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1

Introduction
1.1 Introduction
Understanding the processes that occurs during the collisions of atoms and
molecules is the central goal of many branches of physics and chemistry.
Collisional processes can lead to a transfer of momentum, of energy, of
atoms, or of electrons and these are defined accordingly as elastic, inelastic,
or reactive scattering, schematically shown in Figure 1.1. The outcome of
a collision process depends on many variables, including the intermolecular
potential U (r), the impact parameter b, and the collision energy. Interaction
at large impact parameters (b → ∞) generally leads to elastic scattering,
whereas interaction with smaller impact parameters leads to changes in internal
degrees of freedom. In the elastic scattering kinetic energy and momentum is
conserved after scattering. In inelastic scattering the collision energy between
two colliding partners results in a rotational or vibrational excitation of the
atoms and molecules. The chemical identity of the collision products’ changes
in reactive scattering processes. In recent years, there were tremendous
advancements in quantum calculations describing the interaction between
atoms and molecules and the scattering process. These quantum calculations
are based on assumptions and approximation that still require experimental
confirmation. Therefore, only the combined effort of experiments and theory
ensure and widen the map of understanding of atom molecule interactions.

1.2 Importance of Rotational inelastic Scattering in
Astrochemistry
Telescopes measure light emitted from objects in space such as visible light from
stars but also light emitted in the infrared and microwave spectral regions from
vibrationally and rotationally excited molecules, respectively. The microwave
region is very interesting, especially for terrestrial telescopes such as the ALMA
11
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Figure 1.1: The picture shows the possible outcomes of a molecule (red-blue)
interacting with a central atom (yellow). With an impact parameter b, the
collision is defined as the perpendicular distance (r) between the path of a
projectile and the center of a potential field U (r) created by the interaction
with the yellow atom as the projectile approaches.

array in Chile(1), because the Earth’s atmosphere is relatively transparent in
this spectral region. Molecules become rotationally excited due to collisions,
primarily with H2 and He, which are the most abundant molecules in space.
It is safe to say that if there was no rotational inelastic scattering, we would
know little to nothing about interstellar space, which is essentially our entire
universe. The understanding of the molecular nature of the interstellar medium
comes from spectroscopic observations. The gas density and the temperature
in the region of a particular emitting species can be derived from the relative
intensities of the rotational emission lines. To observe rotational transition in a
molecule, the molecule must possess a permanent electric dipole moment. With
the development of new spectroscopic techniques, CH, CH+ and CN were the
first molecules to be identified in the interstellar medium. Verification of these
molecules were done by comparison with laboratory spectra. This is the case
for almost all the interstellar molecules. However, there are few exceptions like
H2 , CO2 and HCCH. H2 possesses no dipole moment and therefore shows no
electric dipole-allowed rotational and vibrational transitions.
Molecular abundance in the interstellar space is defined relative to H2
abundance. The spectroscopy of H2 is complicated as the rotational levels are
widely separated and its exists in para and ortho forms. H2 can be observed
1 +
via far-UV electronic transitions in the Lyman B 1 Σ+
u → X Σg and Werner
1
1 +
C Πu → X Σg absorption bands below 111.5 nm(4), using the space-based
far-UV spectrographs. CO2 and HCCH possesses IR spectra corresponding
to dipole-allowed transitions between their vibrational level. However, many
of these frequencies are not observable in the earth atmosphere as these
frequencies are absorbed. But these observations are enhanced by the use
of spectrometers mounted on satellites such as the Infrared Space observatory
and the Spitzer Space telescope(49).
12

Figure 1.2: Space observatories and their wavelength working ranges as of
2005. This list is from The blue bar indicates a past/ current mission and the
green bar represents a mission in development(Adapted from NASA -NSSDCA
(2))
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1.3 Importance of CO
Carbon monoxide (CO) is a small hetero-nuclear closed shell molecule. Carbon
monoxide consists of one Carbon and one Oxygen atom connected by a triple
bond. There is a net negative charge at the carbon end of the CO molecule and
hence there is a very small dipole moment of 0.122 D. CO occurs naturally in the
earth atmosphere. CO is also one of the major byproducts of the combustion
process. It is the most abundant C-bearing molecule in the universe and
therefore, a major sources of carbon compounds in the interstellar medium.
It is the second most common molecule in dense interstellar clouds, after H2 .
CO is one of the major constituents in the formation of methanol, which is
often described as the building block of this cosmos. It is found in comets and
the atmospheres of several planets. CO has also been detected in brown dwarfs
such as Gliese 229b(97) and Epsilon Indi B(110) since 1952, it is known that
CO is present in the atmosphere of our own sun, residing in the chromospheres.
CO v = 1 − 0 ro-vibration transition near 4.7 µm is commonly observed from
low and high-mass star-forming regions, proto-planetary disks and external
galaxies. Infrared space observatories have detected a large number of CO
rovibrational lines in Orion’s peak 1 & 2(53). CO is observed in the interstellar
media by means of its characteristic rotational spectrum. It is used as a
surrogate for detecting molecular hydrogen and is consequently used extensively
for mapping molecular clouds in our own galaxy and elsewhere(135; 111; 108).
Apart from CO being a major molecule in astrochemistry, it is also a very
useful prototype molecule widely used for basic research.

1.4 Importance of O2
Molecular oxygen (O2 ) is one of the most important molecules in our daily life
and in our atmosphere. O2 is responsible for blocking vacuum ultra violet
(VUV) light from the solar spectrum at a height of 80-110 km above the
earth atmosphere. O2 is a homonuclear open shell molecule. It has no dipole
moment and is extremely hard to probe by standard optical spectroscopy due
to strict symmetry. Therefore, it possesses very difficult challenges in molecular
photochemistry. Still, O2 is very attractive due to its multiplet structure arising
from the outer electronic shell. Oxygen is the third most common element in
the universe after hydrogen and helium and the third most common interstellar
molecule after H2 and CO. Molecular oxygen was detected in the star-forming
region of the Orion Nebula with combined effort of Herschel’s space laboratory,
European space agency and NASA(52). B. Larson et al reported molecular
oxygen in the ρ Ophiuchi cloud at 118750.343 MHz (72). Discovery of O2 in
the interstellar space can help to determine what role the molecule plays in
cloud cooling, which is considered as an important step in star formation. O2
emission from the comet 67P/Churyumov-Gerasimenko was discovered by the
high resolution mass spectrometry of the Rosetta space probe. They observed
peak at mass 32, corresponding to oxygen mass and the high resolution of the
14

spectrometer made it possible to distinguish it from sulphur(19).

1.5 Motivation of this thesis
The potential energy function U (r), represented as a multi-dimensional
potential energy surface (PES), is the critical part of astrophysical models.
Sufficiently accurate potential energy surfaces are difficult to calculate and
measurements that can directly validate the theory by comparing the prediction
with experimental data are equally challenging. Recent studies using the
velocity map imaging method(41) to study inelastic collisions, particularly
those under crossed molecular-beam conditions, now make it possible to
directly observe the detailed outcome of energy transfer processes under
well-specified conditions. The crossed molecular-beam technique is one of the
well-established experimental tools used to study collision transfer processes.
The crossed molecular-beam technique was improved and applied particularly
by Dudley Herschbach and Yuan T. Lee, for which they were awarded the
1986 Nobel Prize in Chemistry(73) along with John Polyani for his work
on IR chemiluminescence of reaction products(3). With recent development
of new detection schemes, researchers using the molecular-beam method are
now able to explore increasingly subtle dynamics of interaction between atoms
and molecules, to the point now that the simplest atom-molecule scattering
processes are “perfectly” understood. The experimental breakthroughs that
allowed this include the ion imaging method, invented by Chandler and
Houston(36). The discovery of velocity map imaging (VMI) by Eppink and
Parker(102) greatly enhanced the ion imaging resolution. VMI provides the
so-called state-to-state differential cross section (DCS) for any two-body process
in chemistry, including photodissociation, photoionization, and scattering
events. As described later in this thesis, the DCS measured using VMI in
a cross-molecular-beam setup that provides data for the most stringent tests
of state-of-the-art theoretical quantum calculations used to model collisions.
In order to extract quantitative information from telescope measurements
of interstellar space, a good astrophysical model is necessary. This in turn
depends on the accuracy of the potential energy surface (PES) employed.
PES is constructed with the quantum scattering calculations. The differential
cross-section measurements from our experiments are used to test and confirm
the accuracy of the PESs and thus the quality of models used by astronomers or
astrophysicists to interpret their astronomical data. Detection of new molecules
in the interstellar space continues to provide new challenges to the theorist and
experimentalist involved in astrophysical modeling. With the development of
new techniques and better computational capacities, there has been a success
in modeling progressively for larger molecules. Previously, there also was a lot
of progress in molecular-beam energy transfer experiments. The discovery of
new features in atom molecule interaction continued to inspire the scientist to
explore further. Many in-depth studies of the scattering of the open shell
NO molecules were performed with rare gases. A great amount of work
15
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Figure 1.3: Schematic representation of the motivation of this thesis.

for the NO system was done by the group of Brouard(25; 27; 31; 26; 30),
which has provided great experimental and theoretical detailed insight in
atom-molecule interaction. With the development of state-of-art technique
like Stark deceleration has pushed the limits of velocity map imaging (VMI)
which in turn provided great insight into quantum interference in differential
cross section. The group of van de Meerakker(127; 125; 98; 70) in Nijmegen
has demonstrated such DCS images showing quantum interference effects.
The ability to carry out low energy inelastic scattering studies and to use a
sensitive detection method has been the bottleneck in these fields. With the
development of state-of-art Stark deceleration technique in combination with
better detection scheme like vacuum ultra violet (VUV) ionization has opened
the window of opportunities to further studies in these fields.
In this PhD project, we have studied inelastic scattering of CO and O2 with rare
gases. Butz et al(33) reported one of the earliest molecular-beam experiments
on CO-He in 1971. In 1975, Nerf et al(94) presented the first experimental
evidence about the anisotropy of the CO-He potential. Anatonova et al(8)
measured relative state-to-state integral cross sections for rotational excitation
of CO with He at collision energies at 583 and 720 cm−1 . Lorentz et al also
measured the state-to-state differential cross sections of CO collision with Ne at
collision energy at 511 cm−1 (9). The work reported in this thesis presents the
collision-induced alignment studies of CO with Ar and He. With the application
of VUV detection scheme, we present an elegant demonstration of imaging the
collision-induced alignment effect in inelastic scattering of CO with Ar and
16

He.We have used a novel means of analyzing velocity map images of angular
momentum polarization in inelastic scattering.
This thesis also reports work on state-to-state differential cross sections of
inelastic scattering of O2 with He, which is also challenging system for both
theory and experiment. Luzzati et al reported experimental investigation of
rotational energy transfer in O2 with He, Ne, Ar, Kr, and Xe.(82) The total
differential cross sections (DCS) for the scattering of O2 by He was performed
by Beneventi et al.(17) DCSs with well resolved diffraction oscillations for
Ne-O2 collisional system was measured by Beneventi et al.(16) Faubel et
al performed crossed molecular beam experiments for the Ar-O2 collisional
system and obtained individual rotational state-to state transitions(107; 46).
Chefdeville et al reported state-to-state integral cross sections (ICSs) in a
highly advanced crossed beam experimental study of O2 -H2 at low energy and
observed partial wave resonances that were in very good agreement with the
theoretical predictions(38).

1.6 A brief summary of works
In this thesis, we have studied the imaging of crossed-beam scattering with
a focus on imaging collision-induced alignment effects of CO with rare gases
as well as the inelastic scattering of O2 with He. We performed a crossed
molecular-beam experiment to probe rotational excitation of CO due to
scattering with Ar and He. Velocity map imaging (VMI) was combined
0
00
with state-selective detection by (2+1) & (1 + 1 + 1 ) resonance enhanced
multi-photon ionization (REMPI) using Vacuum ultraviolet (VUV) as the
laser light source. Differential cross sections were extracted from experimental
image after density-to-flux corrections. The measured DCSs were compared
with DCSs obtained from theoretical calculations. The DCS extracted for
different collisional partners of CO reflects the nature of interaction of each
system and reveals the dynamics of the process. We have placed the emphasis
on an angle-resolved measurement of collision-induced alignment and show
that the VUV laser probe is particularly sensitive to alignment effects. In
this work, tunable VUV radiation around 150 to 154 nm was produced by
resonant four-wave difference frequency mixing in Xe gas. We have probed the
scattered products with horizontal and vertical VUV probe laser polarization.
The results obtained from the experiment shows a strong collisional-induced
alignment effect in CO colliding with Ar and He. Similarly, we have studied
the inelastic scattering of O2 with He and H2 . For this, it was first necessary
to better understand the REMPI process for O2 before performing inelastic
scattering of O2 with He and H2 .
Chapter 3 presents a novel means of analyzing velocity map images of
angular momentum polarization in inelastic scattering. Without any detailed
analysis using fitting or basis function, the alignment moment can be directly
extracted from linear combination of angular distribution obtained from
two-laser polarization.
17

Chapter 4 presents imaging studies of collision-induced alignment effects for
inelastic scattering of CO with Argon using velocity map imaging. Rotationally
excited carbon monoxide (CO) was detected with state-selective detection
0
00
by (1 + 1 + 1 ) VUV (vacuum ultra violet) REMPI (Resonance enhanced
multi photon ionization) scheme. The detected CO molecule was imaged in
a crossed-beam experimental setup using velocity map imaging (VMI). The
scattered CO molecule was detected with Vertical (V) and Horizontal (H)
polarization of VUV radiation. The detected scattered image shows remarkable
differences in appearance, which manifest strong collision-induced alignment
effect. Good agreement between theory and experimental results shows the
reliability of this experiment.
Chapter 5 presents detailed study of state-to-state rotationally inelastic
polarization dependent differential cross sections (PDDCS) of scattering for
CO collision with He. It contains a detailed study of the differential cross
0
00
sections obtained in the 2+1 and (1 + 1 + 1 ) REMPI detection scheme. Like
CO-Ar system, CO-He also shows strong collision-induced alignment effect.
Chapter 6 presents state-to-state inelastic scattering of O2 due to scattering
with helium with a collision energy of 660 cm−1 . Velocity map imaging
was combined with state-selective detection of O2 X 3 Σ−
g by (2+1) resonance
enhanced multi-photon ionization. The obtained raw O+
2 images were first
corrected from density-to-flux and the differential scattering cross sections
(DCS) were then extracted for six different O2 final states. Exact theoretical
quantum mechanical calculations were also performed. A very good agreement
between experimental and theoretical DCSs was found for all final state
data using an initial O2 molecular-beam population ratio of 80% for the
first rotational state and 20% for the first excited state. The agreement
clearly demonstrates the ability to model both theoretically and experimentally
inelastic processes between O2 molecules and rare gases.

18

Chapter

2

Experimental methods
Abstract: This Chapter describes the key concepts, and the experimental
methodology used for the research work described in this thesis. This Chapter gives
a brief description of kinematic apse model which can be qualitatively used to explain
collision-induced alignment effects. A complete description of the crossed-molecular
beam experimental setup with velocity maps imaging is also presented. Furthermore,
this chapter describes the state preparation of O2 and CO which are the key study
items of this thesis for collision scattering experiment. It includes a full description
about the VUV (Vacuum ultra violet) set-up used in the experimental work in this
research where we have used a four-wave mixing technique in order to produce VUV
photons. An overview of the data analysis method is presented for the density-to-flux
correction. The last section describes the possible errors in the collision experiment
due to various factors.
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2.1 Rotational energy transfer
After collision a molecule will only rotate if the molecule experiences a torque in
a period of time. When a force acting upon a molecule does not pass through
the centre of mass then it can be expressed as the product of force and the
shortest distance between the line of force and center of mass. If the torque F ,
acts for a time ∆t, then there is a change in angular momentum ∆p which can
be expressed as
∆p = ~∆j = I∆ω = F ∆t
(2.1)
where I is the moment of inertia and ∆ω is the change in angular velocity.
Change in angular momentum can also be expressed in unit of ~ and rotational
quantum number j. The change in rotational energy produced by the torque
can also be expressed as
1
1
(2.2)
I(ω0 + ∆ω)2 − Iω02 ≈ Iω0 ∆ω,
2
2
where ω0 is the initial angular velocity. Equation 2.2 can be alternatively
expressed as
∆E =

~2 (j0 + ∆j)2
~2 j02
~2 j0 ∆j
(2.3)
−
≈
2I
2I
I
The equation 2.3 shows that for a large moment of inertia, a torque, which
results in a significant change in j, may produce a negligible amount of
change in rotational energy. For a diatomic molecule to experience rotational
energy change, it should experience torque. The torque is determined by the
intermolecular potential. For long range interaction, the torque experienced
is weak. For short-range interaction, it probes the more anisotropic parts of
the potential which results in a strong torque. Classically, we can say that the
change in rotational states is mainly due to short-range repulsive forces of the
potential.
∆E =

2.2 Differential and integral cross-sections
Collision energy transfer is an important and ubiquitous process that keeps the
world at a thermal equilibrium. Collision experiments, particularly those using
crossed molecular-beams, allow to directly observe the detailed outcome of
energy transfer process under well specified conditions. The amount of energy
transfer depends upon the collision energy and the nature of scattering reflects
the interaction between two scattering partners.
Consider a simple collision system of two collision partners, A and BC, of the
masses m1 and m2 , respectively, as shown in Figure 2.1. Let vectors v1 and v2
be the velocities of the two reactants w.r.t. the lab frame. The relative velocity
vrel is defined as
vrel = v1 − v2
20

(2.4)

Classically, the impact parameter b is defined as the distance of the closest
approach in the absence of any interaction. The magnitude of the orbital
angular momentum, ` is defined in terms of b and µ.
|`| = µ.vrel .b

(2.5)

m1 .m2
(m1 +m2 )

where µ =
is the reduced mass of the two reactants.
The outcome of scattering between two reactants is a function of b and thus the
orbital angular momentum `. Collisions with a high-impact parameter lead to
low transfer of energy i.e. fewer reaction probabilities as compared to that of a
head-on collision with a small impact factor. If the reactants are not orientated
in space, then the probability of scattered products becomes independent of the
azimuthal angle φ. Therefore, the cross section σ of a reaction probability is
defined as
Z
Z
Z
2π

bmax

σ=

bmax

P (b)bdbdφ =
0

0

P (b)2πbdb

(2.6)

0

where P(b) is the reaction probability as a function of b.
For head-on collision b=0 and for b=bmax the collision becomes too glancing.
The angular distribution of the scattered products is independent of the
azimuthal angle φ, provided the reactants are randomly oriented in space. The
differential cross section, dσ/dω, is the effective target area of the colliding
particles that leads to scattering into a particular angular range, dω. The
angular range is defined in terms of the solid angle ω, with dω = sinθdθdφ.
Therefore, the angular probability distribution P (θ, φ) can be expressed in
terms of the differential cross section
1 dσ
(2.7)
σ ω
where P (θ, φ)sinθdθdφ is the probability of scattering into the solid angle in
the range θ → θ + dθ and φ → φ + dφ. The integral cross section can be
obtained by integrating the differential cross sections over all solid angles.
P (θ, φ) =

Z

2π

Z

σ=
0

0

π

dσ
sinθdθdφ
dω

(2.8)

We obtained differential cross sections from our experimental images after
density-to-flux transformation. From these experiments we got a relative or
normalized DCS. From this experiment, we cannot extract absolute integral
cross sections as one needs accurate measurements of the densities of the
molecular-beam and the collision volume, which is very difficult to measure.

2.3 Scattering in the center of mass frame and the
laboratory frame
After the collision process, the scattered products are recorded in the lab
frame, which is determined by the geometry of the experimental setup. In
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Figure 2.1: Example of the approach of the two reactants A and BC with the
masses m1 and m2 respectively, at a well-defined impact parameter b.

order to extract the angular distribution information, the experimental data
are converted from the lab frame to the center of mass frame (CM). The
pictorial representation showing the relation between laboratory and CM frame
is defined as a Newton diagram (Figure 2.2). The name was coined by Dudley
Herschbach after Sir Isaac Newton whose law of motion governs the asymptotic
behavior of reactants.
Scattering distributions in the center of mass frame are independent of
the experimental geometry, which allows comparison of different types of
experiments. In the center of mass frame, the observer is traveling along with
the center of mass of the system. The transformation from the lab frame to
the center of mass frame can be obtained from their geometries and velocity
vectors. Let v1 & v2 be the velocities of the two colliding partners in the
lab frame. The center of mass frame u1 and u2 are the velocities of the two
colliding partners. The relation between the velocity vectors of two colliding
partners in the center of mass frame to the lab frame is
Vcm =

m1 v1 + m2 v2
M

u1 =

m2
vrel
M

(2.9)

(2.10)

m1
vrel
(2.11)
M
where M is the total mass of the system, Vcm is the center of mass velocity
and vrel is the relative velocity. The relative velocity is expressed as
u2 = −

vrel = u1 − u2 = v1 − v2

(2.12)

vrel is the relative velocity vector before collision and an observer moving
along with the center of mass will observe two colliding partners of lab frame
approaching along the relative velocity vector. After collision, the observer
will see that they are moving away along the v 0 rel = v 0 1 − v 0 2 , the relative
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Figure 2.2: (a) The scattering image with a Newton diagram indicating
forward, sideways and backward scattering. (b) The Newton diagram showing
relation between center of mass frame and lab frame. Prime represents the post
collision process and θ and φ represents the deflection angle between center of
mass frame and lab frame respectively.

velocity vector. The angle between relative velocity vectors (pre-collision and
post-collision) is defined as the center of mass scattering angle θ. Similarly, for
the post-collision process the scattered product velocity can be given as
v0 1 =

m2 0
v rel
M

v0 2 = −

m1 0
v rel
M

(2.13)
(2.14)

0

Therefore, the relative kinetic energy KE can be expressed as
0

KE = KE − ∆E =

1 0 2
µv rel
2

(2.15)

Where KE = 12 µvrel 2 , is the initial kinetic energy and ∆E is the energy used
in excitation or de-excitation process in the scattering process.

2.4 Detection of Angular Momentum Alignment
Ion imaging with polarized laser light can provide great insight into the
angular distribution of angular momentum polarization. Ionization probability
is directly proportional to the scattered product angular momentum J and
the probe laser polarization. The rotational angular momentum vector J is
aligned if the J vector has preference to some reference direction but we cannot
distinguish between directions. If J has a preferred direction then the rotational
angular momentum vector J is said to be orientated. Therefore, in order to
measure angular momentum polarization of scattered molecules, specifically
its orientation and alignment, a common approach is to determine the related
alignment moments(27). Based on the formalism of Fano and Macek,(45) the
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Figure 2.3: Schematic representation of P, R and Q transition. In the P
and R transition the dipole moment µ is perpendicular to J and for Q branch
transition dipole moment µ is parallel to J

0

absorption cross-section I(j ∗ , j , θ, φ, χp ) for linear polarized light in the probe
frame can be written as
io
n
h
0
1
(2) 0
(2) 0
, φ, χp ) = Cdet 1 − h(2) (j ∗ , j ) A0 (j , θ, φ, χp ) − 3A2+ (j , θ, φ, χp )
2
(2.16)
0
In this equation Cdet is the sensitivity constant, j is the rotational quantum
number of the scattered product prior to laser ionization and j ∗ denotes the
0
resonantly excited rotational level. Here h(2) (j ∗ , j ) is a line strength factor
0
depending on
the branch of the spectra being probed. For a Rbranch h(2) (j +
0
0
0
0
0
0
0
1, j ) = −j (2j +3), for a P branch h(2) (j −1, j ) = (−j +1) (2j −1), and for
0
(2)
(2)
a pure Q branch h(2) (j ∗ , j ) = 1. A0 and A2+ are the alignment moments of
0
the angular distribution of j defined by the detector laser in probe frame(25;
26). For the P and R branch transitions, the transition dipole moment µ
is perpendicular to J, and for the Q branch the transition dipole moment
µ is parallel to J. Only those molecules whose transition dipole moments are
aligned with the ε vector of the linearly polarized light, can absorb the radiation
dependent on the absorption probability ε.µ, where ε is the electric vector of
the absorbed radiation.
In order to gain more insight, the alignment moment from the probe frame can
be rotated to the collision frame by the rotation matrices given by Hertel and
Stoll(58). A distribution is isotropic when all three alignment moments equal
0
(2)
zero i.e.j has no preferred direction. The value of A0 reflects the alignment
I(j ∗ , j

0

,θ
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0

(2)

(2)

propensity of j . The value of A0 = 2 corresponds to vkJ while A0 = −1
(2)
corresponds to v⊥J . The value of A2+ reflects the extent of the alignment of
the J vector.
An experimental image signal can be written as the product of DCS and
detection probability:
I(θ) =

dσ
(θ)P (θ; χ, Θ, φ),
dθ

(2.17)

where P (θ; χ, Θ, φ) is the polarization-dependent transition probability which,
depends on angular momentum polarization and the probe sensitivity. It can
be expressed as:
h
i
X
(k)
P (θ; χ, Θ, φ) = C 1 +
A(k)
q (Θ)Fq (χ, Θ, φ)
(2.18)
kq
(k)

C is a constant, Fq (χ, Θ, φ) depends on the geometric factor that incorporates
the probe sensitivity determined by the angles (χ, Θ, φ). The outcome of the
DCS from the experimental signal, which depends on the laser polarization, is
termed as polarization-dependent differential cross sections (PDDCS).

2.5 Kinematic Apse Model
There have been only a few experimental and theoretical investigations
addressing rotational polarization or alignment effects. Cline et al(39) and
Wade et al(129) experimentally measured the collision-induced alignment effect
of the NO(X) in collisions with rare gas atoms. For lower rotational states, the
experiment and theory matched reasonably. Aoiz et al used quasi-classical
trajectory in order to investigate rotational polarization effects(10). The
work of Lemeshko et al mainly described the alignment effect in the
forward scattering region using the Fraunhofer diffraction model(74). The
model accurately describes the oscillations in extreme forward scattering
but says very little about alignment at sideways and backward scattering.
Jambrina et al studied collision-induced orientation effects using a canonical
collision mechanism theory(64). The group of Brouard extensively studied
collision-induced alignment effect in NO(X)- Ar inelastic collisions(25; 31; 26).
They investigated rotational angular momentum alignment effects in the
rotational inelastic scattering of NO(X) with Ar by using close-coupled
quantum mechanical, quasi-classical trajectory and Monte Carlo hard shell
scattering calculations. It has been shown that rotational alignment in
NO(X)-Ar inelastic collision is due to the hard shell nature of the probed
part of the interaction potential. A kinematic apse model was tested and
compared with quantum-mechanical calculations. Both were found to be in
good agreement at collision energies with reasonable access of well depth. At
lower collision energy, the attractive part of the potential plays an important
role in the alignment dynamics.
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Figure 2.4: Schematic representation of a collision between hard sphere (r1 ,p1 )
and a hard ovaloid (r2 ,p2 )

Khare et al(67; 66) were able to show that the component of angular momentum
along particular quantization axis is the outcome of a collision between hard
sphere and a hard ovaloid. They considered a simple picture of a classical
impulsive collision between an atom and a rigid rotor as shown in Figure 2.4.
The total angular momentum can be described as
J = r1 × p1 + r2 × p2 + j

(2.19)

where j is the angular momentum of the diatom and the subscript 1 and 2
denote the molecule and atom. In the impulsive collision the total angular
momentum is conserved i.e. ∆J = 0 , then one can write
0 = ∆J = ∆(R × p) + ∆j

(2.20)

where the relative scattering vector R is defined as R = r1 −r2 and the relative
linear momentum p is defined as p = µ(v1 − v2 ) where µ is the reduced mass.
As the impulse collision is for a very short time, therefore, there is no change
in collision geometry. Hence, one can write
∆j = −∆(R × p)

(2.21)

If we define the unit vector aˆk along the impulse i.e. along the momentum
transfer vector ∆p then
aˆk · ∆j = 0
(2.22)
we call this vector kinematic apse
0

p −p
∆p
aˆk = 0
=
|∆p|
|p − p|
0

(2.23)

where p and p are the initial and final relative momentum(see Figure 2.5). In
0
0
the case of non-reactive collisions, p and p can be substituted by k and k as
initial and final relative velocities. In a sudden collision, where the molecular
axis remains unchanged during interaction, the projection of the initial and final
0
rotational angular momenta j and j onto the kinematic apse are equal. This
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Figure 2.5: The left panel shows the Newton Diagram of a CO-Ar collision
0
system. The scattering vector k (black line) indicate the scattering vector in
the center of mass frame under an angle θ. aˆk is the kinematic apse vector (blue
0
line) corresponding to the drawn scattering vector k . A thin dotted line (dark
blue) is drawn perpendicular to the kinematic apse vector. The right hand panel
shows the diagram of the scattering between atom-hard shell ellipsoid in two
dimensions. Generally the kinematic apse bisects the incoming k and outgoing
0
k scattering vector in elastic collision but it is different for inelastic scattering.
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Figure 2.6: Pictorial representation of the ‘frisbees’ and ‘propeller’ rotation
0
depending on the j orientation with respect to the initial relative velocity k. In
the forward direction, the scattered CO rotates like propellers (j 0 k k) and like
frisbees (j 0 ⊥ k) in the backward direction.
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conservation is the basis of the kinematic apse model. The information about
rotational alignment in collisions of a classical hard shell can be determined by
the projection of the rotational angular momentum on the kinematic apse(61).
0
In Figure 2.5, aˆk is the kinematic apse drawn with respect to k . The angle β
is defined as the apse angle between aˆk and k.
In the case of an impulsive collision, there is no change in the collision geometry.
0
0
Therefore, j should have a zero projection on the kinematic apse i.e. j is
perpendicular to the kinematic apse aˆk irrespective of the scattering angle θ
and final state. The degree of alignment depends on the position of collision
impact, the amount of initial momentum, and the direction of the apse aˆk . One
of the common features of the differential cross section is that the scattering
gradually changes from forward to backward scattering as a function of ∆j. At
0
0
lower ∆j, j is parallel to the initial relative velocity. The extent of j being
0
aligned parallel to k reduces with increasing ∆j. With an increase in ∆j, j
becomes more and more perpendicular to the apse direction. The general trend
(2)
of the A0 is that it is positive in the forward direction and becomes negative
in the backward direction reveals that the origin of the angular momentum
polarization is impulsive. In the forward direction CO rotates like propellers
and in backward direction CO rotates like frisbees as shown in the Figure 2.6.

2.6 Velocity Map Imaging
The birth of the ion imaging method is from a 1987 paper by Chandler and
Houston(36). The next major development came in 1997 with the technique of
the velocity map imaging (VMI) by Eppink and Parker(41). In this method, an
electrostatic lens set at a certain ratio of voltage is used to achieve momentum
focusing i.e. all the ionized particles with the same velocity irrespective of
their origin in the ionization volume are mapped into the same point on a
two-dimensional detector surface. This method gave better resolution than ion
imaging method. Since then, VMI became one of the major techniques in the
world for chemical dynamics, especially in cross beam scattering experiments.
In our collision experiment the scattered products are rotationally excited and
ionized by a laser. The 3-D Newton sphere of these scattered ionized products
is projected onto a 2-D detector. The mapped image gives us the angular
distribution. Figure 2.7 shows the schematics and concept of velocity map
imaging. In context to the experimental project for this thesis, rotationally
excited CO and O2 were detected by velocity map imaging using resonance
enhanced multi photon ionization technique (REMPI). Velocity map imaging
basically includes ion optics, a time of flight tube, and a 2-D detector that
consists of micro channel plates (MCP) and a phosphor screen. The ion
optics include a repeller, extractor and a ground electrode plate. These flat
circular electrode plates along with the 2-D detector lies parallel to the collision
plane of our scattering studies. The time-gated 2-D position sensitive detector
(Advanced Performance Detector, Burle) consists of a ChevronT M − M CP
(micro channel plate) and a phosphor screen (PS) of 40 mm diameter. Charged
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Figure 2.7: Schematic description of the velocity map imaging detection with
ion optics (repeller, extractor and ground electrodes), time of flight, MCP
detector, and a camera. On the right side is an example of the velocity-mapped
image with its Newton diagram.

particles or photons collide with the front face of the first MCP and are
converted to electrons. The P20 phosphor screen is composed of (Zn, Cd)S:Ag,
which emits yellow-green photons in the wavelength range between 470–670 nm.
The light signals from the phosphor screen are transferred from the vacuum by
a fiber optic link and collected by the CCD (charged coupled device) camera.
This CCD camera has a VGA resolution (640x480 Pixel), the CCD sensor has
a monochrome output and the spectral range of the CCD is between 280–1000
nm. Inelastic scattering studies of CO and O2 were performed. The scattered
products were ionized by the REMPI process and with the method of velocity
map imaging, we collected the angular distribution of the scattered products.
The data acquisition was performed using a data acquisition and visualization
software (DAVIS).

2.7 VUV production
Frequency mixing is one of the most general & important phenomena in
non-linear optics. For linear optics, polarization is linearly proportional to the
electric field and non-linearity is the outcome of a higher order susceptibility.
The induced polarization P can be expressed as an expansion in the power of
the electric field E.
P=0 [χ1 + χ2 .E + χ3 .E 2 + ...]E

(2.24)

where χ1 is the linear optical susceptibility, χ2 is the second order nonlinear
susceptibility and χ3 is the third order nonlinear susceptibility. 0 is the
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Figure 2.8: Energy level scheme of Xenon for the four-wave difference mixing
process.

permittivity of free space. The third order nonlinear susceptibility χ3 is
responsible for the four wave difference-mixing process. In a non-linear process,
two or more frequencies interact in a non-linear medium to produce a sum
or difference frequencies(23). Tunable VUV was produced by the four-wave
difference mixing technique for the experiments(122). Signals arise when three
input fundamental photons from two lasers, one at frequency (ν1 ), and the
other at frequency (ν2 ), are used to produce a fourth output photon at the
difference frequency as shown in Figure 2.8. The fixed dye laser (Scanmate)
output at 249.618 nm (ν1 ) combined with a tunable radiation from an other
dye laser (Fine adjustment) around 650 nm (ν2 ) was used to produce a tunable
VUV (νvuv ) light around 155 nm i.e. νvuv = 2∗ ν1 − ν2 . The two wavelengths
were focused in Xe gas (30 mbar) contained in a stainless steel cell, which
served as a non-linear medium for VUV production as shown in Figure 2.9(59).

2.8 State preparation
For any crossed-molecular-beam experiment, initial state preparation is one of
the important critical parameters for the quality of the experiment. Ideally the
molecular-beam should be perfectly rotationally cooled i.e. the total population
should be in the ground state. However, experimentally achieving this ideal
state is challenging. With the development of state-of-art molecular-beam
techniques, the gap between the real molecular-beam and ideal molecular-beam
has been narrowed. The development of the Even-Lavie valve(42) by Even
and co-workers, the cantilever-piezo valve(63) from the group of Janssen
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Figure 2.9: Schematic of a VUV cell with 30 mbar of Xe for the production of
VUV.

and the very recently developed Nijmegen pulsed valve from our group has
helped to produce rotationally cooled pulsed molecular beams. We have used
the Nijmegen pulsed valve(137) and Jordan valve(50) for this experimental
work. For polar molecules, the use of a Stark decelerator can slow down the
molecular-beam and hence allow us to study scattering at a low energy.(123)
The group of van de Meerakker successfully demonstrated quantum scattering
resonances with application of Stark decelerator(70; 124).

2.8.1 O2 molecular-beam
O2 is a homonuclear open shell molecule with no dipole moment. With
identical spin-zero nuclei, and its electronic ground state symmetry of X 3 Σ−
g ,
the quantum number N of molecular rotation in O2 is restricted to odd values.
For crossed-molecular inelastic scattering studies of O2 with He, 5% O2 in argon
rotationally cooled molecular-beam was produced by supersonic expansion
using a Jordan valve. State-selective detection of O2 X 3 Σ−
g (v=0,NF) by (2+1)
resonance enhanced multi-photon ionization (REMPI) around 225 nm via the
3dp3 Σ−
1g (v = 2) Rydberg state was employed here(139). This transition is
shown in Figure 2.10 which shows a selection of electronic states and Rydberg
states of O2 . A simulated spectrum for this transition was first constructed
using PGOPHER(133) and compared with the experimental spectrum for the
initial beam (before scattering) in Figure 2.10. While the chosen transition is
one of the strongest of the 3dp Rydberg states, it does not allow a clean probe
of the F2 final states. From the simulated spectrum, REMPI line positions
were determined for probing a range of final (NF) rotational states.

2.8.2 CO molecular-beam
CO is a heteronuclear closed shell molecule with a small dipole moment. An
energy level diagram of CO is shown in Figure 2.13. For crossed-molecular
beam inelastic scattering studies of CO with He/Ar, 2% CO seeded in argon
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Figure 2.10: The panel shows the (2+1) REMPI spectrum of O2 . The red
spectra in the panel show experimental data while the black spectra shows the
simulated spectra from PGOPHER.

rotationally cooled molecular-beam was produced by supersonic expansion
0
00
using the Nijmegen pulsed valve. A (2+1) and (1 + 1 + 1 ) REMPI scheme
was used for detection of CO(14; 60). Rotational populations of CO seeded in
argon were obtained from (2+1) REMPI spectrum of E 1 Π → X 1 Σ+ transition
of CO. The population of j = 0 was about 60% and j = 1 was about
35% corresponding to a rotational temperature of 3 K. For the experiment
0
using (1 + 1 ) detection scheme of CO, the VUV light was resonant with
CO A1 Π ← X 1 Σ+ (v=0) transition. The PGOPHER program was used to
0
00
simulate and fit the (1 + 1 + 1 ) REMPI of CO, which shows also a rotational
temperature of 3 K. In order to experimentally determine the exact frequency
of the scattered higher state CO, the parent CO molecular-beam was scattered
0
00
with Argon and was detected by VUV light under (1 + 1 + 1 ) REMPI scheme.
Figure 2.12 shows the scattered signal of CO detected by VUV light.

2.9 Crossed molecular-beam experimental setup with 2+1
REMPI detection schemes
The data were collected in a crossed molecular-beam machine with a variable
beam crossing angle, REMPI ionization of the scattered products and with
velocity map imaging detection as shown in Figure 2.14. We used two skimmed
supersonic beams, one of neat helium produced from a Nijmegen pulsed valve
and the other of 2% CO seeded in argon produced from a second Nijmegen
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Figure 2.11: The panel shows the (2+1) REMPI spectrum of E 1 Π ← X 1 Σ+
of CO. The red spectra in the panel shows experimental data while the black
spectra shows the simulated spectra from PGOPHER.

0

00

Figure 2.12: The panel shows (1 + 1 + 1 ) REMPI spectrum of CO detected
by VUV light. The left side of the panel shows VUV REMPI of scattered
CO molecules with Ar in order to locate the exact line positions before the
measurement. The right spectra in the panel shows the cold VUV REMPI. The
red spectra in the panel shows the experimental data while the black spectra
shows the simulated spectra from PGOPHER.
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Figure 2.13: Schematic energy level diagram of CO showing its electronic,
vibrational, and rotational states. CO ro-vibration transition near 4.7 µm and
2.35 µm are observed in interstellar medium. Infrared space observatories have
detected a large number of CO ro-vibrational lines in Orion’s peak 1 and 2(53).
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pulsed valve. Backing pressure for the expansion was 3 bar for both colliding
partners. The pulse duration of both valves at the crossing point was about 50
µs. The source chamber that houses the secondary beam (He) was differentially
pumped and the molecular-beam passes through a skimmer with an aperture
diameter of 2.5 mm positioned 3 cm away from the nozzle. The primary
molecular-beam source was mounted in the differentially pumped rotatable
chamber positioned 7 cm from the skimmer with an aperture diameter of 2.5
mm. Rotating the primary beam in the plane of the collision changes the
angle between the two molecular-beams. Turbo molecular pumps pumped
all the chambers. Two molecular-beams and the laser were coplanar parallel
to the detector and were optimally aligned to ensure the best signal. For
any crossed-molecular-beam experiment the initial state preparation is critical.
Therefore, we analyzed the CO molecular-beam produced by the supersonic
expansion of Argon. Figure 2.11 shows the REMPI spectrum transition from
E 1 Π → X 1 Σ+ of CO. Population of ground state i.e. j = 0 was about 65%,
j = 1 was about 33%, and a small fraction of higher states corresponding to a
rotational temperature of 3.1 Kelvin. By comparing the PGOPHER simulated
with the experimental spectrum, we can determine the REMPI line positions for
higher rotational state, which is the prerequisite information for state-to-state
inelastic scattering studies where we want to ionize the rotationally excited
scattered products. The single collision condition must be ensured before
recording the final data. Probing the depletion of CO ground state during
collision, which is less than 5% ensured a single collision condition. The
scattered product was ionized and was extracted by velocity map imaging ion
optics lens. After 85 cm free flight along the time of flight tube, the 3-D
ion sphere was crushed onto 2-D detector, which is read by CCD camera.
Application of gating enables us to select our required mass and filter out the
background ions of other mass. The S branch was chosen our data collection
as it is well resolved and strong. The laser and both molecular-beams were
operated at 10 Hz. The laser frequency was fixed during each image collection,
rather than scanning the wavelengths over the full width of the Doppler profile
of the REMPI transition (0.07 cm−1 for inelastic scattering of CO from He).
However, the laser bandwidth was 0.1 cm−1 and the 2 mJ energy per pulse of
the laser power broadened the transitions sufficiently that Doppler scanning was
unnecessary. Scattered CO molecules were probed by 2+1 resonance enhanced
multiple photon ionization on the E 1 Π ← X 1 Σ+ transition using respective
ultraviolet wavelengths around 215 nm. These wavelengths were generated by
the frequency tripled output of a tunable pulsed dye laser (Fine Adjustment
Dye laser) operating with DCM dye using a BBO crystal. The dye laser was
pumped by a Nd:YAG laser (Continuum Surelite ) operating at 532 nm and
with 10 Hz repetition rate. Typical ultraviolet (UV) laser energies were 2 mJ
per pulse with pulses duration of 7 − 9 ns. The probe beam was focused with
a 20 cm lens onto the intersection region of the molecular-beams.
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Figure 2.14:
Schematic of the crossed-beam VMI setup showing two
molecular-beams crossing at the center of the imaging ion optics. The angle
between the two molecular-beams can be changed by rotating the primary beam
around the center of ion optics in the plane of collision. The scattered product
is detected by tunable dye laser system that is frequency tripled in a BBO crystal
around 215 nm and focused at the center of ion optics by 20 cm lens. Laser
polarization is in plane of the collision plane. The nascent CO+ image is mass
selected by time of flight and projected onto a two dimensional (2D) imaging
detector, then measured by a CCD camera.
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2.10 VUV detection of CO
To study alignment effects, we modified the rotatable crossed molecular-beam
machine. A schematics of the experimental diagram is shown in Figure
2.15. The rotatable crossed molecular-beam machine was equipped with a
VUV (vacuum ultra violet) REMPI ionization scheme to detect the scattered
products with velocity map imaging detection. The condition was similar to
that in the previous setup but now we used two skimmed supersonic beams,
one of neat Argon produced from a Nijmegen pulsed valve and the other of 5%
CO seeded in argon produced from a Jordan pulsed valve. Backing pressure
for the expansion was 1 bar for both colliding partners. Two molecular-beams
and VUV laser were coplanar and parallel to the detector and were optimally
aligned to ensure the best signal. We have used four-wave mixing in Xenon
to produce VUV light(59; 122). We fixed one dye laser (Scanmate) output
at 249.618 nm (ν1 ) combined with a tunable radiation from the other dye
laser (Fine adjustment) around 650 nm (ν2 ) to produce tunable VUV (νvuv )
light around 155 nm using four-wave mixing i.e. νvuv = 2∗ ν1 − ν2 . More
detail about the resonance enhanced laser ionization scheme for CO via the
A1 Π state is described in the work of Sun et al(117; 96). The 355 and 532
nm output from the Nd:YAG laser (Continnum Powerlite 9010) were used to
pump the two dye lasers, Scanmate and Fine adjutment respectively. The
fundamental output from the fixed dye laser (Scanmate) using a Coumarin
307 dye was frequency doubled in a BBO crystal to produce the UV photon
with an energy output of 5 mJ/pulse. The UV wavelength was tuned to one
of the three 5p–6p two-photon resonance positions of Xe atoms. The other
dye laser (Fine-adjustment) produced visible photons tunable in a region of
648-652 nm using DCM dyes. The two beams were combined with a 248 nm
dichroic mirror transparent to visible light and both beams subsequently were
focused into the Xe gas (30 mbar) contained in a stainless steel cell with a f
= 100 mm plano-convex lens. A lens of focal length f = 1500 mm was placed
1000 mm away from the stainless steel cell to collimate only the visible light
so that 249 nm and 650 nm focused at the same point inside the cell. In order
to study alignment effects we used horizontal and vertical polarization of the
VUV laser and photo-dissociation images from the OCS molecule ensured the
polarization of VUV laser.(136) The Q branch was chosen for data collection,
as it is well resolved and it shows strong alignment effect compared to the P
and R branch. Application of gating enabled to select required mass and filter
out any background ions of other masses. Scattered CO molecules were probed
by a VUV laser on the A1 Π ← X 1 Σ+ transitions.

2.11 Data Analysis
2.11.1 Density-to-flux correction
The scattered products in the inelastic scattering collision experiment were
detected using the REMPI technique. Scattered products were detected in the
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Figure 2.15: Schematic of the experimental cross molecular-beam VUV setup
to study collision-induced alignment studies in inelastic scattering of CO with
He and Ar. For the production of VUV light we fixed one dye laser (Scanmate)
output at 249.618 nm (ν1 ) combined with tunable radiation from an other dye
laser (Fine adjustment) around 650 nm (ν2 ) to produce tunable VUV (νvuv )
light around 155 nm using four-wave mixing technique i.e. νvuv = 2∗ ν1 −ν2 .The
UV wavelength was tuned to one of the three 5p–6p two-photon resonance
positions of Xe atoms. The two beams were combined with a 248 nm dichroic
mirror transparent to visible light and both beams subsequently focused into
the Xe gas (30 mbar) contained in a stainless steel cell with a f = 100 mm
plano-convex lens.
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laser focal volume but due to the geometry of the experiment, there was a
detection bias in the experiment. Scattered molecules that are moving along
the center of mass are faster than molecules leaving opposite to the center of
mass. Slow molecules are detected with higher probability as compared with
faster molecules. This leads to a detection bias which is reflected in the acquired
experimental image. The angular distribution acquired from this experimental
data does not purely reflect the differential cross section. The unwanted buildup
of the density in the velocity map images should be corrected in order to extract
actual angular distribution.
In order to correct this detection in bias angular distribution obtained from the
velocity map images, density-to-flux correction technique or IMSIM developed
by McBane was used.(84) IMSIM was used to extract corrected angular
distribution from raw images. The two dimensional image obtained from
velocity map imaging is the products of state to state total cross sections,
angular distribution probability function and apparatus functions. Therefore,
the time integrated intensity I on the image can be expressed as
0

0

0

I(vx , vy , vz ; j → j , t)lab = Aσ(j → j )P (θ, φ)Fapp (vx , vy , vz ; j → j , t),
(2.25)
where vx , vy , are the velocity components in the collision plane and vz
0
lies parallel to time of flight axis. σ(j → j ) is state-to-state total cross
section with its angular probability P (θ, φ). ‘A’ is the amplitude factor
0
depending on molecular-beam intensities. Fapp (j → j ) is the apparatus
function that primarily depends on experimental geometry, temporal and
molecular distribution of the beam, and laser beams spatial and frequency
distributions. The three dimensional Newton sphere formed from the ionized
scattered products is projected to a two-dimensional detector. Therefore, the
intensity of the ion signal on the detector can be expressed as a function of (x,
y) or alternatively (r, θ).
X
Iimage (r, θ) =
I(vx , vy , vz )
(2.26)
vz

We can include σ and A in the equation above into the new apparatus function
0
0
Fapp (j → j ) as they serve only for intensity scaling to the DCS. Therefore, the
above equation can be simplified as
0

Iimage (r, θ) ≈ DCS0 (θ, φ)Fapp ,

(2.27)

0

where Fapp is the newly defined apparatus function, and the state-to-state
differential cross sections can be extracted from the experimental image.
Using the apparatus function in the IMSIM program, an isotropic DCS in the
center of mass can be simulated. Isotropic DCS means that the simulated
image would have been isotropic if there would have been no detection bias
of scattered products. In order to correct for the detection bias we divide the
extracted angular distribution from experimental raw image by the simulated
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Figure 2.16: Direct extraction method of density-to-flux transformation. The
angular distribution is extracted from the experimental raw image and divided
by the angular distribution of simulated image. The outcome gives a corrected
differential cross section by removing the effect of detection bias.

image using apparatus function. The outcome of the division negated the effect
of detection bias and thus corrects the angular distribution of the scattered
products. Thus, in order to obtain the correct differential cross-section it is
absolutely necessary to do density-to-flux correction. Figure 2.16 shows an
example of density-to-flux correction.

2.12 Discussion of possible experimental errors
The experimental data were repeated several times. There was no qualitative
difference in the differential cross-sections. Therefore, the experimental data
taken are reproducible. However there are certain factors, which can induce
errors in the differential cross-sections
0

2.12.1 Under-estimation of higher j states due to pre-dissociation for
CO detection
Hines et al.(60) pointed out that failure to account for the C+ channel
when detecting CO+ would undercount the higher rotational states. This
decrease in sensitivity for higher states leads to undercounting effects in the
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integral cross-section measurements. However, undercounting would lead to
a minor change in the rotational temperature. Thus, the true composition
of the initial states remains ambiguous due to uncertainty in the rotational
temperature. This ambiguity in the initial states could affect the differential
cross-section. However if the distribution to be measured has only modest
amount of rotational excitation, the error inducted by not accounting for the
C+ channel may be acceptable.

2.12.2 Post collision alignment
REMPI probe is very sensitive to the alignment of angular momentum vectors
of the molecule(92; 100). Pullman et al, Alexander et al and Mayne et al have
theoretically shown in their extensive work about the induction of alignment
due to rotational inelastic scattering(5; 7; 83; 106). Collisional alignment
followed by REMPI ionization of molecule aligned with respect to the laser
polarization direction means that differential cross section is affected if the
laser polarization is not favorable. Therefore, the alignment could lead to
0
systematic undercounting, especially in higher j states but does not change
the peak position in differential cross-sections. For CO-Ar and CO-He system
this problem is addressed using a robust polarization sensitive detection scheme
0
00
i.e. VUV (1 + 1 + 1 ) REMPI scheme. Angular measurement was done with
different polarization that is often called polarization dependent differential
cross section (PDDCS) and then it is summed up in order to negate systematic
undercounting due to collision-induced alignment.

2.12.3 Error due to dislocation of laser focus
The direction of the laser propagation plays a key role. If the direction was
almost perpendicular to the relative velocity vector, change of the laser focus
position along the propagation direction would enhance the region of the image
where molecules moving along the laser propagation directions appear. This
will inflate the DCS in that region without changing the peak position of the
DCS. Side-to-side displacements of the laser focus position can enhance the
forward scattered part of the image with respect to the backscattered part or
vice versa. Therefore, dislocation of the laser focus can affect the differential
cross sections. In order to minimize the error due to dislocation of the laser
focus we have ensured that the laser focus was at the center of the ion optics.

41

42

Chapter

3

Direct extraction of alignment
moments
Abstract:1 We present a novel means of analyzing velocity-map images of angular
momentum polarization in inelastic scattering. In this approach, linear combinations
of angular distributions obtained by integrating select regions of images obtained
with two probe laser polarizations directly yield the alignment-free differential cross
sections and the differential alignment moments. No fitting or basis functions are
needed in the analysis. The method relies on the fact that the angular distribution
for out-of-plane scattering is encoded in the distribution along the relative velocity
vector, and this may be recovered quantitatively owing to the redundancy of the
in-plane and out-of-plane scattering for the H case.

1 Adapted from: Arthur G. Suits, Chandan Kumar Bishwakarma, Lei Song, Gerrit
C. Groenenboom, Ad van der Avoird, and David H. Parker.
Direct extraction of
alignment moments from inelastic scattering images. The Journal of Physical Chemistry
A, 119(23):5925-5931 1089-5639, 2014.
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3.1 Introduction
Despite two decades of active investigation, imaging studies of inelastic
scattering continue to offer surprising new insights into fundamental aspects
of atomic and molecular interactions.(115; 8; 22; 128; 51; 65; 80) These studies
allow stringent tests of the quality of electronic structure calculations and
stimulate efforts to combine the intuition afforded by classical treatments
with the rigors of a full quantum description. Among the more intriguing
such examples in recent years has been the direct detection of angular
momentum polarization in scattering.(87; 129; 26; 24; 31; 39; 43; 6) The power
of imaging in these experiments is that it combines a spectroscopic probe
(i.e., resonance-enhanced ionization) with angular distribution measurements
yielding a molecular-frame description of the scattering event.(37; 41) The
study of collision-induced angular momentum polarization is an example of
3-vector correlation: the initial relative velocity vector, the final relative
velocity vector, and the angular momentum projection and their correlations
are simultaneously measured.(56; 55; 24; 18; 86; 15) Meyer reported early
investigations or rotational alignment in state-resolved scattering of NH3 and
NO(87; 68) which was followed by imaging studies by Chandler, Cline and
coworkers on the argon-NO system (39; 129). Studies by Chandler and
Cline and coworkers also showed that such collisions could give rise locally
to rotational orientation, and the sense of this orientation and its angular
distribution could be measured using circularly polarized probe lasers and
this continues to be an active area of investigation.(80; 31) Very recently,
Chandler and coworkers have studied scattering of electronically excited NO,
even examining alignment in that system(114; 65), and Brouard and coworkers
have revisited the issue of rotational alignment in the Argon-NO system and
combined this with both full quantum calculations and with a quasi-quantum
treatment.(43; 26; 25)
In essentially all of these inelastic scattering alignment studies, the analysis
is performed by taking difference images obtained with probe polarization
parallel to the detector (H) or perpendicular to the detector (V). These
difference images are then fitted using various means to extract the alignment
(2)
moments. For rotational alignment there are two such moments, A0 and
(2)
A2+ (we will employ the Hertel-Stoll renormalized polarization-dependent
differential cross sections(58; 100)) whose angular distributions are reported
and related to classical treatments or to full time-independent quantum
scattering calculations. Although these approaches to the analysis are clearly
successful, we are naturally led to wonder if there might be a more direct
way to extract these distributions from high quality scattering data rather
than through fitting methods. With the remarkable resolution of velocity
map imaging and the simple clarity of these images such an objective seems
attainable. If we are successful, any structures in the distributions will appear
automatically and we need not wonder if our analysis has overlooked some or
artificially imposed others. In this paper we show just such a direct means
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of extracting the three key distributions: the differential cross sections (DCS)
(2)
(2)
and the A0 and A2+ moments, simply through linear combinations of angular
distributions obtained by integrating various regions of images obtained for H
and V polarization. We will illustrate this using a single experimental image
obtained for scattering of CO with argon at a collision energy of 700 cm−1 , and
we compare our extracted distributions with quantum scattering calculations
for this single rotational level. A full presentation of all the scattering results
for the system and a detailed comparison to theory will be reported in a future
publication.

3.2 Experimental Methods
The data were collected in a Rotatable crossed molecular-beam machine and
VUV REMPI ionization of the scattered products with velocity map imaging
detection.We have used four-wave mixing in Xenon to produce VUV light. The
scattered product was ionized and was extracted by velocity map imaging ion
optics lens.The detailed information about the experimental set up is shown in
Chapter 4.

3.3 Results and Discussion
3.3.1 Overview
Our objective is to extract the DCS and the rank 2 alignment moments directly
from inelastic scattering data. Our approach is to use Q-branch images for
perpendicular probe transitions and consider horizontal (H) and vertical (V)
polarization, where H refers to the probe polarization lying parallel to the plane
of the image, and V, normal to that plane. The images that we will use for
demonstration are given in Figure 3.1.
These were obtained via the Q(9) transition of CO via the A state as described
in the Experimental section. The difference in the appearance of these two
images is a direct manifestation of angular momentum polarization. In its
absence, these images would be identical. The relevant coordinate frames we
employ are shown in Figure 3.1. Our probe laser propagation direction is in
the plane of the beams, perpendicular to the relative velocity vector. This
defines the Laboratory Frame in which the Z-axis coincides with the CO beam
direction in the center-of-mass, the X-axis is parallel to the laser propagation
direction, and the Y -axis coincides with the time-of-flight axis. The alignment
moments are obtained by analyzing the distributions in the Collision Frame, in
which Zcoll again coincides with the the CO beam direction in the center of mass
frame, but Xcoll is now in the plane of the scattered CO, perpendicular to Zcoll .
Ycoll is then perpendicular to Zcoll and Xcoll . For CO scattering in the plane
of the beams, the Laboratory and Collision Frames coincide. For scattering of
CO out of the plane, the Collision Frame effectively represents a rotation of the
Laboratory Frame about the Z axis.In the conventional approach, images are
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Figure 3.1:
CO Q(9) images for CO-Ar scattering and indicated probe
polarization. For the H image, the associated Newton diagram is shown.

recorded with H or V probe laser polarizations and the difference between these
is fitted using various means to obtain the alignment moments. Our strategy
instead relies on considering just three limiting distributions. We first describe
intuitively how this works and how we do this analysis in practice, then we
present the underlying mathematical justification.
The analysis is based upon the fact that the alignment-free differential cross
section (DCS) and alignment moments may be obtained rigorously from
the Collision Frame angular distributions for each of three orthogonal probe
polarizations: One with probe laser polarization along Zcoll , parallel to the
relative velocity vector, (termed H, in-plane or “HIP”), one with the probe laser
polarization parallel to Ycoll : This is the in-plane scattering for V polarization
(V,-in-plane, “VIP”). And finally from the scattering for probe polarization
along Xcoll . But for the in-plane scattering, Xcoll also corresponds to the
laser propagation direction, so that polarization geometry is not accessible.
However, this geometry is equivalent to the Collision Frame which is rotated
90o from the Laboratory Frame for Vertical polarization as illustrated in Figure
3.2. If we can obtain the angular distribution for the products scattered
perpendicular to the plane of the beams (and the detector) for V polarization,
we obtain the missing geometry needed to extract the parameters directly from
the distributions. We have found that by analyzing a narrow rectangular
stripe along the relative velocity vector and converting this to an angular
distribution, we are able to obtain the distribution corresponding to the third
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Figure 3.2: Relation of the lab frame and collision frame for the four angular
distributions obtained from the images.

geometry, which we designate V, out-of-plane (“VOOP”). To obtain this
distribution quantitatively, we first analyze and compare the equivalent image
for H polarization (“HOOP”). In this case the two distributions HOOP and
HIP should be identical. We typically adjust the limits of the region of
integration (i.e., the box position) so that the features in the distributions
are coincident. We then adjust the scaling so that the HOOP distribution
has the same integral as the HIP distribution. An example of this analysis
is shown in Figure 3.3. When we obtain the appropriate segment of the
image that gives two nearly-identical angular distributions for H images, we
employ the same rectangular image segment, integration and scaling for V
images obtained under otherwise identical conditions. This yields three effective
angular distributions: IH (θ), IV IP (θ) and IV OOP (θ). The alignment-free
differential cross sections and the polarization moments are then obtained
simply as appropriate linear combinations of these three distributions. The
sensitivity of the reported distributions to various aspects of the analysis is
examined below. We note also that this strategy, which rests on the recognition
that the angular distribution may be accurately obtained simply by integrating
the region along the relative velocity vector, may find other uses, for example
in photodissociation or reactive scattering particularly involving polarization
studies.
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Figure 3.3: CO Q(9) images for indicate probe polarizations and the four
distributions extracted from them. Although the overall intensity scale for the
angular distributions is arbitrary, the two plots are on the same scale.

3.3.2 Mathematical foundation
To obtain the form of these distributions, we loosely follow the approach of
Brouard(25), which in turn rests on a celebrated paper of Fano and Macek(44),
although many have made contributions in this area. In addition to the
alignment-free DCS, there are two angle-dependent parameters that embody
the description of the alignment distribution for collisions of unpolarized beams:
(2)
(2)
(2)
A0 and A2+ . A0 embodies the v-J correlation, with limiting values of
(2)
-1, corresponding to v⊥ J and +2 corresponding to v k J.A2+ reflects the
(2)
extent to which the J vectors align parallel to to Ycoll (A2+ =-1) or Xcoll
(2)
(A2+ =+1).(58; 100) We write the signal appearing in a given angular range in
the image as a product of the DCS and the detection probability:
I(θ) =

dσ
(θ)P (θ; χ, Θ, φ)
dθ

(3.1)

The polarization-dependent transition probability P (θ; χ, Θ, φ) depends both
on the angular momentum polarization and the probe sensitivity to that
polarization(25):

P (θ; χ, Θ, φ) = C 1 +


X
kq
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(k)

A(k)
q (θ)Fq (χ, Θ, φ)

(3.2)

(k)

In this expression C is a constant and the Fq± (χ, Θ, φ) functions are geometric
factors that embody the probe sensitivity as determined by the angles (χ, Θ, φ)
characterizing the linear probe laser polarization: Θ and φ are the polar and
azimuthal angles of klaser in the Collision Frame, and χ is the third Euler
angle needed to specify the laser polarization direction in that frame. These
functions take the general form(25)
1 (2)
h (ji , jf )(3 sin2 Θ cos 2χ − [3 cos2 Θ − 1])
4√
3 (2)
(2)
F1+ (χ, Θ, φ) =
h (ji , jf )c2 (ji )(2 sin Θ cos φ sin 2χ+
4
2 sin Θ cos Θ sin φ cos 2χ − sin 2Θ cos φ)
√
3 (2)
(2)
F2+ (χ, Θ, φ) =
h (ji , jf )c2 (ji )([1 + cos2 Θ] cos 2φ cos 2χ−
4
2 cos Θ sin 2φ sin 2χ− sin2 Θ cos 2φ)
(2)

F0 (χ, Θ, φ) =

(3.3)

They are functions of the laser polarization direction and the line strength
factor h(2) , which for Q-branch transitions is always unity.(44) We will confine
our treatment to scattering directly in the detector plane or perpendicular
to it. We then have only two polarization geometries for each of these two
collision frame distributions, characterized by particular values of (χ, Θ, φ) and
given in Table I. Substituting these values into eq. 3.2 we obtain the following
expressions for the angular distributions in the different probe geometries:
dσ
(2)
(θ)C[1 + A0 (θ)]
(3.4)
dθ
√
dσ
1 (2)
3 (2)
(3.5)
IV IP (θ) =
(θ)C[1 − A0 (θ) −
A (θ)]
dθ
2
2 2+
√
dσ
1 (2)
3 (2)
IV OOP (θ) =
(θ)C[1 − A0 (θ) +
A (θ)]
(3.6)
dθ
2
2 2+
We give only one H result as HIP and HOOP are identical. Table I and
these equations show a number of key features of the polarization sensitivity.
First, it is seen that the scattering signal for the H polarization has no
(2)
sensitivity to the A2+ parameter. This is expected given the cylindrical
symmetry of this geometry. Furthermore, if we compare V and H in-plane,
for example by taking a difference image as is commonly done, we can
(2)
eliminate the population contribution but we cannot disentangle the A0 and
(2)
A2+ contributions. However, by averaging these three angular distributions
together we obtain a distribution directly proportional to the DCS, free of
any polarization modulation. We can then use this to normalize the other
distributions to isolate the alignment moments. By taking the difference of the
VOOP and VIP distributions we obtain a signal that is directly proportional
(2)
to the A2+ parameter (with the same proportionality as the DCS). Finally, the
IH (θ) =
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Table 3.1: Geometric factors for indicated distributions.

(χ, Θ, φ)

HIP

HOOP

VIP

VOOP

(π, π2 , 0)

(π, π2 , π2 )

( π2 , π2 , 0)

( π2 , π2 , π2 )

1

1

− 12

− 12

(2)

F0

(2)

F2+

0

0

√
3
− 2

√
3
2

(2)

A0 moment is obtained simply from the H distribution and the alignment-free
DCS.The relevant expressions needed are
dσ
1
(θ) = [IH (θ) + IV IP (θ) + IV OOP (θ)]
dθ
3
(2)
A2+ (θ)

(2)

A0 (θ) =

√
3[IV OOP (θ) − IV IP (θ)]
=
IH (θ) + IV IP (θ) + IV OOP (θ)

3 IH (θ) − [IH (θ) + IV IP (θ) + IV OOP (θ)]
IH (θ) + IV IP (θ) + IV OOP (θ)

(3.7)

(3.8)

(3.9)

The results of this analysis for the images in Figure 3.1 are shown in Figure
3.4 and compared to theory. The overall trends are reproduced quite well but
one should take note of the different scales. A number of qualitative features
are seen in the theory and reproduced in the experimental analysis, and the
details of this will be discussed in a future publication. However, we make a
(2)
few observations here. The A0 moment rises from a highly negative value
in the backward direction to a positive value in the forward direction, as is
widely seen and rationalized in the kinematic apse (KA) picture. In this view
the collision is sudden and the angular momentum change is perpendicular to
the direction of linear momentum transfer. The result is that for the directly
backscattered product, the angular momentum has no projection on the recoil
(2)
direction (A0 = -1, J ⊥ v), while in the forward direction there is a tendency
to positive alignment, J k v. For the pure forward scattering the projection
of J onto the recoil direction must vanish by symmetry, but as is usually the
case, this sharp transition is not detected experimentally. The other notable
(2)
feature is that the overall magnitude of the A0 moment is consistently lower
in experiment than in the theory in the backward direction. This is seen almost
(2)
universally, and remains a rather puzzling aspect of these studies. The A2+
moment shows interesting structure in the theory that is clearly captured in
the experiment. Its magnitude increases from a maximum at 45o to zero for
(2)
the most forward scattered product. This sharp decrease in A2+ , along with
(2)
the rise in the A0 moment in the same region, combine (owing to opposite
signs) to give rise to the gap in the forward scattering for the V image (and to
the forward notch in the difference images commonly shown).
50

0.4
0.4
0
0
-0.4

-0.4
-0.8

-0.8
0

0

-0.2

-0.4

-0.4
-0.8
-0.6

0

45
90
135
CM Angle (deg)

0

180

45
90
135
CM Angle (deg)

180

Figure 3.4: DCS and alignment moments obtained from the analysis (left) and
from theory (right).
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3.3.3 Sensitivity
We also examined the sensitivity of the inferred moments and the DCS
to various aspects of the analysis. One point we note is that to obtain
accurate DCSs that exhibit some of the structure in the theoretical results,
we must include the slow (in the lab frame) portion of the angular distribution.
However, when we the strategy to generate the alignment moments, substantial
deviations from expected values are obtained and it is difficult to obtain HIP
and HOOP distributions that agree. It may be that these images are partly
“sliced” so that the out of plane scattering is undercounted. Or there may be
some nonlinearities in the detection that are equalized for the HOOP and the
HIP obtained from the fast (in the lab frame) side of the scattering image. We
plan future experiments to probe these questions.
The general sensitivity analysis results are compiled in Figure 3.5 In each
case we simply superimpose the results for a range of different parameter
sets to convey the range of the distributions obtained. Figure 3.5A shows
the consequence of changing the width of the rectangular “box” used for the
VOOP integration from 8 to 30 pixels. It is clear that the distributions are quite
insensitive to this value. Similarly, Figure 3.5B shows the results for changing
the width of the ring integrated to give the VIP and HIP distributions over a
range of 5 to 23 pixels. There is some slight variation in the DCS and the q=0
moment, and greater associated variation in the q=2 moment. Figure 3.5C
shows the result of changing the origin of the box by up to four pixels. At this
point the HIP and HOOP distributions become noticeably dissimilar, yet only
the forward scattered edge of the q=2 moment shows any significant sensitivity
to this. Figure 3.5D shows the result of reducing the V image intensity by 5 and
10%. There is surprisingly little variation in any of the extracted distributions
in this case, which is heartening given that it is always difficult to ensure that
the the intensities are well controlled as the polarization is changed. The last
panel, Figure 3.5E, shows the result of translating the V image by 2 and 3 pixels
(2)
in X and Y. This has a large effect on the A2+ moment and a significant effect
(2)
on the A0 moment but again little impact on the inferred DCS. This would
only occur if the image focusing conditions or camera moved in the course of
changing the polarization. In all, the results presented in Figure 3.5 show that
this approach is remarkably robust.

3.4 Conclusion
We have outlined a simple approach to extract alignment moments and the
alignment-free DCS directly from state-resolved images of inelastic scattering.
The approach is demonstrated in application to velocity-mapped images of CO
0
scattering off argon into j =9, probed via A state. The results are compared to
theoretical calculations of these moments, and good agreement is seen in many
features of the distributions, although the magnitude of the alignment for the
most backscattered product is underestimated as is generally found to be the
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Figure 3.5: Results of sensitivity analysis. Variations in box width (A), ring
width (B), box origin (C), relative image intensity (D) and relative image
position (E) were examined (see text).

case experimentally. The approach may have other potential applications to
photodissociation and reactive scattering.
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Chapter

4

Imaging collision-induced
alignment effects for inelastic
scattering of CO with Argon
Abstract:The collision-induced alignment arising from the inelastic scattering of
Carbon Monoxide (CO) with Argon at a collision energy of 700 cm−1 was studied by
measuring polarization-dependent state-to-state differential scattering cross sections
for rotationally excited CO molecules using a crossed molecular beam apparatus
0
00
and velocity map imaging. A (1 + 1 + 1 ) VUV (Vacuum Ultra-Violet) REMPI
(Resonance Enhanced Multi Photon Ionization) scheme was used and images were
obtained by setting the VUV light polarization direction parallel or perpendicular to
the scattering plane. Large differences between the images for the two polarizations
were observed. A direct analysis procedure as described in Chapter 3 of this
thesis(116) was used to extract the DCS (differential cross sections) and the X and
Y alignment moment for each final rotational state. These were then compared with
the well-established theory. Good agreement between theory and experimental results
showed the reliability of this experiment.
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4.1 Introduction
Rotational excitation of atoms and molecules has been studied in great
detail(32). There are ample experimental investigations that have measured
the state-to-state vibrational and rotational energy transfer, but experimental
investigations on the collision-induced angular momentum polarization that
should arise in such scattering processes are less common. Detection of
collision-induced angular momentum polarization in a crossed beam scattering
experiment provides a stringent test for quantum scattering calculations.
Collision-induced alignment has been studied for NO scattering with Ar but
there have been fewer studies on polarization effect studies on CO with
Argon. The group of Meyer reported an early investigation of collision-induced
rotational alignment for the NH3 molecule(87). Velocity Map Imaging(41)
allows a more detailed measurement of polarization dependent differential
cross sections (PDDCS) in inelastic scattering studies. The group of Chandler
0
and Cline has used the (1 + 1 ) REMPI ionization scheme and velocity map
imaging to study collision-induced alignment of NO with Argon(39; 130) and
even determined the angle dependent orientation of circular polarization in
the collision plane.(29; 28) collision-induced orientation and alignment effects
in the scattering of NO final rotational angular momentum as a function
of the final scattering angle has been reported by the group of Brouard,
using the hexapole state selection(25; 31; 26). We compare our results
with their reports of NO collisions with Ar at 533 cm−1 collision energy.
This chapter describes the experimental study of collision-induced angular
momentum polarization for inelastic scattering of CO with Ar at a collision
energy of 700 cm−1 . A closed-shell molecule such as CO is attractive for
probing alignment effects compared to the open-shell NO molecule, which
shows alignment depolarization due to a slow angular momentum coupling
with electron spin. However, detection of CO using velocity map imaging is
much more challenging compared to NO because the excited electronic states
that can be used as resonance step in the ionization detection process for
CO lie deep in the vacuum ultraviolet (VUV). Here we employ a very simple
three-color VUV REMPI detection scheme where all three colors are from VUV
difference frequency mixing process and the VUV is not separated from the
two laser beams needed for its generation. Ref(117) characterized this VUV
0
00
detection method as a (1 + 1 + 1 ) REMPI process which can be combined
with velocity map imaging to measure polarization dependent differential
cross sections (PDDCS). Chapter 5 of this thesis report CO-He scattering
PDDCSs using this VUV scheme measured DCSs using polarization insensitive
(2+1) REMPI of CO via the B-state(112). Chapter 3 of this thesis(116)
established a simple analysis scheme for extracting polarization moment or
collision-induced alignment directly from the polarization sensitive images
measured from velocity map imaging. In contrast, the Brouard group uses (with
success) a basis set expansion approach which reproduces the experimental
images in order to obtain the alignment parameters. We tested our direct
analysis method for collisions with Ar producing CO (j 0 =8) and showed
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good agreement of advanced ab-initio theory with the experimental result for
polarization dependent differential cross-sections. In these experiments, 3-D
Newton spheres for scattered CO molecules were crushed onto a 2-D detector
to form a 2-D ring. The variation of scattering signal around the ring from
vertical compared to horizontal polarization of the detection laser provides the
polarization independent differential cross section (DCS) and the two moments
(2)
(2)
A0 (θ) and A2 (θ) describing the angular momentum distribution. In contrast
to our study of CO-He scattering in Chapter 5, the experimental geometry used
(2)
for CO-Ar scattering is not sensitive to the A1+ (θ) moment. This Chapter
shows the full range of accessible CO j 0 final states from CO-Ar scattering that
(2)
(2)
the direct analysis yields DCS, A0 (θ) and A2 (θ) parameters that agree well
with predictions of the advanced ab initio theory.

4.2 Experimental method
Figure 4.1 represents an overall picture of the experimental setup. The data
were collected in a rotatable crossed molecular-beam machine and the VUV
REMPI ionization of the scattered products with velocity map imaging. Two
skimmed supersonic beams were crossed, one of neat pure argon produced from
a Nijmegen pulsed valve(137) and the other was a 5% CO beam seeded in Ar,
produced from Jordan pulsed valve. The backing pressure for the expansion
was 1 bar for both colliding partners. The pulse duration of Nijmegen pulsed
valve is about 50 µs and pulse duration of the Jordan valve is about 60 µs. The
source chamber that houses the primary beam (CO) was differentially pumped
and the molecular-beam through a skimmer with an aperture diameter of 2.5
mm positioned 7 cm away from the nozzle. The secondary (Ar) source was
mounted in the differentially pumped rotatable chamber positioned 3 cm from
the skimmer with an aperture diameter of 2.5 mm. The three chambers were
pumped with separate turbo molecular pumps. The two molecular-beams and
VUV laser beam were coplanar and were optimally aligned to ensure the best
signal condition. The collision energy, 700 ± 50 cm−1 , was determined from
the velocity mapped beam spot positions and spread of CO in Ar. For the
secondary beam a small amount of CO was seeded in the Ar beam. This
value for the collision energy was confirmed by the variation in size of the
scattering image as a function of the rotationally excited CO internal energy
after scattering. VUV light was produced by difference frequency mixing of
two dye laser beams in xenon gas. We fixed one dye laser (Scanmate) output
at 249.618 nm (ν1 ) combined with tunable radiation from the other dye laser
(Fine- Adjustment) at around 650 nm (ν2 ) to produce tunable νvuv light around
155 nm where νvuv = 2∗ ν1 − ν2 . The fundamental output from the fixed dye
laser operating with Coumarin 307 dye was frequency doubled in a BBO crystal
to produce the UV photon (ν1 ) with an energy output of 5 mJ/Pulse. The UV
wavelength was tuned to a 5p-6p two-photons resonance of Xe. The other dye
laser (Fine-Adjustment) produced visible photon tunable in a region between
648-652 nm. The two beams were combined at a 248 nm dichroic mirror and
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Figure 4.1: Schematic of crossed-beam VMI experimental setup for (1 +
0
00
1 + 1 ) VUV REMPI detection for aligned CO scattered from Argon. Two
perpendicular skimmed supersonic molecular-beams were used, one of neat pure
Argon produced from a Nijmegen pulsed valve and an other 5% CO seeded
in Argon produced from the Jordan pulsed valve. The backing pressure for the
expansion was 1 bar for both colliding partners. The scattered product is excited
by VUV radiation resonant with CO X → A transition. VUV radiation was
generated from four-wave mixing in Xe cell using 249 nm and 650 nm radiation
from two tunable dye laser systems. Rotating 650 nm radiation changed the
VUV laser polarization, which was verified with the OCS photo-dissociation
image.

subsequently focused in Xe gas contained in a stainless steel cell with a f =100
mm Plano convex lens. A pressure of 30 mbar Xe resulted in optimum VUV
production. A lens of focal length f =1500 mm is placed 1000 mm away from
the Xe cell to collimate only the visible light so that 249 nm and 650 nm will
focus at the same point inside the cell. collision-induced alignment was probed
using horizontal and vertical polarization of VUV light, which was prepared by
rotating the polarization of the 650 nm laser beam. The purity and direction
of the polarization of the VUV light in the detection zone was confirmed by
photodissociation images of OCS.
The VUV light is resonant with the CO A1 Π ← X 1 Σ+ (v=0) transition. Our
previous study(117) showed that the next step is near-resonant excitation from
the A-state by the UV light (ν1 ) to the E 1 Π(v=6) state, followed by ionization
by the 650 nm (ν2 ) laser beam. Accidental resonance in the second step (ν1 )
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leads to enhancement of transitions involving the j 0 = 11 state, which is not
probed in this study.
Scattering images on Q(j 0 ) branch were obtained with horizontal polarization
(VUV laser polarization direction in scattering plane) and vertical polarization
(VUV laser direction is perpendicular to the scattering plane) of VUV
laser light. Two sets of angular distributions were extracted from vertical
polarization and horizontal polarization images by integrating over outside
annulus and over a stripe through the middle of the image along the relative
velocity vector. In total four sets of angular distributions were obtained for one
rotational excited state. For vertical polarization image, VOOP (vertical out
of plane) and VIP (vertical in plane) were obtained and similarly for horizontal
polarization, HOOP (horizontal out of plane) and HIP (horizontal in plane)
was obtained. The initial state distribution of CO beam was optimized from
0
00
the VUV (1 + 1 + 1 ) REMPI spectrum of the parent molecular beam signal
using the PGOPHER simulation program. Less than 5% out-scattering from
the initial state was observed when the Ar beam is present. Figure 4.2 shows
0
00
a portion of the VUV (1 + 1 + 1 ) REMPI spectrum taken for CO after
scattering with Ar. We chose the strong Q-branch transitions free of overlap
with P-branches. Q(13) was not probed, for example, due to overlap with P(8).
In the case of Q(7), the laser was set at the blue shoulder of the transition to
avoid overlap with P(7).

4.3 Result & Discussion
The overview of methodology and the mathematical formulation for extracting
PDDCS and the alignment parameters from the experimental images are
extensively described in Chapter 3 of this thesis. Vector correlations between
atom and molecule velocities in the collision reveal valuable information
about the scattering process. The relationship between initial velocity vector
0
k and final velocity vector k provides an information about conventional
DCS, where-as the triple correlation between initial velocity vector k, final
0
0
velocity vector k and j gives an idea of the angular momentum polarization.
Brouard et al calculated the relationship between polarization moments and
alignment parameter(26). The alignment results in this chapter are presented
(0)
in Hertel-Stoll renormalized polarization parameters Akq (θ). The A0 (θ)
(2)

(2+)

represents the conventional DCS while A0 (θ) and A0 (θ) represent PDDCS,
which is basically the triple correlation between initial velocity vector k, final
0
0
velocity vector k and j .
Due to the spread in collision energy, theoretical calculations were performed
and their sum weighted for three different energies, 650 (25%), 700 (50%)
and 750 (25%) cm−1 . Raw images for both vertical (V) and horizontal (H)
0
polarization were measured from j =5-14 final states, where ‘H’ refers to the
probe polarization lying parallel to the plane of the image and ‘V’ being
normal to the plane. The images were first transformed for the density-to-flux
correction using the IMSIM program of McBane and differential cross sections
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Figure 4.2: Simulated (pGopher) CO A1 Π ← X 1 Σ+ (v=0) VUV spectrum and
experimental spectrum obtained while scattering with Ar. The position of the
Q(j 0 ) and P(j 0 ) branches for the A(v=0) state simulation are labeled in the top
row. The second trace shows a simulation of the perturbing e(v=1) state and the
sum of both simulations is shown in the lowest trace. Above the sum spectrum
is the experimental out-scattering spectrum. The lower two spectra compare
favorably and show the enhancement of the Q(11) transition along with partial
overlap of Q(10) with Q21 (12) of the e-state. A temperature of 300 K was used
in the simulation only to make most of the peaks visible, a non-Boltzmann final
j 0 state distribution for the experiment is expected.
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were obtained by integrating along the outer edge of the flux-corrected image.
On the right side of Figure 4.3 the experimental raw images obtained from H
and V polarization are presented. Angular distributions are shown on the left
side of Figure 4.3 with black and red lines in the graph showing in-plane and
out-of-plane data, respectively, as extracted from the H experimental image.
Green and blue lines show in-plane and out-of-plane data respectively, obtained
from the V experimental image. As stated above, the HIP and HOOP curves
should be identical; and indeed, the black and red lines overlap each other well.
A more striking difference in green and blue lines in the graph is observed.
As ∆j increases, this difference increases which indicates a larger degree of
alignment in higher final rotational states. The reliability of the extracted data
is affected by numerous factors, especially the overlap of other transitions in the
selected Q(j 0 ) REMPI transition. For example, Q(10) is partially overlapped
by Q21 (12) of the e-state as shown in Figure 4.2. In this analysis we have also
assumed that the laser propagation direction is perpendicular to the relative
velocity vector; deviation from this, especially due to the rather large beam
spreads used in the apparatus, will impact the observed alignment effects.
The high probability of elastic scattering, especially in forward scattered
region, and other secondary collision effects can also affect the estimation of
collision-induced alignment due to the inelastic scattering. Careful inspection
of the V and H experimental images reveals clear distinctions in the forward
scattered region and the V experimental image shows more sideways and back
scattered signals, which are also evident from the PDDCSs extracted from the
V and H images. The blue and green curves are higher as compared with
black and red curves at higher scattering angles θ in Figure 4.3. These facts
suggest that collision-induced alignment effect is stronger for the higher j 0
states, which is also rationalized in the kinematic apse picture from Brouard
et al. Brouard et al have shown that rotational alignment effect in rotationally
inelastic scattering of NO with Ar (and in general) originates primarily from
the hard shell nature of the interaction potential. Collisions producing higher
j 0 states are increasingly sensitive to the shorter intermolecular distances and
thus the hard shell. For the CO-Ar system, collisional depolarization due
to elastic or possibly multiple scattering effects appears to mainly affect the
forward scattering regions. In contrast, the backward scattering region shows
the maximum possible amount of collision-induced alignment effects, which is
visually evident in Figure 4.3.
The resulting polarization-dependent differential cross section distributions
derived from analysis of the HIP, HOOP, VIP, and VOOP curves are shown
in Figure 4.4. The left panel in the Figure 4.4 shows the conventional DCS
extracted from the experimental H and V images. In order to visualize both,
the cross section and angular distribution the DCS is weighted by sinθ. The
red lines presents the theoretical calculations whereas the blue lines show the
experimental data obtained from the experimental images. Regardless of the
probe polarization, there is a clear trend in the nature of scattering. For lower
to higher rotational states, scattering tends to move from forward to backward
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Figure 4.3: The panels show the PDDCS obtained from the experimental H
and V images. From the H experimental image we have extracted HIP and
HOOP signal represented as black and red color while VIP and VOOP signal
were extracted from V image are in green and blue color respectively. The right
panel shows the experiment image of CO-Ar system obtained with Horizontal
and Vertical polarization of light.
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scattering which is in accordance with conventional scattering dynamics. The
match between theory and experiment is poor in the forward direction; they
match quite well from sideways to backward scattering regime. The discrepancy
between theory and experiment in forward scattering especially for higher states
can be attributed to many factors. One of the key factors is the presence of
elastic scattering in forward scattering regime where the collision cross section
is comparatively very high to inelastic scattering. The presence of higher states
in the parent beam can also lead to higher cross section, which has been shown
(2)
in Chapter 5. The middle panel in Figure 4.4 shows the A0 (θ) moment which
goes from positive values in the forward direction to high negative values in
the backward direction. This trend is very similar to observations in the
work of Brouard et al on NO-Ar collisions(25). In the CO-Ar system the
‘propeller’ like alignment is dominating the forward direction while ‘Frisbee’ like
(2)
alignment is mostly dominates backward scattering. The A0 (θ) moment also
shows deviation in forward direction which could be due to presence of elastic
scattering as the collision-induced alignment effect due to elastic scattering and
inelastic scattering are opposite in nature.(112)The right panel in Figure 4.4
(2)
shows A2 (θ)) moment, which shows oscillations which are also predicted by
theory. Though the experimental signal is noisy, it captures the essence of the
theoretical predictions.

4.4 Conclusion
We have shown that the analysis method for extraction of polarization
dependent differential cross sections directly from the experimental data works
quite well for CO-Ar collisions when using the VUV REMPI detection scheme.
Differential cross sections (DCSs) and alignment parameters for a range of
final j 0 values of CO were obtained and there was good agreement of the
experiment with the high level ab initio theory predictions. The trends observed
were similar to those reported for the NO-Ar system,(25; 26; 28) and are in
good agreement with the intuitive predictions of ‘frisbee’ versus ‘helicopter’
motion provided by the classical kinematic apse model. The derived CO-Ar
PDDCSs are more reliable for CO-Ar than those from the CO-He study in
Chapter 5,(112) which reflects the larger cross sections and more favorable
kinematics for Ar compared to He scattering. The direct analysis method relies
on integration along a stripe through the plane of the 2-D crushed image and
thus partial slicing should be avoided. This is possible for inelastic scattering
images which (even for CO-Ar) are still relatively small. We are currently
testing direct analysis adapted for partial slicing using CO images for OCS and
0
00
CO2 photodissociation around 154 nm with VUV (1 + 1 + 1 ) REMPI.
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Figure 4.4:
The left panel shows the conventional DCS obtained from
experimental images obtained from the H & V polarization of light. This DCS is
free from alignment modulation. In order to visualize both, the cross section and
angular distribution the DCS is weighted by sinθ. The middle and right panels
(2)
(2)
show the A0 and A2+ moments extracted with direct extraction method as
described in Chapter 3. The black graph represents the experimental extracted
data while the red graph represents the theoretical calculations.
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Chapter

5

Inelastic scattering of CO with
He: polarization dependent
differential state-to-state cross
sections
Abstract:1 This chapter shows the study of state-to-state rotationally inelastic
polarization dependent differential cross sections (PDDCSs) for Carbon Monoxide
(CO) (v = 0, j = 0, 1, 2) molecules colliding with helium is reported for collision
energies 513 and 840 cm−1 . In a crossed molecular-beam experiment, velocity map
0
00
imaging (VMI) with state-selective detection by (2 + 1) and (1 + 1 + 1 ) resonance
enhanced multi-photon ionization (REMPI) is used to probe rotational excitation of
CO due to scattering. While the supersonic expansion used to rotationally cool the
CO is efficient (Trot ∼ 3K), contributions from the remaining 20% & 30% population
of the j = 1 state are experimentally not possible to separate from those of CO
(j= 0). By taking account of the known fractions of j= 0, 1 and 2, ab-initio
theory based on high quality potential energy surfaces for the CO-He interaction
is used to simulate the differential cross sections for the mixed initial states. Using
0
00
polarization-sensitive (1 + 1 + 1 ) REMPI detection and a direct analysis procedure
described in Suits et al(116), alignment moments are extracted from the images and
compared with images simulated by theory using the calculated DCS and alignment
moments. In general, good agreement of theory with the experimental results is found,
indicating the reliability of the experiment in reproducing state-to-state differential
and polarization-dependent differential cross sections
1 Adapted from: Lei Song, Gerrit C Groenenboom, Ad van der Avoird, Chandan Kumar
Bishwakarma, Gautam Sarma, David H Parker, and Arthur G Suits. Inelastic Scattering
of CO with He: Polarization Dependent Differential State-to-State Cross Sections. The
Journal of Physical Chemistry A, 119(50):1252612537, 2015.
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5.1 Introduction
Rotational excitation of diatomic molecules by collisions with atoms has been
studied in intricate details over past few years, particularly for collisions
of Argon (Ar) with the molecule Nitrous oxide NO(129; 116; 27), where
state-to-state measurements of collision-induced orientation and alignment of
the NO final rotational angular momentum as a function of scattering angle
has been determined. Recently, these measurements on NO-Ar have been
extended to study the effects of pre-orientation of the NO molecular axis before
collision(95). Because these are nearly perfect experiments where all reactant
and product variables are controlled, they form a suitable challenge for ab initio
quantum theory. In practice, the systems studied so far are simple enough
that theory at present has proven to be more accurate than experiment, even
for the open-shell NO molecule. In this case, imperfections in experiment,
noted as deviations from theory, can then be identified, accounted for, and/or
improved. This bootstrap process is necessary to prepare for experimental
studies of scattering processes involving more than 3-4 atoms, which offer
significant challenges for a fully quantum theoretical treatment. In this
direction, encouraging agreement has already been found between advanced
experiment and semi classical or reduced dimensional quantum theory for the
systems OH-O(69), H2 O-H2 (138), NH3 -H2 (120) and CH3 -N2 (119) for example.
In this Chapter, we describe the experimental and theoretical study at a similar
level of detail as for the recent studies on NO-He/Ar, but now for collisions of
He with the closed-shell molecule CO. There is a long history of CO-He inelastic
scattering studies, as outlined later in this section. An experimental study with
angular momentum polarization-sensitive state-selective detection of CO is,
however, far more challenging than for NO because the excited electronic states
that can be used as a resonance step for CO lie deep in the vacuum ultraviolet
(VUV). Although CO inelastic scattering is less challenging for ab initio full
quantum theory than NO, prediction of state-to-state polarization-dependent
differential scattering cross sections (PDDCS) for CO-He elastic and inelastic
scattering, as described here, has not been reported. In our experiment, we
utilize two different laser ionization detection schemes with resonance enhanced
0
00
multiphoton ionization (REMPI) of CO in the (2+1) and (1 + 1 + 1 )
configurations, couple this with velocity map imaging (VMI) detection(41),
and measure (PD)DCSs describing collisions of CO (j = 0; 1; 2) with helium at
collision energies 513 and 840 cm−1 . Here, j refers to an initial rotational state
of CO while j 0 refers to a nascent state populated by collision. (2+1) REMPI
detection of CO via the E-state(60) is highly efficient, convenient, and for our
conditions, polarization insensitive, and thus useful for extracting the pure
0
00
DCS. We have shown in Chapter 3 & 4 that the (1 + 1 + 1 ) detection method
for CO-Ar collisions is both polarization sensitive and produces high-resolution
images. Taking advantage of the sharp and polarization sensitive images,
we demonstrated a simple scheme for extracting the polarization moments
describing collision-induced alignment for the CO-Ar (final CO state j 0 = 9)
system directly from the measured VMI images. We test this method here for
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Figure 5.1: Left: Newton diagram with velocity vectors for He and CO
molecular-beams crossed at an angle of 85◦ , center of mass (long dash) and
relative velocity vectors (short dash). The circle represents elastic scattering (j
= 0 final state), corresponding to a collision energy of 840±40cm−1 . An image
0
for the CO j =7 final state is in set in the circle, and a color bar is shown to
decode the signal level. Positions of forward, sideways, and backward scattering
are indicated. Right: Energy level diagram with CO rotational energy spacings
0
and energetics for excitation of j = 0 to j = 7 at 840 cm−1 collision energy.
0
−1
Measurements at 513 cm collision energy where j = 15 is the highest energy
final state are also reported here.

0

CO-He collisions for a range of final rotational j states of CO.
CO-He has served as a benchmark for energy-transfer dynamics, and also as
a model for the CO-H and CO-H2 collision systems. Earlier work has been
done in order to identify the key aspects of the potential energy surface.
Early molecular-beam experiments on CO-He was reported by Butz et al in
1971(33), and Nerf et al in 1975 presented the first experimental evidence
of sensitivity to anisotropy of the CO-He potential(94). Antonova et al(8)
measured relative state-to-state integral cross sections for rotational excitation
of CO in collision with helium at collision energies of 583 and 720 cm−1 . They
compared their experimental data with results from two high quality potential
energy surfaces, the ab initio SAPT surface of Heijmen et al. and with the
XC (fit) surface of LeRoy et al(75) and found better agreement for the SAPT
surface(57). Lorenz et al measured state-to-state differential cross sections for
rotational excitation of CO in collision with Ne at collision energy near 511
cm−1 and they have compared their experimental data with results based on
the CCSD(T) surface of McBane and Cybulski and the surface of Moszynski
et al(81)(85)(93). In 2004, Smith et al.(109) reported state-to-state rotational
transition rate constants for CO-He obtained from infrared double resonance
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measurements and scattering calculations based upon the SAPT potential of
Heijmen et al. Their work provided a nice demonstration of the quality of
the SAPT potential. This chapter presents the collision-induced alignment
effect for CO-He observed experimentally. It also shows the comparison of
the differential cross sections from our experimental measurements with the
theoretical calculations. Carbon monoxide is of high astrochemical relevance.
Radiation emitted by CO is commonly used as a tracer to extract astrophysical
parameters, as the rotational transitions of the asymmetric molecule CO
provide the best means to determine the physical conditions of the interstellar
medium. Many models of the processes occurring in such environment are
based on the assumptions of local thermodynamic equilibrium (LTE). However
when investigating the hot stars, low-density chromospheres and the coronae
of the solar-type stars the LTE approximations breaks down and for which
non-LTE modeling is required. Successful modeling of observed CO spectral
lines requires depends on the accuracy of collision rate coefficient of CO with
its collision partners. Rate coefficients are commonly obtained by theoretical
calculations. The quality of these rate coefficients is tested by experimental
data. Differential cross sections (DCS) measured in crossed-molecular-beam
experiment have shown to provide one of the most stringent tests for state-of-art
theoretical calculations.(77; 76) To introduce the energetics of the CO-He
imaging experiment, a Newton diagram and a typical scattering image for the
0
j = 7 final state of CO is shown in Figure 5.1. The images are two-dimensional
‘crushed’ projections of the three-dimensional velocity spheres, having the form
of a ring displaced from the center of the image (zero velocity position) by
the velocity of CO relative to the center-of-mass velocity. The variation of
the intensity around the ring provides the nature of scattering, e.g., forward
or backward scattering, which in turn reveals the nature of the interaction
between the colliding species.

5.2 Experimental methods
The data were collected in a crossed molecular-beam machine with a variable
beam crossing angle and REMPI ionization of the scattered products with
velocity map imaging detection which is described in more detail in Chapter 2
& 4. For the experiment of CO-He system, we used two skimmed supersonic
beams, one of neat helium produced from a Nijmegen pulsed valve and the
other of 2% CO seeded in argon produced from a second Nijmegen pulsed
0
00
valve. For CO-He system, we utilized (2+1) & (1 + 1 + 1 ) REMPI for
the DCS measurement. Rotational populations of the parent CO/Ar beam
were obtained from the (2 + 1) REMPI spectrum of the E 1 Π → X 1 Σ+
transition of CO.(30) Similar to the results of Antonova et al,(8) the population
of j = 0 was about 65% and of j = 1 about 33%, corresponding to a rotational
temperature of 3 K, and a small fraction of higher states with a close to
thermal distribution are present. By comparing the PGOPHER(132) simulated
spectrum with the experimental one, we can determine the most favorable
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REMPI line positions for detection of higher rotational states, which is the
prerequisite information for state-to-state inelastic scattering studies. Under
collision conditions, depletion of the CO j = 0 ground state was measured to
be less than 10%, which should ensure a single inelastic collision.(77)(76) The
0
00
scattered product was ionized using either (2 + 1) or (1 + 1 + 1 ) REMPI,
and the ionic velocity sphere extracted by a velocity map imaging electrostatic
lens. Typically, 20-50 000 laser shots were averaged for each image, under
interleaved conditions with and without the He beam in time overlap with
the CO beam. The second condition was used for background subtraction;
difference images are taken when the final-state population in the parent is
significant and overlaps the scattered-in final-state image. This subtraction
method is not ideal; it leads to problems, especially in the forward scattering
region, as discussed later in the text. The laser frequency was fixed during each
image collection, rather than scanning the wavelength over the full width of the
Doppler profile of the REMPI transition (0.07 cm−1 for inelastic scattering of
0
00
CO from He), because the laser bandwidth with both (2 + 1) and (1 + 1 + 1 )
−1
REMPI is ∼0.1 cm . For (2 + 1) REMPI the 2 mJ energy per pulse power
broadening of the transitions was also sufficient to make Doppler scanning
unnecessary for (2 + 1) REMPI on the E 1 Π → X 1 Σ+ transition, well-resolved
and strong S-branch transitions around 215 nm were used for data collection.
Ultraviolet (UV) laser energies were typically ≈2 mJ per pulse in pulses of
duration 4-6 ns. The probe beam was focused with a 20 cm lens onto the
intersection region of the molecular-beams. For (2 + 1) REMPI of CO the E 1 Π
state was used as the resonant state instead of the commonly used B 1 Π state
where the low-j levels are overlapped. Detection on the S-branch of the E 1 Π
state should in principle be polarization sensitive but repeated measurements
0
00
(under the same experimental conditions as (1+1 +1 ) REMPI) did not reveal
any sensitivity to the laser polarization. Due to the low ionization efficiency
and small probe volume, it was necessary to use 2 mJ laser pulse energy, which
is likely to be too high to retain polarization sensitivity. Antonova et al.(8) used
100 µJ per pulse, for example, and estimated that the maximum polarization
effect in the integral cross section for CO-He scattering with E-state detection
was less than 10%.
0

00

Experiments employing (1 + 1 + 1 ) REMPI of CO were described briefly in
Chapter 4. The collision energy was 840 cm−1 for the geometry used for the
0
00
(1 + 1 + 1 ) REMPI detection experiments. This is higher than in the (2 + 1)
REMPI detection experiments due to a different mounting of the pulsed valves,
which led to a higher equilibrium temperature after warming up. The collision
energy was estimated for both REMPI detection methods by combining data
both from the initial beam velocities and from the size of the images as a
0
function of the final rotational state j . The PGOPHER program(132) was
0
00
used to fit the CO X → A (1 + 1 + 1 ) REMPI transition, which shows P,
Q, and R branches of similar intensities, and (as with the (2 + 1) REMPI
spectrum) a rotational temperature of ∼ 3 K. This similarity indicates that
0
00
the ionization step in the (1 + 1 + 1 ) process does not significantly perturb
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Figure 5.2: Definition of the laboratory frame coordinate system for the He-CO
scattering process.
0

the spectrum. The measured images for the same j are different when a P,
R, or Q branch transition is used. For the same transition branch the images
differ with H (VUV laser polarization direction in the scattering plane) versus
V polarization where the VUV polarization is directed perpendicular to the
scattering plane, along the time-of-flight axis, as shown later. As described
in ref (116), all H and V polarization images were obtained for Q-branch
transitions. The raw H and V images were first converted from density-to-flux
using the IMSIM program, although for the polarization analysis method this
was not essential. The asymmetry in the raw images disappears to a large
extent upon density-to-flux correction. Because the effective angular resolution
varies widely with scattering angle, the images still do not look fully symmetry
after correction. The density-to-flux correction is a secondary effect in that
at any scattering angle the alignment moments are obtained by differences
0
divided by the DCS. For each j final state, two angular distributions were
extracted from the H and V images by integrating over the outside annulus
of the image, or over a stripe through the middle of the image along the
initial relative velocity vector, as described in Chapter 3 & 4(116). This yields
four polarization angular distributions: HIP, horizontal in-plane; VIP, vertical
in-plane; HOOP, horizontal out-of-plane; and VOOP, vertical out-of-plane
polarization. An important difference between the present CO-He experiment
and the CO-Ar experiment described in Chapter 4 is the direction of laser
propagation, klaser . Using the standard reference frame as sketched in Figure
3, the z axis is parallel to the initial relative velocity vector k, xz is the scattering
0
plane containing k and the product relative velocity vector k, and the y axis is
0
parallel to k and k . Using linearly polarized light, the electric field of the laser
can be directed either along z (labeled horizontal or H polarization) or along
the ion time-of-flight axis y (vertical, V polarization) when klaser is directed
along the x axis. In the laboratory frame, klaser is the same as in the CO-Ar
experiment, fixed at an angle of 45◦ with the CO initial velocity vector vCO .
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Figure 5.3: Integral cross sections for elastic and inelastic scattering from the
0
initial j = 0, 1, 2 states to the j = 0-15 final states at collision energy 513
cm−1 .
In the CO-Ar case, this angle and the angle of 85◦ between the CO and Ar
beams, cf. Figure 5.2, implied that the laser beam was perpendicular to the
initial relative velocity vector k. Also in the CO-He experiments the CO and
He beams cross at an angle of 85◦ and for the collision energy of 840 cm−1 ,
where the CO final-state detection is polarization sensitive, the velocities of CO
and He are such that the angle between klaser and k is 120◦ . The implications
of this different geometry are discussed later in the text.

5.3 Results & Discussion
5.3.1 Theoreticals Results
This section of the chapter only gives a brief overview from the theoretical
methods. More detail about the theoretical method is described in Ref.(112;
12; 57; 105) Differential, Integral and polarization-dependent differential
state-to-state cross-sections for CO-He collision were calculated with the
quantum closed coupling method.(12) These potentials were also compared
for calculations of the differential cross sections from the initial state with j
0
= 0 to the final states j = 1, 4, 8, and 12 at a collision energy of 513 cm−1 .
The DCSs show the expected trend of the cross section decreasing and more
backscattering as the final state increases. While the peaks in the DCS for the
CBS potential are slighted shifted to smaller scattering angles (corresponding
to higher collision energy or a more attractive PES), the shifts are quite small.
Figure 5.3 presents the elastic and inelastic integral cross sections ICSs from
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0

the initial states with j = 0, 1, 2 to the final states with j up to 15. Elastic
0
(j = j ) integral cross-sections are typically 1-2 orders of magnitude stronger
than the inelastic cross sections. For the later, the cross sections obviously
depend strongly on ∆j and they decrease for larger j values because of the
larger energy gap between the higher rotational states. As mentioned in the
experiment section, the present experiment does not achieve pure initial state
selection; the parent CO beam contains a mixture of j= 0, 1, and 2 states,
which due to their differing internal energy and quantum numbers show widely
varying scattering behavior.

5.3.2 Vector Correlations
Investigations of vector correlations in inelastic scattering processes reveal
valuable information on the underlying dynamics.(25) Most previous studies
have used different expressions for describing the angular momentum
distributions describing inelastic scattering, which are generally presented in
terms of renormalized PDDCSs. Brouard et al(25) listed the relationship
between the polarization moments and alignment parameters used in various
papers. We present our alignment results in terms of the Herte-Stoll
renormalized Akq (θ) polarization parameters, which are the irreducible
components of the scattering density matrix related to the classical probability
density function. They are defined in the scattering frame with the z-axis
(0)
along the initial relative velocity vector k. A0 (θ) is directly related to the
conventional DCS, which reveals the vector pair correlation between the initial
0
and final relative velocity vectors k and k , and θ is the angle between k
0
and k in the collision plane, as shown in Figure 5.2. Polarization-dependent
(2)
(2)
differential cross sections (PDDCS), represented by the A0 (θ), A1+ (θ), and
0
(2)
A2+ (θ) polarization moments, describe the triple correlation between k, k and
the final rotational angular momentum j. In the case of inelastic atom-molecule
0
scattering, the A20 (θ) moment for the j , k correlation is related to the
0
0
population of the j substates with different mj 0 . It ranges from -1 when j
0
is perpendicular to k to +2 when j is parallel to k. Its value is sometimes
0
0
0
expressed as the degree of ‘frisbee’ (j ⊥k, k ) versus ‘propeller’ (j k k,
0
0
0
k )alignment of the final angular momentum j with respect to the k, k
(2)
scattering plane. The A1+ (θ) and A22+ (θ) moments contain the off-diagonal
elements of the density matrix; they range from -1 to +1. Introduction of
the linearly polarized laser beam propagation along klaser in Figure 5.2 breaks
the cylindrical symmetry along k and allows probing of the propensities for
0
alignment of j j relative to the X, Y, Z axes of the collision frame, where k lies
along Zcoll . In the laboratory frame, Figure 5.2, the present CO-He collision
study differs from the Ar-CO collision study described in Chapter 3 & 4. In
the Ar-CO experiment the laser beam crossed k at 90◦ ; i.e. it was parallel to
Xlab in Figure 5.2. Due to the different relative velocity, this was not possible
for CO-He and the laser now propagates at an angle of 120◦ with k and thus
with Zlab . In the lab-to-collision frame transformation described in ref 14, the
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frame rotation angle θ becomes θ = 120◦ instead of 90◦ , as is discussed in more
detail later in the text. Algebraic combination of the four experimental HIP,
HOOP, VIP, and VOOP distributions yields the polarization moments for the
(2)
(2)
(2)
angular distributions: A0 (θ), A1+ (θ), and A2+ (θ), as well as A00 (θ), which is
the DCS.

5.3.3 Experimental Results
Angular distributions extracted from velocity map images for collision-induced
alignment from rotational energy-transfer processes can be expressed in the
form
i
X
dσ h
(k)
(1 +
A(k)
I(θ) = C
q (θ)Fq (χ, Θ, φ)
(5.1)
dθ
kq

where dσ
dθ is the DCS, C is a constant factor that includes the effect of the
density-to-flux correction, and the quantity in square brackets describes the
(k)
renormalized alignment distribution. The function Fq (χ, Θ, φ) contains all
information on the experimental variables needed. In the case of (2 + 1)
REMPI detection, described first in this section, the experimental conditions
(k)
are such that the Fq (χ, Θ, φ) values in equation 5.1 are effectively zero (i.e.,
there is no alignment sensitivity in the experiment) and the DCS can be
determined directly from the density-flux corrected image and compared with
theory. Next, the angular distributions determined using polarization-sensitive
0
00
(1 + 1 + 1 ) REMPI detection are described.

Differential Cross Sections at 513 cm−1 Collision Energy Using (2 + 1) REMPI
Detection.
Raw images taken at 513 cm−1 collision energy with (2 + 1) REMPI detection
are shown on the left-hand side of Figure 5.4 for final states in the range
0
j = 3 − 11. Simulated images from the IMSIM program, which account for the
divergence and velocity spread of the molecular-beams and their relative timing,
as well as the laser ionization timing, volume, and propagation direction,
0
are shown in the middle column. All final states from j = 3 to 11 were
0
measured except for j = 5, in which case the S(5) and R(11) branches are
fully overlapped. The S(6) transition is also overlapped with R(15), but the
latter final state is very close to the energetic limit; its population is thus
negligible.
As mentioned previously, detection with (2 + 1) REMPI under our
experimental conditions showed no measurable sensitivity to the direction of
the laser polarization. The experimental DCSs from the IMSIM program are
shown on the right-hand side of Figure 5.4 and compared with theoretical
predictions.
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0

Figure 5.4: Raw experimental two-dimensional velocity map images of the j =
3 − 11 final states using (2 + 1) REMPI detection at collision energy 513 ±
40 cm−1 , on the left-hand side. The direction of the initial relative velocity
0
vector is shown as a white arrow in the image for the j = 3 state. The color
code is shown in Figure 5.1. Images simulated using the IMSIM program are
shown (middle column) for comparison with the experimental image. On the
right-hand side experimental DCSs are compared with theoretical predictions
for each final state, where the experimental curve is scaled by a constant factor
to match theory.
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Table 5.1: Geometric factors for indicated distributions.
HIP

HOOP

VIP

VOOP

(π, 2π
3 , 0)

π
(π, 2π
3 , 2)

( π2 , 2π
3 , 0)

π
( π2 , 2π
3 , 2)

(2)

0.625

0.625

-0.5

-0.5

F1+

(2)

0.375

-0.375

0.375

0.375

(2)
F2+

0.217

-0.217

-0.87

0.87

(χ, Θ, φ)
F0

Polarization-Dependent Differential Cross Sections at 840 cm−1 Collision Energy.
In previous work on collision-induced alignment in NO-Ar collisions,(25) (26)
reasonable assumptions were made to extract the DCS and alignment functions
from the data. The DCS was extracted from the image data I(θ) by assuming
the Akq (θ) values from the kinematic apse model (26)(68) or from a full quantum
mechanical (QM) scattering calculation. For determining the Akq (θ) values,
the DCS was taken from the QM calculations. Note that three polarization
parameters can be predicted from the kinematic apse model and all three
are measurable. The A2q1+ (θ) parameter, however, is not accessible when
klaser is perpendicular to the initial velocity vector k, as in the CO-Ar
experiment described in ref(116). The frame transformation angles and
(k)
functions Fq (χ, Θ, φ) for the geometry in the present experiment are given in
Table 5.1.
(k)
Following the procedures outlined in Chapter 3(116), the Fq (χ, Θ, φ) factors
are combined with the polarization moments to yield the angular distribution
for each polarization geometry as

IHIP (θ) =

dσ
(2)
(2)
(2)
(θ)C[1 + 0.625A0 (θ) + 0.375A1+ (θ) + 0.217A2+ (θ)]
dθ

IHOOP (θ) =

IV IP (θ) =

(5.2)

dσ
(2)
(2)
(2)
(θ)C[1 + 0.625A0 (θ) − 0.375A1+ (θ) − 0.217A2+ (θ)]
dθ

(5.3)

dσ
(2)
(2)
(2)
(θ)C[1 − 0.5A0 (θ) + 0.375A1+ (θ) − 0.87A2+ (θ)]
dθ

(5.4)

IV OOP (θ) =

dσ
(2)
(2)
(2)
(θ)C[1 − 0.5A0 (θ) + 0.375A1+ (θ) + 0.87A2+ (θ)]
dθ

(5.5)

In the setup of HIP and HOOP distributions must be identical, so that the
position and scaling of the rectangular region used to obtain the HOOP
distribution could be adjusted to match the HIP distribution. The same
position and scaling could then be used for the VOOP distribution. Here, we
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have θ= 120◦ and it is apparent from the above equations that HIP and HOOP
are not identical, so that this scaling method is not applicable. A solution to
this problem is to measure also at a different klaser direction; for example, at
θ= 0◦ where VIP = HOOP and HIP = VOOP. As this proved inconvenient,
theory was again called on, and the relative cross sections from theory were
used to calibrate the experimental scaling factor relating the HIP and HOOP
curves. The same scaling was then applied to the experimental VIP and VOOP
distributions. In this approach, the length of the integration region for HOOP
and VOOP was fixed at the average radius of the annulus used for the HIP and
VIP integrations. Linear combination of the expressions in equation 5.2, 5.3,
5.4 & 5.5 yields the differential cross section.
i
1h
dσ
(θ)C ≈ IHIP (θ) + IHOOP (θ) + IV IP (θ) + IV OOP (θ)
dθ
4
h
dσ
dσ
1 (2)
3 (2) i
(θ)C =
(θ)C 1 + A0 (θ) + A1+ (θ)
dθ
dθ
16
16

(5.6)
(5.7)

where, considering the small values of their scaling coefficients and their
tendency to cancel each other, the last two terms in equation 5.7 are ignored.
This approximation was confirmed to be valid by comparing the exact and
approximate forms of equation 5.2, 5.3, 5.4 & 5.5 using the polarization
moments and DCS from theory. Other combinations yield the polarization
parameters:
i
1 h IHIP (θ) + IHOOP (θ)
−
2
dσ
4
dθ (θ)C

(5.8)

i
1 h IHIP (θ) + IHOOP (θ)
(2)
−
0.43A
(θ)
2+
dσ
4
dθ (θ)C

(5.9)

IV OOP (θ) − IV IP (θ)
1.74 dσ
dθ (θ)C

(5.10)

(2)

A0 (θ) =
(2)

A1+ (θ) =

(2)

A2+ (θ) =

(2)

(4) where the two combinations for A1+ (θ) from the experimental data were
0
00
averaged. As shown in ref(116), (1+1 +1 ) REMPI of CO allows measurement
of polarization-dependent DCSs. Both V and H polarization images measured
0
0
00
for j = 5-14 final states using (1 + 1 + 1 ) REMPI detection on Q-branches
around 154 nm are shown in Figure 5.5. In these measurements the collision
0
energy is 840±40cm−1 . For the j = 5 state a CO-beam-only image was
0
subtracted from the CO + He image, for higher j states the parent beam signal
is sufficiently far from the scattering ring that subtraction was not necessary.
0
For j ¡5 no Q-branch probe transitions free of overlap with other states could be
found. Raw H and V images (without density-flux correction) are shown in the
left panel of Figure 5.5. HIP, HOOP, VIP, and VOOP angular distributions for
each final state are shown in the middle panel of Figure 5.5. HIP and VIP curves
are obtained by integration around the annulus shown schematically as circles
0
superimposed on the j = 9 V image, whereas the HOOP and VOOP curves
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0

Figure 5.5: Raw two-dimensional velocity map images of the j = 5-14 final
0
00
states using (1 + 1 + 1 ) REMPI detection at collision energy 840 ±40cm−1 .
The direction of the initial relative velocity vector is shown as a white arrow in
0
the image for the j = 5 state. The polarization of the (resonant) VUV photon
is indicated by V for polarization perpendicular to the collision plane and H
parallel to the collision plane. The sensitivity scale for each pair of images
is adjusted to make the main features visible. The middle panel shows HIP,
HOOP, VIP, and VOOP distributions extracted from these images and the
right panel shows theoretical predictions corrected for the laser geometry. Each
experimental curve was scaled by a constant factor to match the corresponding
theory curve.
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0

Figure 5.6: DCSs for j = 5-14 computed with the use of equation 5.7 from
HIP, HOOP, VIP and VOOP angular distributions extracted from the measured
images in comparison with calculated DCSs at collision energy 840 ± 40 cm−1

are obtained from integration along the vertical stripes shown schematically on
0
the j = 9 H image.
As a test of the HIP-HOOP scaling procedure described above, the resulting
HIP, HOOP, VIP, and VOOP curves (middle column) are compared with
predictions from theory shown in the right column of Figure 5.5. In all cases
scaling factors did not vary by more than a factor of 2 from the amplitudes
of the raw data curves. Although the noise is considerable, the shapes and
areas of each experimental curve are in reasonable agreement with theory for
all measured final states. DCSs obtained by application of equation 5.2, 5.3,
5.4 5.5 are compared with theoretical predictions in Figure 5.5. Polarization
moments extracted from the experimental I(θ) curves are shown in Figure 5.7.

5.3.4 Discussion
CO is a closed shell molecule with a relatively small dipole moment (0.122 D),
and He is a small atom with a low polarizability. Therefore,, the interaction of
CO with He is dominated by short-range interactions that require small impact
parameters. For this repulsive interaction system l-type rainbows, which have
been shown to have remarkable polarization effects for NO-Kr collisions(30; 35)
are not expected or seen in the theoretical analysis. Instead, the kinematic apse
model(26), which describes the system classically as a hard sphere colliding
with a rigid ellipsoid, should yield an accurate prediction of collision-induced
alignment effects, as shown in previous studies of NO-He, Ne, and Ar collisions.
Indeed, the polarization moments predicted by theory here for the CO-He
system are almost quantitatively similar to those predicted for the NO-He, Ne,
and Ar systems. (30; 35; 25; 95) The magnitude of the energy-transfer cross
sections between CO-He and CO-Ar, however, is quite different. For example,
0
the ICS for the j = 7 ← j = 0 excitation for CO-Ar is 8 times larger than that
for CO-He at 513 cm−1 collision energy, and similar differences are found for the
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0

Figure 5.7: Renormalized alignment moments for j =7-14 computed with the
use of equation 5.8, 5.9 & 5.10 from the HIP, HOOP, VIP and VOOP angular
distributions extracted from the measured images in comparison with calculated
moments at collision energy
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NO-He versus NO-Ar systems.The smaller cross sections make collision-induced
alignment studies with He as the collision partner much more difficult and up
to the present only Meyer(68) has reported CIA(collision-induced alignment)
studies of NO-He at the (high) collision energy of 1185 cm−1 . CO-He is thus
not an easy system for experimental study, and as expected, this results in lower
quality DCS and alignment data than CO-Ar. Regardless of the small cross
section, the DCSs recovered when (2 + 1) REMPI detection is used and agree
quite well with theoretical predictions(Figure 5.4). Note again that theory
takes into account the mixture of initial states in the experiment. With the
relatively high-intensity laser pulses needed for the (2 + 1) REMPI detection,
it is clearly possible to detect a significant fraction of the scattered molecules
without distortion due to complete saturation or space charge. In this aspect,
the laser confocal diameter is roughly 30 µm for the 20 cm focal length lens
used, but the ≈ 1 cm confocal length of the laser beam exceeds the length
of the ≈ 4 X 4 X 4 mm collision volume. DCSs recovered from the full
0
00
polarization study using (1 + 1 + 1 ) REMPI at 840 cm−1 collision energy are
0
also in reasonable agreement with theory, although for the lower j final states
the second rainbow peak in the side to backscattering region is broader than
predicted. The shape of the DCS, especially in this region, is sensitive to the
value of the polar angle θ and to the amount of j = 0 versus j = 1 in the initial
beam. Considering that the experimental I(θ) curves match the shape of the
corresponding theory curves (Figure 5.5), when only HIP an HOOP are scaled
using theory, again confirms the general agreement of experiment and theory
for the DCSs. Rescaling of the experimental curves was necessary because
the total sensitivity for each image could not be held sufficiently constant
when the laser polarization was rotated. The direct extraction method yields
polarization parameters (Figure 5.7) that are also qualitatively in agreement
(2)
with theory predictions. As is typical, the A0 (θ) parameter is most reliable
(2)
whereas the A2+ (θ) parameter (obtained only from the VIP-VOOP curves)
(2)
is noisy and quite sensitive to the scaling method. The A1+ (θ) parameters
show the expected shapes in general, although for the weak and quite small
0
j > 10 images substantial deviations are observed. All three experimental
polarization parameters tend to reach their minimum values, in contrast to
(2)
previous work on NO-rare gas studies, where typically A0 (θ) reached only -0.4
to +0.5 instead of -1.0 at the backscattering angle. This difference could be due
to the lack of nuclear spin in CO compared to NO, where any stray magnetic
field could depolarize the nascent NO on the time scale of the scattering
measurement. Another effect, as suggested by Brouard and co-workers, is
depolarization due to secondary collisions. In our measurement, both the DCSs
and polarization parameters show significant deviation from theory in the most
forward scattering direction. We believe this is due mainly to elastic scattering
following the inelastic event, as discussed next. For any study of inelastic (or
reactive) scattering the effects of elastic scattering must be considered. Two
features of elastic scattering are a much larger total cross section and strongly
forward scattering. The theoretical calculations in Figure 5.8 shows the elastic
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Figure 5.8: Comparison of the DCS for elastic j = 7 − 7 and inelastic j = 0 − 7
CO-He collisions at collision energy 800 cm−1

0

scattering DCS for the j = 7 state, a typical final product measured in this
study. To visualize both the magnitude of the cross section and the angular
distribution, the DCS is weighted by sin θ in Figure 5.8 where the area under
the curve is then the integral cross section. The j= 7-7 ICS (similar to all of
0
the other elastic ICSs) is 37 times larger than the j = 0-7 ICS, which is typical
for all of the lower initial states. The probability for an elastic collision after
0
the j = 7 state is formed but before laser ionization takes place under the
present condition of ≈ 5% inelastic scattering is close to 100%. Also apparent
in Figure 5.8 is that although the elastic scattering is mostly forward, even
at 20◦ there can be a significant effect on the DCS. The probability in the
side scattering region for j= 7-7 elastic scattering is greater than that of the
0-7 inelastic scattering event. When a final state with a substantial fraction
is detected in the parent beam (j = 1, 2, 3, ...), the measured image will thus
also reflect elastic scattering and a simple beam-off background subtraction is
not valid. An elastic scattering event shows collision-induced alignment effects
that tend to be opposite to those of inelastic scattering polarization which is
illustrated Ref.(112) In the forward scattering region, elastic scattering can thus
cause significant depolarization, and forward scattering is where the largest
deviation in the polarization parameters between experiment and theory is
seen in Figure 5.7. Elastic scattering will not cause significant deflection of
the nascent molecules. Once inelastically scattered, however, these molecules
are no longer moving with their parent beam velocity and further collisional
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depolarization and elastic scattering with the carrier gas of the parent beam
with much higher cross sections becomes possible.
For the present CO-He system, collisional depolarization appears to mainly
affect the forward scattering region whereas the backscattering region shows the
maximum possible collision-induced alignment, within the large error margin
of the experiment. For the CO-Ar system where the inelastic scattering cross
section is nearly an order of magnitude larger, collisional depolarization should
play a more important role and this is indeed observed in the preliminary
results of Chapter 3 & 4, where in the backscattering region the polarization
parameters do not reach their maximum expected values. Finally, for
very dilute systems such as those with hexapole or Stark deceleration state
selection the probability of an inelastic collision can be sufficiently low that
depolarization by elastic scattering with the rare gas partner should not be
important.

5.4 Conclusion
The rotational excitation of CO molecules due to scattering with He
atoms at collision energies of 513 and 840 cm−1 was studied in a crossed
molecular-beam setup and velocity map imaging (VMI) with state-selective and
0
00
polarization-sensitive detection through (1 + 1 + 1 ) and (2 + 1) REMPI. The
incoming CO beam had a rotational temperature of Trot ≈ 3K with j= 0, 1, and
2 states populated in a ratio of 65:33:2%. Differential cross sections (DCSs) and
0
alignment parameters for a range of final j values of CO were extracted from
the measured images by a direct analysis procedure described by Suits et al,
but generalized here to account for a different laser beam direction. The same
DCSs and alignment parameters, averaged over the initial-state distribution of
CO, were obtained from quantum mechanical close-coupling calculations based
on two accurate ab initio potentials for CO-He. Good agreement between the
experimental and theoretical results was found, in general, which illustrates
the reliability of the experiment, as well as of the procedure used to extract
state-to-state differential and polarization-dependent differential cross sections
from the measured images.
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Chapter

6

State-to-state inelastic scattering
of O2 with He
Abstract:1 . Molecular oxygen (O2 ) is extremely important for a wide variety of
processes on and outside Earth. Indeed, O2 -He collisions are crucial to model O2
abundance in space or to create ultra-cold O2 molecules. A crossed molecular-beam
experiment to probe rotational excitation of O2 due to helium collisions at energies
of 660 cm-1 is reported. Velocity map imaging was combined with state-selective
detection of O2 3 ∆−
g by (2+1) resonance enhanced multi-photon ionization. The
obtained raw O2+ images were corrected from density-to-flux and the differential cross
sections (DCS) were then extracted for six O2 final states. Exact quantum mechanical
calculations were also performed. A very good agreement between experimental and
theoretical DCSs was found using an initial O2 beam population ratio of 80% for the
first rotational state and 20% for the first excited state. The agreement demonstrates
our ability to model inelastic processes between O2 molecules and rare gas both
theoretically and experimentally.

1 Adapted from:
Chandan Kumar Bishwakarma, George van Oevelen, Roy
Scheidsbach, David H Parker, Yulia Kalugina, and Francois Lique. State-to-state inelastic
scattering of O2 with helium. The Journal of Physical Chemistry A, 120(6):868-874, 2016
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6.1 Introduction
Molecular oxygen (O2 ) is an extremely important species for a wide variety
of processes on and outside Earth. While the O atom is the third most
abundant atom in the Universe, and numerous oxygen-containing molecules
like CO, H2 O, OH or NO are easily detected in the interstellar medium, the
O2 molecule itself is quite difficult to detect because of the absence of an
electric dipole moment. Its highest occupied molecular orbital (πg2 ) is open
shell, leading to a complex electronic structure and transitions that cannot
be easily probed by standard optical spectroscopy due to the strict symmetry
selection rules applicable to homonuclear diatomic molecules. The search of O2
molecules was one of the goals of astrochemistry for several decades. Recently,
emission between sub-states of the ground rotational level (see Figure. 6.1)
of molecular oxygen has been observed in the interstellar medium(13). In the
laboratory, O2 can be detected by resonance enhanced laser ionization(79; 139)
but because photoionization must compete with photodissociation(101) and
ion fragmentation(102), it was not clear if this approach is sensitive enough for
detection of the low densities of O2 inherent in crossed-beam scattering under
single collision conditions. Here, we show that differential cross sections taken
under single-collision conditions can indeed be obtained using laser ionization of
O2 for comparison with state-of-the-art theoretical predictions. Much of what
we know about molecules in the Universe comes from observations of emission
from rotationally excited molecules, especially CO and other small molecules.
As both collisions and the radiation field can excite interstellar molecules, there
has thus been considerable interest in rotational excitation processes. Hence,
for astrophysical applications, such studies provide state-to-state rotational
inelastic scattering of a molecule with He and H2 , the predominant scattering
partners in space(107). In this article we report inelastic scattering of O2 with
He. In addition, the splitting of rotational levels of an open shell molecule
like O2 by spin-spin and spin-rotation couplings makes it an interesting
target for collision studies. Because O2 is paramagnetic it can be used in
magnetic trapping(21; 126)or Zeeman deceleration(134) experiments, making
O2 a candidate for collision studies at very low translational energy. Several
experimental investigations of rotational energy transfer in O2 due to collision
with rare gases have been reported. Luzzatti, et al.(82) reported absolute total
elastic cross sections for collision of O2 with He, Ne, Ar, Kr and Xe. High
resolution crossed molecular-beam measurements of the total differential cross
sections (DCS) for the scattering of O2 by helium was performed by Beneventi
et al.(17) DCSs with well resolved diffraction oscillations for Ne-O2 collisional
system was measured by Beneventi et al.(16) Faubel et al.(107; 46) performed
crossed molecular-beam experiments for Ar-O2 collisional system and obtained
individual rotational state-to state transitions. Collisional excitation of O2
by small diatomic molecules have been also studied and recently, Chefdeville
et al.(38) reported state-to-state integral cross sections (ICSs) in a highly
advanced crossed beam experimental study of O2 -H2 at low energy and
observed partial wave resonances that were in very good agreement with the
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theoretical predictions by some of us. With identical spin-zero nuclei and the
electronic ground state symmetry (X 3 Σ−
g ), the quantum number N of molecular
rotation in O2 is restricted to odd values. Spin-rotation coupling also splits the
rotational levels. Departure from pure Hund’s case (b) is taken into account
through an intermediate coupling representation. In Hund’s case (b), the total
molecular angular momentum j is defined by:
j =N +S

(6.1)

where N and S are the nuclear rotational and the electronic spin angular
momenta.
In the intermediate coupling scheme, the rotational wave function can be
written as(78):
|F1 jm i = cosα|N = j − 1, Sjm i + sinα|N = j + 1, Sjm i

(6.2)

|F2 jm i = |N = j, Sjm i

(6.3)

|F3 jm i = −sinα|N = j − 1, Sjm i + cosα|N = j + 1, Sjm i

(6.4)

where |N Sjm i denotes pure Hund’s case (b) basis functions and the mixing
angle α is obtained by diagonalization of the molecular Hamiltonian. In this
paper, the labelling convention of Lique(78) where the energy levels are labelled
by N, the rotational quantum number and the spectroscopic index Fi is used.
The correspondence between Hund’s case (b) limit and the present labelling is
as follows:
• F1 corresponds to N=j-1
• F2 corresponds to N=j
• F3 corresponds to N=j+1
A rotational energy diagram for ground vibrational state of O2 is shown in Fig.
6.1 for NF levels up to N=9. For N≤5, the F3 level has a lower energy than
the F1 level, but after N = 5 this switches.
Note that the N=3 levels are only ∼ 4cm−1 higher than those of N=1.
State-to-state collision studies use supersonic expansions to rotationally cool
a molecule to its lowest rotational level. In a study by Chefdeville et al.(38),
a special pulsed valve operating at 60 K was used to cool O2 to its lowest
spin-rotation state (N=1, F3 ). Single state selection is not possible with
the room temperature pulsed valves used in our experiment, but this is
somewhat compensated by allowing study of both the F3 and F1 levels in
this work. The presence of a small fraction of O2 in the N=3 state can have
a strong effect on the measured data, as shown in the experimental part of
this paper. Fortunately, accurate theoretical calculations are able to unravel
the contribution of single initial states. We report here the experimental
determination of state-to-state DCS for inelastic collisions of O2 and He at
collision energy of 660 cm−1 .
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Figure 6.1: Schematic rotational energy level diagram of O2 showing the fine
structure levels and labelling of the quantum numbers N and F. Emission from
NF: 12-13, indicated by the wavy line, has been detected in interstellar clouds.
Vertical arrows are shown to indicate excitation from different initial states
with N=1 and 3 to the NF=91 and NF=33 final states.
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6.2 Experimental Methods
Data were collected in a crossed molecular-beam machine with variable beam
crossing angle and resonance enhanced multi-photon ionization (REMPI) of
the scattered products with velocity map imaging detection(41), as shown
schematically in Figure 2.13. Two skimmed supersonic beams, one of neat
helium produced from a Nijmegen pulsed valve(137) and the other of 5% O2
seeded in argon produced from a second (Jordan) pulsed valve were used. The
backing pressure for the expansion of both colliding partners was around 2
bars. The pulse duration of the Nijmegen pulsed valve is about 30 µs and the
pulse duration of the Jordan valve was 60 µs. The source chamber that houses
the secondary beam (He) was differentially pumped and the molecular-beam
passes through a skimmer of aperture diameter 2.5 mm positioned 7 cm away
from the nozzle. The primary molecular-beam source was mounted in the
differentially pumped rotatable chamber positioned 3 cm from the skimmer
of aperture diameter 2.5 mm. Rotating the primary beam in the plane of
collision can change the angle between the two molecular-beams. For this
experiment, the angle between two beams was 900. Turbo molecular pumps
evacuated all the chambers. The two molecular-beams and laser were coplanar
parallel to the detector and were optimally aligned to ensure the best signal.
The collision energy for the O2 -He collisions is 660 cm−1 . This is larger
than the (540±40)cm−1 collision energy expected when using molecular-beam
velocities of room temperature O2 seeded in Ar and He of 640 m/s and 1800
m/s, respectively. The estimated spread in the collision energy was ±40cm−1 .
Warming up of the pulsed valves, which are not sufficiently thermally grounded
to the apparatus, probably causes this deviation. Depletion of the O2 ground
state by collision was measured to be less than 10%, which ensured single
collision conditions.
The laser and both molecular-beams were operated at 10 Hz. As described
in more detail below, 2+1 Resonance Enhanced Multi-Photon Ionization
(REMPI) around 225 nm to the 3dπ(X 3 Σ−
1g ) v=2 Rydberg state at 11.02 eV
was used to excite the molecules by two-photon excitation and then ionize the
molecules so that they could be detected using VMI. During image collection
the laser frequency was fixed rather than scanning the wavelength over the
full width of the Doppler profile of the REMPI transition. However, the laser
bandwidth was ∼ 0.1cm−1 and the ∼ 2 mJ energy per pulse of the laser power
broadened the transitions sufficiently that Doppler scanning was unnecessary.
These wavelengths were generated by frequency doubling the output of a
tunable pulsed dye laser (Scanmate) operating with Coumarin dye using a BBO
crystal. The dye laser was pumped by a Nd:YAG laser (Continuum Powerlite)
operating at 355 nm and with 10 Hz repetition rate. Typical ultraviolet (UV)
laser energies were 2 mJ per pulse with a pulse duration of 7-9 ns. The
probe beam was focused with a 20 cm lens onto the intersection region of
the molecular-beams. The scattered product was ionized and was extracted by
velocity map imaging ion optics lens. After 85 cm free flight along the time of
flight tube, the 3-D ion sphere was crushed onto 2-D detector, which is read
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by CCD camera. Application of gating enables us to select our required mass
and filter out the background ions of other mass. Typical images were recorded
with 100,000-300,000 laser shots.

6.3 Theory
This paragraph presents the key highlights of the theoretical calculations. The
Potential energy surface (PES) from Groenenboom and Struniewicz(54) was
used for theoretical calculations. The O2 -He PES was calculated at the partially
spin-restricted coupled cluster with the single, double and perturbative triple
excitations [RCCSD(T)] level(71). Details of computations are given in
Ref.(54; 118; 20) The scattering calculations were carried out for collisional
energy Ecol = 660 cm−1 . We have computed the DCS out of N = 1 and N
= 3 to N = 1 - 9. The reduced mass of the system µ is 3.557 amu. In the
scattering calculations, as we were only interested in pure rotational excitation,
the O2 intermolecular distance was fixed at a value of 2.28 bohr corresponding
to the equilibrium distance. In the O2 (X 3 Σ−
1g ) electronic ground state, the
rotational levels are split by spin-rotation coupling(91). To take into account
this spin-rotation coupling, it was assumed that in the intermediate coupling
scheme, the rotational wave functions are linear combination of pure Hund’s
case (b).
Orlikowski(99) has shown that neglecting the energy splitting can lead to
errors of 10-30% in the calculated cross sections. Accordingly, all calculations
reported in the present paper(20) were carried out taking into account the
exact energy splitting of the levels. The rotational energy levels of the O2 were
computed with the use of the experimental spectroscopic constants of Endo and
Mizushima(40). The standard time-independent coupled scattering equations
were solved using the MOLSCAT code(62), modified to take into account the
fine-structure of the energy levels and the intermediate coupling scheme.

6.4 Results
The population distribution of our cold O2 beam is estimated from simulation
of the 2+1 REMPI spectrum, and confirmed by reconstruction from theory
of the measured differential cross sections from individual initial states.
State-selective detection of O2 (X 3 Σ−
1g )(v=0,NF) by (2+1) resonance enhanced
multi-photon ionization (REMPI) around 225 nm via the 3dp3 Σ−
1g (v = 2)
Rydberg state(139) was employed here. A simulated spectrum for this
transition was first constructed using the PGOPHER(133) program and
compared with the experimental spectrum for the initial beam (before
scattering) in Figure 6.2. Simulations using PGOPHER show that all three
Fi levels of 3dp3 Σ−
1g (v = 2) upper state are present instead of only the F2
levels predicted in Ref.(139) While the chosen transition is one of the strongest
of the 3dπ Rydberg states, it does not allow clean probing of the F2 final states.
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Figure 6.2:
Experimental (upper curve) and simulated (lower
curve) 2+1 REMPI spectrum of the initial beam of O2 via the
3
3dp3 Σ−
∆2,g (v = 2) Rydberg states. Peaks are labelled
1g (v = 2) and
(∆j)F i(Ryd)F i(ground)(jground) whereFi = 1, 2 or 3, and Ryd signifies the upper
Rydberg state and ground is the lower ground electronic state of O2 . When
Fi (Ryd)=Fi(ground) only one Fi value is shown. The simulated spectrum is
fit by the PGOPHER program for a rotational temperature of ∼ 11K.

The peak labelled Q2(1) at 88881.2 cm−1 in the figure has initial (and final)
F2 states but it is overlapped by transitions from other F2 levels at higher
temperatures. However, most of the possible F1 (except the lowest, NF=13)
and F3 states can be probed, and theory does not predict any significant
deviation in behaviour for the F2 states. From the simulated spectrum, REMPI
line positions were determined for probing a range of rotationally excited (NF)
rotational states.
In the temperature fit of the initial beam spectrum (Figure 6.2) it was necessary
to adjust the ‘temperature’ of the F manifolds individually. For the shown fit,
temperatures of F1 : 11 K, F2 : 3.5 K, and F3 : 10 K were used. Although
the fit under this assumption looks encouraging, beam spectrum taken under
weaker expansion conditions shows that the peaks for the higher N levels
are increasingly weaker than predicted, indicating significant NF-dependent
pre-dissociation. By increasing the laser power it is possible to compete with
pre-dissociation and observe higher final N states up to N=9. A complete study
of pre-dissociation and ion fragmentation when probing the Rydberg manifold
is underway in our laboratory. It should be noted that is not possible to
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obtain reliable relative population information from the simulation, especially
for N ≥ 3.
To determine the inelastic differential cross-sections (DCS), we used the exact
Close Coupling approach of Arthurs and Dalgarno(11). All calculations were
carried out with the exact energy levels including the fine structure interaction.
The quantal coupled equations in the intermediate coupling scheme were solved
using the MOLSCAT code(62) modified to take into account the fine structure
of the O2 energy levels. The accurate O2 -He PES of Groenenboom and
Struniewicz(54), computed at the coupled clusters level with large atomic basis
set, was used in the calculations. For our calculations, we used the same
parameters than Lique(78). The computed scattering matrices were then used
for the determination of DCS for collisional energy Ecol = 660 cm−1 using
the formula of Arthurs Dalgarno(11). The DCS are obtained by summing the
scattering matrices over a sufficiently large number of values of the total angular
momentum J until convergence is reached. State-to-state DCS for transitions
out of N = 1, 3 states to N = 1 - 9 states were computed.
Raw O+
2 images for specific final states from the scattering of O2 with He are
shown in Figure 6.3. While in all images the laser polarization direction is in
the scattering plane, repeated measurements with perpendicular polarization
showed no observable differences, which indicates that the present experiment
is not sensitive to collision-induced alignment effects(25; 112).
Raw images were first transformed from density-to-flux using the IMSIM
program of McBane(84) and differential cross sections shown in Figure 6.4 were
obtained by integrating along the outer edge of the flux-corrected image. Note
that for scattering angles less than 30 degrees, the effects of elastic scattering of
warm molecules in the parent beam (thus especially for the lower levels) with
the same final state N value as that being probed makes background subtraction
unreliable. We choose to ignore this region of the DCS. For increasing final
state energy, the inelastic scattering changes from forward scattered towards
backwards scattering. The results also show that for the same N quantum
number, the DCSs are similar. These trends are concordant with the theoretical
predictions.(78)
The simulated DCSs in Figure 6.4 are built from theory DCSs of the possible
initial rotational states (N=1,3) going to the same final NF rotational state.
The individual theoretical DCSs are summed to produce the total theoretical
DCSs shown in Figure 6.4. Best agreement with the theoretical DCSs was found
for all data when the composition of the initial O2 molecular-beam population
ratio is 80% N=1 with equal Fj populations of F1 =F2 =F1 ; and 20% N=3,
again with equal F3 , F2 , and F1 populations, corresponding to a temperature
of ∼ 8K; which is in quite reasonable agreement with the initial fit of 11 K.
Note that since no F2 final states were probed, the DCS fit is less sensitive to the
initial F2 state populations. Analysis of the NF dependent O+/O+
2 branching
ratios and pre-dissociation rates confirms that for the lower NF initial states
N=1,3 F=1,3, the relative sensitivities for transitions to the same final state
are similar, which validates the summation of theoretical cross sections used
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Figure 6.3: Experimental raw O+
2 images for the inelastic scattering of O2 with
He at 660 cm−1 collision energy. A color bar is shown in the middle of the
figure for decoding of signal intensity. Superimposed on the NF=31 final state
image is a schematic Newton diagram along with a dashed circle indicating the
dimension for elastic scattering. White arrows show the direction of the initial
relative velocity vector for each image.
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Figure 6.4: Differential cross sections derived from the O+
2 images shown
in Figure 6.3. The red line with boxed symbols represents the experimental
DCS while the heavy blue line represents the total theoretical DCSs, which are
normalized to unity for better comparison. The composition of the theory DCSs
are shown as lighter lines and labelled N F − N 0 F 0 where NF is the initial state
and N 0 F 0 is the final state. For the final state NF=93 two theory curves are
shown, one at small scattering angles for the NF=33 final state and at larger
angles for the NF=93 final state.
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here.
Overlap with (2+1) REMPI lines of the 3dπ 3 ∆2,g (v = 2) Rydberg state takes
place when using REMPI of the 3dπ 3 ∆2,g (v = 2) transition to probe the higher
N levels of the F3 manifold. For the NF=93 final state probed by the Q13(j = 8)
band there is overlap with the S23 ( j=2) band of the 3dπ 3 ∆2 (v = 2) state,
probing thus the NF=33 final state level. Although both final states are probed,
they show quite different DCSs and this allows fitting the low and high NF
final state mix, as shown in Figure 6.4. In this case the forward part (low
N probed via the 3 ∆2 state) was first fit independently and scaled to blend
with the backward scattering (high N, 3 ∆2,g state) part of the image. Rydberg
transitions to the 3dπ 3 ∆0,g (v = 2) band around 89380 cm−1 also give a strong
O+
2 signal and nicely resolved differential cross sections. Further analysis of
the spectrum as a function of laser power should eventually allow extraction of
(relative) populations from the signal intensity. The 3dπ 3 ∆0,g (v = 2) transition
needs further population analysis but it does provide relatively strong DCSs
and also gives the possibility of measuring higher j-states.

6.5 Summary and Conclusions
In summary, the theoretical predictions of Lique(78) for rotationally inelastic
collisions between O2 and He have been confirmed by measurements of DCSs,
which provide the most sensitive test of scattering and potential energy
surfaces. The O2 -He collisional data can now be used with confidence to
derive the interstellar O2 abundance from astronomical observations. The data
can also be used for applications in the cold molecules field. We have also
demonstrated a (2+1) laser ionization scheme that can be combined with the
powerful velocity map imaging technique to yield high quality information for
a wide variety of dynamical processes involving the all-important O2 molecule.
For example, we are presently investigating scattering of O2 at ice surfaces and
detection of nascent O2 as a photodissociation product using this approach.
Lower rotational levels are detected in this work but on-going studies of laser
ionization in O2 should allow procedures for attaining quantitative population
information on higher rotational and ro-vibrational states.
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Appendix

A

Imaging ion molecule reactions
A.1 Ion molecule reactions
Ion molecule gas phase chemical processes occur in our environment, in
planetary atmospheres, in interstellar medium and in the outer shells of
atmosphere of stars and gas planets.(47) Ion molecule reactions are one
of the key chemical processes in the interstellar medium for the evolution
of astronomical objects. Ion molecule reaction are of great importance to
astrochemists or astrophysicists for their endeavor to understand the life cycle
of molecules in the galaxy. The long range interaction of ions with neutral
atoms or molecules leads to large scattering cross sections for inelastic and
reactive process. Reaction dynamics of ion molecule reactions in the gas phase
is very interesting, particularly the dependence on which initial quantum
states of the reactant lead to different quantum states of the products.(88)
The application of velocity map imaging to ion molecule gas phase reaction
has enabled a wealth of information, for example,(131) the group of Wester
has shown new and unexpected reaction mechanisms. (90; 113; 121) Ar+ + N2
charge transfer reaction is studied extensively in Ref(34; 48). The group
of Farrar studied charge-transfer reactive scattering for C + + N H 3 and
N + + CH 4 at a collision energy of a few electronvolts using velocity map
imaging measurements.(103; 104)
The first motivation of our experiment was to observe reactive scattering
signal using ion molecule scattering.
We chose the known system of
Ar+ + N2 → N2+ + Ar which was very well studied in the group of Wester(89;
121). We have studied cation-molecule reaction using velocity map imaging in
crossed beam experimental setup, for the charge transfer reaction of Ar+ + N2 ,
Ar+ + O2 . Ion molecule reactions are attractive for imaging experiments in
that the signal should be large, no (expensive) lasers are needed, and the
reaction product is at a different mass than the ionic reactant. However, the
velocity spread of the ion beam is very poor compared to supersonic neutral
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beams; space charge limitations affect the intensity of the ion beam, and the ion
beam size is much larger than a typical laser-ionized volume. These problems
greatly limit the image resolution, as seen in the publications listed above.

A.2 Experimental Setup for Ion-molecule reaction
A mini cross beam experimental setup was used. A schematic of the mini
apparatus is shown in Figure A.1. The mini crossed beam experiment set up
consists of one compact low energy pulsed ion source and a Nijmegen pulsed
valve as the supersonic neutral beam source, a pulsed velocity map imaging
spectrometer and a pulsed micro channel plate detector with CCD camera. The
whole ion source is housed in a cylindrical vacuum chamber of 65 mm outer
diameter reaching into the scattering chamber. The ion source was pumped by
a 70 l/s turbomolecular pump maintaining a pressure around 1 x 10−4 mbar
at a pulse length of 70 µs and a repetition rate of 10 Hz. Depending on the
extraction voltage applied this compact ion source can make positively and
negatively charged ions. Low energy ions were produced by electron impact in
a pulsed supersonic beam coming out from a piezo electric valve with nozzle
diameter of 0.2 mm. A custom made hot cathode electron source was mounted
near the exiting pulsed molecular beam. The hot cathode electron source
consists of filament. The generated heat load due to hot cathode electron source
was removed by a cold finger reaching into vacuum in order to avoid damage of
the piezo valve. The front side of the piezo electric valve, nozzle, a cylindrical
electrode and the electron gun forms the ion terminal. The terminal was kept
at a potential relative to the potential of the interaction region. The electrode
of the imaging spectrometer and the endcaps of the beam chambers were biased
by using same voltage as used for the terminal. The kinetic energies of the ions
produced depends on the relative terminal potential. The conventional velocity
map imaging spectrometer was not sufficient for studying ion molecule reaction
for several reasons. First, there is no laser ionization to provide a t=0 for the
time of flight. Second, the collision zone must be field free in order not to affect
the reactant ion beam. The collision volume is quite large, as defined by the ion
beam size. For these reasons we defined the starting point by the time when we
pulsed on the repeller and extractor after the ion beam has entered the collision
zone, and extra lenses were used in the VMI region to allow good mapping with
larger ionization volumes. For more spatial information a modified version of
the velocity map spectrometer was used. The larger Newton sphere together
with a pulsed extraction was key for ion molecule reaction imaging. The pulsed
extraction was done by home built fast switches. Timings of the valve, detector,
ion imaging spectrometer was synchronized for the optimum signal.
96

Figure A.1: Ion-molecule reaction experimental setup at Nijmegen. The
compact ion source is from the group of Wester and adopted to the mini crossed
beam apparatus. Ions are produced by electron impact on a pulsed molecular
beam created by a piezo electric valve. The secondary pulsed molecular beam is
created by a Nijmegen Pulsed Valve.
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A.3 Results & Outlook
We observed a very strong reactive scattering signal for Ar+ + N2 reaction.
A low collision energy signal for Ar+ + N2 was also measured. The ion
molecule reaction was repeated for Ar+ + O2 → O2+ + Ar.
Figure A.2
shows reactive scattering signal for two systems, Ar+ + N2 → N2+ + Ar and
Ar+ + O2 → O2+ + Ar. The strong reactant ion beam signal leaks through the
mass gate and is seen in our product mass image. No extra structure is seen
in the images that would indicate vibrational resolution. More analysis needs
to be done for the observed scattering signal in order to fully understand the
dynamics of the reactive scattering signal. The strong signal of ion molecule
reaction is encouraging and once we can make significant improvements in the
ion source temperature and velocity spread we will carry on further studies.
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Ar+ + N2

N2+ + Ar

N2
Ar+ ion beam

Ar+ + O2

ion beam
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Figure A.2: The Figure shows Ion-molecule reaction for two systems
Ar+ + N2 → N2+ + Ar and Ar+ + O2 → O2+ + Ar. The left hand panel of both
system shows reactive scattering signal at high collision energy while the right
hand panel shows the low collision energy. The Newton diagram shown for
Ar+ + N2 → N2+ + Ar system is just a representation of two beam direction
and not scaled to energy. There is a strong ion beam signal in each image.
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L. H., Nyman, L.-Å., Olberg, M., on, A. O. H. Olof, on, G. Olof, on, H. Olof, on, G.
Per, Plume, R., Rickman, H., torcelli, I. Ri, Rydbeck, G., t, A. A. Sandqvi, Schéele,
F. V., Serra, G., ky, S. Torchin, Tothill, N. F., Volk, K., Wiklind, T., on, C. D. Wil,
Winnberg, A., and Witt, G. AA, 3(999-1003), 2007.
[14] J Baker, JL Lemaire, S Couris, A Vient, D Malmasson, and F Rostas. Chemical
physics, 178(1-3):569–579, 1993.
[15] Gabriel G Balint-Kurti and Oleg S Vasyutinskii. The Journal of Physical Chemistry
A, 113(52):14281–14290, 2009.

101

[16] L Beneventi, P Casavecchia, F Pirani, F Vecchiocattivi, GG Volpi, G Brocks, A Van der
Avoird, B Heijmen, and J Reuss. The Journal of chemical physics, 95(1):195–204, 1991.
[17] Laura Beneventi, Piergiorgio Casavecchia, and Gian Gualberto Volpi. The Journal of
chemical physics, 85(12):7011–7029, 1986.
[18] R.B. Bernstein, D.R. Herschbach, and R.D. Levine. J. Phys. Chem., 91:5365–5377,
1987. Dynamical stereochemistry issue.
[19] Andre Bieler, Kathrin Altwegg, Hans Balsiger, Akiva Bar-Nun, J-J Berthelier, Peter
Bochsler, Christelle Briois, Ursina Calmonte, M Combi, J De Keyser, et al. Nature,
526(7575):678–681, 2015.
[20] Chandan Kumar Bishwakarma, George van Oevelen, Roy Scheidsbach, David H
Parker, Yulia Kalugina, and François Lique. The Journal of Physical Chemistry A,
120(6):868–874, 2016.
[21] John L Bohn. Physical Review A, 62(3):032701, 2000.
[22] LS Bontuyan, AG Suits, PL Houston, and BJ Whitaker. The Journal of Physical
Chemistry, 97(24):6342–6350, 1993.
[23] Robert W Boyd. Nonlinear optics. Taylor &amp; Francis, 2003.
[24] M Brouard, H Chadwick, CJ Eyles, FJ Aoiz, and J Klos. The Journal of Chemical
Physics, 135(8):084305, 2011.
[25] M Brouard, H Chadwick, CJ Eyles, B Hornung, B Nichols, FJ Aoiz, PG Jambrina,
and S Stolte. The Journal of Chemical Physics, 138(10):104310, 2013.
[26] M Brouard, H Chadwick, CJ Eyles, B Hornung, B Nichols, FJ Aoiz, PG Jambrina,
S Stolte, and MP De Miranda. The Journal of Chemical Physics, 138(10):104309,
2013.
[27] M Brouard, H Chadwick, CJ Eyles, B Hornung, B Nichols, JM Scott, FJ Aoiz, J Klos,
S Stolte, and X Zhang. Molecular Physics, 111(12-13):1759–1771, 2013.
[28] M Brouard, H Chadwick, SDS Gordon, B Hornung, B Nichols, FJ Aoiz, and S Stolte.
The Journal of Physical Chemistry A, 119(50):12404–12416, 2015.
[29] M Brouard, H Chadwick, SDS Gordon, B Hornung, B Nichols, FJ Aoiz, and S Stolte.
The Journal of chemical physics, 144(22):224301, 2016.
[30] M Brouard, H Chadwick, SDS Gordon, B Hornung, B Nichols, J Klos, FJ Aoiz, and
S Stolte. The Journal of chemical physics, 141(16):164306, 2014.
[31] M Brouard, B Hornung, and FJ Aoiz. Physical review letters, 111(18):183202, 2013.
[32] Mark Brouard and Claire Tutorials in molecular reaction dynamics. Royal Society of
Chemistry, 2010.
[33] HP Butz, R Feltgen, H Pauly, and H v Vehmeyer. Zeitschrift für Physik A Hadrons
and nuclei, 247(1):70–83, 1971.
[34] R Candori, S Cavalli, F Pirani, A Volpi, D Cappelletti, P Tosi, and D Bassi. The
Journal of Chemical Physics, 115(19):8888–8898, 2001.
[35] Helen Chadwick, Bethan Nichols, Sean DS Gordon, Balazs Hornung, Eleanor Squires,
Mark Brouard, Jacek Klos, Millard H Alexander, F Javier Aoiz, and Steven Stolte.
The journal of physical chemistry letters, 5(19):3296–3301, 2014.
[36] David W Chandler and Paul L Houston.
87(2):1445–1447 0021–9606, 1987.

The Journal of chemical physics,

[37] D.W. Chandler and P.L. Houston. J.Chem.Phys., 87:1445, 1987.
[38] Simon Chefdeville, Yulia Kalugina, Sebastiaan YT van de Meerakker, Christian Naulin,
François Lique, and Michel Costes. Science, 341(6150):1094–1096, 2013.
[39] Joseph I Cline, K Thomas Lorenz, Elisabeth A Wade, James W Barr, and David W
Chandler. Journal of Chemical Physics, 115(14):6277–6280, 2001.

102

[40] Yasuki Endo and Masataka Mizushima.
21(6A):L379, 1982.

Japanese Journal of Applied Physics,
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Summary

This thesis describes experimental work on inelastic scattering of CO and O2
with rare gases. There are four major components: the first part explains
the astrophysical importance of CO and O2 . The second part shows the
experimental techniques including the application of velocity map imaging,
VUV light production and their usage for detecting collision induced alignment
moments. The third part highlights a novel direct extraction technique
for determining collision induced alignment moments for inelastic scattering
studies. We used this method for the CO-He CO-Ar systems. The fourth part
showcases the study of inelastic scattering of O2 with He.
First part: Carbon monoxide (CO) is the most abundant C-bearing molecule
in the universe. CO is one of the major constituents in the formation of
methanol, which is often described as the building block of the universe. Due
to the presence of a dipole moment, it also acts as a tracer for the interstellar
medium; hence it is important in astrophysics and astrochemistry. Molecular
oxygen (O2 ) is the most important molecule in our daily life. It protects us from
harmful UV light coming from the solar spectrum. As a homonuclear molecule,
it is very difficult to detect by optical methods. The recent detection of O2
in comet tails by mass spectrometers on the Rosetta mission has attracted
the interest of many scientists, and especially for those who are searching
for life outside mother Earth. DCSs obtained from our experiments provide
a stringent test of potential energy surfaces calculated by theory. Accurate
potential energy surfaces are key to building accurate astrophysical models.
Therefore, inelastic scattering studies of CO and O2 help us test models for
interpreting astrophysical data.
Second part: For our studies we performed crossed-molecular beam experiments
to probe rotational excitation of CO and O2 due scattering with Ar and Helium.
Velocity map imaging (VMI) was combined with state-selective detection by
0
00
(2+1) & (1 + 1 + 1 ) resonance enhanced multi-photon ionization (REMPI)
using vacuum ultraviolet (VUV) as the laser light source. Differential cross
sections were extracted from the experimental image after density-to-flux
corrections. The measured DCSs were compared with DCSs obtained from
theoretical calculations. We have placed the emphasis on angle-resolved
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measurement of collision-induced alignment and show that our VUV laser
probe is particularly sensitive to alignment effects. In this work, tunable
VUV radiation around 150 to 154 nm was produced by resonant four-wave
difference frequency mixing in Xenon gas. The scattered product was probed
with horizontal and vertical VUV probe laser polarization.
Third Part: This part presents a novel means of analyzing velocity map images
probing angular momentum polarization in inelastic scattering. Without using
any fitting or basis-set functions, alignment moments can be directly extracted
from the linear combination of angular distributions obtained with the laser
polarization parallel and perpendicular to the scattering plane. Chapter 4
& 5 of the thesis presents imaging studies of CO with Argon and Helium.
Rotationally excited CO molecule was detected with state selective detection by
0
00
a (1 + 1 + 1 ) REMPI scheme. The DCSs obtained from different polarizations
of light is termed a polarization dependent DCS or PDDCS. The detected
scattered images show a remarkable difference in appearance which manifests
strong collision induced alignment. Like the CO-Ar system, CO-He also shows
strong collision induced alignment effects. We used the direct extraction
method in order to calculate alignment moments from PDDCSs for both rare
gases.
Fourth Part: This part showcases the state-to-state inelastic scattering of O2
with Helium at collision energy 660 cm−1 . Velocity map imaging was combined
with state selective detection of O2 using a (polarization insensitive) 2+1
REMPI process. The obtained raw images were corrected from density-to-flux
and the differential cross-section were then extracted for six different O2 final
states. There was a good agreement with experiment and theoretical DCSs.
The agreement clearly demonstrates the ability to model both theoretically and
experimentally the inelastic scattering of O2 molecule with rare gases.
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Samenvatting

Dit proefschrift beschrijft het experimentele werk en de studie naar de
inelastische verstrooiing van astrofysisch belangrijk koolstofmonoxide (CO) en
moleculair zuurstof (O2 ) met edelgassen.
Deel 1 van het proefschrift beschrijft het astrofysische belang van CO en O2 .
CO is het meest voorkomende koolstof houdende molecuul in het heelal. CO is
een hoofdbestanddeel van de vorming van methanol, dat vaak wordt beschreven
als een belangrijke bouwsteen van het heelal. Wetenschappers, zoals astrofysici
en astrochemici, gebruiken CO om het interstellair medium te traceren. O2 is
het belangrijkste molecuul in ons dagelijks leven. O2 beschermt ons tegen het
schadelijke ultraviolet (UV) van het zonnespectrum. O2 is een homo nucleair
molecuul en daardoor moeilijk te detecteren. Recente detectie van O2 in het
interstellair medium heeft veel wetenschappers aangetrokken, vooral degene die
op zoek zijn naar leven buiten moeder aarde. Deze wetenschappers gebruiken
de studie naar inelastische verstrooiing van CO en O2 om hun astrofysische data
te modelleren, waarin een nauwkeurige potentieel energie oppervlak (PES) van
belang is. De (hoek distributie of differentile botsing/werkzame doorsnede)
(DCS’en) uit onze experimenten worden (gebruikt om de PES’s te testen)
vergeleken met de theoretische DCS’en, die berekend zijn uit PES’en.
Deel 2 beschrijft de gekruist moleculair bundel experimenten die we gedaan
hebben om rotatie-excitatie van CO en O2 te onderzoeken door verstrooiing
met Argon (Ar) en Helium (He). Hiervoor wordt velocity map imaging (VMI)
gecombineerd met een toestand selectieve detectie methode, namelijk (2 + 1)
0
00
en (1 + 1 + 1 ) resonantie versterkte multi-foton ionisatie (REMPI). DCS’en
worden afgeleid uit de experimentele beelden. Deze DCS’en worden vergeleken
met de DCS’en verkregen uit theoretische berekeningen. De nadruk is gelegd
op hoek afhankelijkheidsmetingen vande, door botsing veroorzaakte, impuls
moment polarisatie en laten zien dat vooral de (detectie met) VUV sonde
gevoelig is voor deze impuls moment effecten. Hiervoor is een VUV lichtbron
gemaakt, dat gebruik maakt van een resonante “four-wave difference frequency
mixing” techniek in Xenon (Xe) gas wat resulteert in een scangebied tussen de
150 en 154 nm. Vervolgens ishet verstrooide (gebotste) product gedetecteerd
met horizontaal en verticaal gepolariseerd VUV laser licht.
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Deel 3 beschrijft een nieuwe manier om uit de VMI plaatjes/afbeeldingen de
impuls moment polarisatie van inelastische vertrooiing (botsing te extraheren)
te analyseren. Met eenvoudige functies is het mogelijk om de polarisatie
moment direct uit het verschil van plaatjes te halen die respectievelijk bij
horizontaal en verticaal gepolariseerd licht zijn gemeten. In hoofdstukken 4
en 5 wordt de verstrooiing/botsing tussen CO met Ar/He dat met de VMI
techniek is gemeten gepresenteerd. Rotatie gexciteerde CO moleculen worden
0
00
gedetecteerd met toestand selectieve detectie door middel van (1 + 1 + 1 )
REMPI. De DCS’en verkregen uit de verschillende polarisaties van het VUV
licht worden ook polarisatie afhankelijke PDS’en (PDDCS’en) genoemd. De
VMI plaatjes van horizontaal en verticaal gepolariseerd VUV laser licht, van
zowel het CO-Ar en CO-He botsingssysteem, laten een duidelijk verschil zien
wat duidt op een sterk impuls moment polarisatie effect.
Deel 4 beschrijft de toestand-tot-toestand of ‘state-to-state’ inelastische
verstrooiing van O2 met He met een botsingsenergie van 660 cm−1 . De
VMI techniek is gecombineerd met toestand selectieve ionisatiedetectie van
O2 met een (2+1) REMPI methode. Hierna worden de DCS’en afgeleid voor 6
zes verschillende eindtoestanden van O2 , hieruit blijkt dat de experimentele
en theoretische DCS’en heel goed met elkaar overheen komen. De grote
overeenkomst toont duidelijk de mogelijkheid aan om zowel experimenteel als
theoretisch inelastische verstrooiing van O2 met edelgassen te modelleren.
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List of Acronyms

CM

Center of mass frame

CIA

Collision induced alignment

CCD

Charged coupled device

DAVIS

Data acquisition and visualization software

DCS

Differential cross section

HIP

Horizontal in-plane

HOOP

Horizontal out-of-plane

ICS

Integral cross sections

IMSIM

IMage SIMulation

KM

Kinematic apse

LTE

Local thermodynamic equilibrium

MCP

Micro channel plate

PDDCS

Polarization dependent differential cross section

PES

Potential energy surface

REMPI

Resonance enhanced multi photon ionization

TOF

Time of flight

UV

Ultra violet

VIP

Vertical in-plane

VMI

Velocity Map Imaging

VOOP

Vertical out-of-plane

VUV

Vacuum ultra violet

