the (3/2, e) final
state varies more rapidly with the collision energy than for the (5/2, f ) state and
that the same holds for the resonance eﬀects. Therefore, the diﬀerences between
images simulated with or without resonance eﬀects are more subtle for the (3/2, e)
state than for the (5/2, f ) state and are less easily detectable in the experiment.
Plots of the partial ICSs similar to those in the lower panels of Figure 7.4, but
with the resonance contributions removed (not shown), illustrate that also all the
peaks in the partial ICSs due to resonances I, II, and III have disappeared.
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7.3.3

Sensitivity of scattering resonances to the PES

Two slightly diﬀerent NO-He PESs are available, for which the most important differences are presented in Table 2.1. Figure 7.13a shows the integral cross sections
for inelastic (1/2, f ) → (3/2, e) NO-He scattering, computed with the PESs from
Klos et al. [81] (green solid curve) and from Cybulski [80] (black dashed curve).
A shift of the resonance positions can be observed, that is in general less than
0.3 cm−1 . It should be noted that the ICSs are computed in steps of 0.1 cm−1 ,
which is too large to accurately sample some of the narrow resonances, especially
the ones just above threshold. The heights of these resonances seem diﬀerent, but
this might be due to the relatively large step size.
Figure 7.13b shows the influence of the diﬀerent PESs on the DCS around
resonance I. This resonance occurs at a collision energy of 14.7 cm−1 for the
PESs from Klos et al., but shifts to 14.4 cm−1 when the PESs from Cybulski
are used. The green (A) and black (B) curves represent the DCSs at a collision
energy of 14.7 cm−1 , computed with the PESs from Klos et al. and from Cybulski,
respectively. Large diﬀerences between these DCSs can be observed, due to the
shift of the resonance position. The blue curve (C) represents the DCS computed
with the PESs from Cybulski at 14.4 cm−1 . This DCS is similar to the DCS
computed from the Klos PESs at 14.7 cm−1 (green curve), indicating that the
partial wave dynamics of the resonance are the same for the two PESs. Due to the
uncertainty and the spread in the experimental collision energy, our experiments
are currently not able to distinguish between the two PESs. For more complex
systems, however, for which it is challenging to construct accurate PESs, such
experiments will challenge theory at a very high level of detail.

7.4

Conclusions

Our theoretical analysis demonstrated that the resonances strongly aﬀect the nature of the DCSs and allowed us to disentangle normal diﬀraction oscillations from
the resonance fingerprints in the DCSs. The DCSs measured for collision energies
in the range of the resonances agreed very well with the DCSs obtained from the
ab initio calculations, but only when the contributions from the resonances were
fully included. This directly confirmed that our experiment indeed images the
resonance fingerprints in the DCS.
Our joint experimental and theoretical study showed that scattering resonances
in state-to-state cross sections can now be probed with spectroscopic resolution,
even for benchmark and chemically relevant systems that involve open-shell species
such as NO. DCSs measured at the resonance energies, combined with a theoretical
analysis, provided detailed information on the multichannel scattering process and
explicitly revealed the eﬀects of the resonances. The theoretical method developed
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Figure 7.13: a) Integral cross sections for inelastic (1/2, f ) → (3/2, e) NO + He scattering, computed using the PESs from Klos et al. (green solid curve) and from Cybulski
(black dashed curve). b) DCSs around resonance I, computed using the two diﬀerent
sets of PESs. The green solid curve (A) and the black dashed curve (B) are the DCSs
at a collision energy of 14.7 cm−1 , computed using the PESs from Klos and Cybulski,
respectively. The blue dashed curve (C) is the DCS at a collision energy of 14.4 cm−1 ,
computed with the PESs from Cybulski.

to separate the resonant contributions to the ICSs and DCSs from the background
will also be applicable to other systems in which scattering resonances occur.
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Conclusions and Outlook

8.1

Concluding remarks

The NO + rare gas (Rg) systems studied here belong to the most intensively studied and well-known systems in the field of molecular collision dynamics. Near-exact
theoretical predictions for collision cross sections exist for these benchmark systems. Yet, as demonstrated here, even for these systems the new instrumentation
and experimental approaches available now can lead to new surprises and challenge
the theoretical methods used.
The combination of high-resolution experiments and high-level theory enabled
us to unravel details of the NO + rare gas collision processes. At high collision
energies, we could resolve even the narrowest structures — diﬀraction oscillations — in the angular scattering distributions of the collision products. We were
able to resolve and understand all structures that occurred in these angular distributions, and could use the diﬀraction oscillations to distinguish between two
state-of-the-art potential energy surfaces for NO + Ar collisions. These diﬀraction
oscillations revealed quantum mechanical interference patterns of matter waves.
We studied how the wave-character of the particles starts dominating the collision
process when the collision energy is lowered by investigating so-called parity pair
transitions. Eventually, we could observe the influence of a single partial wave
on the collision process, by studying scattering resonances. We were able to observe resonance fingerprints in the angular distributions of the collision products
— something that would not have been possible without the use of the Stark decelerator. Theoretically, we could fully characterize these scattering resonances,
and we were able to disentangle the resonance and background contributions from
each other. Together, these studies allowed us to get detailed insights into collision mechanisms and dynamics, and to provide sensitive tests for the theoretical
calculations.
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8.2

Prospects

The powerful combination of Stark deceleration and velocity map imaging can be
used to advantage in a large variety of experiments. These include elastic, inelastic, and reactive scattering processes involving polyatomic molecules, bimolecular
scattering processes, and surface scattering processes. For these less well-known
systems, the theoretical models are less accurate and they need to be validated
experimentally. A few prospects are discussed in this section.

8.2.1

Spin-orbit changing collisions

The high-resolution experiments presented here can provide sensitive tests for the
quality of theoretical potential energy surfaces. However, all transitions studied
here are spin-orbit conserving transitions that are mainly determined by the Vsum
potential. Spin-orbit changing transitions that are determined by the Vdif potential
should be even more sensitive to the exact shape of the potential energy surface.
To further advance theoretical predictions, it is therefore essential to study spinorbit changing transitions as well. Theoretically, the cross sections for the spinorbit changing transitions are known, since they result from the same scattering
calculations as the ones for the spin-orbit conserving transitions. Experimentally,
however, these transitions are more challenging to study, since the cross sections for
these transitions are generally smaller than the ones for the spin-orbit conserving
transitions, resulting in lower signal-to-noise ratios.

8.2.2

8

Stereodynamics

Stereodynamics describes how collision cross sections depend on the vector properties of molecules, such as the directions in which they move and the axes about
which they rotate before and after the collision. The main aspects of stereodynamics in inelastic atom-molecule collisions can often be understood from classical
pictures, in which the particles are represented by billiard-ball-like hard objects.
In a quantum picture, however, the collision is described in terms of matter waves,
which can also scatter into the region of the geometrical shadow of the object.
The resulting diﬀraction pattern observed in the diﬀerential cross sections contains detailed information on the pure quantum mechanical contribution to the
stereodynamics. Recently, we presented measurements of irregular diﬀraction patterns for NO radicals colliding with rare gas atoms that can be explained by the
analytical Fraunhofer model for inelastic scattering [171]. They follow a hitherto
undiscovered propensity rule for the magnetic quantum number m of the molecules,
and reveal a new type of quantum stereodynamics that has no classical analogue
or interpretation.
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8.2.3

Resonances in (ultra)cold de-excitation collisions

As shown in Chapter 7, measurements of scattering resonances can provide sensitive tests for theoretical calculations. We recently theoretically studied scattering
resonances in inelastic collisions between NO radicals and He atoms, where we
specifically investigated de-excitation of rotationally excited NO radicals (X 2 Π1/2 ,
v = 0, j = 3/2, f ) at low collision energies [172]. We computed integral and differential cross sections for this system using quantum mechanical close-coupling
calculations. Although unconventional, we showed that the measurement of rotational de-excitation cross sections brings several advantages to experiments that
aim to study rotational energy transfer at temperatures approaching zero kelvin.
We analyzed the nature and partial wave composition of the quasi-bound states
associated with each individual resonance and computed the scattering wavefunctions. The diﬀerential cross sections contain the partial wave fingerprints of the
scattering process and are found to change drastically as the collision energy is
varied over the resonances, as was also shown in Chapter 7. Measuring these
diﬀerential cross sections in inelastic de-excitation collisions at low energies is
challenging, but seems feasible in the near future.

8.2.4

Bimolecular collisions

As can be seen from the very good to excellent agreement between theory and
experiment in this thesis, collisions between a diatomic molecule and an atom are
to large extent understood. Accurate theoretical models can be developed for these
kinds of processes, and experiments are able to provide sensitive tests for these
models. For bimolecular collisions, however, it is extremely challenging to develop
accurate potential energy surfaces and to perform ab initio quantum mechanical
scattering calculations. Moreover, experimental data on bimolecular state-to-state
cross sections is generally lacking.
In bimolecular collisions, rotational energy transfer in both molecules can take
place. To unravel the scattering dynamics in these collisions, information on product pair correlations is needed, i.e., the product state distribution of both molecules
that are formed in coincidence from individual collisions. Ultimately, a collision
between two state-selected and velocity-controlled molecules could be imaged using velocity map imaging, such that rotational product pairs could in principle be
measured. Energy and momentum conservation results in concentric rings that
reveal the final states of both species that are populated in coincidence from single collisions, yielding a kinematically complete picture of the scattering process.
These rings can be resolved using the narrow velocity spread of Stark-decelerated
beams, as illustrated in Ref. [93] using simulations of crossed beam experiments.
Recently, we performed ab initio quantum mechanical scattering calculations
for collisions between NO radicals and H2 , HD, and D2 molecules. Scattering ex109
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periments for these systems will be performed in the near future. The potential
energy surfaces used in these calculations are expected to be less accurate than
the NO + Rg interaction potentials, and discrepancies between theory and experiment could therefore be expected. Moreover, the increased amount of degrees
of freedom make the scattering calculations for these bimolecular collisions more
time-consuming. It is therefore useful to study these collisions at relatively low
collision energies, where less scattering channels are open.
For atom-atom and atom-molecule systems, theoretical models, such as semiclassical ones, have provided valuable information on, for instance, the scattering
dynamics and selection and propensity rules. Such models are also indispensable
for bimolecular systems. At present, the mechanisms governing these bimolecular
collisions are poorly understood.
Collisions between more complex molecules are generally governed by several
interacting potential energy surfaces. For collisions between NO and OH radicals,
for instance, eight adiabatic potentials play a role, with non-adiabatic couplings
between them, as shown in Ref. [58]. The diabatization technique developed by
Karman et al. promises to provide large improvements here [173].

8.2.5

8

Experimental challenges and limitations

The combination of Stark deceleration and velocity map imaging can be very advantageous, but there also are some challenges and limitations for this technique,
as we discussed in Ref. [93]. The most fundamental limitation of the Stark deceleration technique is its limited chemical diversity. This technique can only be
used to manipulate and control neutral polar molecules, and works best for species
with a small mass and a large Stark shift. To date, the species that have been
Stark-decelerated and that are most relevant to scattering experiments include OH
(X2 Π), NH3 , NH (a1 ∆), NO (X2 Π), CO (a3 Π), SO2 , LiH (X1 Σ+ ), and H2 CO [52].
The recent development of the related Zeeman deceleration technique [174–177]
extends this chemical diversity to molecules like NH and O2 , H atoms, and all
metastable atoms [178].
The densities of Stark-decelerated packets of molecules result in a second challenge. The operation of a Stark decelerator is based on the selection of a packet of
molecules from the original molecular beam pulse. Therefore, the density of the
decelerated packet is by definition lower than the density available in the molecular
beam. This reduced density is accompanied by an increased quantum state purity,
resulting in reduced background levels in scattering experiments that compensate
for the relatively low density. Thus far, the reduced density has not been a severe
limitation, and scattering experiments between Stark-decelerated OH radicals and
hexapole state-selected NO radicals have even been possible [58]. Scattering of
two Stark-decelerated beams can therefore be considered as extremely challeng110
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ing, but still appears feasible. In particular for species such as ND3 and/or NO,
we expect that the product intensity is suﬃcient to measure rotational product
pair correlations using velocity map imaging.
Due to its small dipole moment, the NO radical in the X2 Π1/2 state cannot be
decelerated or accelerated in the Stark decelerator. For specific studies, this could
be a limitation, although it has not limited us severely in the work presented in
this thesis. It might be more favorable to use a molecule with a larger Stark eﬀect,
such as ND3 or OH. For these molecules, however, a technical challenge persists
to probe the scattered molecules state-selectively using resonance-enhanced multiphoton ionization (REMPI). Although REMPI schemes exist for these molecules
that are sensitive and relatively easy to implement, many of these schemes impart
a large recoil energy to the ion. The corresponding recoil velocity can considerably reduce the image resolution. Commonly used REMPI schemes for ND3 [179]
and OH [180–182], for instance, impart a recoil velocity of 21 and 26 m/s, respectively, to the ion. With such recoil velocities, we would not be able to resolve the
finest structures in the angular distribution of the scattered products. Recoil-free
REMPI schemes have been demonstrated for these species, but their applicability
to scattering experiments can be challenging due to reduced detection sensitivity
of the scheme, the predissociative nature of intermediate electronic states and/or
possible competition between various ionization pathways [37]. To fully exploit the
high resolution aﬀorded by the Stark decelerator for these species, the development
of sensitive, state-selective, and recoil-free REMPI schemes is essential.
One of the ultimate goals in a molecular scattering experiment is to unravel
the precise nature of molecular interactions by controlling all parameters of the
encounter [108]. Although this ideal experiment does not exist, the experimental
techniques mentioned here can, despite their challenges and limitations, play an
important role in approaching this limit. As shown in this thesis, such experiments
in combination with high-level theory can elucidate one of the main questions
in physical chemistry: when atoms or molecules come together, how does the
potential energy surface transform the reagents into collision products?
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(1992).
[147] C. A. Taatjes, A. Gijsbertsen, M. J. L. de Lange, and S. Stolte, J. Phys.
Chem. A 111, 7631 (2007).
[148] A. Ballast, A. Gijsbertsen, H. Linnartz, and S. Stolte, Mol. Phys. 106, 315
(2008).
[149] S. Bosanac, Phys. Rev. A 22, 2617 (1980).
[150] M. Alagia, N. Balucani, L. Cartechini, P. Casavecchia, G. G. Volpi, F. J.
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Summary

Introduction
Atoms and molecules are the building blocks of matter and hence also of life. These
tiny particles are everywhere and they constantly collide with each other. What
exactly happens during such a molecular collision? This question might seem
relatively simple, but it has proven to be very diﬃcult to answer. In Nijmegen, we
try to identify very precisely what happens with colliding molecules using highresolution experiments and accurate theoretical models. We were able to observe
and understand new eﬀects that give us detailed insights into the interactions
between the colliding particles.
Classical or quantum mechanics?
When a molecule and an atom collide with each other, we can at first compare this
process with a collision between two billiard balls. We can then use classical mechanics to describe what happens with the colliding particles. It then follows that
the mass and speed of the particles, for instance, determine how they continue
moving after the collision. Following the laws of quantum mechanics, however,
atoms and molecules can behave both as particles and as waves. The wave character of the colliding particles can lead to special eﬀects that you would not expect
based on classical mechanics, such as interference patterns of matter waves. At
the Theoretical Chemistry department in Nijmegen, we can predict these kinds of
eﬀects using quantum mechanical theory. It has proven very challenging, however,
to experimentally verify these theoretical models in all detail. In the Cold and
Controlled Collisions laboratory in Nijmegen, we let molecules and atoms collide
with each other in a very controlled way. We then try to observe eﬀects that reveal
the wave character of the colliding particles, with which we can test our theoretical
models in all detail. This powerful combination of theory and experiment allows
us to get a better understanding of the dynamics of colliding molecules and atoms.
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Methods
This thesis deals with collisions between nitric oxide (NO) molecules and the rare
gas atoms helium, neon, argon, krypton, and xenon. During a so-called inelastic
collision between a NO molecule and a rare gas atom, the NO molecule can be
excited to a higher rotational quantum state — it can start rotating faster due to
the collision — and it can change direction. The goal of this study is to compute
and measure very precisely to which quantum state the NO molecule is excited and
in which direction it scatters after the collision. Theoretically, we make use of very
accurate quantum mechanical scattering calculations, with which we can almost
exactly predict what happens with the NO molecules during a collision. These
calculations are based on so-called potential energy surfaces, that capture the
interactions between the colliding particles as function of the distances and angles
between them. These potential energy surfaces mainly determine the dynamics
of a collision. To make accurate predictions of a collision process, high-quality
potential energy surfaces are therefore required.
The experiments are performed in a crossed beam setup. In a 2.6-meter
long Stark decelerator, we can manipulate the velocity and quantum state of
NO molecules before the collision using time-dependent electric fields. Only the
molecules in one specific rotational quantum state are selected by our decelerator. When the molecules exit the decelerator, we let them collide in a controlled
way with rare gas atoms. After the collision, we ionize the NO molecules in one
diﬀerent specific rotational quantum state using lasers and we detect the created
ions using electrostatic plates and a detector. With the so-called velocity map
imaging technique, we can make images of the angular distributions of the scattered NO molecules. The signal on our detector now represents the speed and
direction of the NO molecules after the collision, instead of their positions. This
is the first time that a Stark decelerator and a velocity map imaging detector are
combined in a scattering experiment. This powerful combination of techniques
allows us to exactly determine the velocity, the direction, and the quantum state
of the NO molecules both before and after the collision. When we compare our
experimental results with our theoretical predictions, we can accurately determine
what happened during the collision.
Diﬀraction oscillations
The angular distribution of the scattered molecules can display all kinds of structures. These structures have already been predicted theoretically for decades,
but the experimental resolution in conventional collision experiments — without
decelerator — is not high enough to resolve fine structures. The new combination of a Stark decelerator and a velocity map imaging detector results in a very
high resolution, enabling the first observation of so-called diﬀraction oscillations
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for quantum state-resolved collisions. These are the smallest structures that can
occur in an angular distribution. These diﬀraction oscillations result from the
quantum mechanical interference of matter waves and reveal the wave character
of the colliding particles. They are very sensitive to the quality of the theoretical
potential energy surfaces and models. In general, there is very good agreement
between our experimental results and theoretical predictions. We can therefore
conclude that the potential energy surfaces and computations are very accurate.
The combination of experiments and theory allowed us to resolve and understand
all structures in the angular distributions of the scattered NO molecules.
For collisions between NO molecules and argon atoms, several potential energy
surfaces have been computed in the last few years. Using the measured diﬀraction
oscillations, we could distinguish between two state-of-the-art potential energy
surfaces and we could thereby accurately test the quality of these potentials.
Scattering resonances
The angular distribution of the scattered molecules depends, for instance, on the
collision energy. When the NO molecules and rare gas atoms collide with each
other with a high velocity (at high collision energies), the molecules and atoms
mainly behave as particles, apart from the diﬀraction oscillations. At low collision energies, however, the wave character of the colliding particles dominates the
collision process. This is related to the de Broglie wavelength of the particles: if
the collision energy decreases, the de Broglie wavelength increases and the wave
character of the molecules and atoms is more important. By studying so-called
parity pair transitions, we could unravel the influence of the wave character as
function of the collision energy. For a parity pair, the angular distributions of
the scattered molecules for two rotational transitions are almost identical at high
collision energies, while the angular distributions are really diﬀerent at low energy.
We could for the first time measure and understand this energy dependence using
the Born model.
At very specific and low collision energies, so-called scattering resonances can
occur. Such a resonance appears if the collision energy is resonant with the energy of a quasi-bound state supported by the potential energy surface. At this
energy, the molecule and atom can temporarily form a complex before they fly
apart as separate particles. These resonances enhance the chance of specific collision processes to occur and can drastically change the angular distributions of the
scattered molecules. Scattering resonances and their influence on the angular distribution have been theoretically predicted for decades. Experimentally, however,
it is extremely challenging to measure their influence on the angular distribution.
It is diﬃcult to reach the low collision energies in the experiment. For this, the
particles must collide with each other with extremely low velocities. Moreover, the
collision energy has to be controlled very precisely: when the energy is just too
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high or just too low, the eﬀect of the resonance is hardly visible. Furthermore, an
extremely high collision energy resolution is needed to be able to measure the eﬀect
of a resonance on the angular distribution. When the resolution is too low, the
influence of the resonance is washed out and can simply not be measured. In our
experiment, we let Stark-decelerated NO molecules collide with slow helium atoms
under a small angle. This allowed us to reach collision energies below 12 cm−1 .
This is equivalent to a temperature below 12 K or −261◦ C, which is extremely
cold for molecular collisions. We could moreover control the collision energy very
precisely, with a really high resolution. This enabled us to measure the influence
of resonances on the angular distributions of the scattered molecules and observe
resonance fingerprints. This would not have been possible without the use of our
Stark decelerator.
The scattering resonances are very sensitive to the quality of the potential
energy surface and can therefore be used to test the potentials in all detail. The
good agreement between experiment and theory found in this study serves as an
additional confirmation of the high quality of the potential energy surfaces used.
Using our quantum mechanical theory, we could fully characterize and understand
the measured scattering resonances. We moreover developed a method with which
we can exactly understand how the resonances aﬀect the angular distributions.
Prospects
The studies described in this thesis have provided us detailed insights in the mechanisms and dynamics of molecular collisions. We could moreover provide very
sensitive tests for the theoretical potential energy surfaces and methods. Our
combined experimental and theoretical study took us a step closer to understanding molecular collisions in all detail.
This thesis deals with collisions between a molecule and an atom. A collision
between two molecules, however, is up to now less well understood. Now, both
collision partners can rotate and vibrate, and these extra degrees of freedom make
both the experiment and the theory much more challenging. In the near future,
we hope to map these collisions with the same level of detail as collisions between
a molecule and an atom. This will significantly improve our understanding of
molecular interactions even further.
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Inleiding
Atomen en moleculen zijn de bouwstenen van materie, en daarmee ook van leven.
Deze minuscule deeltjes zijn overal en botsen voortdurend met elkaar. Maar wat
gebeurt er precies tijdens zo’n molecuulbotsing? Deze ogenschijnlijk relatief eenvoudige vraag blijkt erg lastig te beantwoorden. In Nijmegen proberen we met
behulp van zeer precieze botsingsexperimenten en nauwkeurige theoretische modellen tot in detail in kaart te brengen wat er met botsende moleculen gebeurt.
We hebben nieuwe eﬀecten kunnen waarnemen en beschrijven, waardoor we meer
inzicht hebben gekregen in de interacties tussen de botsende deeltjes.
Klassiek of quantum?
Als een molecuul en een atoom met elkaar botsen, kunnen we dat in eerste instantie vergelijken met een botsing tussen twee biljartballen. Met behulp van klassieke
mechanica kunnen we beschrijven wat er met de botsende deeltjes gebeurt. Het is
nu makkelijk in te zien dat bijvoorbeeld de massa en de snelheid van de deeltjes
bepalen hoe ze na de botsing verder bewegen. Maar volgens de quantummechanica
kunnen atomen en moleculen zich zowel als deeltjes en als golven gedragen. Het
golfkarakter van de botsende deeltjes kan leiden tot speciale eﬀecten die men op
basis van de klassieke mechanica niet verwacht. Zo kan bijvoorbeeld een interferentiepatroon van materiegolven ontstaan. Op de afdeling Theoretische Chemie
in Nijmegen kunnen we dit soort eﬀecten voorspellen met behulp van quantummechanische theorie. Het blijkt echter lastig om deze theoretische modellen tot in
elk detail experimenteel te verifiëren. In het laboratorium voor koude en gecontroleerde botsingen in Nijmegen laten we moleculen en atomen heel gecontroleerd met
elkaar botsen. Vervolgens proberen we eﬀecten waar te nemen die het golfkarakter
van de botsende deeltjes blootleggen, zodat we onze theoretische modellen tot in
elk detail kunnen testen. Deze krachtige combinatie van theorie en experiment
stelt ons in staat om beter te begrijpen wat er met botsende moleculen en atomen
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gebeurt.

Methoden
In dit proefschrift staan botsingen tussen stikstofmonoxide (NO) moleculen en de
edelgassen helium, neon, argon, krypton en xenon centraal. Tijdens een zogenaamde inelastische botsing tussen een NO molecuul en een edelgas kan het NO
molecuul naar een hogere rotationele quantumtoestand geëxciteerd worden – het
kan harder gaan roteren door de botsing – en kan het van richting veranderen.
Het doel van dit onderzoek is om heel precies te berekenen en te meten naar
welke quantumtoestand het NO molecuul wordt geëxciteerd en in welke richting
het na de botsing verstrooid wordt. Theoretisch gezien maken we gebruik van
zeer nauwkeurige quantummechanische botsingsberekeningen. Hiermee kunnen
we vrijwel exact voorspellen wat er met de NO moleculen gebeurt tijdens een botsing. Deze berekeningen zijn gebaseerd op zogenaamde potentiaaloppervlakken,
die de interacties tussen de botsende deeltjes beschrijven als functie van de afstanden en hoeken tussen de deeltjes. Dergelijke potentiaaloppervlakken bepalen in
grote mate wat er tijdens een botsing gebeurt. Om nauwkeurige voorspellingen
te kunnen maken van een botsingsproces zijn daarom potentiaaloppervlakken van
hoge kwaliteit vereist.
De experimenten zijn uitgevoerd in een gekruiste bundel opstelling. In een 2.6
meter lange Stark afremmer kunnen we met behulp van wisselende hoogspanningsvelden de snelheid en quantumtoestand van de NO moleculen voor de botsing zeer
nauwkeurig manipuleren. Alleen de moleculen in één specifieke rotationele quantumtoestand worden geselecteerd door de afremmer, de rest van de moleculen gaat
verloren. Als de moleculen uit de afremmer komen, laten we ze gecontroleerd botsen met een edelgas. Na de botsing ioniseren we één andere specifieke rotationele
quantumtoestand van de NO moleculen met behulp van lasers en detecteren we
de gemaakte ionen met behulp van elektrostatische platen en een detector. Met
de zogenaamde velocity map imaging techniek kunnen we plaatjes maken van de
hoekverdeling van de gebotste NO moleculen. Het signaal op onze detector geeft
niet de positie, maar de snelheid en de richting van de NO moleculen na de botsing
aan. Dit is de eerste keer dat een Stark afremmer en een velocity map imaging
detector in een botsingsexperiment met elkaar gecombineerd zijn. Deze krachtige combinatie van technieken stelt ons in staat om de snelheid, de richting en
de quantumtoestand van de NO moleculen zowel voor als na de botsing exact te
weten te komen. Onze experimentele resultaten kunnen we vervolgens vergelijken
met onze theoretische voorspellingen, zodat we heel nauwkeurig kunnen bepalen
wat er tijdens de botsing is gebeurd.
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Diﬀractie oscillaties
De hoekverdeling van de gebotste moleculen kan allerlei structuren vertonen. Deze
structuren zijn theoretisch al lang voorspeld, maar de experimentele resolutie in
conventionele botsingsexperimenten — zonder afremmer — is niet hoog genoeg
om fijne structuren op te lossen. De nieuwe combinatie van een Stark afremmer
en een velocity map imaging detector resulteert in zo’n hoge resolutie, dat we nu
voor het eerst zogenaamde diﬀractie oscillaties hebben kunnen waarnemen voor
botsingen in specifieke quantumtoestanden. Dit zijn de fijnste structuren die in een
hoekverdeling kunnen optreden. Deze diﬀractie oscillaties zijn het resultaat van
quantum mechanische interferentie van materiegolven en onthullen het golfkarakter
van de botsende deeltjes. De diﬀractie oscillaties zijn erg gevoelig voor de kwaliteit
van de theoretische potentiaaloppervlakken en modellen. Over het algemeen is er
zeer goede overeenstemming tussen de experimentele resultaten en de theoretische
voorspellingen. We kunnen dan ook concluderen dat de potentiaaloppervlakken
en berekeningen erg accuraat zijn. De combinatie van experiment en theorie heeft
ons in staat gesteld om alle structuren in de hoekverdelingen van de gebotste NO
moleculen op te lossen en te begrijpen.
Voor botsingen tussen NO moleculen en argon atomen zijn in de laatste jaren
meerdere potentiaaloppervlakken berekend. Met behulp van de gemeten diﬀractie
oscillaties hebben we onderscheid kunnen maken tussen twee state-of-the-art potentiaaloppervlakken en op deze manier hebben we de kwaliteit van de potentialen
nauwkeurig kunnen testen.
Botsingsresonanties
De hoekverdeling van de gebotste moleculen hangt onder andere af van de botsingsenergie. Als de NO moleculen en edelgassen met hoge snelheid op elkaar botsen —
bij hoge botsingsenergie —, gedragen de moleculen en atomen zich voornamelijk
als deeltjes, afgezien van de diﬀractie oscillaties. Bij lage botsingsenergieën domineert echter het golfkarakter van de deeltjes het botsingsproces. Dit hangt samen
met de de Broglie golflengte van de deeltjes: hoe lager de botsingsenergie, hoe groter de de Broglie golflengte en hoe belangrijker het golfkarakter van de moleculen
en atomen. Door overgangen van zogenaamde pariteit paren te bestuderen hebben we de invloed van het golfkarakter als functie van de botsingsenergie kunnen
ontrafelen. Voor een pariteit paar zijn de hoekverdelingen van de gebotste moleculen voor twee rotationele overgangen vrijwel identiek bij hoge botsingsenergie,
terwijl deze hoekverdelingen bij lage energie veel van elkaar verschillen. Deze energieafhankelijkheid hebben we voor het eerst kunnen meten en vervolgens kunnen
begrijpen met behulp van het Born model.
Bij zeer specifieke en lage botsingenergieën kunnen zogenaamde botsingsresonanties optreden. Zo’n resonantie ontstaat als de botsingsenergie gelijk is aan de
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energie van een quasigebonden toestand in het potentiaaloppervlak. Bij deze energie kunnen het molecuul en het atoom tijdelijk een complex vormen voordat ze
als losse deeltjes verder vliegen. Deze resonanties verhogen de kans op specifieke
botsingsprocessen en kunnen de hoekverdelingen van de gebotste moleculen drastisch doen veranderen. Botsingsresonanties en hun invloed op de hoekverdeling
zijn al decennialang theoretisch voorspeld. Het is experimenteel gezien echter zeer
uitdagend om hun invloed op de hoekverdeling te meten. Het is namelijk lastig
om de lage botsingsenergieën te bereiken in het experiment. Hiervoor moeten de
deeltjes met extreem lage snelheid op elkaar botsen. Bovendien moet de botsingsenergie heel precies gecontroleerd worden: als de energie net iets te hoog of net
iets te laag is, is het eﬀect van de resonantie niet goed zichtbaar. Daarnaast is
een extreem hoge botsingsenergieresolutie nodig om het eﬀect van een resonantie
op de hoekverdeling te kunnen meten. Als de resolutie te laag is, wordt de invloed van de resonantie uitgemiddeld en is het simpelweg niet meetbaar. In ons
experiment hebben we NO moleculen die gecontroleerd zijn met de Stark afremmer onder een kleine hoek laten botsen met trage heliumatomen. Dit stelde ons
in staat om botsingsenergieën onder de 12 cm−1 te halen, wat overeen komt met
een temperatuur lager dan 12 K of −261◦ C. Dit is extreem koud voor moleculaire
botsingen. Bovendien konden we de botsingsenergie heel precies controleren, met
een hele hoge resolutie. Hierdoor konden we de invloed van de resonanties op de
hoekverdelingen van de gebotste moleculen meten en daarmee als het ware vingerafdrukken van resonanties waarnemen. Zonder onze Stark afremmer was het niet
mogelijk geweest om deze eﬀecten op te lossen.
De botsingsresonanties zijn erg gevoelig voor de kwaliteit van het potentiaaloppervlak en kunnen dus gebruikt worden om de potentialen tot in detail te testen.
De goede overeenstemming tussen experiment en theorie in ons onderzoek is een
extra bevestiging van de hoge kwaliteit van de gebruikte potentiaaloppervlakken.
Met behulp van onze quantummechanische theorie hebben we de gemeten botsingsresonanties volledig kunnen karakteriseren en begrijpen. Bovendien hebben
we een methode ontwikkeld waarmee we precies kunnen begrijpen hoe de resonanties de hoekverdelingen beı̈nvloeden.
Vooruitblik
De studies beschreven in dit proefschrift hebben ons gedetailleerde inzichten verschaft in de mechanismen en dynamica van molecuulbotsingen. Bovendien hebben
we de theoretische potentiaaloppervlakken en methoden met onze experimenten
zeer gevoelig kunnen testen. Onze combinatie van experiment en theorie heeft
ons een stap dichterbij gebracht om molecuulbotsingen tot in het kleinste detail
te leren begrijpen.
In dit proefschrift zijn botsingen tussen een molecuul en een atoom besproken.
Over een botsing tussen twee moleculen is tot op heden echter nog veel minder
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bekend. Beide botsingspartners kunnen nu gaan roteren en vibreren, en deze extra
vrijheidsgraden maken zowel het experiment als de theorie veel ingewikkelder. In
de nabije toekomst hopen we deze botsingen met evenveel detail in kaart te kunnen
brengen als botsingen tussen een molecuul en een atoom. Dit zal ons nog verder
helpen om moleculaire interacties tot in het kleinste detail te begrijpen.
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