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Summary
In the first part of my PhD project, I have developed a new experimental technique, based on the
use of a strong laser pulse, to align large molecules sharply and keep the molecules aligned for >
10 picoseconds after the laser pulses is turned off. This is sufficiently long that intramolecular and
intermolecular reactions and processes can be followed throughout their duration. The method
applies to both 1-dimensional and 3-dimensional alignment and is generally applicable to a wide
class of molecules and molecular complexes – in fact, the larger the molecule the longer it can be
field-free aligned.
The key to the long-lasting, field-free period of sharply-aligned large molecules is to conduct
the experiments on molecules embedded in helium nanodroplets. First, the laser-induced alignment
becomes exceptionally strong thanks to the 0.4 K temperature of the droplets, shared with the
molecules. Second, the helium environment impedes the rotational motion. The strong alignment,
created by an adiabatically turned-on laser pulse, lingers when the alignment field is rapidly turned
off at its peak. This creates a window of 10-20 ps where the degree of alignment is high and the
residual field so weak that it does not perturb molecules in fragile states, which I show explicitly
through the demonstration of survival of molecular parent cations. Third, the droplets can accommodate large molecular species and molecular complexes, thereby extending the systems amenable
to alignment much beyond what is possible in the gas phase. I illustrate this by studies on five
different molecules as well as three different molecular dimers.
In the second part of my PhD project, I have determined the structure of molecular dimers by
Coulomb explosion and strong-field ionization induced by intense femtosecond laser pulses. The first
study concerned dimers of tetracene molecules. The dimers were formed inside helium droplets and
I applied the field-free alignment technique to align the tetracene dimers either 1-dimensionally or 3dimensionally under field-free conditions. The emission direction of singly charged tetracene cations
were recorded and the angular covariance maps for these ions were compared to covariance maps
calculated for seven different dimer conformations, and found to be consistent with four of these.
Next, I measured the alignment-dependent yield of ionization induced by the intense femtosecond
laser pulse. These measurements narrow the possible conformation down to a slipped- parallel or a
parallel-slightly-rotated structure. According to quantum chemistry calculations, these are the two
most stable gas-phase conformations of the dimer.
The second study concerned the heterodimer of an iodine and a bromobenzene molecule, again
formed inside helium droplets. Using a Timepix camera to simultaneously detect I+ and Br+
fragment ions from laser-induced Coulomb explosion and subsequently analyzing the angular covariance maps, I found that the experimental data are consistent with a conformation where the
iodine molecule is perpendicular to the plane of the bromobenzene molecule. As a free benefit, the
same experiment allowed us to identify the structure of the bromobenzene dimer. We found that it
is a slipped-parallel structure with the bromine atoms from the two molecules pointing in opposite
directions.
Finally, I initiated experiments to determine the interatomic wavefunction for gas-phase argon
dimers and the intermolecular wave function for gas-phase carbondisulphide dimers by laser-induced
Coulomb explosion and recording of the kinetic energy distribution of Ar+ and CS2 + fragment ions,
respectively. Although still preliminary, the results strongly indicate that wave function imaging
can be extended not only are possible for atomic dimers but also for molecular dimers, at least for
linear molecules. For accurate interatomic and intermolecular distance measurements, comparison
to quantum chemistry calculations reveals the importance of adding contributions from non-covalent
interactions to the Coulomb energy of the repulsive dicationic state.
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DANSK RESUMÉ

Dansk Resumé
I den første del af mit PhD projekt har jeg udviklet en ny eksperimentel teknik til, ved brug af en
stærk laser puls, at ensrette (eng. align) store molekyler skarpt og holde molekylerne ensrettet i > 10
picosekunder efter at laser pulsen er slukket. Dette er tilstrækkelig lang tid til, at intramolekylære og
intermolekylære reaktioner og processer kan følges gennem hele deres varighed. Metoden kan bruges
til både 1-dimensionel og 3-dimensionel ensretning og er generelt anvendelig til en bred klasse af
molekyler og molekylære komplekser; faktisk er det sådan, at jo større molekylet er, desto længere
tid kan det være ensrettet uden laserpulsen tilstedeværelse.
Nøglen til en langvarig, felt-fri periode med skarpt ensrettede, store molekyler er at udføre eksperimenterne på molekyler, indkapslet i helium-nanodråber. For det første bliver den laser-inducerede
ensretning usædvanligt stærk takket være dråbernes temperatur på 0.4 K, som deles af molekylerne.
For det andet hæmmer helium-omgivelserne den rotationelle bevægelse. Den stærke ensretning, som
frembringes af en adiabatisk tændt laserpuls, varer ved, når ensretningsfeltet slukkes hurtigt ved sit
toppunkt. Dette danner et vindue på 10-20 ps, hvor graden af ensretning er høj og det tilbageværende felt er så svagt, at det ikke påvirker molekyler i skrøbelige tilstande, hvilket mine målinger af
intakte molekylære ioner direkte viser. For det tredje kan dråberne huse store molekylære og molekylære komplekser, hvilket i høj grad udvider antallet at molekylære systemer, der kan ensrettes, i
forhold til, hvad der er muligt i gasfase. Jeg illustrer dette ved at studere fem forskellige molekyler
samt tre forskellige molekylære dimerer.
I den anden del af mit PhD projekt har jeg bestemt strukturen af molekylære dimerer ved hjælp
af Coulomb-eksplosion og stærkfeltsionisering forårsaget af intense femtosekund-laserpulser. Det
første studie vedrører dimerer af tetracen-molekyler. Dimererne blev dannet inden i helium-dråber og
jeg brugte den felt-frie ensretningsteknik til at ensrette tetracen-dimererne enten 1-dimensionelt eller
3-dimensionelt under felt-frie forhold. Udsendelsesretningen af de enkeltladede tetracen-kationer blev
målt, og de angulære kovarianskort (eng. covariance maps) for disse ioner blev sammenlignet med
udregnede kovarianskort for syv forskellige dimer-former og fundet konsistente med fire af disse.
Derefter målte jeg det ensretningsafhængige udbytte af ioniseringen, som fremkaldtes af den intense
femtosekund-laserpuls. Disse målinger begrænser de mulige dimer-former til en forskudt-parallel
(eng. slipped-parallel) eller en parallel-svagt-roteret struktur. Ifølge kvantekemiudregninger er disse
de to mest stabile former af dimeren i gasfase.
Det andet studie handlede om heterodimerer af et iod- og et bromobenzen-molekyle, som igen
dannes inden i helium-dråber. Ved at bruge et Timepix-kamera til samtidigt at detektere I+ - og
Br+ -ionfragmenter fra den laser-inducerede Coulomb-eksplosion og derefter analysere de angulære kovarianskort, fandt jeg, at de eksperimentelle data er konsistente med en struktur, hvor iodmolekylet er vinkelret på bromobenzen-molekylets plan. Som bonus tillod det samme eksperiment
os at identificere strukturen af bromobenzen-dimeren. Vi fandt ud af, at det er en forskudt-parallel
struktur, hvor brom-atomerne fra de to molekyler peger i modsatte retninger.
Slutteligt har jeg startet nogle eksperimenter op for at bestemme den interatomiare bølgefunktion for gasfase argon-dimerer og den intermolekylære bølgefunktion for gasfase carbondisulfiddimerer ved brug af laser-induceret Coulomb-eksplosion og måling af den kinetiske energifordeling
for hhv. Ar+ - og CS2 + -ionfragmenter. Selvom det stadig er i den indledende fase, giver resultaterne
en stærk indikation på, at billeddannelsen af bølgefunktioner kan udvides fra at være mulig for
atomare dimerer til også at være mulig for molekylære dimerer, i hvert fald for lineære molekyler.
For nøjagtige målinger af den internukleare afstand afslører sammenligning med kvantekemiudregninger vigtigheden af at tilføje bidrag fra ikke-kovalente vekselvirkninger til Coulomb-energien af
det frastødende, dikationiske stadie.
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Chapter

1

Introduction
The research objective of my PhD project has been to: 1) Develop a laser-based method to align
large molecules and dimers of large molecules under field-free conditions and 2) Apply the field-free
aligned molecular dimers to determine their structure.
Alignment of molecules refers to the confinement of molecular axes to axes that are fixed in
the laboratory. In the simple case of a linear molecule, alignment would imply that the molecular
axis is confined to a space fixed axis, for instance in the vertical direction. In my project, I have
used moderately intense laser pulses to align molecules. The basic principle is that the laser pulse
induces a dipole moment in a molecule, which in turn interacts with the laser field such that the
induced dipole becomes spatially confined in a manner determined by the polarization state of the
laser pulse. For a linear molecule, alignment is typically induced by a linearly polarized alignment
pulse leading to the molecular axis being confined along the polarization axis of the laser field.
Laser-induced alignment has been developed extensively over the last 20 years [1]. Aligned
molecules are attractive for at least two major reasons: Firstly, they make it possible to study
or exploit the alignment dependence in interactions between molecules and other molecules or
atoms, or between molecules and polarized electromagnetic radiation. Secondly, they maximize the
information that can be extracted from experimental observables, by strongly reducing the blurring
effect resulting from randomly oriented molecules, which is typical for standard samples of molecules
in the gas phase or in solution. As a result, laser-aligned molecules are now used in many different
applications in physics and chemistry, benefiting from these two overall advantages.
Ideally, for the applications of aligned molecules, the degree of alignment should be very high
and it should occur under field-free conditions, i.e. after the laser pulse has been turned off. Fieldfree alignment can be obtained in the regime of impulsive alignment where a femtosecond (fs) or
few-picosecond (ps) laser pulse creates a rotational wave packet in a molecule, and a narrow time
window of field-free alignment, termed a revival, occurs long after the laser pulse is turned off
thanks to quantum mechanical coherence. Such revivals are easily created for linear molecules,
and under special conditions, the degree of alignment can be very high [2]. The revival time is,
however, typically only a few hundred fs, which in general prevents observation of nuclear dynamics.
Furthermore, the revival technique does not apply well to asymmetric top molecules, because their
non-regular rotational structure leads to incomplete reconstruction of the rotational wave packet
at the revivals, and thus to a low degree of alignment. Also, 3-dimensional (3D) alignment, i.e.
the confinement of the three principal molecular axes, is not practical. Thus, there is a need for
developing a technique that allows strong 1-dimensional (1D) and 3D alignment for a general class
1

of molecules, under field-free conditions. This objective is what I have worked on and achieved
during my PhD.
To achieve the objective, I used a laser pulse that turns on so slowly that the molecular degree
of alignment follows the rise of the laser intensity. In this adiabatic limit, the degree of alignment
reaches a high maximum at the peak of the pulse. At this point, the pulse was cut-off in time
using spectral truncation with a long-pass filter. For gas phase molecules, such as I2 , the degree
of alignment dropped quickly due to free rotation. By contrast, the degree of alignment for I2
molecules embedded in the interior of helium nanodroplets showed a much slower decrease. In
fact, the decrease was sufficiently slow that the degree of alignment lingered long enough after the
pulse truncation to create a window of field-free alignment for about 6 ps. A similar study was
conducted on 1,4 diiodobenzene. For this larger molecule, the window of strongly aligned molecules
without the laser pulse on was about 15 ps. The studies were extended to two other less symmetric
molecules, dibromothiophene and tetrabromoindigo, and it was again possible to show a window of
field-free 3D alignment obtained by an elliptically polarized laser pulse.
The reason for using molecules in He droplets to achieve the goal of creating strongly aligned
molecules under field-free conditions is firstly that the 0.37 K temperature of the He droplets, shared
with the molecules, enables very high degrees of alignment, especially when the alignment is induced
in the adiabatic regime [3]. Secondly, my work has shown that the He droplet has an impeding effect
on the rotational dynamics of molecules, which goes beyond the simple increase of the moment of
inertia for He-solvated molecules well-known from frequency-resolved studies. Thirdly, He droplets
can host large molecules and molecular clusters. As I demonstrate here, this allows extension of
laser-induced alignment to larger molecules and molecular dimers than what is possible in cold
molecular beams.
The second research objective of my PhD project concerned structure determination of molecular
dimers. Molecular dimers are two molecules held together by weak intermolecular forces, for the
dimers considered here by van der Waals forces. Dimers of molecules and of atoms play important
roles in a number of contexts, including molecular recognition, structure of macromolecules [4,
5], organic solar cells [6] and exotic quantum halos [7]. Traditionally, the structure of dimers
has been explored by frequency-resolved spectroscopy notably infrared but also microwave and
ultraviolet spectroscopy in combination with theoretical modeling. Such studies can provide highprecision structural information, including intermolecular bond lengths, angles and conformations.
Due to their frequency-resolved nature, these spectroscopic methods offer, however, no way to
capture the structure if molecular dimers undergo conformational changes. Recently, experiments in
Femtolab showed that it is possible to image the structure of dimers of either CS2 or OCS molecules
embedded in helium nanodroplets by femtosecond laser-induced Coulomb explosion and detection
of the emission direction of the fragment ions including identification of their angular correlations
implemented through covariance analysis. For the structure determination, it was critical that the
dimers were sharply aligned prior to the Coulomb explosion event. This method cannot match the
precision for the structure determination from e.g. IR spectroscopy but when implemented in a
pump-probe scheme, it may allow time-resolved imaging of the dimer as it changes structure.
Another goal for my PhD project was to demonstrate that the structure determination was
possible for dimers made up of molecules much larger than the triatomic OCS and CS2 . The choice
felt on tetracene, a polyaromatic hydrocarbon composed of four benzene rings fused together. The
strategy was first to demonstrate that dimers could be formed, and then to use the truncated
alignment pulse to create sharply aligned molecules under field-free conditions. At this point, the
dimers were Coulomb exploded and structural information extracted from the recoil direction of
the ion fragments and notably from their angular covariance maps. As will be explained, it became
necessary to supplement these experiments with an additional structure-sensitive measurement,
namely linear dichroism based on alignment-dependent ionization yields.
Finally, we decided to explore if it was possible to determine the structure of a hetero-dimer
2

CHAPTER 1. INTRODUCTION
since one of the compelling attractions of using He droplets is the ability to create complexes of
different molecular species by using sequential doping from several pick-up cells. We chose to study
the dimer of a bromobenzene molecule and an iodine molecule. The strategy was similar to that
of tetracene, although the fragmentation pattern in this case was richer. In particular, the I+
and Br+ recoil ions turned out to be the most useful observables for the structure determination.
Technically, detection of the correlation between different ion species, such as Br+ and I+ , required
the application of more advanced detector than the CCD camera used for the previous studies. In
practice, this was implemented by the TimePix camera in a very constructive collaboration with
Jocher Küpper’s group.
The outline of my thesis is the following:
The helium nanodroplets will be used throughout this work as an extremely relevant tool to
form molecular dimers and to cool the solvated species of interest to a temperature of 0 38K.
Chapter 2 introduces the broad subject of superfluidity in helium and describes the formation of
helium nanodroplets and some of their properties. Chapter 3 gives a brief overview of van der Waals
clusters and on some of the existing techniques that are used to study their structure.
Chapter 4 describes the technique used to extract the experimental observables and presents the
covariance mapping formalism that will be decisive in the interpretation of the experimental results.
Chapter 5 introduces laser-induced alignment which is a major tool for the control of the molecules
and the clusters studied throughout the thesis. Chapter 6 describes the experimental equipment
and the technical details that have been used throughout the experiments presented in this work.
The results are then organized as follows, first an experimental technique based on the spectral
truncation of a chirped laser pulse is presented in Chapter 7. This technique allows the formation
of rotational switched wave packets which are first studied in gas phase and extended to doped
molecules in helium droplets. It is shown that this technique allows the development of a field-free
alignment regime inside helium droplets. This field-free alignment window is proven to be necessary
for the detection of large aligned aromatic cations.
Chapter 8 is then dedicated to the study of the tetracene dimers inside helium droplets. After
proving that the dimer is detected, the study focuses on the extraction of its structure. The results
are then compared with simulations and with theoretical calculations.
Chapter 9 extends the study of homodimers to heterodimers by considering the dimer iodinebromobenzene. In the same chapter, the structure of the bromobenzene dimer in helium droplets
is determined.
While the helium droplets allow a relative control on the formation of molecular dimers, this process is much harder in gas phase. It is nevertheless possible for rare gas atoms and small molecules.
The main advantage of gas phase study is the ability to relate the kinetic energy of the ions to
the initial geometry of the clusters, whereas this information is often lost in helium droplets study.
Chapter 10 focuses on two systems, the Ar dimer and the CS2 dimer, and shows preliminary results
in the detection and the characterization of a quantum observable, the internuclear wave function of
the zero point energy of the dimer between Ar – Ar and C – C non-convalent bond respectively. This
experiment points toward the ability to image the intermolecular wave function of a non-convalent
bond.

3

Chapter

2

Helium droplets
Helium is the second element of the periodic table and is defined as a noble gas since its sole
electronic shell is filled. It possesses two stable forms, a bosonic one (4 He) and a fermionic one
(3 He) with a natural abundance on earth of 99.9998% and 0.0002% respectively. It is the most
stable atomic element yet found with an ionization energy of 24.59 eV. Its electronic configuration
makes it exceptionally inert. Due to its low mass, its heat capacity, thermal conductivity and sound
speed in gas phase are the lowest after hydrogen. We now focus on the bosonic atom which was used
in this work, He refers to 4 He unless otherwise stated. Liquid helium is now commonly used to cool
superconducting magnets in magnetic image resonance scanners or in nuclear magnetic resonance
spectrometers when the superconductivity needs temperature lower than 77 K. In gas phase, it is
also used as a purge gas or as a protective gas, thanks to its inertness, and in leak detection. This
chapter will introduce its low-temperature properties and the formation of helium nanodroplets
with their properties.

2.1

Superfluid helium

Figure 2.1 shows the Pressure-Temperature phase diagram for 4 He. There are two specific features
that distinguish it from the phase diagram of the other atomic elements. First, two liquid phases
are possible, He I and He I. He I was observed for the first time in 1908 by Onnes [10] by reaching a
He temperature below 4.2 K. This liquid phase shares properties expected for a classical fluid. The
second liquid phase, He II, is defined as a superfluid phase. The two phases are separated by a λ
line, termed from the shape of the specific heat curve between the two regions [11] and measured by
Keesom in 1935 [12]. The phase transition between the two phases is at 2.18 K at room pressure.
The second feature is the absence of a solid phase at 0 K for pressures below 25 bar which has been
replaced by the superfluid phase He II.
One of the most striking properties of the He II is its viscosity, measured independently by
Kaptiza [13] and by Allen and Misener [14], which is extremely small and tends to zero as the temperature is diminished. London [15] observed that the superfluidity would arise from the bosonic
nature of 4 He and could therefore be a consequence of a Bose-Einstein condensation [16]. This
observation lead to the theoretical formulation of a two-fluid model introduced by Tisza [17] and
developed by Landau [18]. These two fluids consist of a superfluid component and a normal component which are inseparable. This two-fluid behavior was shown by Andronikashvili [19, 20] in
1946 by measuring the angular frequency of a stack of suspended and closely packed discs immersed
5
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Figure 2.1: Sketch of the Pressure-Temperature phase diagram for He. Figure is taken from [8]

in liquid He. By diminishing the temperature of a classical liquid, the effective moment of inertia
should increase as the fluidity of the liquid would decrease. On the contrary, he observed a sharp
increase of the angular frequency by cooling the helium below the characteristic λ temperature and
related it to a diminution of the inertia of the liquid. By calculating the effective inertia from the
angular frequency, he could then extract the superfluid fraction in the liquid for a given temperature. This was also observed later in a rotating cylinder [21] where the speed of the cylinder would
increase by diminishing the temperature below the λ line.
The superfluid component represents the irotational ground state of the fluid, it is inviscid and
has zero entropy. The normal component is a liquid with a fixed viscosity and has been described
by Landau as resulting from two types of excitations assigned to two quasiparticles, the phonons,
considered as quanta of sound waves, and the rotons, considered as quanta of rotations. The
dispersion curve for bulk He has been first measured in 1961 [22] in a neutron scattering experiment
by Heenshaw and Woods and is shown in Figure 2.2. The first part of the curve represents phonon
type excitation and shows almost a linear behavior related to the speed of sound in liquid helium.
The second part shows a parabolic dispersion relation and represents the region containg roton type
excitations with its maximal depth, sketched by the blue line, termed roton gap. This gap is a
clear illustration of the reason behind the low viscosity of helium [23, 24], where the first allowed
excitation has to lie above the roton gap. Combining conservation of energy and momentum, the
excitation energy goes as E ≈ v.p 1 where E is the excitation energy, p the momentum transfer
1
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Figure 2.2: Excitation spectrum in superfluid helium. Data are taken from neutron scattering
experiment [9] at 25 atm and 1.1 K. Blue line represents the roton gap. Dashed line represents the
excitation energy for a particle moving at the Landau velocity vL assuming conservation of energy
and momentum.

and v the initial velocity of the object. To create phonons or rotons, the excitation energy from the
object has to lie above the dispersion curve which can be interpreted as the necessity for the object
to reach a minimal velocity in order to induce excitations in He II. The absence of excitation can
then be understood as the absence of any friction since the energy (and therefore the velocity) of the
object moving in the superfluid cannot be dissipated by the solvent. An estimation of the Landau
velocity is obtained by dividing the height of the roton gap and its position giving vL ≈58 ms. An
experimental measurement of the velocity has been realized by Allum [24] where charged ions were
accelerated through superfluid helium. The quantum nature of the superfluid state was predicted
through the Onsager-Feynman quantization condition [25, 26] to allow the formation of quantized
vortices [27, 28] observed by Rayfield et al in 1964 [29] by accelerating ions in helium and imaged in
1982 [30]. In these vortices, the integrated momentum of a helium atom is quantized in integer times
~. The superfluid phase posseses a large number of interesting properties which can be predicted by
the two fluid model such as the film flow, fountain effect or second sound. These applications can
be found on the website of Alfred Leitner [31]. In particular, the second sound [32] describes the
transfer of heat as a wave process instead of a standard diffusion explaining the fantastic thermal
conductivity of He II.
The high-heat conductivity, the absence of viscosity and the high ionization potential makes He
II an excellent choice as a medium to solvate molecules. The heat conductivity will efficiently cool
molecules to the temperature of the solvent. Moreover, thanks to its electronic configuration the first
electronic excitation is ∼21 eV making it transparent to wavelengths from the far IR to the vacuum
UV. Finally, its low dielectric constant,  ≈ 1.005, over the same spectral range, barely affects the
propagation of electromagnetic waves through it allowing standard spectroscopic techniques. The
strength of the interaction between the solute and the solvent is usually gauged from the interaction
between the solvent with itself [33] which is usally quantified with the de Boer parameter [34].
This parameter calculates the ratio between the de Broglie wavelength of relative motion λ and
7
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the distance of closest approach R0 2 . Thus, it represents a scaling factor between the position of
the quantum mechanical wave with respect to its classical limit. A higher value can be interpreted
as a lower interaction inducing a delocalized medium. The value for 4 He is 2.87 while it is 0.06
for Xe matrix indicating a more classical behavior. This delocalisation can also be viewed as a
consequence of a high-zero point energy in He explaining its liquid phase even down to absolute
zero temperature at saturated vapor pressures [33]. This large quantum mechanical delocalization
allows a large reshaping of the helium solvent as a function of the solute shapes. The counterpart
of a low interaction between the solvent and the solute is the difficulty to trap it since the solvent
stays highly mobile. Liquid helium has an extremely poor solubility and impurities, such that
atoms or molecules would therefore easily leave the superfluid environment [33] superfluid making
it extremely difficult to control. This effect can be avoided for charged species by dragging them
into the region of interest with an electric field potential, but is a much larger challenge for neutral
bodies, which will be likely to aggregate or precipitate on container walls. A review of the different
doping methods in liquid helium is given for completeness [35]. A solution for this problem was
found by solvating the species of interest in droplets of superfluid helium avoiding the uncontrolled
precipitation on the container.

2.2

Helium droplets

Formation
The generation of helium droplets results from the expansion of cold helium at high pressure through
a few micrometer nozzle. According to the pressure and the temperature of the helium, the isentrope
expansion will either originate from a liquid or a gas phase resulting in a different size distribution for
the helium droplets. These two regimes are termed as supercritical or subcritical and are indicated
on Figure 2.3. In the supercritical regime, helium starts from its liquid phase, He I, and breaks up
into large droplets (105 < N < 107 ). Subcritical expansion results from the condensation of the
helium gas and the number of helium atoms per droplet is greatly reduced (102 < N < 104 ). The
radius of the helium droplets is usually estimated from the number of helium atoms and goes as
R0 = 2.22N 1/3 Å [37].
The helium droplets will propagate through vacuum and will undergo further cooling by evaporation of the helium atoms from the droplet surface [37]. The evaporation mechanism is usually
based on the interaction energy between two heliums, 5 cm−1 , in bulk phase [38]. The number of
helium atoms evaporated from a helium droplet is then usually estimated from the energy contained
in the droplets that needs to be dissipated. The helium droplets will reach a steady state in few
µs [39] with a final temperature of ∼0.38 K [33] leaving them into a superfluid phase. The final
mean droplet size from subcritical expansion was shown to follow a log-normal distribution [40],
therefore becoming broader as the mean number of helium atoms increases. Their final velocity
usually ranges between 200-400 m/s according to the temperature of the source and the velocity
distribution was found to be particularly sharp (∆v/v ≈ 0.01 − 0.03) [33, 41].
The subcritical expansion is the method used in this work and the accessible range of droplets
size is circled in red in Figure 2.3. Afterwards, the helium droplets can be doped by collision with
molecules in the gas phase.

Doping
The droplets will capture, through collisions, atoms or molecules that it encounter on its path.
This scheme, termed pickup, is usually achieved by passing the droplet beam through a cell filled
2
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Figure 2.3: Mean droplet sizes as a function of a 5 µm nozzle temperature for different stagnation
pressures. The red circle highlights the region used in this work. The figure has been adapted from
[36]

with the species to be captured. Two different designs are used in this work and are presented in
chapter 6.
The pickup process is statistical and thus the number of dopants cannot be predeterminately
fixed in an experiment. The probability for a droplet to capture an atom or a molecule has been
found to follow a Poisson distribution [41, 42] with a mean value that depends on the droplet size,
the density of the species inside the pickup region, ρ, and the length of the pick up region L. The
probability to pick k molecules can then be written as:
Pk =

(σρL)k
exp(−σρL)
k!

(2.1)
2

where σ is the cross sectional are of the helium droplets, σ ≈ πR02 ≈ 5πN 2/3 Å for a uniform
density close to the bulk helium [37]. This expression contains several approximations, the first one
is the use of the geometrical cross section, which overestimates the chance to capture the dopant.
A better quantity was found to be σcapt = 0.5σ [41, 42]. Secondly, the pick up cross section and the
density of molecules are both considered to be constant through the path of the helium droplets.
Figure 2.4 shows the population of different clusters of SF6 as a function of the internal pressure
in the pick-up cell [33]. The distribution of clusters follows particularly well Equation 2.1 where the
mean number of helium atoms per droplet has been fitted to a value of 4100. The Poisson process
implies that the selection of a particular cluster size is not achievable but will be a distribution of
different clusters. In practice, the pressure in the doping cell is set to the minimal value fulfilling
two requirements, the detection of the desired cluster and a statistically meaningful signal.
9
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Figure 2.4: Dependence of the depletion signal Drel on the SF6 pressure in the pick-up cell, as
measured for the absorption bands for (SF6 )k complexes with different k values. Solid line are fits
according to Equation 2.1 with a mean droplet size of 4.1 × 103 . The insert shows a schematic
representation of the pick up, coagulation, and evaporative cooling processes. The figure is taken
from [33].

The constant pick up cross section can be an extremely crude approximation. When a molecule
is picked up by a helium droplet, there are three sources of energy that will be dissipated or provided
by the helium droplets [42]. First, the thermal energy of the molecule is cooled to the equilibrium
temperature of 0.38 K of the droplets, usually projecting the molecule onto its zero-point energy.
Then the final translational kinetic energy of the molecule is set from the velocity of the helium
droplet beam3 . Finally, the binding energy between the species and the helium solvent might also
result in an excess energy. As previously mentioned, the excess energy is usually dissipated through
the evaporation of helium with each helium atom on the surface carrying away 0.6 meV. The total
energy that will be transferred into helium evaporation can thus be estimated as:
Edoping = ET + EB +

m 2
hv
i
2 droplet

(2.2)

where hvdroplet i is the mean velocity of the helium droplet beam, m and ET are respectively the mass
and the thermal energy of the doped molecule, which goes for a non linear polyatomic molecule of
N atoms as:
E(T ) = ERot + EV ib + ET rans
(2.3)
Usually, the rotational and the translational energy will easily tend to the classical limit at room
temperature and thus would each contribute to 3/2kB T . The vibrational energy can be estimated
from the partition function for a given temperature assuming a harmonic potential for each degree
of freedom left4 . In the results of the experiment shown in Figure 2.4, the authors estimated the loss
3
4
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of helium atoms per doped SF6 molecule to be around 600 helium atoms [42]. It is surprising that
the distribution holds so well since the third doping should then diminish the initial cross section
by more than 20%.
As an example more closely related to this work, let us consider the case of a particular molecule
that will be used in one of the following chapters, tetracene (C18 H12 ). In the experiment, tetracene
is heated to a temperature of ∼100 ◦C resulting in a thermal energy of 800 meV. If we assume a
mean velocity for the droplet beam of hvdroplet =300 m/si and neglect the binding energy between
the helium and the tetracene, the number of evaporated helium atoms will thus be about 1500 per
molecule of tetracene doped. Hence, it can be seen from Figure 2.3 that a nozzle temperature above
14 K would result in the complete evaporation of the helium solvent after the successive doping of
two tetracene molecules prohibiting any dimers study. Moreover, the pick up cross section would
also diminish by more than 40% after the first doping making the probability for an extra doping
less likely. The choice of the helium droplet size is therefore critical and depends on the molecules
or the clusters that will be studied. In particular, an ingenious choice of droplet size can also be
made to avoid the doping of large clusters. However, this type of choice would usually bring along
a drop of signal.
A last problematic that needs to be answered is the position of the dopant after its capture by
the droplet, more precisely: does it lie on the surface or inside the helium droplet? This problematic
was elegantaly formulated by Ancilotto et al [43] who compared the gain energy and the cost energy
of the doping. The cost energy is due to the creation of a cavity inside the dopant, represented by
the energy necessary to break the surface tension, γ. The gain energy is the interaction between the
dopant and the solvent which will depend on the interaction energy,  and on the number density of
the solvent, ρ. These two quantities can be related with the minimal distance between the solvent
and the dopant, which was defined previously as R0 . The ratio of the gain to the cost is called
Ancilotto parameter, λ, expressed as:
ρR0
λ=
(2.4)
γ
For a classical fluid, it would be expected that λ > 1 would be a sufficient condition for solvation.
However, it has been found that for He II, λ > 1.9 is required for the dopant to be solvated in the
interior of the helium droplet. On the contrary, for λ < 1.9 the dopant will reside on the surface of
the liquid. Theory and experimental results indicate that all closed-shell atoms and molecules were
solvated inside the droplets [33, 41] and are thus termed heliophilic. The position of the species
is usually largely delocalized in the droplet [33], some helium atoms can also attach to the doped
species due to a strong non-covalent attraction. On the contrary, all alkali metal atoms and most of
the alkaline eath atoms reside on the surface of the droplet [33, 38, 41] and thus termed heliophobic.
All the molecules considered in this work are heliophilic and are expected to be doped inside
the droplets.

Superfluidity
In 1998, Grebenev et al. performed an experiment which showed results consistent with a superfluid
behavior of the helium droplets [19, 44]. This experiment presents a relative analogy with the
experiment realized by Andronikashvili presented above (see section 2.1), which showed a large
increase of the oscillation frequency of disks embedded in bulk helium droplets as the temperature of
the fluid went below 72.18 K. In the case of helium droplets, the observable chosen was the depletion
spectra of helium droplets following rotational excitation. OCS molecules were embedded in Helium
droplets and were rotationally excited nearby the ν3 -fundamental vibrational frequency [19, 44].
The rotational energy was then dispersed through the evaporation of about 400 He atoms. This
diminution resulted in a reduction of the ionization cross-section of the helium droplets from a mass
spectrometer giving a precise indication of the populated channels. Figure 2.5 shows the relative
intensity of rotational lines for isolated OCS molecules in (a), and embedded in 4 He and 3 He in
11
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Figure 2.5: Dependence of the depletion signal Drel on the SF6 pressure in the pick-up cell, as
measured for the absorption bands for (SF6 )k complexes with different k values. Solid line are fits
according to Equation 2.1 with a mean droplet size of 4.1 × 103 . The insert shows a schematic
representation of the pick up, coagulation, and evaporative cooling processes. Figures taken from
[33].

(b) and (c). The rotational spectrum in 4 He shows sharp features similar to the gas phase. The
position of the fundamental vibrational frequency is shifted by ∼0.6 cm−1 (indicated by the little
arrows) [44]. The linespacing has been reduced by about a factor of 3 and is interpreted as the
attachment of 6 helium atoms to the OCS molecule, thus increasing its moment of inertia. The
width of the peaks (∼160 MHz) is interpreted as a free rotation of the OCS molecules in the helium
droplets with a lifetime of some nanoseconds [19, 44]. The spectra is strinkingly different in 3 He
with a broad feature this time interpreted as the coupling between the rotational molecules and
the solvent. According to the authors, the difference between the two spectrums embedded in
helium droplets from different isotopes resides in the superfluidity of 4 He at 0.37 K whereas 3 He
needs a temperature of 3 mK to become superfluid. The temperature of 3 He has been found to be
0.15 K [33] thus well above the superfluidity criteria and therefore explaining the large coupling.
However, it is also possible to justify this difference by calculating the spectral density of bosonic
(4 He) and fermionic (3 He) excitations. A response to the OCS experiment [45] showed that the
broad structure could solely be explained by the large number of particle-hole excitations in the
fermionic case whereas the small density of phonon excitations in the bosonic case would lead to a
small broadening similar to gas phase [45, 46].
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Structure determination of molecular
complexes
Three chapters in this thesis are dedicated to the structure determination of molecular complexes
from non-convalent interactions. For this reason, non-convalent interactions are first introduced,
then an overview of the technique used to characterize the structures of complexes is given in both
gas phase and in helium droplets.

3.1

Non-convalent interactions

A convalent bond infers the sharing of electrons between two atoms and can also be called chemical
or molecular bond. It is based on the overlap of unfilled electronic shell from two subsystem.
The increase of the electron density in the bonding and the antibonding region of the moleular
orbitals formed defines the strength of the bond. Typically, this overlap is maximized at interatomic
distances below 2 Å while it becomes negligible for distances higher than 4 Å. Much greater distance
are allowed through non-convalent interactions, e.g. 10.39 Å for the Helium dimer to 100 Å for large
biomacromolecules [4]. This non-specific name is a strange choice since the interaction is defined
by what it does not represent, it can sometimes be referred as van der Waals interaction or weak
interactions1 .
These interactions are mostly originating from the interaction of electric multipoles [4, 47].
These multipoles can either be permanent, induced or instantaneous and lead to different strength
in the interactions. The electric multipoles are generically defined as the Taylor expansion of the
Coulomb potential [48] written for a charge distribution ρ(r) as:
V (R) =

∞
X
l=0

Ml (R̂)
4π0 |R|l+1

(3.1)

where R = |R|R̂ is the distance from the charge distribution and Ml (R̂) is the component of the 2l
pole moment in the direction R̂:
Z
Ml (R̂) = rl Pl (r̂.R̂) × ρ(r)d3 (r)
(3.2)
1

which is obviously a poor choice for physicist
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with Pl the Legendre polynomials of degree l. The interaction between two charge distributions can
therefore be expanded as the product of their multipoles.
For species with permanent multipoles, the usual terminology is electrostatic interaction and
its strength is therefore proportional to the product of the multipoles of each compound. An
interaction between a multipole l and a multipole k would then lead to an interaction potential
∝ R−(1+k+l) . They are usually highly directional thanks to the tensorial nature of the moment in
the expansion. The induced-permanent interaction, termed induction interaction, represents the
interaction between a permanent and an induced multipole. The origin of the induced multipole
can be multiple and is usually represented as a perturbation expansion of its dipole moment. For
example, as it will be shown in chapter 5, the first term in the expansion of the dipole moment from
the presence of an electric field (E) is called polarizability (α) and the induced dipole moment (µind )
is proportional with the electric field (µind ∝ αE). Since the absence of permanent multipole is
possible for neutral and spherically symmetric system, such as an atom, the formation of complexes
between such elements with permanent multipole species is therefore due to the induced dipole
contribution. In the case where the lowest permanent multipole moment of a system is too high,2 ,
then induction interaction might be the leading term or be of similar magnitude with respect
to the electrostatic interaction. Finaly, the induced multipole-induced multipole interaction can
also originate from the presence of an electric field creating multipoles in the specie. An external
perturbation is not a requirement to observe this interaction. In 1930, London [49] derived the
resulting interaction from oscillations of charged particles (electrons or nuclei). He showed that
these oscillations, which are intrisinc in the quantum picture, despite being null when integrated over
time, would result in an instantenous effective multipole. This effect called dispersion interaction
was the first derivation of the attraction between noble-gas atoms and the first leading term goes
as ∼ α2 R−6 and has now been observed as a fundamental interaction for aromatic systems with
delocalized electrons [50].
The dispersion and induction interactions are always attractive while the electrostatic can either
be attractive or repulsive. A last force can be mentionned which results from the Pauli principle.
This short-range force originates from the residual overlap of the electron clouds of two closed shell
systems and is called exchange energy. The electron density tends to increase in an antibonding
region resulting in a repulsive behavior. This interaction is opposite that for open-shell system
which would show an attractive behavior from a higher electron density in a bonding region.
The total stabilization energy of a molecular cluster lies usually between 40 meV and 1 eV,
considerably smaller than the binding energy of a covalent bond of about 3 eV. The energy is even
smaller for noble-gas dimers where the binding energy is on the order of few meV [51, 52, 53].

3.2

Studying molecular complexes

For the rest of the discussion, we refer to non-convalent bonded bodies as van der Waals (vdW)
complexes

In gas phase
Due to their low binding energy, the formation of vdW complexes and therefore their study was
particularly difficult at room temperature. The issue originates from the translational speed distribution in a gaseous sample, which is usually too fast to permit the formation of clusters. The
average kinetic energy being proportional to kT, the dimers were easily destroyed by two-body
collisions at room temperature. By dropping the temperature to reduce the velocity distribution,
the formation of vdW complexes increases. However the vapor pressure will also drop in the mean
2

The lowest permanent multipole for bodies with central symmetry as SF6 or CH4 is respectively the hexadecapole
(l = 5) and the octopole (l = 4)
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time reducing the chance for two molecules to undergo a collision. For these reasons, the amount
of vdW complexes in a gas sample cannot go above a few percent [54].
A revolution in the study of complexes in gas phase appeared through the adiabatic (supersonic [55]) expansion of a high-pressure carrier gas through a nozzle into vacuum. The transfer
from a random motion to a motion directed toward a specific distribution reduced the width of the
velocity distribution which reflects the maximal energy of collision between the molecules. This
width was related to an effective translational temperature which was found to be below 1 K [56].
Therefore, the collisions were not energetic enough to overcome the binding energies of the formed
vdW clusters. In the first step of the expansion, the molecules also undergo a large number of
collision allowing an efficient cooling of rotational states [56] and to some degree also a cooling of
the vibrational states. By using a rare gas as a carrier gas, the condensation of the species with the
gas could be reduced, since the interatomic forces are weaker, while the condensation of the specie
with itself was controlled by the density of the molecules before the expansion. The control of the
formation of vdW clusters (sizes, density) was studied by varying different parameters, e.g. nozzle
apparatus, the temperature and the pressure of the sample [57, 58].
High-resolution spectroscopy has been the most important tool to characterize the structure of
dimers. It has been applied from the microwave region (MW) to ultraviolet (UV). The experimental
observables can either be the absorption of the light, its emission or the detection of charged particles
from the system.
In microwave spectroscopy [59], the structure is usually assigned from the rigid rotor model.
Therefore, the aim is to retrieve the rotational constant (A,B,C) from the spectrum to calculate
the moments of inertia of the complex in order to deduce the structure. However, this is not as
straightforward as one could hope since the the number of degrees of freedom becomes can become
larger than the amount of independant data [60]. In particular, the development Fourier-transform
microwave (FTMW) [61, 62, 63] allowed a resolution up to 40 GHz [5]. The molecular system is
rotationally excited by a short microwave pulse and emits coherent radiation that are digitized. The
Fourier transform of the temporal profile gives a high resolution spectrum from which the rotational
constants can be assigned.
By increasing the frequency of the light to the infrared regime, vibrations can be accessed. Rovibrational spectroscopy can lead to a similar retrieval of the rotational constants [64] by populating
vibrationally excited states. Different detection methods are accessible, an interesting one is the
optothermal spectroscopy which measures the variation in the molecular beam energy with a liquid
helium-cooled bolometer [65]. A bolometer is a sensitive temperature dependent resistor that can
detect particle hits or radiation. In particle study, a change of the kinetic energy hit will result in a
modification of the temperature that can be monitored. When a vibration is excited, the measured
signal shows a positive or a negative contribution whether the dimer dissociated or not. Most of
the other methods rely on the absorption of the light. An interesting scheme is Fourier-transform
infrared (FTIR) spectroscopy [66] which uses Michelson interferometer to scan the absorption of
the specie for multiple wavelengths. This scheme will transmit or block some frequency components
of the incoming light according to the spacing between the two mirrors. The displacement of one
mirror can afterwards be converted into wavenumbers by taking the Fourier transform of the signal.
The optical counter part of the FTW, is termed, rotational cohered spectroscopy (RCS) which is
another famous technique to retrieve rotational constants. A picosecond polarized pulse impinges
on a sample (supersonic molecular beam). The wavelength of the pulse is tuned to hit a particular
vibronic transition that leads to the creation of a wavepacket consisting of multiple rotational states
leading to a quantum beating, which can then be probed through different mechanism (fluorescence,
stimulated emission spectroscopy, ...) [61, 67]. The limitation of RCS is thus not limited by the
frequency bandwidth of the laser but by the population relaxation time of the excited state.
Interesting scheme for probing electronic states are the resonance-enhanced multiphoton ionization (REMPI) which was shown to be successful to study electronic excitation by identifying
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decrease of the signal when a transition is attained by the laser’s wavelength leading to the ionization of the system. This technique has been extended by using zero electron kinetic energy as
an observable for the detection of the transition [61]. Many experiments were carried out by laserinduced fluorescence (LIF) allowing a spectral resolution of ∼10 MHz. The structure of the phenol
dimer[68] and the benzonitrile dimer [69] were retrieved for both the ground and the first excited
states from it. The combination of LIF with REMPI allowed also the structure determination of
aromatic molecules such as the anisole dimer [70] and the anisole-phenol dimer [71]. These experiments highlighted the difficulty to extract rotational constants as the size of the system increases
due to the congestion of the rotational lines from the increased moment of inertia.
Two limitations can be mentionned concerning high-resolution spectroscopy. First, the density
of populated state increases for larger molecules or larger clusters, the high spetral density becomes
particularly difficult to treat and some algorithm have been developed to help in their treatment [5]
such as genetic algorithm [72]. The second limitation originates from an intrinsic property of the
Fourier transfom, giving an incertitude relationship between time and frequency. Therefore a precise
knowledge of the energy of the light leads to a poor resolution of its interaction with the sample.
More precisely, the photon energy is only well defined for infinitely long pulses.
The Coulomb explosion imaging presents an interesting route to circumvent this problematic
as it also permits to follow the structural change of some systems. This technique relies on an
intense short laser pulse (<100 fs) to multiply ionize the system resulting in its fragmentation [73].
The recoil of the charged fragments from the Coulomb repulsion can be measured and their final
velocity distribution can sometimes permit to retrieve the initial structure before the ionization,
such as the relative angle between some intermolecular axes. While this technique was well known
to image some molecular dynamics, such as the torsional motion of the biphenyl [74] or is commonly
used to quantify the angular distribution of some molecules [1], it has been recently extented to the
structural determination of the dimers through coincidence measurements of charged fragments of
the initial cluster. Structures of N2 Ar, O2 Ar and O2 Xe have therefore been retrieved [75, 76]. The
Coulomb explosion imaging technique has also recently been extended to the CS2 dimer [77] and
the OCS dimer [78] embedded inside helium droplets. Instead of using coincidence measurement
to retrieve the initial structure, the combination of laser induced alignment and angular covariance
mapping was able to eliminate certain configurations, no intermolecular distance could be extracted
due to the impeding effect of the helium on the kinetic energy of the ions.

In Helium droplets
It was shown in chapter 2 that helium droplet was an extremely interesting solvent for the study of
vdW clusters as it provides a cold environment, a vanishing viscosity and an ability to cool efficiently
the rotational and vibrational excitations of the doped species. The transparency of helium to most
wavelengths (<20 eV) makes it also particularly easy to use since only the dopant may absorb the
incoming radiation.
The characterization of the structure of the vdW clusters formed inside helium droplets was
mostly done with spectroscopy techniques. In fact, there already exists a large number of reviews
on the subject [33, 36, 41, 79]. The main difficulty for standard spectroscopy technique, such as
absorption, is the low density of doped droplets making its detection particularly challenging. The
two principal methods to characterize the formed clusters have been LIF and depletion spectroscopy.
Between the two, LIF is usually more sensible and it is not affected by the size of the helium droplet.
However, it requires a fluorescence quantum yield higher then 10% [80] and is only particularly
relevant on some electronic excitations [36]. Large PAHs such as tetracene and pentacene have
been studied with it [81] or van der Waals complexes of tetracene-ArN (N≤ 5) [82]. In the case
where there is no fluorescence, such as for rotational, vibrational and some electronic excitations,
the energy will be dissipated by the helium solvents with the evaporation of helium atoms, each
carrying approximatively 0.6 meV. The evaporation of the helium will lead to a shrinkage of the
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helium droplet that can be detected either via a bolometer or electron mass spetrometry. In the
first case, it is similar to the optothermal spectroscopy used in gas phase where a smaller droplet
will lead to a smaller signal when it hits the bolometer. In electron impact mass spectrometry, high
energy electrons ( 40-180 eV) are used to ionize the helium 3 . The depletion will then be observed
from the diminution of the ionization cross-section that results from the shrinking of the helium
droplet. Some charge transfer processes have also been observed with this method where the charge
that was deposited on a helium atom would then be transfered to the dopant [83].
There are two requirements for depletion spectroscopy. First, the energy, that needs to be
dissipated, has to be higher than 0.6 meV in order to lead to the evaporation of helium atoms.
This makes MW spectroscopy difficult but still achievable if the radiation is intense enough and if
the helium solvent cools rapidly the dopant, thus allowing a succession of excitation de-excitation
mechanism that can lead to the evaporation of a sufficient number of helium atoms [84]. The second
requirement is the speed and the efficiency of the cooling which is more restrictive for electronic
excitation since the bodies might emit light before transmitting the excess energy to the solvent.
Depletion spectroscopy’s most successful application has therefore be in the IR regime, where
the coupling between the excitations and the solvent is the highest. In addition, it is possible to
improve the technique for polar molecules by applying a strong static electric field. The rotational
states are then projected into pendular states resulting into a merging of the rotational bands into
a single transition that can show a particularly high intensity [85]. This technique has been used to
for the detection of large clusters of HCN which retrieved an interesting chain-like structure that
differs from the gas phase [86]. It has also been used to identify multiple formation of clusters of the
form HCN – (Mg)n [87]. The vibrational transitions can also be scanned by rotating the polarization
of the excitation light with respect to the static electric field. By comparing the signal ratio betwen
parallel and perpendicular orientations, it is possible to differentiate different conformers of polar
molecules. This technique named Vibrational Transition Moment Angles (VTMA) [88] has been
extremely succesful to identifiate different conformers [79, 89].
Concerning ultrafast time dynamics of doped species, most of the study has been done on
alkali metal (Ak) atoms attached on the surface. They have been extensively studied [90] with
LIF and REMPI scheme thanks to their high cross-section. Vibrational dynamics of different
exciplexes Ak · – He or Ak – Ak · have also been observed [90]. For example, the Rb atom was
photoexcited and quantum inferences fringes were observed in the ion yield with a period of 2.5 fs
and could be followed for more than 20 ps [91]. A similar experiment on the Rb dimer showed
wave packet oscillations with a period of 0.95 ps and measured a relaxation rate by the droplets of
about 500 ps [92]. Only recently, ultrafast dynamics of doped species inside the helium droplets has
been detected. In particular, the creation of a ‘helium bubble’ around a photoexcited In atom was
observed [93]. The formation of the bublle was estimated to take approximately 600 fs and shows
an oscillation feature with a period around 20 ps. The excited indium atom is then ejected of the
droplets in about 100 ps. The same group observed vibrational wavepacket motion of indium dimers
which could be followed for over 50 ps [94].

3

The dopant can also be ionized but the cross section is much lower due to the large difference in density with
the helium atoms
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Ion imaging and covariance mapping
Ions are the particles that we will use throughout this thesis. They are generated by laser pulses
that are sufficiently intense to rip off one or more electrons from a species. For molecules or clusters,
exciting the system or ionizing it might induce its fragmentation, the resulting charged fragment
can then be collected and imaged. In our case, the time scale of the interaction is about (∼40 fs)
allowing to multiply ionize a species sufficiently fast to induce an ‘instantaneous’ fragmentation.
This technique is called Coulomb explosion since the cationic fragments will repeal each other from
the Coulomb repulsion. The multiple ionic fragments can be related by using correlation techniques,
allowing to follow fragmentation patterns or angular relationships. This chapter introduces the
experimental observables and the covariance mapping formalism that will be used in the coming
chapters. The ion imaging technique [95] is presented with examples related to the experimental
setup in the laboratory and the velocity map imaging is presented (section 4.1). The covariance
mapping is then discussed with some examples(section 4.2)

4.1

Ion imaging

The observables that will be used throughout this work are ions generated by intense laser pulses.
The ions are particularly easy to manipulate through the application of static electric field. The
static electric field will induce a motion of the ions and can be used to project them onto a detector.
The time that the ions will take to reach the detector gives an information about their velocity
which can afterwards be related to the mass of the particles. A quick approximation is given by
conservation energy arguments. An ion, with zero initial velocity, with a mass m and a charge q has
a total potential energy V = qE where E is the electric
p field. The final velocity that the ion can
acquire by its acceleration in the field is such that v = 2qE/m and will therefore hit the detector
at a time which depend on the distance L between its creation and the detector such that:
r
t = L/v ∝

m
q

(4.1)

We can be slightly more precise by using Newton equation. Defining X0 and v0X as the initial
position and initial velocity of the ion, the time required to leave a constant electric field E ending
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Figure 4.1: Sketch of an ion imaging setup. The ions are produced between the repeller (VR , XR )
and the extractor (VE , XE ) and are accelerated toward the ground plate (VG , XG ). After the ground
plate, the ions fly with a constant speed toward the detector (D) where they are recorded. The
setup is cylindrically symmetric around the X-axis.

at a distance L is then:

t=

m 
−
qE 


r
v0X
|{z}
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v0X
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m 
}

(4.2)

Final velocity

In our experiments, we use three cylindrical plates named ‘repeller’, ‘extractor’ and ‘ground’
sketched Figure 4.1 which can respectively be described by their position and their voltages as
(VR ,XR ), (VE ,XE ), (VG ,XG ). By introducing the difference in voltages and in distances, ∆VRE =
VR − VE , ∆VEG = VE − VG , LRE = XR − XE and LEG = XE − XG , we can approximate the electric
field between the plates in the X̂ direction as ERE = −∆VRE /LRE and EEG = −∆VEG /LEG . We
can then decompose the total time for the charged particles to reach the detector into three different
contributions: 1) the time to reach the extractor plate from a starting position nearby the repeller
plate, tRE ; 2) the time to reach the ground plate from the extractor plate, tEG ; 3) the time to reach
the detector from the ground plate, tGD . Usually, there is no electric field between the ground plate
and the detector, meaning that the time is just the distance between the ground plates and the
detectors, LGD = XG − XD , divided by the velocity of the particle after the ground plate.:
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Figure 4.2: Relation between the time of flight and the mass over charge of different ions. (a)
Null starting velocity (b) Difference of ToF between a null starting velocity and a positive (red)
or negative (blue) starting velocity in the axis of symmetry of the spectrometer. The voltages for
the repeller and the extractor are VR /VE = 6000/3800 V. The geometry of the setup is detailed in
chapter 6.

where vRE is the velocity of the particle at the position XE and vEG at the position XG . The
overall time for a particle to hit the detector is termed time of flight (ToF) and is the sum of the
three times introduced in Equation 4.3. Panel (a) of Figure 4.2 shows the relation between the
ToF and the mass over charge (MoC) ratio of the particles, m/q, as they hit the detector, using
the experimental parameters presented in chapter 6 and VR /VE = 6000/3800 V, for a null starting
velocity. By fluctuating the velocity, we can expect some modifications of the ToF. Considering
only single charged species, we can relate the kinetic energy that would result from the repulsion
with a pair partner from the Coulomb repulsion in the X̂ direction. Panel (b) shows the difference
in time between null starting velocity with positive (red) and negative velocities (blue) for a kinetic
energy of 2 eV1 . The splitting between positive and negative velocities increases with the mass of
the species and is confined between 5 µs and 80 µs in the masses considered.
This splitting has been used to quantify the kinetic energy of many particles for dissociation
measurements in the 90’s [96, 97, 98, 99] and is mostly inspired by the Wiley and McLaren design [100].
In 1997, Eppink and Parker [101] showed that it was possible to focus the transverse velocities
(orthogonal to X̂ here) of the ions such that ions having the same mass and the same transverse
~ on the detector if they are created at the same position X.
velocity, ~vr , would hit the same spot, R,
This technique is called velocity map imaging and only requires a specific ratio between the repeller
and the extractor voltages for a specific position X. By considering the time taken by a particle to
hit the detector, we can estimate how much
p it will move
pin the transverse plane, ~r from its intial
velocity ~vr such that ~r = ~vr t. Thus, |r| ∝ m|vr |/q = qTr /2 shows that the final radius would
only depend on the square root of the transverse kinetic energy of the particles, Tr , and not on
~ has a linear relationship with ~r [101] and only a magnification
their mass. It has been shown that R
factor needs to be taken into account to retrieve the transverse kinetic energy from the position
1

This is approximately the energy shared by 2 protons separated by 3.5 Å.
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Figure 4.3: Final radial position of 1000 anthracene ions onto the detector as a function of the initial
transverse velocity for three different positions along the X direction. The initial kinetic energy of
the ions is fixed at 2 eV and the velocity distribution is isotropic in the 3D space. (a) X = 7.75
mm, (b) X = 3 mm, (c) X = 15 mm. In all cases, a gaussian noise, with a standard deviation of
0.25 µm, is applied along the X̂ and the Ŷ directions to simulate the beam widths. A gaussian
noise, with a standard deviation of 2 mm, is also applied along the propagation direction of the
laser Ẑ to take into account the Rayleigh length. The voltages for the repeller and the extractor
are VR /VE = 6000/3837.5 V. The geometry of the setup is detailed in chapter 6.

onto the detector. The extraction of the magnification factor is shown in Appendix C in the case
of I2 .
To simulate the trajectories, the Poisson equation needs to be solved in order to extract the
value of the electric field at each point in space. A software, SIMION [102], can be used for this
purpose. Figure 4.3 shows the relation between the initial transverse speed of some anthracene
ions with their final positions onto the detector for three different starting positions along the X̂
direction In panel (a), the VMI is said to be focused and a linear relationship can be extracted
between the radial position and the transverse velocity for a particular ion. In panels (b) and (c),
the VMI is unfocused and the relation between the radial position and the transverse velocity is
blurred. In practice, the velocity map focus’ condition is achieved by looking at the signal from a
parent ion with zero initial velocity. By changing the ratio between VR and VE , it is possible to
focus all parent ions to hit on the center of the detector, thus achieving the velocity map imaging
focus.
Since all the component of the velocities can be accessed, it should be possible to reconstruct the
3D momentum and the total kinetic energy of each ion. However, it requires the ability to measure
both the position of the ion hit onto the detector and its time. In our experimental setup, we cannot
obtain both in the same acquisition and only one piece of information can be accessed (except in
chapter 9 where the ‘camera’ can record both time and position of a hit). The use of delay lines [103]
or time-resolved cameras [104] can however permit to reconstruct the total momentum distribution.
There exists multiple methods to retrieve the 3D momentum of a particular species but they may
necessitate particular requirements in order to be valid. Some methods will aim at retrieving the
distribution for ions with a zero starting velocity in the X̂ direction, such as the Abel inversion which
relies on a cylindrical symmetry in the plane of the detector, therefore no alignment is possible and
the probe pulse polarization has to be circularl, or linear and parallel to the detector plane. An
experimental technique termed, slice-imaging [105] relies on the gating of the spectrometer to only
select ions arriving at a time corresponding to the zero starting velocity in the X̂ direction. However,
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as shown in panel (b) of Figure 4.2, this gating is particularly difficult as it requires truncation below
50 ns for some species2 not easily accessible for electronics. A last technique, termed tomographic
reconstruction [106], tries to reconstruct the 3D momentum by measuring its different projections
onto the detector plane. It relies on the measurement for multiple orientation of the probe pulse
polarization. The measure has to be realized for every angle and the 3D momentum can be retrieved
with an inverse Radon transform. This technique is quite general but usually takes a lot of time.
Nevertheless, it can however be used for aligned molecules contrary to the Abel inversion.

4.2

Covariance

Covariance is one of the main tools that is used throughout this thesis to describe and interpret
experimental results. It is therefore detailed in order to make explicit the results presented in the
later chapters.

Overview
Covariance is defined as a scalar quantity measuring the statistical relationship between two random
variables X and Y , called correlation. It extends the definition of variance defined for a single
random variable to multiple dimensions. It is expressed as:
cov(X, Y ) = E[(X − E[X])(Y − E[Y ])] = E[XY ] − E[X]E[Y ] .
|
{z
} |
{z
}
1

(4.4)

2

where E[] designs the expected value. From expression 1, E[(X − E[X])(Y − E[Y ])], the covariance
can be interpreted as a measure of the conjoint difference of the random variables with their respective expected value. It reduces to expression 2 which can be decomposed into two contributions.
The first one, E[XY ] looks at the expected value of the products of the random variables, this
quantity measures the influence of each variable on the other one. This term alone is then a direct
estimate the correlation between the two variables. However, this correlation can either be real or
false depending on the measurement of each random variable. The false correlations can however be
removed by the second term, E[X]E[Y ] which serves as an estimate of the uncorrelated contributions. If the random variables are perfetly correlated, E[X]E[Y ] → 0 and cov(X, Y ) = E[X]E[Y ].
If the random variables are uncorrelated, E[XY ] = E[X]E[Y ] and the covariance is zero. A null
covariance does not imply independence between the two variables since it only measures a linear
relationship between them [107]. On the contrary, if two random variables are independent, it implies that their covariance is necessarily zero. A last care in the interpretation of the covariance map
originates from spurious correlation. This type of correlation occurs for example if the variations in
the outcomes of the random variables X and Y are affected by a third variable Z. This last comment implies that a positive or a negative covariance only indicates a correlated feature but does not
certify a causal relationship between the two variables. Examples of correlation without any causal
relationship can be imagined between three random variables X, Y , Z as: (Z → X,Z → Y ) or
X → Z → Y . In this case, a positive correlation would be observed for all variables but would not
provide any information on the process itself. To illustrate covariance, we can consider the result of
a Coulomb explosion experiment where a molecule AB is doubly charged from its interaction with
a laser pulse and undergoes different fragmentation pattern with different probabilities:

2+

A + B
AB 2+ → B 2+ + B

 +
A + B+
2

it depends on the voltages applied but the order of magnitude would be similar
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Figure 4.4: Covariance between different random variables associated to multiple fragmentation
channels (see text).

The detection of one particular ionic species can be considered as a stochastic process and as such
be described as a random variable XA+ , XB + , XA2+ , XB 2+ . Panel (a) of Figure 4.4 shows the
covariance between each random variable with a 70% efficient detector. The covariance of a random
variable with itself has been set to zero since it then only represents its variance. The covariance is
negative between channel A2+ , B 2+ and A2+ /B 2+ with either A+ , B + since observing one reduces
the chance of observing another. On the contrary, the two single charged channels show a positive
covariance because observing one increases the chance to observe the second. Another example can
be imagined by considering a distribution of different initial cationic states:
(
A+ + B
+
AB →
A + B+
AB 2+ → A+ + B +
Panel (b) shows the result when the channel AB 2+ → A+ + B + is not included. In this case,
the observed covariance is negative between the two random variable A+ and B + . By including
the doubly charged state to the simulations (panel (c)), the covariance between A+ and B + is now
positive. In a typical experiment, this positive behavior could then be interpreted as the observation
of a specific fragmentation channel.
Nevertheless, the reality is not as bright as what was shown in this short introduction. Fransiski [108] showed that negative covariance on fragmentation channels would unfortunately not be
observed in an experiment due to the fluctuations of the number of molecules inside the focal volume
of the laser beam. If the molecular density was identical for all laser shot, then the negative covariance would be measured since the increase of one channel would necessarily decrease the chance
of observing another as shown in the previous figures. A mathematical description showed that
the Poisson distribution of the initial number of molecules would spread towards the distribution
of each fragmentation channel [109]. The number of events for each fragmentation channel would
then be described as an independent Poisson random variable. The independent feature implies
that no covariance would be observed for fragments originating from different channels but also
that anti-correlation would not occur. I have checked it by simulating a fragmentation process for
different distribution (Poisson, Gaussian and uniform) of the initial molecular sample and calculate
the resulting covariance. It applied to all distributions for small fluctuations. It is also worth noting
that, except for the Poisson distribution, large fluctuations from the mean number of molecule can
result in false covariances. This effect was described by Mikoch et al [110, 111] who compared
the influence of the fluctuations between coincidence measurement and covariance. Coincidence
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measurements were almost insensitive to external fluctuations but would show false coincidence for
non-unit detection efficiencies whereas covariance was "free of systematic errors as long as stable
experimental conditions are maintained". These fluctuations can take many forms in the experiment, as fluctuations may originate from a large variety of factors, e.g. laser intensity, molecular
beam, doping, detection. If these fluctuations do not follow a Poisson-like behavior, it is likely that
a false covariance would rapidly appear. A method called partial covariance mapping [112, 113]
permits a correction if the fluctuations can be measured. In this thesis, the stability of the laser was
sufficiently good to not be worried about it. Concerning the variation of the doping level in helium
droplets or the density in the molecular beam in gas phase experiments, it is extremely difficult to
evaluate and therefore to correct for it. The stability of the signal (ion yield) and the pressure were
the main indicators to inform us about modifications of the probing process. Fluctuations in one of
these two observables would lead to the discard of the acquired data to avoid this problematic.

Mathematical description
This section will now present the covariance formalism in more details. Specifically, the objects that
we will be using are termed random vectors. A random vector is an object consisting of random
variables. The covariance between two random vectors is called the cross-covariance matrix. It
represents the covariance between each random variable of the two random vectors. Its mathematical
formulation goes as follows. Let X and Y be two random vectors of respective size N and M . The
random vectors can then be written as a function of their random variables. X = (X1 , X2 , ..., XN )T
and Y = (Y1 , Y2 , ..., YM )T where T stands for transpose. The expected value for each random
variable is defined over a total number of acquisition cycle K, for example the number of lasershots
fired in the experiments, as:
E[X] = (E [X1 ] , E [X2 ] , ..., E [XN ])T
E[Y ] = (E [Y1 ] , E [Y2 ] , ..., E [YM ])T

(4.5)

where E[Xi ] and E[Yi ] are the expected values (averages) of the respective random variables:
K
1 X
E[Xi ] =
xik ,
K
k=1

K
1 X
yik
E[Yk ] =
K

(4.6)

k=1

with xik and yik the outcomes for the random variable Xi and Yi respectively. In a similar manner,
their variance is also defined over the same number acquisition K as:
V [X] = (V [X1 ] , V [X2 ] , ..., V [XN ])T
V [Y ] = (V [Y1 ] , V [Y2 ] , ..., V [YM ])T

(4.7)

where V [Xi ] and V [Yi ] are the variance of the respective random variables Xi and Yi .
K
 
1 X
V [Xi ] =
(xik − E[Xi ])2 = E Xi2 − E [Xi ]2
K

1
V [Yi ] =
K

k=1
K
X

(4.8)
(yik − E[Yi ])2 = E Yi



2

− E [Yi ]2

k=1

The cross-covariance matrix is then written as:


KXY = cov (X, Y ) = E XY T − E [X] E [Y ]T

(4.9)
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with dimension N × M where we have for each entry (i, j) the covariance between the i-th element
of X, and the j-th element of Y :
KXi Yj = cov (Xi , Yj ) = E [Xi Yj ] − E [Xi ] E [Yj ]
Thus, the cross-covariance matrix can take the form:

KX1 Y1 KX1 Y2
 KX Y
KX2 Y2
2 1

KXY =  .
..
 ..
.
KXN Y1 KXN Y2

...
...
..
.


KX1 YM
KX2 YM 


..

.

...

KXN YM

(4.10)

(4.11)

This cross-covariance matrix will be the main tool to interpret the data presented in this thesis.
A special case is the calculation of the cross covariance matrix between the same random vector,
Y = X. The cross-covariance matrix KXX is then symmetric since KXi Xj = KXj Xi by definition
and the central line KXi Xi is the variance of the random variable V [Xi ]. Thus, it is usually set
to zero since it does not bring any information about the correlation between different random
variables.

Experimental use
The way angular covariance mapping is done in this thesis follows a few steps. First, it is necessary
to pick an observable which can be associated to a random variable, e.g. a ToF spectrum (m) [114],
an angular (θ) or a radial (r) distribution of an ion image, or even the pixels of the images [115, 116]
itself. The axis for each chosen observable is then binned. For an angular distribution, the angular
axis Θ would be defined from 0 to 2π radians and would be cut into N bins, with similar or variable
sizes3 BΘi such that Θ = [Θ1 ± BΘi /2, Θ2 ± BΘ2 /2, . . . , ΘN ± BΘN /2]. The random variable
associated to the angular distribution can now be described as a random vector as:
X(θ) = [X(θ1 ), X(θ2 ), . . . , X(θN )]T

(4.12)

where θ is the outcome associated to the angular distribution and θi the outcome of the angular
distribution in the bin Θi ± BΘi /2. Each random variable is then expressed as:
X(θi ) = 1(θ (k) ∈ [Θi ± BΘi /2])

(4.13)

where 1(θ (k) ∈ [Θi ± BΘi /2]) counts the number of time during the acquisition k that the outcome
θ (k) lied inside the bin Θi ± BΘi . Some extra filters can also be added, as for example the angular
covariance maps could be calculated over a specific range on the radial axis R such that R1 < R <
R2 , the random variable is then expressed as:
X(θi , r) = 1(θ (k) ∈ [Θi ± BΘi ], r (k) ∈ [R1 < R < R2 ])

(4.14)

where r is the radial distribution outcome. Finally, we write for completeness the random variable
as a function of the angular θ, mass m and radial r outcomes. These three coordinates will be
accessible within a single laser shot in the chapter 9.
X(mi , θi , ri ) = 1(m(k) ∈ [Mi ± BMi /2], θ (k) ∈ [Θi ± BΘi /2], r (k) ∈ [Ri ± BRi /2])

(4.15)

where M is the ToF axis and BMi and BRi are the respective binsize for the radial and the ToF
axis.
3
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Figure 4.5: (a) Ion image, (b) Angular covariance map calculated using only counts between the
two red circles, (c) Angular covariance map calculated using only counts between the two yellow
circles.

Finally, Figure 4.5 shows an example of an angular covariance map to facilitate the understanding
and the reading of the ones shown in the later chapters. In panel (a), an ion image is plotted and
two channels have been identified represented by the two areas encircled by yellow and red lines.
At this point, both channels look almost isotropic and only an energy quantification of the ions
can be made. However, in panel (b) is shown the angular covariance map, K(θ1 , θ2 ) = K(θ, θ),
using the radial filter introduced previously to only select counts between the two red circles, a line
appears going from (0◦ , 180◦ ) to (180◦ , 360◦ ). Since the angular covariance is calculated with the
same random variable, the angular covariance matrix is symmetric and a mirror line is observed
starting at (180◦ , 0◦ ) to (360◦ , 180◦ ). The diagonal of the matrix has also been set to zero since the
covariance between the random variables associated to the same bin always give the maximum value
and may screen the other features. The observed straight line is typical of a two-body break up, such
as a diatomic, where the relative angle between the two has to show a relationship θ1 = θ2 ± 180◦ .
Since this image shows a single ion type, it follows from the area selected that the two ions have
the same mass, the same charge and therefore the same energy. The signal extends from 0◦ to 180◦
because the parent species, from with the two ions originate, can freely rotate in the plane of the
detector. In panel (c), the angular covariance map is calculated in the area between the two yellow
lines. The only change from the previous case is the selected region where the counts have been
selected. It follows a different structure where two lines are now perceptible. These lines start from
(0◦ ,120◦ ) to (240◦ ,360◦ ) and (0◦ ,240◦ ) to (120◦ ,360◦ ). Again they extend over all angles because
of the symmetry of the break up in the detector plane. From the relative position of each line, it
can be seen that the signal mostly originates from the explosion of a molecular trimer with a barrel
shape thanks to the two relation θ1 = θ2 ± 120◦ and θ1 = θ2 ± 240◦ .

Non-axial recoil
It can be noticed that the lines in panel (c) are much wider than in panel (b). In fact, this broadening
gives some indications on the recoil process that followed fragmentation. For thin lines, it implies
that: 1) the trajectories of the ions have not been perturbed after the break up. This is usually the
case in gas phase experiments but no longer applies when the molecules are embedded in a solvent,
such as helium droplets, where the ions may collide with the compounds of the solvent during their
escape toward to the detector, resulting in a perturbation of their trajectory; 2) the bond breaking
follows what is termed the axial recoil approximation. This approximation is an assumption that
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the fragments created will recoil along the bond they shared before the fragmentation. While
this scheme is exact for diatomic system, it becomes less accurate for polyatomic molecules or
for molecular dimers where the fragmentation may occur after some vibrational dynamics of the
system. Coulomb explosion provides a way to reduce this effect by forcing the species to break
almost instantaneously after its interaction with the laser pulse by multiply ionizing it. However,
the counter part is that the initial distribution of the charges may also affect the final velocity of
each fragment. The Coulomb explosion has nevertheless be extremely relevant for a large range of
species [115, 117, 118, 119] and more on Coulomb explosion imaging is discussed at the beginning
of chapter 10.
The non-axial recoil is not only present in the width of the lines (the direction in which the lines
are broader in panel (c) compared to panel (b)) but is likely to be present in all directions. Therefore,
it has to be understood as a variation of the final velocity of one ion projected onto the detector.
This can be simulated by considering a gaussian distribution centered on the most probable velocity
of the ions and some examples of the effect of the non-axial recoil on the final angular covariance
maps are shown in Section 9.4 of chapter 9. The effect of non-axial recoil is therefore likely to affect
the measured angular distribution in alignment experiments. There exists a way to retrieve the ‘non
perturbed’ angular distribution [120]. The treatment considers that the width of the lines contains
only the non-axial contribution while the length of the lines is related to the convolution of the
non-axial contribution with the ‘non perturbed’ angular distribution. Therefore, it is possible to
decouple the two using a Fourier deconvolution algorithm. This method has been extremely useful
to retrieve precise alignment distribution of molecules inside helium droplets showing an excellent
agreement with theory [3].
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5

Laser-induced alignment
Most of the results presented in this thesis rely on the confinement of one or more axes of a molecules
or a dimer to axes defined in the laboratory frame. This confinement can be achieved through the
interaction of the polarizability tensor of the species of interest with an intense non-resonant laser
pulse and is therefore referred as laser-induced alignment. If one molecular axis is confined, it is
termed 1D alignment, while it is called 3D if the three molecular axis are confined as sketched
in Figure 5.1. This chapter presents an introduction to the tools used for the description of the
alignment of a molecule. First, the rotational Hamiltonian used to describe the angular motion of
a rigid rotor, such as a molecule, in space is developed. Then the interaction between a molecule
and a laser field is described and its interpretation in the quantum regime is given. The relation
between the time constant of the system and the duration of the interaction between the electric
field and the system will generate two different alignment regimes which will be introduced. We
will conclude by defining the experimental observable that is used to describe the alignment of a
species.
This chapter is inspired by many reviews and books that are listed here for interested readers [1,
121, 122, 123, 124, 125].

Figure 5.1: Sketch of different alignment for bromobenzene molecules.
29

5.1. ROTATIONAL HAMILTONIAN AND QUANTUM NUMBERS

5.1

Rotational Hamiltonian and quantum numbers

Starting from a classical picture, the rotational energy of a rigid body consisting of N particles with
a static center of mass is defined from its angular velocity, ω, around a fixed axis, k̂, and its moment
of inertia I as:
1
Erot = ω T Iω
(5.1)
2
where the superscript T stands for transpose. The moment of inertia is a tensor which depends on the
mass and the position of the different components of the body. It is used to quantify
of
PN the amount
T
energy needed to give an angular velocity to the system. Its expression is I = i mi [∆ri ] [∆ri ]
where [∆ri ] is the skew-symmetric matrix made from the vector ∆ri which defines the position
vector of the particle i relative to the center of mass of the system. This expression can be rewritten
as a function of the angular momentum of the system, by introducing the relative momentum
pi = mi ω × ∆ri from each particle with the center of mass of the body. The angular momentum is
an additive quantity and is defined to be the sum of the angular momentum of the constituents:
L=

=

N
X
i
N
X

Li =

N
X
i

∆ri × pi =

N
X

mi ∆ri × ω × ∆ri

i

(5.2)

mi [∆ri ]T [∆ri ] ω = Iω

i

Thus:

1
Erot = ω T L
(5.3)
2
Since the inertia tensor is a real symmetric matrix, it can be diagonalized. The rotational energy
expressed in the frame where the inertia tensor is diagonal is therefore1 : In that case, we can express
1
(La ωa + Lb ωb + Lc ωc )
2

1 L2a L2b
L2c
=
+
+
2 Ia
Ib
Ic

Erot =

(5.4)

The relations between the moments of inertia of the body are classified into different categories.
Ia = Ib and Ic = 0 is called linear (CO2 , OCS). Ia = Ib = Ic corresponds to spherical tops (SF6 ,
C60 ). Ia < Ib = Ic (C6 H6 , XeF4 ) and Ia = Ib < Ic (CH3 Cl, NH3 ) are respectively termed oblate and
prolate symmetric tops. Finally, Ia < Ib < Ic refers to asymmetric tops (H2 O, C18 H12 , C6 H5 Br)
The conversion to the quantum regime is done by introducing the angular momentum operators
ˆ
J = r̂ × p̂ and the rotational Hamiltonian is expressed as:
!
1 Jˆa2 Jˆb2 Jˆc2
Ĥrot =
+
+
2 Ia
Ib
Ic
(5.5)


1
= 2 AJˆa2 + B Jˆb2 + C Jˆc2
~
where A = ~/2Ia , B = ~/2Ib , C = ~/2Ic are the rotational constants of the molecule. The use
of Jˆ instead of L̂ is a convention, essentially because the spin should be included in the definition
of the angular momentum. This form is correct to describe the rotational motion of the molecules
within two approximations. First, the dynamics of the nuclei can be separated from the electron’s
motion (Born-Oppenheimer approximation). Second, the molecule is considered as a rigid rotor so
1
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We follow the convention where the axis are labeled a, b and c with Ia ≤ Ib ≤ Ic .
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Type
F
G
H

Il
1
2 (κ − 1)
1
1
2 (κ + 1)

IIIr
1
2 (κ + 1)
−1
1
2 (κ − 1)

Table 5.1: Value for coefficient F, G and H for two different representations.

its vibrational motion can also be separated from the rotational dynamic. Two frames are introduced to pursue the discussion, (X, Y, Z) are the space-fixed (laboratory) axes while the body-fixed
(molecular) axes are labeled (x, y, z). The rotational wavefunctions are built from the commutation
relations between the operators Jˆi ’s either expressed in the molecular frame (Jˆx,y,z ) or in the laboratory frame (JˆX,Y,Z ). The whole treatment leaves us with a wavefunction that can be expressed
with three quantum numbers [124]:
• J is termed the rotational quantum number and represents the total angular momentum of
the molecule
• M refers to the projection of J onto the laboratory axis Ẑ. It is accessed from the operator
JˆZ and always commutes with Ĥrot . It can take value M = −J, −J + 1 . . . , J − 1, J.
• K refers to the projection of J onto the molecular axis ẑ. It is accessed from the operator Jˆz
and does not always commute with Ĥrot . It can take values K = −J, −J + 1 . . . , J − 1, J.
The next step depends on the relationship between the different moment of inertia in the
molecules. In the most general case, the molecules are asymetric tops and therefore all moments of
inertia differ. In this case, the Hamiltonian will not commute with Jˆz which means that the matrix
representing the Hamiltonian will be diagonal in J and M but not necessarily in K. The general
form for the rotational states is usually written as a linear combination of k which are the accessible
values of K with some aJ,M
coefficients [124]:
k
X J,M
(5.6)
|ψrot i =
ak |J, M, ki
k∈K

The common choice to express the Hamiltonian is to diagonalize it along the intermediate axis
of inertia Ib and express it as a function of an asymmetry parameter κ = 2B−A−C
A−C [126, 127], the
energy for any molecules goes as:
Erot (A, B, C) =

~
((A − C)E(κ) + (A + C)J(J + 1))
2

(5.7)

where E(κ) has to be calculated by solving the secular equation from the energy matrix [127] which
goes as:
EJ,K:J,K (κ) = F J(J + 1) + (G − F )K 2
H
EJ,K:J,K+2 (κ) =
([J(J + 1) − (K + 1)(K + 2)] [J(J + 1) − (K + 1)K])1/2
4

(5.8)
(5.9)

F, G and H are prefactors which will depend on the identification between the principal axis (a, b, c)
of the molecule and its fixed coordinate frame (x, y, z) and on the value of the asymmetry parameter.
For example, the association (x, c), (y, b), (z, a) is called type Il while (x, a), (y, b), (z, c) is named
type IIIr . The expressions for F, G and H for these two cases are shown in Table 5.1 [127].
For both representations Il and IIIr , the Hamiltonian has a diagonal form in the limits of
κ → ±1 which corresponds to the symmetric top case. The oblate symmetric top, Ia = Ib (κ = 1)
is expressed by choosing the type IIIr , the energy is:
Erot (B, B, C) = ~(BJ(J + 1) − (B − C)Kc2 )

(5.10)
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The prolate case, Ic = Ib (κ = −1), and by choosing the type Il , the energy is:
Erot (A, B, B) = ~(BJ(J + 1) − (B − A)Ka2 )

(5.11)

For a linear system, Ia = 0 and Ic = Ib , and by choosing the type Il , the energy is:
Erot (B) = ~B(J(J + 1) − Ka2 )

(5.12)

where Ka is usually set to zero2

5.2

Interaction between a molecule and an electric field

The interaction between an electric field E and a molecule [125] can be expressed as a perturbation
Ĥ (1) on the total Hamiltonian Ĥ as:
H (1) = −E.µ̂(r)

(5.13)

where µ̂ is the dipole operator.
From the Hellmann-Feyman theorem, it is possible to expresses the variation of the energy U of
a system due to a change of a parameter P :


dU
∂H
=
(5.14)
dP
∂P
In our case, we are considering the ground state Hamiltonian which does not depend on the electricic
field. Therefore, the variation of energy is immediately deduced from the derivative of the first order
Hamiltonian. Using the electric field E as the parameter P , we can write for its component i:
dU
= −hµi i
dE i

(5.15)

A Taylor expansion of the energy of the molecule around its minimum in the absence of the field
can thus give:
U = U (0) +

dU
dE i

Ei +
0

1 d2 U
2! dE i dE j

Ei Ej +
0

1
d3 U
3! dE i dE j dE k

Ei Ej Ek

(5.16)

0

where implicit summation is assumed for similar indices. Thus, it follows:
hµi i = −

dU
dE i

−
0

1 d2 U
2! dE i dE j

Ej −
0

1
d3 U
3! dE i dE j dE k

Ej Ek

(5.17)

0

We finally reached the heart of the interaction, the last equation can be rewritten to introduce two
new variables and to highlight their tensorial form:
1
1
(0)
hµi i = µi + αij Ej + βijk Ej Ek
2
6

(5.18)

µ(0) is termed the permanent dipole moment, α the polarizability tensor and β the hyperpolarizability tensor. One could extend the sum to include more terms but we only need to stop on the
linear dependency on the field to describe the laser-induced alignment effect.
There exists a full quantum description of this interaction which does not necessitate the
Hellman-Feyman theorem and is usually termed non-resonant dynamic Stark effect [128, 129, 130].
2

This is only true when the total electronic angular momentum Λ and/or the vibrational bending modes V about
the symmetry axis ẑ are zero [124], otherwise K = −V − Λ, −V − Λ + 1, ..., V + Λ − 1, V + Λ
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This formulation separates the quantum states of the system into a set of essential states (E)
which are actively participating in the studied dynamics and a set of non-essential states (N) whose
dynamics will be integrated out. These non-essential states do not have a starting population and
it is not possible to induce dipole transition between them. If that is the case, it can be shown that
the integration of their motion will lead to a modification of the dipole operator:
− µ.E → −µ.E + V DSE

(5.19)

The first term is the dipole operator that only considers dipole transitions between different E states
while the second term represents the coupling between the E states and the N states. This second
term allows transition between E states through a N state, this type of process is usually termed
Raman transition. The strength of the coupling between E via N is quantified by a new operator
which can be related to the polarizability tensor introduced in Equation 5.18. The two leading
terms, to describe the dynamic of the quantum system, are then the usual dipole operator and the
Raman coupling. The dipole operator will follow the frequency of the electric field while the Raman
coupling is sensitive to its envelope. The preference for one regime to another will depend on the
frequency of the light used. If the frequency of the light is close to resonant transitions between
E states, the dipole operator will be the leading term. Otherwise, if the light is far off resonant
between direct transition, the Raman coupling will be the leading term. In the case of rotational
dynamics, this enforces the wavelength of the laser field to be in the IR regime.
From the expression of the potential energy in Equation 5.17, the presence of an electric field
might change the energy of a molecule and this energy shift is quantified by the dipole moment
of the molecule. The two main components of the dipole moment are the permanent dipole and
the polarizability. Let’s develop the resulting interaction between a laser pulse expressed as an
electromagnetic field E(t). Following the requirements presented above, the light considered is a
non-resonant non ionizing laser pulse, i.e. far detuned from vibronic and electronic frequencies.
Moreover, only the ground state polarizability tensor is considered and only its static form (no
dependence on the frequency of the light), thus:
1
V = −hµi.E(t) = −µ(0) .E(t) − E(t)T αE(t)
2

(5.20)

Two characteristic time are present in a laser pulse, the phase term, which oscillates according to
the wavelength of the light, and the envelope, which is related to the pulse duration. We rewrite in
a general form the laser pulse as:


ax cos ωt + bx  sin ωt
E0 (t) 
ay cos ωt + by  sin ωt
E(t) = √
(5.21)
1 + 2 a cos ωt + b  sin ωt
z

z

where E0 (t) is the envelope of the pulse, ω is the angular frequency of the light and  is the ellipticity
of the laser pulse. The ai and bi are coefficients fulfilling the conditions:
X
X
a2i =
b2i = 1
(5.22)
X
ai bi = 0
(5.23)
These coefficients will depend on the unitary transformation that have been applied to the electric
field E(t) to express it in the molecular frame and will most likely be the sum and products of
trigonometric functions with the angles related to the rotations applied to go from the initial frame
to the molecular one.
The oscillation periods for wavelengths ranging from 200 nm to 3 µm are between 0.67 fs to 10 fs
respectively. On the other hand, alignment laser pulses are usually at least 100 fs long to avoid the
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ionization of the system and can extend to few ns. Comparing the two time scales, it is safe to take
the average of the interaction over an optical period T which will remove the contribution from the
permanent dipole moment. We can then simplify the interaction form by taking the mean of it:
hV (t)iT = −


E02 (t) X 2
ai + b2i 2 αii
2
4 (1 +  )

(5.24)

i

where the envelope E0 (t) has been considered constant during the integration. We will consider the
mean over the optical period implicit and pursue the notation without explicitly writing it. This
shape is interesting since only square quantities appear in the summation. To fulfill the requirements
from Equation 5.22, we can introduce two angles θ and φ which we can immediately relate to the
two spherical angles. We then note:




sin θ cos φ
cos θ cos φ
a =  sin θ sin φ  , b(χ) = R(χ)a  cos θ sin φ 
(5.25)
cos θ
− sin θ
where b is defined to fulfill Equation 5.22 by using the vector generated with the transformation
a(θ +π/2, φ). Since b is not uniquely defined from this definition, we introduced the rotation matrix
around the axis a, R(χ)a . To develop its complete shape, we can make use of Rodrigues formula
and then express b as:
b(χ) = b(0) cos χ + (a × b(0)) sin χ + a (a.b(0)) (1 − cos χ)


cos θ cos φ
b(χ) =  cos θ sin φ  cos χ
− sin θ

 

cos θ cos φ
sin θ cos φ
+  sin θ sin φ  ×  cos θ sin φ  sin χ
− sin θ
cos θ

 
 

sin θ cos φ
sin θ cos φ
cos θ cos φ
+  sin θ sin φ  .  sin θ sin φ  .  cos θ sin φ  (1 − cos χ)
cos θ
cos θ
− sin θ


cos θ cos φ cos χ − sin φ sin χ
= cos θ sin φ cos χ + cos φ sin χ
− sin θ cos χ

(5.26)

Finally, let’s calculate the polarization plane, defined by the normal of the plane containing both a
and b as:


− sin φ cos χ − cos θ cos φ sin χ
n = a × b =  cos φ cos χ − cos θ sin φ sin χ 
(5.27)
sin θ sin χ
Starting with the general case, we can expand the potential energy entirely as:


V (t) ∝ sin2 θ cos2 φ + 2 cos2 θ cos2 φ cos2 χ + sin2 φ sin2 χ − 2 cos θ cos φ cos χ sin φ sin χ αxx


+ sin2 θ sin2 φ + 2 cos2 θ sin2 φ cos2 χ + cos2 φ sin2 χ + 2 cos θ cos φ cos χ sin φ sin χ αyy


+ cos2 θ + 2 sin2 θ cos2 χ αzz
(5.28)
We clearly see that the major difficulty of the interaction comes from the ellipticity of the light which
will introduce complex combination of trigonometric functions with the three angles introduced
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earlier. Nevertheless, we now have the complete formalism to describe any systems and we can
start with some assumptions about the polarizability of the system and the polarization of the
light.
To simplify the upcoming discussion, we express the three angles (θ,φ,χ) into cosine directors
with the main polarization axis, a = (cos θx , cos θy , cos θz )T and cosine directors with the normal of
the polarization plane n = (cos ψx , cos ψy , cos ψz )T . The potential can then take the form
V (t) = −

 2


E02 (t)
cos θx 1 − 2 + 2 sin2 ψx αxx
2
4 (1 +  )



+ cos2 θy 1 − 2 + 2 sin2 ψy αyy




+ cos2 θz 1 − 2 + 2 sin2 ψz αzz

(5.29)

Linear Light
If the light is linear,  = 0, the potential is drastically simplified:
V (t) = −


E02 (t)
cos2 θx αxx + cos2 θy αyy + cos2 θz αzz
4

(5.30)

We see that the interaction strength is proportional to the cosine square of the angle between
the polarizability axes and the polarization of the light. For a symmetric top system where two
components are equal, we can just develop the expression and relate it to the cosine director of the
last component to retrieve the usual expression. Introducing αU = αxx for the unique component
and αD = αyy = αzz for the shared one, we have:
V (t) = −


E02 (t)
αU + [αD − αU ] cos2 θx
4

(5.31)

where we made use of the relation cos2 θx + cos2 θy + cos2 θz = 1

Circular Light
If the light is circular,  = 1, the potential will then take the form:
V (t) = −


E02 (t)
sin2 ψx αxx + sin2 ψy αyy + sin2 ψz αzz
8

(5.32)

As one might have expect, the potential is now only defined by the angle between the polarization
plane and the molecular planes. A sine function is now appearing in the potential which can be
easily understood. For example, if the polarization plane has no components in the x-direction,
then the angle ψx will have a value of 0[2π] since the polarization would then lie perfectly in the
(y, z) plane. This condition would result in a null contribution to the potential energy along the
x-component of the polarizability tensor. In the case of the symmetric top where two polarizability
components are equal, αU = αxx for the unique component and αD = αyy = αzz . We have:
V (t) = −


E02 (t)
αU + αD + [αU − αD ] cos2 ψx
8

(5.33)

where we made use of the relation cos2 ψx + cos2 ψy + cos2 ψz = 1 This expression is similar to the
one in the case of linear light for symmetric top where the only angle that will be relevant in the
description of the interaction is the one between the polarization plane and the plane defined by
the components αxx .
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Figure 5.2: Scheme of interesting angles in the case of a symmetric top. MA and ma stands for major
axis and minor axis and defineds the polarization plane of the electric field while N is associated
to its normal. x,y,z are the axes related to the molecular frame where the polarizability tensor is
diagonal. In this case αyy = αzz 6= αxx and only θx and ψx define the interaction potential of the
system.

Elliptical Light
If the light is elliptical, 0 <  < 1, the potential will not have a trivial form for an asymmetric top
molecule, however it still goes with an "understandable" shape when considering a symmetric top
molecule. Keeping the same definitions as before, αxx = αU and αyy = αzz = αD .
V (t) = −



E02 (t) 
αD + 2 αU + (αD − αU ) 2 cos2 ψx − cos2 θx 1 − 2
2
4 (1 +  )

(5.34)

One can then retrieve the linear or the circular case by taking the associated value for . The angles
are sketched on Figure 5.2.

5.3

Quantum mechanical dynamics

The potential energy surface can give a qualitative picture of the motion of a molecule by considering
the classical force that would result from it, F = −∇V (t). This force will induce a torque on the
molecule, which will tend to drag it toward the direction that will lead to a minimization of its
energy. While the different shapes of the potential surface will induce different torques on the
molecules according to their polarizability components, the dynamics of the process has still to
be eluded. In fact, this classical picture leads to the natural question about the dynamics that
will follow the interaction with the pulse. If the force is exerted for a sufficient amount of time,
the torque will tend to zero once all the molecules reach the minimum of the potential energy
surface and we can expect the molecules to stay confined. On the contrary, if the force is only
applied for a short period, it will only act as a ‘kick’ that will leave the molecules in a rotational
motion. Two limiting cases are therefore usually considered, termed adiabatic and non adiabatic,
related to the ratio between the duration of the interaction with the laser pulse and the rotational
period of the molecule. Before developing on these two limit cases, it is interesting to look at the
quantum description of the alignment dynamics which will introduce more precisely the expression
of the rotational period of the species. The rotational wavefunction of the molecule in the field-free
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regime, |ψrot (t)i, can first be written in terms of its eigenstates |li of the rotational Hamiltonian,
Ĥrot , as a coherent superposition:
X
|ψrot (t)i =
Al (t)|li
(5.35)
l

where Al (t) is the complex coefficient of the eigenstate l. By inserting the rotational wavefunction
into the time-dependent Schrodinger equation with the total Hamiltonian, Ĥ = Ĥrot + V (t), and
projecting it onto the eigenstate hl|:
X
∂
i~ Al (t) = El0 Al (t) +
hl|V (t)|l0 iAl0 (t)
(5.36)
∂t
0
l

The coupling between the coefficients is then measured from the chance of transition between two
rotational states, l0 → l, by the presence of the potential and the initial population in the state l0 .
The interaction with the electric field will consist into transfer of populations between the different
rotational states that are following specific selection rules. The selection rules vary according to the
symmetry of the molecules and the polarization of the electric field, the formalism is particularly well
introduced and presented in some textbooks [121, 122]. The final form of the complex coefficients
after the interaction with the laser pulse, at a time t0 , can be written in the polar form as consisting
of a magnitude and a phase, Al (t0 ) = |Al | exp(iφl (t0 )). The mean value of an observable, O, can
therefore be evaluated as:
 

X
El0 − El
0
0
0
0
hO(t)i =
|Al (t )||Al0 (t )|hl|O|l i exp −i
t + ∆φll0 (t )
(5.37)
~
0
l,l

0
0 (t )

(t0 )

with ∆φll
= φl
− φl0 (t0 ) and hO(t)iis the mean value of O observed at a time t. hO(t)i will
thus oscillate as a function of the difference in energy between the populated rotational states. The
oscillation period between two rotational states, Tll0 , can be written:

~
Tll0 =
2π − ∆φll0 (t0 )
(5.38)
El0 − El
Therefore, the observable can be entirely reproduced after a time Trev if there exists an integer Nll0
fulfilling the relation Trev = Nll0 Tll0 for all the couples l, l0 . The problem can be simplified, since
rotational states such that hl|O|l0 i = 0 will not participate in the reconstruction of the observable
and can be discarded. In our case, we are interested in the alignment dynamics, therefore the main
interest resides in an observable that can characterize the angular distribution of the species.
The most common observable, that has been used by the alignment community, is O = cos2 θ
where θ is the angle connecting the Ẑ axis to one of the molecular axis. In the case of a symmetric
top, it would represent the angle between the molecular axis, associated to the component αU of
the polarizability tensor, and either the laser polarization axis for linearly polarized light, or the
normal of the polarization plane for circular light (see Equation 5.31 and Equation 5.33 for the
expression and Figure 5.2 for the angle definition in this particular case). This definition is chosen
such that the quantum number M , introduced in Section 5.1, can be conserved from the interaction
with the laser. Selection rules for this operator for a linearly, and a circularly polarized electric laser
pulse, are listed in Table 5.2 with the associated eigenfunction. As an example, let us consider the
evolution of the wavepacket for a prolate symmetric top molecule3 . By inserting the expression for
the energy from Equation 5.11 and applying the selection rules from Table 5.2, we find:

2π − ∆φJ,K,J 0 ,K 0 (t0 )
δK,K 0
TJ,K,J 0 ,K 0 =
BJ 0 (J 0 + 1) − (B − A)K 02 ) − BJ(J + 1) − (B − A)K 2 )

(5.39)
2π − ∆φJ,K,J 0 ,K (t0 )
=
B (J 0 (J 0 + 1) − J(J + 1))
3

Conclusions would be the same for the oblate case
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Symmetry

Linear

Symmetric top

Eigenfunction
Selection rules

|JM i
∆M = 0
∆J = 0, ±2

|JKM i
∆M = 0, ∆K = 0
∆J = 0, ±2
∆J = ±1 if K 6= 0

Asymmetric top
P
|JM Ai = k∈K aJ,M
k |JKM i
∆M = 0, ∆K = 0
∆J = 0, ±2
∆J = ±1 if K 6= 0

Table 5.2: Selection rules for different molecular symmetries. Selection rules are given such that
hl| cos2 θ|l0 i 6= 0 for a non-resonant linearly or circularly polarized laser pulse in a symmetric top
basis. It has to be noted that these selections rules are not referring to hl|V |l0 i. The asymmetric
top has the same selection rules due to the basis set used. Selection rules are taken from [123, 131].

If ∆φJ,K,J 0 ,K (t0 ) = 0, there exists a characteristic time where hcos2 θ(t + Trev i = hcos2 θ(t)i. This
time is defined by the smallest energy shift accessible, thus J 0 = 1 and J = 0, and we find:
Trev = TJ=0,K,J 0 =1,K =

π
B

(5.40)

Trev is termed rotational period of the system and is commonly used to identify the alignment
regime following the interaction with the electromagnetic field. It is related to the first rotational
energy level (J 0 = 1) that can acquire the system, therefore the lowest rotational period of the body.
From its shape, we can determine characteristic times in the dynamics of hcos2 θ(t)i:
• t0 = t0 + nTrev , n ≥ 1 is termed ‘revival’ as it reconstructs the hcos2 θi after its interaction
with laser pulse.
• t0 = t0 + (2n − 1)Trev /2, n ≥ 1 is termed half-revival as it reconstructs the hcos2 θi with its
phase flipped, therefore the angular distribution is confined in the plane perpendicular to the
Ẑ axis.
• t0 = t0 + (2n − 1)Trev /4, n ≥ 1 is termed quarter-revival. This time is only particular if there
exists an unequal number of odd and even J states4 otherwise the contributions of both odd
and even J states cancel out in the hcos2 θi trace.
Lastly, each rotational state will have a positive contribution independent of time in hcos2 θ(t)i,
since ∆J = 0 is allowed, which is termed ‘permanent’ alignment. While this discussion is similar for
linear molecules, the situation is extremely different for asymmetric top due to the irregular spacing
of their rotational energies, thus preventing a proper reconstruction of the observables.
From Equation 5.36, it can be observed that different starting rotational states lead to variations
in the final distribution after the interaction with the laser. During the experiment, the initial
distribution of rotational states is probabilistic and will depend on the temperature, T , of the
molecular beam or the solvent. In practice, the Schrodinger equation would then need to be solved
for each starting rotational state. The thermally averaged observable is then obtained by taking
the weighted sum over the observables obtained from a starting rotational state, hOil , such that:
hOiT =

X

ωl (T )hOil

(5.41)

l

where ωl (T ) is the normalized weight function for an initial P
rotational state l. It is usually picked
from a Boltzmann distribution, ωl (T ) = gl exp(−El /kbT )/ l0 gl0 exp(−El0 /kbT ) where gl0 is the
degeneracy of the rotational state l0 , and kB is the Boltzmann constant.
4
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CHAPTER 5. LASER-INDUCED ALIGNMENT
Non-adiabatic alignment
The non-adiabatic alignment, also called impulsive alignment, has not been used in the experiments
that will be presented in this thesis and is only introduced here to give sufficient insights to the
reader for the future discussions. This type of interaction follows the sudden approximation [132].
In this situation, the duration of the laser pulse has to be lower than the rotational period of the
molecules [1], τpulse << Trev , and its effect on the rotational wavepacket follows the derivation
developed in the previous section. The molecules will experience a kick that will induce a confinement of the angular distribution which will be reproduced every Trev . This type of pulse usually
lasts between few hundreds of fs and tens of ps. It leads to a broad superposition of rotational
states, however only a certain portion of them would achieve a sufficient phase relationship (defined previously as ∆φl,l0 (t0 ) = 0) to permit a good reconstruction of the alignment. This type of
pulse can lead to rotational states that are sufficiently energetic to induce some deformation of the
molecules, and thus change its moment of inertia. This is expressed by adding an extra term to the
D
energy formula, termed centrifugal distorsion, which goes in the rotational Hamiltonian as − Jˆ4
~
where D is the centrifugal distortion constant. This technique of molecular alignment was first
proposed by Seideman in 1995 [133] and observed by Rosca-Pruna and Vrakking [134] in 2001, who
showed the alignment revival of molecular iodine after its interaction with short alignment pulses
(τpulse ≈ 2.8 ps).
Adiabatic alignment
The adiabatic alignment follows from the adiabatic theorem, originally stating by Born and Fock[135]:
"A physical system remains in its instantaneous eigenstate if a given perturbation is acting on it
slowly enough and if there is a gap between the eigenvalue and the rest of the Hamiltonian’s spectrum".
The main requirement for the adiabatic approximation is to give the system enough time to
adapt to small perturbations, while this condition is intuitive, its mathematical formulation might
be delicate and references for more insightful arguments are therefore given [132, 136, 137]. In our
case, it can be crudely stated as the necessity for the envelope of the laser field, τpulse , to vary slowly
compared to the rotational period of the molecules such that τpulse  Trev [1]. If this condition
is fulfilled, the field-free Hamiltonian will evolve adiabatically to the field-present Hamiltonian.
Friedrich and Herschbah showed in 1995 [138, 139] that the field-present Hamiltonian, H = Ĥrot +
V̂ (t), possesses spheroidal wave function eigenstates, which are termed pendular states due to their
motion similar to a pendular type oscillation around the minimum of the potential energy surface.
The amplitude of the oscillations depends on the strength of the interaction potential, therefore on
the square of the electric field. Thus, the best angular confinement will occur at the peak of the
alignment laser field. This type of alignment is mostly limited by the temperature of the molecules.
The reason comes from the difference in angular confinement of each pendular state which may vary
significantly5 . Since each pendular state is the adiabatic evolution of a field-free state, the starting
rotational state distribution is of critical importance. Therefore, to achieve the best confinement,
it is highly desirable to start in the ground rotational state enforcing the population of the lowest
energy pendular state only. The main disadvantage of the adiabatic alignment comes from the
presence of the alignment laser pulse which may perturb applications of aligned molecules. The
adiabatic requirement means that the pendular states will return to the field-free state during the
turn off of the laser field, therefore the molecules will be brought back to their initial field-free state
and no dynamics is expected. For small to medium size molecules, a laser pulse duration of few ns
can be considered as completely adiabatic. Shorter pulse duration of few hundreds of ps, as the one
used in this thesis, is usually enough to show a relative adiabatic alignment behavior at its peak
5

The lowest energy eigenstate gives the best confinement
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Figure 5.3: Sketch of the difference between the measured angle θ2D onto the detector plane. The
angles θ and ϕ are expressed in the laboratory frame (X,Y,Z) and characterize the orientation of
the molecule whose most polarizable axis is along z. The alignment laser polarization is linear and
points toward Z. The angle θ2D is the projection of θ onto the detector plane and is the accessed
observable from the experimental measure.

however it may lead to the presence of rotational dynamics afterwards [3]. This point is discussed
in more details in chapter 7, where the fast truncation of the laser pulse will lead to the creation of
a rotational wave packet with different properties to the case of impulsive alignment.
Measuring alignment
In the case of a perfectly aligned ensemble of molecules, hcos2 θi = 1, while if they were perfectly
anti-aligned, hcos2 θi = 0. If all the molecules are unaligned, hcos2 θi = 1/3. In the experiments,
the measurement is done in the laboratory frame where the alignment laser polarization is fixed.
The angular distribution of the species of interest is extracted by measuring the velocity of some of
their charged fragments. The measure only maps the velocity component parallel to the detector
plane, thus the retrieved angle is the projection of θ termed θ2D as sketched in Figure 5.3. The
value of hcos2 θ2D i is then extracted from the angular distribution f (θ2D ):
2

Z

hcos θ2D i =

2π

dθ2D cos2 θ2D f (θ2D )

(5.42)

0

The limiting value for a perfectly aligned or anti-aligned ensemble of molecules are identical to the
3D case, respectively hcos2 θ2D i = 1 and hcos2 θ2D i = 0. However an isotropic sample, f (θ2D ) = 1,
would give hcos2 θ2D i = 1/2. The hcos2 θ2D i does not follow exactly the same selection rules as the
ones introduced for hcos2 θi inducing the presence of new frequencies in the alignment trace. A more
complete description of its difference can be found in the thesis of a previous PhD student [131].
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6

Experimental Setup
The experiments described in this thesis were performed in the underground of the Chemistry
building. The relevant parts can be decomposed into an optical setup, some vacuum chambers
and a detection system. The vacuum part consists of several vacuum chambers that are usually
gathered into a single name ‘He droplet machine.’ The machine was designed and built by Dr.
Ben Shepperson and its main characteristics will be detailed (Section 6.1). The observables in our
system are the charged species that result from the ionization of molecules and atoms induced by
an intense laser pulse. The detection system used in this work allows us to identify their masses,
positions or velocities (Section 6.2). The laser pulses used for the experiments originate from an
amplified Ti:Saphire laser which are guided toward the interaction region where they will cross the
molecular beam. Most of the experiments required two or more pulses and a global overview of
the optical setup will be done, in addition the tools used to extract the characteristics of the laser
pulses (Section 6.3) are also presented.

6.1

Vacuum chambers

The He-Droplet machine was already functional and ready to use when I joined the group. It presents
an interesting design that allows experiments on both gas-phase molecules and doped molecules in
He-droplets. It consists of four independent chambers named ’Source chamber’, ’Doping chamber’,
’Target chamber’ and ’Supersonic chamber’. The ’Source chamber’ and the ’Doping chamber’ are
used for doped helium droplet experiments while the ’Supersonic chamber’ is used for gas-phase
studies. The ’Target chamber’ is the one where the interaction between the laser light and the
molecular beam takes place and contains the detection system. A rendering made by Anders
Vestergaard is shown in Figure 6.1, highlighting its main components. The chambers are isolated
from each other by pneumatic gate valves (VAT Series 108 UHV). These valves are controlled
electronically from a board panel with an interlock system that can isolate one chamber from the
rest when the measured pressure inside it excesses a predefined value. This permits the protection
of some components inside the ’Target chamber’ for example or to preserve the vacuum inside
the other chambers. Such design allows also to vent independently any chamber if needed. Each
chamber possesses its own turbomolecular pumps. The exhaust of the turbos are connected to
pipes and are evacuated by backing pumps. The pumps, used to achieve the ultra-high vacuum,
are listed in Figure 6.1 for each chamber. The pressure is measured by a full range (1 · 103 mbar
to 1 · 10−10 mbar) Vacom ATMION ATS40C pressure gauge that is placed in all chambers. For
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Figure 6.1: Rendering of a cut-through of the droplet machine used for the experiments with false
colouring. Chambers from left to right: Source Chamber, Doping Chamber, Target Chamber. The
chamber below the target chamber is the Supersonic Source Chamber. Red: skimmers, magenta:
doping cell and/or ceramic ovens, cyan: liquid nitrogen cold trap, yellow: spectrometer electrodes,
green: detector stack , blue/violet: Even-Lavie valve. The laser light enters the target chamber
from the oppositely facing side. Render created by Anders Vestergaard.
Chamber
Source
Supersonic
Doping
Target

Turbomolecular Pump
Edwards STP-iXR2206 (2200 l/s)
Edwards STP-iXR1606 (655 l/s*)
Edwards STP-iX455 (450 l/s)
Edwards STP-iXR1606 (655 l/s*)

Backing Pump
Edwards iGX600L (620 m3 /h)
Busch COBRA BA 0100 (85 m3 /h)

Table 6.1: Turbomolecular pumps and backing pumps for the four chambers. Pumping speeds are
quoted for N2 . * The pumps are 1600 l/s but are mounted on reduced flanges CF250/CF160.

pressures above 1 · 10−1 mbar-1 · 10−2 mbar, it uses a Pirani gauge and a Bayard-Alpert ion gauge
otherwise. The Pirani gauge measures the heat loss of a thin wire heated by an electrical current.
The Bayard-Alpert ion gauge relies on the ionization of gas atoms or molecules by electrons emitted
from a heated cathode and accelerated by a grid. The gas pressure is proportional to the ionic
current generated. Both of these gauges are reliable for N2 but can present some deviation for other
gases1 . The pressure for the backing pumps is measured with InstruTech CVM211GBA-B-L Pirani
gauges.

Droplet source chamber
The He droplets are generated in the source chamber. The formation of the droplets results from
the passage of a high purity helium gas (99.9999%) through a 2-mm diameter disk with a 5 µm1
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diameter aperture (Platinium/Iridium [95/5]% electron microscope aperture). The disk is mounted
on top of a copper assembly and the aperture is compression sealed to a hollow copper inside it
using a gold washer. This copper assembly is defined as the nozzle. A closed cycle cryostat is
used to cool the Helium. It consists of a cold head/expander (Sumitomo Heavy Industries,RDK408D2) cryogenically cooled by a close cycle compressor (Sumitomo Heavy Industries F-50H). This
apparatus generates helium with a temperature in the range of 3.5 K to 4.2 K. The nozzle is mounted
onto stainless steel plates placed onto the tip of the cold head. Its temperature can be adjusted with
to two high power resistors (Farnell, MHP35 470F 47 Ω 1% 35 W and measured with a silicon diode
(LakeShore Cryogenics DT-670B-CU) placed near the aperture. The diodes and the resistors are
connected to a cryogenic temperature controller (LakeShore Cryogenics Model 335) which allows
a stabilization of the nozzle’s temperature by varying the supplied current. This set-up allows a
stability of the nozzle’s temperature with fluctuations on the order of ±3 mK. A copper radiation
shield encloses the nozzle assembly to reduce the radiative heat load acting on the cold head. The
nozzle assembly is shown in orange in Figure 6.1. The helium gas is sent to the nozzle through a
2 m copper pipe (diameter of 1.5875 mm) wrapped around both, the first (25 K to 40 K) and the
second (3.5 K to 4.2 K), stages of the cold head to ensure an efficient pre-cooling before reaching
the nozzle.
The He droplets are formed in the adiabatic/subcritical expansion regime [33] (Condensation
of gas, see chapter 2). In running operation, the backing pressure used is 25 bar and the nozzle
temperature is varied between 11 K-17 K resulting in a helium droplets containing between 20000
to 5000 helium atoms respectively [33]. The helium droplets beam has a velocity around 200 m/s to
400 m/s and passes through a 1 mm skimmer (Beam dynamics, model 50.8) positions at a distance
of 1.8 mm from the 5 µm aperture before entering in the next chamber. The skimmer is shown in
red adjacent to the nozzle assembly in Figure 6.1). On a practical level, a constant backing pressure
of 10 bar is used even if the machine is in idle to avoid the nozzle to get blocked. This arbitrary
choice of pressure can be justified by the reduced consumption of helium compared to 25 bar and
give also more time to react in case of a pumping failure.

Doping chamber
The purpose of the doping chamber is to dope the helium droplets with the species of interest. It
mainly consists of two ports to install cylinders which will be used to facilitate the doping of the
Helium droplets and a liquid nitrogen trap with an aluminum insert (3 mm diameter hole). The
doping procedure is detailed in chapter 2, I just remind here that the pick-up chance of a species
by a helium droplet follows a Poisson distribution, which relies on the density of the dopant inside
the tube and in the length of ‘interaction’ with the droplet beam which in our case is considered to
be the length of the cylinder.
Two models have been used for the cylinders, called pickup cell and oven (shown in purple in
Figure 6.1). The main argument to choose one from another relies on the vapor pressure of the
dopant. For dopant with high vapor pressure, the pickup cell will be preferred whereas the oven is
the correct choice for low vapor pressure species. The ports are made with two rings which allow
to position the tubes with their long axis parallel to the propagation of the droplet beam. Three
screws are attached on each ring to allow a tricky, but precise, tuning of the orientation of the long
axis. To increase the chance for the droplet beam to go through the tubes, a He-Ne laser is sent
from the exterior of the target chamber in direction to the droplet source chamber. In practice,
we first check that it gets transmitted through the different skimmers without the presence of any
pickup cells or oven. When this is achieved, we add the pickup cell or the oven and tweak the screws
until the transmission is left as unaltered as possible which indicates that the chosen cylinder is
close to parallel with respect to the propagation of the laser light.
The pickup cell has a length of 7.4 cm and an inner diameter of 1.4 cm. It has an entrance cap
with a 8 mm aperture to facilitate the passage of the droplets and an exit cap with a 3 mm aperture
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to reduce the chance for the undoped species to leave the pickup cell in direction of the target
chamber. The pickup cell is connected via Swagelok tubing to an external reservoir containing the
dopant. To regulate the vapor pressure inside the doping cell, a high-precision needle valve (Kurt
J. Lesker LVM Series All-Metal Leak Valve) is used giving a certain extension on the control of the
doping regime desired. The pickup cell has a real advantage by having the reservoir outside of the
vacuum, this feature would, in theory, allow one to only change the sample reservoir without the
need to break the vacuum. This is not always valid though, since highly volatile molecules can get
trapped in the vacuum lines connected to the chamber or in the adjacency of the needle valve. The
reservoir is not heated neither cooled since no clever design for a good temperature stability has yet
be implemented. The main condition to run molecules inside pickup cell then relies on their vapor
pressure at room temperature.
The oven has a length of 7 cm, an outer diameter of 2.1 cm and an inner diameter of 1.5 cm.
It is a grooved ceramic tube with a pitch of around 1.2 mm on the outer surface. It is made from
Al2 O3 which can substain temperature, temperatures, without a mechanical load, of up to 1900K.
The tube is sealed with ceramic washers with a thickness of 2 mm using a ceramic paste (Resbond
900). A tantalum wire (0.8 mm) is then wrapped in the grooves and recovered with ceramic paste
(leaving the tips free). The wire is connected to a power supply (Aim-TTi CPX400DP DC Power
supply) via a high resistance feed through (MeiVac ReVap 900). By applying a constant current,
the resistive heating of the wire from the Joule effect will result in the heating of the oven. The
temperature of the oven is measured with a thermocouple clamped on the ceramic using one of the
screw from the mount rings. Therefore, it is possible to monitor the temperature inside the oven
by changing the intensity delivered by the power supply. A watercooled copper block is clamped on
one side of the oven to facilitate its cooling when the intensity of the power supply is reduced. The
sample of interest is usually solid and is placed inside the oven directly. By heating the oven, and
thus, changing the vapor pressure of the sample, different doping regimes can be attained. Even if
in theory the oven would allow a fantastic control of the vapor pressure of the species of interest,
the reaction time and the quantification of optimal doping conditions is a real challenge since it
can take few hours to stabilize the temperature. Moreover, if the sample has entirely evaporated,
there is no other choice than breaking the vacuum to refill the oven. Nevertheless, despite these
constraints, it was successful for many experiments with large molecules (C60 , C18 H12 , C22 H14 ,
dibromoterthiophene, tetrabromoindigo, ...).
Another challenge with doping experiments arises from the possibility for undoped molecules to
reach the interaction region in the target chamber. These undoped molecules generate a continuous
beam, qualified as “effusive", which can be a major drawback in the experiments since it will
contaminate the doped signal with an undesired gas phase one. Nevertheless, it is sometimes still
possible to distinguish the signal coming from single charged molecules by using the spectrometer
in the velocity map imaging mode, however it becomes a major drawback when one is interested
into fragments where the distinction between doped and undoped might not be obvious. To reduce
the contribution of these undesired molecules, a reservoir made of stainless steel is added between
the two tubes (shown in cyan in Figure 6.1). It can be filled with liquid N2 (T = 77K) and is
commonly named cold trap. An aluminum insert with a 3 mm diameter hole is placed at the center
of the reservoir. This design, thanks to the large surface of the cold trap and its small aperture,
allows an efficient capture of most effusive molecules (at least those that are not gaseous at 77 K).
It can be seen from the figure that this design will not have a similar effect for the first tube and
the second one. This is an important consideration to take into account when one wants to realize
a double doping scheme with two different species. Finally, the He-droplets will then go through
a 2 mm skimmer (Beam dynamics, model 2) before entering in the target chamber (shown in red
between the doping chamber and the target chamber in Figure 6.1).
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Supersonic chamber
The supersonic chamber is the lower chamber in Figure 6.1 mounted below the target chamber. It
contains an Even-Lavie valve (EL-7-4-2011-HRR, 600Hz) (shown in purple in Figure 6.1) used to
produce pulsed beam of isolated molecules or clusters. If the sample of interest is solid at room
temperature, it is placed inside the valve and optionally heated whereas a liquid sample would be
placed before the valve within Swagelok tubing on some filter paper. The backside of the valve
is then connected to a bottle of rare gas used as a carrier gas (usually a backing pressure of 80
bar of helium gas is applied). The high pressure gas will drag some sample with it to vacuum and
will then undergo a supersonic expansion resulting in a low temperature molecular beam (<1 K at
100 bar [140]) through the collisions of the sample of interest with the carrier gas. The valve is
pulsed by an external electronic valve driver, and the resultant molecular beam passes through a
4 mm skimmer before entering the target chamber.

Target chamber
The target chamber is connected to the supersonic and the doping chamber. The droplet beam
comes from the left (see Figure 6.1) and goes through a second cold trap with a 4 mm diameter
aperture (shown in cyan in Figure 6.1) to further reduce the number of unsolvated molecules and
to reduce the amount of background molecules in the chamber. The isolated molecular beam goes
through the lower plate of the spetrometer through a 3 mm hole. Both the droplet beam and the
isolated molecular beam are crossing each other between the two lower plates of the velocity map
imaging (VMI) spectrometer[101] (discussed in Section 6.2), and are being intersected by one or
more laser beams coming out of the page on Figure 6.1. The laser beam will generate ions and
electrons that will be accelerated towards a position sensitive detector by the static electric field
generated by the spectrometer’s plates. Particle hits onto the detector will generate light that is
detected by a fast-framing CCD camera and read on the computer. The electrostatic plates and
the detector are respectively drawn in yellow and green in Figure 6.1. The target chamber has
been extented by adding a "flight-tube" on the top flange. This flight tube (only used for ions
study) extends the flight distance from about 220 mm to 470 mm. Its effect is shown in Figure 6.2
where the impact position on the detector is plotted as a function of the initial speed distribution in
velocity map imaging mode. The added distance lowers the maximum kinetic energy that the VMI
spectrometer can record, but increases its resolution. A µ-metal shield surrounds the flight path
from the lower plate of the electrostatic lens to the top flange before the "flight-tube" section. The
shield has a high permeability which provides a low reluctance path for the magnetic flux from the
earth and diverts this around the flight region. It is mandatory during the imaging of electrons.

6.2

Detection system

The detection system in the target chamber consists of three stainless steel electrodes, labeled
‘repeller’, ‘extractor’ and ‘grounded-plate’. All plates have a thickness of 1 mm and a diameter of
120 mm. The repeller has a 3 diameter hole in its center to allow the molecular beam from the
supersonic chamber to reach the interaction region. The extractor and the grounded plate have
both a 20 mm diameter hole to permit the extraction of charged particles. The repeller and the
extractor are separated by 35 mm while the extractor and the grounded plate are separated by 20
mm. The role of the repeller is to push the charged species toward the detector at the top of the
chamber and a static voltage is applied to it in the range of ±2 to ±8 kV. The extractor is used to
achieve velocity map imaging or spatial imaging. For the former case, the voltages ratio between
the extractor (V ext ) and the repeller (V rep ) plates follows:
V ext /V rep ≈ 0.65

(6.1)
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Figure 6.2: Hit radius on the detector as a function of the initial transverse velocity for tetracene
ions without (blue line) and with (red line) the flight tube for Vext =5560 V and Vrep =8000 V.
Simulations done with SIMION [102].

The grounded plate is at the ground potential Vgr =0 V.
The detector is composed of two stacked microchannel plates (MCPs - El Mul Technologies
B050V, 38 mm active diameter) and a P47 phosphor screen (El Mul Technologies Scintimax P47).
Each MCP consists of a large number of small channels (∼10 µm inner diameter) parallel to one
another and spaced apart by about ∼15 µm. They usually possess a slight angle with respect to
the detector plane (∼8◦ ). The two MCPs have angled channels rotated by 180◦ from each other.
This design called chevron has a similar effect as the slight angle design of the microchannels,
guaranteeing for the incoming particle to hit the edge of one microchannel. When a particle impinges
on a channel, it creates electrons that will be accelerated by a voltage difference between the back
and the front MCP of 1.8 kV. The generated electrons will then undergo collisions thanks to the
channels geometry resulting in a cascade effect where each collision will generate more and more
electrons through secondary emissions. The overall process creates about 103 electrons per hit per
MCP giving a gain of 106 electrons per impinging particle. When the electrons leave the backing
MCP, they can be further accelerated onto the phosphor screen which is held at a voltage of 3.8 kV
resulting in a voltage difference of 2 kV. The hit of an electron on the phosphor screen will produce
a localized flash (≈100 ns) of blue (400 nm) light. The light is emitted from the backside of the
phosphor and will exit through a window at the top of the chamber. It is subsequently detected by
a CCD camera (Allied Vision Prosilica GE 680). The camera has a resolution of 640 by 480 pixels
with a pixel area of (7.4×7.4 µm2 and a 12 bits Analog to Digital Converters. Its maximum frame
rate is 205 frames per second. The camera is connected to a PC via a gibabit ethernet connection.
Two acquisition modes are accessible, the time of flight (ToF) mode or the imaging mode.
In ToF mode, the back MCP voltage is set to 1.8 kV while the front MCP and the phosphor
screen are grounded. The back MCP is connected to an oscilloscope (LeCroy Wavesurfer 64 MXs-B
600 MHz, 10 GS/s). To protect the oscilloscope from the 1.8 kV DC voltage, the signal first goes
through a high-pass filter. The oscilloscope will measure fluctuations of the voltages at the back
MCP. These variations occur from the electron cascade that are generated after the impact of a
particle resulting in a net change of the voltage value on the back MCP. Since the charged species will
hit the MCP front (engaging
the cascade) at a time proportional to the square root of their mass over
p
their charge (MoC), m/q, the resulting spectrum provides at the same time a mass spectrum. The
ToF can then be used for the imaging mode, give hints on the fragmentation/ionization channels that
undergo the species after its interaction with the laser and also indicate the amount of background
in the interaction region.
The second acquisition mode is called imaging and makes use of the phosphor screen. However,
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the camera is unable to differentiate counts arriving at different times. Therefore, it is necessary
to preselect a specific arrival time to study and image the contributions of a particular mass which
would just get blurred by all th other contributions otherwise. For this purpose, the back MCP
voltage is set to a voltage unable to trigger a detectable signal after a hit (1.2 kV). The front MCP
is then pulsed to −600 V reaching the running conditions of 1.8 kV. The timing and the duration of
the pulses are chosen to match the MoC of interest and the parameters are usually extracted from
a previous time of flight measurement.
The different timing in the experiments are monitored with a delay generator (Stanford Research
System DG535). The delay generator is fed by the 1 kHz trigger from the laser system. It then
triggers the other components of the acquisition system. The timing and the duration of the pulse for
the MCP are then chosen on the delay generator. During gas phase experiment with the supersonic
jet of the Even-Lavie valve, the acquisition rate is limited by the camera. The experiment is then run
at 100 or 200 Hz (the Even-Lavie has the bad habit to magnetize after running it for too long at 200
Hz). For this purpose, the triggering for both the camera and the valve is then done approximately
9 and 4.5 ms respectively after a previous laser shot wile the MCP is triggered on the current laser
shot. In this setup 9 out of 10 or 4 out of 5 laser shots are wasted. For helium droplet experiments,
the helium droplet beam being continuous only the camera needs to be triggered. However, in order
to maximize signal, the triggering used is the one from the laser (running at 1 kHz). The camera
being unable to keep us this repetition rate, its opening time is set to 10 ms resulting in the collect
of ten laser shots in one frame while limiting the repetition rate of the camera to 100 Hz.

6.3

Optical setup

A general overview of the optical part used in the experiments. It covers a short description of the
laser system, the optical setup used in the experiments and the beam characterization techniques
used.

Laser system
The laser system used for all experiments done in this thesis is a Spectra-Physics Spitfire Ace35F regenerative chirped pulse amplifier operating at 1 kHz. It is pumped by a Spectra-Physics
Empower 45 Q-switched Nd:YLF laser and seeded by a spectra-Physics MaiTai SP oscillator. The
seed laser has a 84 MHz repetition rate and delivers a train of 5 nJ centered at 800 nm with a spectral
bandwidth of 60 nm. These pulses are then sent into a regenerative amplifier which operates at a
repetition rate of 1 KHz and amplifies the pulses to a maximum pulse energy of ∼5 mJ delivering
an average power of 5 W. The amplification procedure induces a large chirp on the pulses with a
pulse duration of ∼160 ps after the amplification. A compression stage is therefore used to compress
the beam down to 30-35 fs. A combination of a half-wave plate and a polarizer is placed before the
compression stage allowing a division of the pulse energy into a uncompressed and a compressed
part. The uncompressed part is routinely used to align molecules/clusters while the compressed
output is used to ionize and/or pump them. The 1 kHz trigger signal from the amplifier stage is
used to synchronize the different components of the experimental setup as mentioned in Section 6.2.
For some experiments (not shown in this thesis) and during the calibration of the velocity map
imaging spectrometer (see Appendix C), the compressed output of the laser was sent into an optical
parametric amplifier (TOPAS-Prime) allowing a large choice of wavelengths in the output through
sum frequency generation and difference frequency generation. It is still possible to collect a left
over of the initial pulse from an external port on the side of the box.
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Optical setup
Figure 6.3 shows a sketch of the optical setup where the two outputs of the laser system are steered
through a succession of mirrors towards the vacuum chamber. The uncompressed output of the
laser (used for alignment) first goes through a succession of half-wave plate (HWP) and thin film
polarizer (TFP) to control its power. It also passes on a translational stage to monitor its delay with
respect to the other beam. It then passes through a long-pass filter (LPF) to temporally truncate it
(see chapter 7) and a telescope to control its waist and its divergence. It then either goes through
a succession of HWP and quarter-wave plate (QWP) allowing the access for different polarization
states or through a TFP (M2∗ ) where only a linear polarization parallel to the detector plane is
accessible.
The compressed output of the laser is either sent through the TOPAS or sent towards the
chamber (M1∗ ). In either case, it then goes through a a combination of HWP and TFP for power
control before passing on two translation stages, a 500 mm Schneeber R-9800 (TS1) and a 100
mm Newport M-UTM100PP (TS2). The maximum delay accessible between the uncompressed
and the compressed output is then about 4 ns. Scans are usually done with the Schneeberg fixed
at a specific position while the Newport stage is scanned due to its finer steps. The beam then
goes through a β-baryum-borate (BBO) crystal before passing through a telescope (or the other
way around). A HWP is then placed to control its polarization and a TFP or a mirror is inserted
according to the number of pulses used in the experiment (with a TFP, its polarization is fixed and
orthogonal to the detector plane). It is then overlapped with the uncompressed beam with a 80:20
(transmitted:reflected) beamsplitter (BS) or a dichroic mirror according to the wavelength used and
the accessible power.
The last beam can either be the power left from the compressed output going through the first
TFP or a particular output of the TOPAS. In either case, it passes through a telescope and a
HWP and is either sent towards the chamber (M3∗ ) or sent toward a grating stretcher made of two
volume phase holographic gratings (VPH, grating constant of 1.25 · 10−6 m) and a retroreflector
(RR). The last grating and the RR are placed onto a translational stage to allow different group
velocity dispersion output. It is then recombined (M4*) and steered toward the chamber through a
combination of wave plates.
All beams pass through a lens before entering into the vacuum chamber through a UV-fused
silica vacuum window.

Beam characterization
Assuming that the laser pulse has a Gaussian temporal and spatial profile, three quantities are
necessary to characterize it; its energy E0 , its focal spot size ω0 , also called beam waist, and its
duration at FWHM, τ 0 . Its expression is derived from the paraxial Helmholtz equation and is
written for a propagation direction along the z-axis as:


 

ω0
r2
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exp −
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(6.2)
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with r the radial distance from the center axis of the beam, z the axial distance in the beam
propagation axis, k the wavenumber, E0 (t) the temporal profile, ω(z) the radius where the field
amplitude drops to 1/e of its axial value at a distance z, R(z) is the radius curvature of the beam’s
wavefront at z and ψ(z) the Gouy phase at a distance z.
The temporal profile is usually expressed with the FWHM instead of the standard deviation such
as:
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with  the polarization of the light and ν its frequency.
The resulting intensity/irradiance is the amount of power dW per unit area transported by the
electromagnetic wave. Defining its surface element along the propagation direction in cylindrical
coordinates d~s = rdrdθẑ, the power going through an element is defined as the flux of the Poynting
vector P~ through the surface element:
dW = P~ .d~s
(6.4)
Neglecting many terms in the expression of the magnetic field (in fact using a plane wave approxik
mation to obtain B ≈ 2πν
ẑ ×E), the irradiance is proportional to the square of the complex electric
field E(r, z, t):
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where τ = τ 0 / 2 is the FWHM definition for the intensity of the beam and I0 is termed the peak
intensity. Integrating Equation 6.5 over the polar coordinates (r, θ) and the time with z = 0 gives
the expression for the energy contained in a laser pulse, Epulse and permits to express the peak
intensity as:
√
4 ln2 Epulse
I0 =
(6.6)
(1 + 2 )π 3/2 ω02 τ
where Epulse is retrieved from the average power of the laser beam divided by the repetition rate of
the laser system.
The average power of the laser beam is measured using a power meter (Thorlabs PM100D Power
and Energy Meter Console with an S310C head). The pulse duration, τ , is extracted through
cross-correlation measurements. The beam of interest first goes through a similar window (M4∗
in Figure 6.3) as the one attached on the vacuum chamber and is then directed toward a BBO
crystal where it is mixed with the compressed output of the laser through SHG mechanism. The
resulting light traverses a prism to separate its different spectral components. The SHG channel
resulting from the color mixing is selected and sent into a spectrometer (AvaSpec 3648). The light
is sometimes focused with a lens or a mirror to ensure that the spectral broadening resulting from
the bandwidth of the beams is well collected. The Newport delay stage is scanned and the light
spectrum is recorded for different delays between the two beams. The temporal pulse profile is
extracted by summing all the contributions over a range of wavelengths as a function of the delay
between the pulses. The profile is then fitted to a gaussian distribution and the FWHM of the pulse
is extracted.
To retrieve the beam waist, ω0 , a silver mirror (M5∗ in Figure 6.3) is placed between the lens used
during the experiments and the vacuum chamber. The mirror will redirect the beam through an
identical window as the one installed on the vacuum chamber to imitate the experimental conditions.
The beam goes through a 10 µm pinhole mounted on a fast photodiode (Thorlabs DET10A/M).
The position of the photodiode is then optimized to maximize the amount of signal, resulting in a
maximum transmission of the light through the pinhole. By scanning the plane perpendicular to the
propagation of the light, the spatial profile is extracted in two different directions and is fitted to a
gaussian profile allowing the extraction of the beam waist. It is often necessary to reduce the power
of the beam by few orders of magnitude before sending them toward the camera, the photodiode or
the pinhole. This is done by using a judicious combination of neutral density filters after the fake
window.
The overlap procedure between two or more beams is done following a set of steps. First, the
lens position before the chamber is scanned in order to maximize the amount of signal resulting from
ionization originating from the compressed output beam (probe beam) only, thus certifying that it
focuses on the molecular beam. Each beam can go through a telescope to ensure a correct beam
waist and to match the focus with the probe beam. The beam waist for each beam is then measured
and optimized with the pinhole method described above. The overlap in time is done afterward by
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maximizing the SHG signal between the (probe beam) and the other laser beams. The overlap on
the pinhole can be cumbersome and therefore take a long time, for this reason a webcam (Genius
Widecam F100) replaces sometimes the pinhole and is used as a beam profiler. The camera sensor
is positioned at the focus of the beams where they can be spatially overlapped. This technique
saves a lot of time but is only relevant for visible light. Lastly, the overlap between different beams
can lastly be optimized from the signal of different observables, e.g. the fragmentation of molecules
in ToF or the hcos2 θ2D i of a charged fragment.
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Figure 6.3: Sketch of the optical setup. Optical elements with an asterisks in the name are removable. Compressed output of the laser is shown as a full line, uncompressed output of the laser is
shown as a dashed line. The dotted line either represents the part of the compressed beam that will
be stretched or the output pulse from the TOPAS. The dashed line is the uncompressed output of
the laser system. Acronyms are defined in text.
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Chapter

7

Field-free alignment of molecules inside
helium droplets
A key result of my PhD project is the development of an experimental technique that enables strong
laser-induced alignment of molecules and molecular complexes inside helium nanodroplets after the
laser field is turned off.
First, the motivation for the sharp alignment of a molecular complex without the influence of the
field is outlined for different applications (Section 7.1). This is accompanied with an introduction to
the existing techniques and a short summary of their advantages/disadvantages. A paragraph is also
dedicated to present the switched wave packet technique. The procedure used in the laboratory relies
on the large spectral bandwidth and chirp from the uncompressed output of the laser to truncate
temporally the laser pulse using a long-pass frequency filter and is illustrated (Section 7.2). Finally, I
will present results showing rotational dynamics for molecules in both gas phase and helium droplets
using the spectrally truncated chirp pulse and highlight the ability to reach field-free alignment of
molecules in helium droplets (Section 7.3).
This chapter is based on two articles [141, 142]. I participated in all the experiments and in the
writing of the two papers. The simulations shown below have been made by Adam S. Chatterley
in Figure 7.2 and Figure 7.4 and Mia Baatrup in Figure 7.5 both using Anders Sondergaard’s
code [143]. The iodobenzene alignment traces were made by Evangelos T. Karamatskos [144, 145].
Most of the figures are originating from the two articles mentioned above that have been published
during my PhD.

7.1

Background

Field-free alignment
The orientational averaging of the molecular frame leads to considerable loss of information in
measurements realized in the laboratory frame. To maximize the information content, the direction
of the complexes in the laboratory frame have to be defined. This can be achieved through laserinduced methods which rely on the interaction between the molecular complexes’ polarizability
tensor and a non-resonant intense laser field (see chapter 5).
Many applications have taken advantage of the confinement of the molecular axis for femtosecond or attosecond resolved studies, such as structural imaging [146, 147, 148], molecular orbital
imaging [149, 150] and controlled charged migration [151]. However, most of theses experiments
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would be affected by the presence of the alignment field which would cause undesired perturbations, e.g. ionization, dissociation or excitation on the studied molecules. The measurements could
then be blurred by processes induced by the alignment field, screening the dynamics under interest [115, 152, 153]. For example, I observed during my PhD that PAH cations will easily fragment
when subject to an 800 nm alignment field. Some molecules can also easily absorb photons from the
alignment pulse, allowing the population of undesired channels in photodissociation experiments,
as for example in the case of I2 . These effects are then likely to generate an unwanted background,
resulting in a more complex interpretation and treatment of the data.
Consequently, methods to align molecules after the turning off of the field have been developed
by the scientific community. The most widespread technique is to use a short non-resonant laser
pulse (see chapter 5 for details) in order to kick the molecule. Briefly, the interaction will create a
rotational wave packet and, if the wave packet stays coherent (no dissipation/interaction with its
surrounding), the alignment will reappear at times fixed by the rotational constants of the complex,
which are called revivals.
Two requirements are necessary for a good alignment. The first one is to have a broad distributions of different J states. Since the molecular confinement, expressed as the angle θ of the main
polarizable axis with respect to the laboratory fixed axis, is the conjugate variable of the angular
momentum J, the uncertainty principle implies that ∆J ∆θ ≥ ~/2. The second requirement is for
the rotational wave functions to interfere constructively and thus will depend on the rotational energy of the molecules and on the intrinsic phase of the rotational wave functions after its interaction
with the laser pulse. For a linear molecule, the rotational energy is exactly proportional to J(J + 1)
as long as the centrifugal distortion can be neglected. However, it already becomes a challenge
starting with symmetric tops, where the energy is now also defined with another quantum number,
K. Nevertheless, alignment is still achievable in the case of a linearly polarized pulse where the
quantum number K is conserved during the interaction. This means that if the starting population
is sufficiently cold (most of them starts in J = 0) then only K = 0 is possible, allowing a description
almost as good as for the case of a linear system. For an asymmetric top system (where all moments
of inertia are different), K is no longer conserved during the interaction, therefore perturbing the
quality of the alignment at the revivals due to the difficulty for rotational states with different K to
interfere constructively. Last but not least, the duration of the revivals depend on the number of J
states populated. Increasing the number of J states to improve the alignment reduces the duration
of the revivals thus precluding certain applications. The kick method can be improved, especially
for linear systems, where sending a second pulse at a specific time (anti-revival/revival) could lead
to an increase of the alignment [154]. Another method used advanced light manipulation to produce
a modulation of the spectral phase in the light pulses [155]. This allowed a better control in the
population of J states by precisely selecting the rotational transitions, resulting in a modification of
the relative excitation between odd and even states. One last technique that has been successful for
small molecules is the optical centrifuge [156], whereby two circular pulses with opposite chirp are
superposed to form an effective linear polarization. This linear polarization will rotate in the plane,
slowly accelerating as the difference in frequency between the two pulses increases. The effect on the
molecule is a slowly increasing rotation in the polarization plane that results in an alignment [157].
With this scheme, rotational speeds of molecules on the order of 1013 rad/s can easily be reached.
This confinement in the plane can be described as an effective potential usually significantly larger
than that resulting from a regular adiabatic alignment for similar intensities. In fact, the rotational
speed can be so high that it will lead to the dissociation of some molecules. A previous PhD student
in the group studied this effect on OCS molecules. This technique permits to reach extremly high
J state compared to usual spectroscopy, since the maximum J state are at least few hundreds and
can reach a thousand in some situations [158]. This is related to the quantum description of the
effect, which requires the frequency difference between the two pulses to match the energy difference
between two J states to reach the next level. However, by increasing the moment of inertia, the
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energy between different rotational states will be closer which results in a difficult control of the
chirp to avoid being stuck in the rotational ladder, and thus is not appropriate for large species.
Another drawback appears when one desires to achieve 3D alignment; two strategies are worth
discussing. The first one is to kick the system with two or more linearly polarized pulses with
orthogonal polarization and spaced in time. Usually the second kick is done at the first revival or
few hundreds of femtoseconds after the first one [159]. However, this technique is not as efficient as
one might expect. It is a major problem to achieve a maximum alignment on two axes at the same
time since the second pulse may not necessarily only align the second most polarizable axis, but can
also affect the alignment of the most polarizable axis. The other strategy is to kick the system with
an ellipticaly polarized pulse instead. In this case, there is no conservation of the quantum number
K and M [1]. Nevertheless, it has been shown that the alignment of multiple axes at the same time
was possible for ethylene [160]. These two strategies have been computed in addition to the switched
wave packet strategy discussed below [161]. The results seem to indicate that the two orthogonal
kicks should result in the best 3D alignment. Combining multiple pulses with different ellipticities
has also been done [162] resulting in the alignment of an asymmetric top 3,5-difluoroiodobenzene
using a total of four pulses with a FWHM of few hundreds of femtoseconds. This complex scheme is
tempting but presents a serious experimental challenge, since the ellipticity and arrival time of the
pulses must be precisely controlled. In addition, the requirement for high intensities (few TW/cm2 )
for each pulse can be another drawback. Last but not least, the number of parameters also becomes
gigantic and retrieving the best combinations of pulses is not trivial. However the development of
Genetic Algorithm can help to solve this issue with some feedback loop.

Switched wave packet
The main interest of the switched wave packet is to profit from the adiabatic alignment offered by
a long laser pulse (see chapter 5), allowing a great confinement of the molecules in both 1D and 3D
alignment. This method relies on a slow turning on of the alignment field transferring the rotational
states into pendular states before a fast truncation of the alignment field at its peak intensity. The
non-adiabatic turning off projects the pendular states back to the field-free rotational states. Thus,
in a similar manner as in the non adiabatic case, it generates a wave packet made of different J
states. The switched wave packet technique for rotational dynamics was first presented by Yan and
Seideman [163, 164].
The first demonstration of switched wave packets for rotational dynamics was developed by
Underwood et al. [128, 130] using a plasma shutter technique [165, 166, 167]. This technique
relies on the formation of a plasma in a material induced by a high-power femtosecond laser. The
transmission of the material becomes zero, acting as an elegant procedure to truncate a longer
pulse. The truncation time is related to the duration of the laser used to generate the plasma. A
truncation time of 10-100’s fs is then achievable with this technique. Implementing it is not trivial
since it relies on highly nonlinear interactions and some residual field can still be detected after
truncation in some cases [130], leaving a background field that will not allow the direct projection
of the dressed states into pure field-free ones.
In gas phase, this technique does not solve any of the issues mentioned above for the short
pulses. The alignment still follows the field and drops rapidly during its truncation. Moreover,
the alignment will not necessarily be better during the revivals [161]. Nevertheless, an appreciable
difference between the two approaches is imprinted in the population of J and K states. Compared
to the non-adiabatic alignment from short pulses, which creates a broad distribution of J states with
a modest phase relationship between them, the switched wave packet generates a more confined J
state distribution with a significant phase relationship between one another. In addition, calculations
seem to indicate that almost all the rotational states will be associated to a quantum number K = 0
for asymetric top systems [141], giving a linear rotor-like dynamic.
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Figure 7.1: (a) Spectrum of the uncompressed output of a Ti:sapphire chirped pulse amplifier
after transmission through an 800 nm long-pass filter. (b) Spectrally resolved sum-frequency cross
correlation of the truncated chirped pulse with a short 800 nm pulse. (c) Temporal profile of
the intensity of the spectrally truncated chirped pulse. (d) Log-plot of the temporal profile. The
intensity at 40 ps represents the noise floor of these measurements. Time zero has been defined as
half of the maximum intensity on the falling edge

7.2

Spectrally truncated chirped pulses

The technique used here only relies on the broad spectral distribution of the laser pulse. If the
chirp of the pulse, the time dependency of its frequency components, is sufficiently large then a
direct relation between its frequency components and its duration can be extracted. It means that
affecting the spectrum domain will have a similar effect as if one was affecting the time domain.
One easy tool for this purpose is to use a short-pass or a long-pass filter depending to the chirp sign
of the laser pulse. The effect of the uncompressed output of a Ti:sapphire chirped pulse amplifier
(160 ps FWHM, 1.3 ps2 GDD) going through a 800 nm long pass filter (Thorlabs FELH0800) is
shown in Figure 7.1. In (a), the spectrum of the pulse after going through the filter shows a clear
cut at 800 nm with a truncation happening in less than 3 nm. In (b), the temporal profile of the
pulse has been measured using sum frequency mixing (SFM) with the transform limited short pulse
(35 fs, 800 nm) coming from the other output of the Ti:sapphire. Before 800 nm, the SFM signal
shows a linear relationship between the arrival time and the wavelength. After 800 nm, the signal is
promptly truncated in approximately 8 ps. On panel(d), the semilog of the temporal profile during
the truncation is shown. A residual intensity is detectable with 2-3 orders of magnitude lower than
the peak of the pulse until 30 ps. The transmission filter is not the best tool to obtain a sharp cut
and the setup could be improved with more advanced pulse shaping techniques such as diffraction
gratings and razor blades [168, 169]. However the time has not yet been found to implement some
more advanced filter techniques and it has also not yet been necessary since the cutting was shown to
be sufficiently fast to generate switched wave packet dynamics and also to allow field-free alignment
inside helium droplets.
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7.3

Results

The spectrally truncated pulse has been tested on gas phase molecules to observe the alignment dynamics. Both a linear molecule, carbonyl sulfide (OCS), an asymmetric top, iodobenzene, and a symmetric top, the carbon disulfide dimer ((CS2 )2 ) were studied. Hereafter, the technique was extended
to molecules embedded in helium droplets, including iodine (I2 ) as well as 4,4’-diiodobiphenyl,
tetrabromoindingo and other complex molecules where the focus was steered toward the field-free
alignment.

Gas-phase
Experimental conditions
Carbonyl sulfide, iodobenzene and carbon disulfide (CS2 ) were seeded in 80 bar helium and expanded
through an Even-Lavie pulsed valve, resulting in a molecular beam with a temperature around 1 K.
The peak alignment intensities ranged from 4 · 1010 W/cm2 to 8 · 1011 W/cm2 with a focal spot
size of ω0 = 38 µm. The peak intensity of the probe laser pulse was 4 · 1014 W/cm2 with a focal
spot size of ω0 = 20 µm. The high intensity of the probe pulse induced Coulomb explosion of the
molecules. Using velocity map imaging, the emission directions of ionic fragments (S+ for OCS,
I+ for iodobenzene and CS2 + for the CS2 dimer) following Coulomb explosion were recorded. The
angle of the ion hit on the 2D detector with respect to the polarization of the alignment laser, θ2D ,
was then extracted and used to calculate hcos2 θ2D i. The alignment pulse was linearly polarized
parallel to the detector plane for OCS and iodobenzene and circularly polarized for CS2 dimer. The
probe laser polarization was orthogonal to the detector plane in all cases. The wavelength of the
probe laser pulse was 800 nm for OCS and iodobenzene, and 400 nm for CS2 .
OCS
Panels (a)-(e) of Figure 7.2 show the measured (red curves) and calculated (black curves) time
dependent hcos2 θ2D i for OCS at five peak intensities between 5 · 1010 W/cm2 and 8 · 1011 W/cm2 .
Before the start of the pulse, at a delay of −200 ps, hcos2 θ2D i = 0.5 indicates an isotropic distribution of the molecules. During the rise of the pulse, hcos2 θ2D i increases to a maximum value
around – 50ps, before the truncation indicating the confinement of the molecular axis along the
polarization axis of the alignment laser. The maximum value of hcos2 θ2D i depends on the peak
intensity of the alignment pulse and is therefore attained in panel (e) with a value of 0.85. After
the truncation, hcos2 θ2D i drops promptly and is followed by an oscillating pattern with a period
of 82.2 ps (B ≈ 6.08 GHz). The revivals become sharper as the alignment intensity is increased,
indicating a broader distribution of rotational states. It can also be noticed that the average alignment is increased after truncation, starting at 0.5 for the lowest intensity case to almost 0.6 for the
highest.
The measured dynamics are well reproduced by the theory. A deviation of an oscillating feature
near the quarter revival is however missed in the experiments. The theoretical curves were scaled
by an empirical factor of 0.87, symmetrically centered around 0.5 which serves to take into account
the non-axial recoil and the probe selectivity in the Coulomb explosion.
If the truncation of the alignment pulse was instantaneous, the wave packet would be identical
after and prior to the truncation and the hcos2 θ2D i would consequently be equal to the peak of the
alignment before truncation at each full revival. This is not exactly the case in our experiments
where the degree of alignment during the full revivals reaches ≈ 90% and ≈ 95% of the peak
alignment for the high and low intensity case respectively. The modification of the wave packet
during the truncation in the simulations can be observed. The J states population dynamics for
the highest and lowest intensity are shown in panels (a) and (c) of Figure 7.3. The lowest intensity
trace only consists of three rotational states, J = 0, J = 2 and J = 4 while the high intensity
57

7.3. RESULTS

Figure 7.2: (a)-(e), alignment dynamics of OCS. The spectrally truncated chirped pulse is plotted
as a shaded area in each panel. The experimental dynamics are plotted in black while the simulated
ones are in red. The experimental hcos2 θ2D i is determined using the angular distribution of S+
fragments following Coulomb explosion. The peak alignment intensity is given at the top of each
plot. To account for non-axial recoil in the experimental hcos2 θ2D i, the numerical results have been
scaled around 0.5 by an arbitrary value of 0.87.

trace contains J states up to J = 6. It is noticeable that the J states population is modified
during the truncation. In the high intensity case, the population of the state J = 6 is almost
completely transferred to lower rotational states while the population of J = 4 has been divided
by approximately three. For the low intensity case, the slight population present in J = 4 is
completely transferred to J = 2. The final population of J states after the truncation illustrates
well the dynamics observed in Figure 7.2 with a sinusoidal pattern for the lowest intensity reflecting
the beating between two states and a more complex dynamics with the presence of four different
J states for the high intensity case. The phases of the populated states at the peak of the first
revival are shown for the highest intensity in panel (c). We observe that their phases vary by less
than 10◦ which reflects the good alignment reached during each revival, the interference between
the rotational states being mostly constructive.
Iodobenzene
The next step is to apply the truncated-pulse alignment technique to an asymmetric top molecule
using iodobenzene as an example. The choice of iodobenzene was motivated by few points. First,
the Femtolab group possesses a good expertise with this molecule thanks to previous experiments in
gas phase and helium droplets. Moreover, an easyly accessible observable (I+ ) is present to quantify
the degree of alignment. Finally, it also allowed us to check experimentally and numerically a recent
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Figure 7.3: (a) and (c): The calculated J state population in OCS as a function of time for the
highest and lowest alignment intensities employed (Figure 7.2 (e) and (a)), starting in the absolute
ground state and using the experimental alignment pulse profile. (b) and (d): The final (field-free)
J state population, along with the phases of the populated states at the peak of the first revival for
the highest and lowest alignment intensities

paper [170] which claimed to observe field-free alignment of iodobenzene for ≈ 10 ps using switched
wave packets. In their experiment, they achieved a fast truncation time of < 200 fs using a plasma
shutter making their truncation much faster than in our case.
The results are shown in Figure 7.4 with the measured (black curves) and calculated (red curves)
time dependent hcos2 θ2D i. For both the high (panel (a)) and the low (panel (b)) intensity of
the alignment pulse, hcos2 θ2D i increases concurrently with the rise of the alignment pulse, with
a maximum degree of alignment of 0.89 and 0.7 respectively. After truncation, hcos2 θ2D i drops
rapidly and returns to a permanent alignment of hcos2 θ2D i ≈ 0.59 and 0.53 for the high and low
intensity alignment pulses. The alignment trace shows a recurrence structure at a delay of 359 ps
and 712 ps associated to J-type revivals. The presence of any C-types revivals in the experimental
alignment trace is not detected [171].
The experimental results are again compared with numerical simulations. For this purpose, a
collaboration with Hamburg’s group was made. They possess a numerical code to calculate the
alignment traces for asymmetric top molecules. The calculated traces have been symmetrically
scaled around 0.5 by a factor of 0.9, as in the case of OCS. The experiments and the theory again
match particularly well, capturing the main features of the dynamics. The rising edge follows again
the shape of the pulse with a noticeable offset between simulation and theory for the high intensity
case. The simulations reveal that almost only rotational states with a quantum number K = 0 are
being populated which is an indication for the observation for dynamics close to the ones from a
linear rotor like.
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Figure 7.4: (a)-(b), alignment dynamics of iodobenzene. The spectrally truncated chirped pulse is
plotted as a shaded area in each panel. The experimental dynamics are plotted in black while the
simulated ones are in red. The experimental hcos2 θ2D i is determined using the angular distribution
of I+ fragments following Coulomb explosion. The peak alignment intensity is given in the top right
of each plot. To account for non-axial recoil in the experimental hcos2 θ2D i, the numerical results
have been scaled around 0.5 by an arbitrary value by 0.90.

In both cases, the drop of the hcos2 θ2D i occurs almost immediatly after the truncation of the
pulse. The alignment reaches its minimum in 18 and 28 ps with the high and low intensity case. This
drop seems to be underestimated by theory in the high intensity case and is accounted from focal
volume effets and/or temperature. In both cases, the persistent alignment of 10 ps observed [170]
is not achieved. It was neither possible to retrieve this behavior with numerical simulations with a
similar alignment pulse as the one used in their experiment.
CS2 dimer
The latest experiment on gas phase molecules has been conducted on the carbon disulfide (CS2 )
dimer. The CS2 dimer has a cross shape structure and is a symmetric top (prolate type, αxx =
αyy > αzz ). Following Equation 5.33, it is possible to align this type of molecular complex using
a circularly polarized pulse. This results in a confinement of the least polarizable axis on the
propagation axis of the alignment laser and allows a free rotation of the complex about it. For
the CS2 dimer, the least polarizable axis is the C – C non-covalent bond, which will thus be fixed
perpendicularly to the polarization plane. The alignment traces are linked to this non-covalent bond
breaking and we focused on the CS2 + /CS2 + channel where both monomers are ionized to calculate
the hcos2 θ2D i.
The sulfur atom possesses different isotopes, the most abundant isotope is the 32S which has
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Figure 7.5: Alignment dynamics of CS2 dimer. The spectrally truncated chirped pulse is plotted as
a shaded area. The experimental dynamics are plotted in red while the simulated ones are in black.
The experimental hcos2 θ2D i is determined using the angular distribution of CS2 + fragments using
the Coulomb channel (CS2 + /CS2 + ). The lower panels are a zoom on the first and fourth revival

a population around 95%, the other main isotope is the 32S with an abundance close to 4%. The
experiment has been optimized to mostly select (CS2 )2 dimer with the isotope 32S and two experimental details are worth mentioning. First, the selection of the mass over charge associated to the
isotope 32S was done through the gating of the spectrometer. The different peaks were detectable
in the ToF, allowing us to block contributions from higher mass over charge. Another post-selection
is also done during the treatment of the data where only counts with a pair partner were kept for
the calculation of hcos2 θ2D i. Two counts are considered as partners if they fulfill two criteria, first
their energy (radius on the detector) has to be sufficiently close from one another. Secondly, their
relative angle with respect to one another has to be close to 180◦ . The final settings used are a 5
pixels spread and a 4 degrees spread for the radial and angular requirement respectively. It should
be noted that the filter would only exclude single counts but might consider more than two counts
if the two criteria mentioned above are still met. More detail about the filtering procedure are
given in chapter 10 and in Appendix B. The presence of quarter revivals seems to indicate that the
selection of the correct isotope has been successful.
The measured (black) and calculated (red) time dependent hcos2 θ2D i are shown in Figure 7.5.
Most of the dynamics is again particularly well mapped by the simulations. The experimental
hcos2 θ2D i reaches a value of 0.83 at the peak of the alignment before showing an oscillation behavior
with a period of ≈ 623.8 ps. A Fourier transform of the hcos2 θ2D i signal gives a succession of peaks
indicating the plausible J transitions and we found a maximum rotational state of J = 18. By only
considering the transitions of the type J → J + 2, it is possible to fit the rotational constant B by
calculating the beating frequency expressed as Ebeat = 2B(2J + 3)1 (see Section 5.3 in chapter 5 for
details). A value of B = 801.88(31) MHz is found which is close from previous studies [172] where
a value of 802.14 MHz was found. The long duration of the alignment trace permits the mapping
1

The selections rules for hcos2 θ2D i are still ∆K = 0
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of five consecutive revivals and a slight dephasing of the rotational wave packet components can be
observed with a more pronounced oscillations after the peak of the alignment in each revival. It is
also interesting to note that the simulations underestimate the quarter revivals while overestimating
the revivals and the half revivals. One would expect an increase of the number of oscillations near
the revivals and a drop in the maximum value of hcos2 θ2D i if the dephasing of the wave packet was
too important. This effect appears when the centrifugal distortion cannot be neglected and can be
observed when a short laser pulse is used. The lower left and right panels of Figure 7.5 are showing
the first revival and the fourth revival respectively.In both case, the experimental traces and the
numerical have a similar amplitude without the presence of extra oscillations indicating that the
number of rotational state is not high enough for the centrifugal distortion to have an important
role.

Helium droplets
The next section presents the alignment traces of molecules embedded in helium droplets before and
after truncation of the alignment pulses. Previous experiments mention that field-free alignment
would be possible in helium thanks to its impeding effect [173], the following results are able to
verify this prediction for molecules with different sizes and symmetries.
Experimental conditions
The helium droplets were produced with a backing pressure of 25 bars. The nozzle temperature
was cooled to 14 K for iodine(I2 ), 13 K for 4,4’-diodobyphenyl (DIBP) and 5,5”-dibromo-2,2’:5,2”terthiophene (DBT) or 12 K for tetrabromoindigo (TBI). The I2 was doped using the pick-up cell
design while the other molecules were put inside the oven. (see Experimental for details). The peak
alignment intensity ranged between 6 · 1011 W/cm2 and 9 · 1011 W/cm2 with a focal spot size of
ω0 = 38 µm. The peak intensity of the probe laser pulse was 2.4 · 1014 W/cm2 with a focal spot size
of ω0 = 25 µm . The high intensity of the probe pulse induced Coulomb explosion of the molecules.
Using velocity map imaging, the emission direction of some of their fragments (IHe+ for I2 , I+ for
DIBP, Br+ and S+ for DBT and Br+ for TBI) following Coulomb explosion are recorded. The
choice to focus either on I+ or IHe+ depended on the amount of effusive signal which was too high
in the case of I2 .
The relative angle with respect to the polarization of the alignment laser is then extracted
and used to calculate hcos2 θ2D i. Only fragments with higher kinetic energy were used for the
measurement of the hcos2 θ2D i, the justification for it comes from the axial-recoil that is better
fulfilled in this case. The polarization of the alignment laser was linearly polarized parallel to the
detector plane for I2 and DIBP and ellipticaly polarized (intensity ratio was 3:1 between long:short
axis of the polarization ellipse) either parallel or perpendicular to the detector plane for Br+ and
S+ for DBT. Unless otherwise stated, the probe laser polarization was orthogonal to the detector
plane. To scan the dynamics, the delay of the probe pulse with respect to the alignment pulse is
monitored with a motorized delay stage that will change its arrival time.
Gas-phase I2 and DIBP molecules were investigated using the same experimental set-up, except
that the molecules were sourced from an Even–Lavie pulsed valve, backed by 80 bar of He seeded
with I2 or DIBP.
1D alignment
Figure 7.6 shows the alignment trace for two systems, I2 (panel(a)) and DIBP (panel(b)), using
a linearly polarized alignment pulse, for both gas phase (black line) and helium droplets (purple
dots). The degree of alignment follows the shape of the alignment pulse with a slight delay when
the molecules are embedded in the helium droplets. This effect was already observed for I2 [3] in
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Figure 7.6: Alignment dynamics of I2 (a) and 4,4’-diiodobiphenyl (b) molecules, represented by
hcos2 θ2D i and recorded as a function of delay between the probe and the alignment laser pulse.
The measurements are conducted both for isolated molecules (black curves) and for molecules in
He droplets (purple curves) under identical laser conditions. The intensity profile of the truncated
alignment pulse is shown by the grey shaded area. The panels on the right show a zoom of the
post-truncation region. The green shaded area in each panel marks the interval where the alignment
field intensity is < 1% of its peak and hcos2 θ2D i ≥ 0.80 . In droplets, the values for hcos2 θ2D i after
correction for non-axial recoil at selected times are also shown as blue open circles

the case of a non-truncated pulse. After the truncation, a clear difference is also observed between
the gas phase and the helium droplets alignment dynamics, with a much faster drop of hcos2 θ2D i
in the gas phase.
In the case of I2 , hcos2 θ2D i starts at 0.9 before the truncation and then drops to a value of ≈ 0.5
in 12 ps for the gas phase and in 30 ps when inside helium droplets. In the region between 5 and 11
ps the hcos2 θ2D i inside the helium droplets still presents a value between 0.86 and 0.8 (indicated
by the green shaded area in Figure 7.6) while the alignment intensity is < 1% of the value of the
peak. The alignment in the helium droplets can be corrected to take into account the non-axial
recoil induced by the helium bulk using angular covariance mapping [174]. Applying this correction
increases the value of the hcos2 θ2D i to 0.9 and 0.84 in the previous time interval.
In the case of DIBP, the delay between the gas phase and the helium droplets alignment trace is
a bit larger than for I2 . This feature would indicate that the dynamics of the system is slower as the
system grows in size. This change could be due to the interactions with the helium solvent. such as
some possible attachment on the molecule which would result in a increase of its effective moment
of inertia. The maximum degree of alignment is again attained at the peak with hcos2 θ2D i = 0.87.
After the truncation, the alignment lingers around 0.86 to 0.80 between 5-20 ps, while in the gas
phase the alignment drops from ≈ 0.8 to ≈ 0.5 in the same time period. In a similar manner to I2 ,
the alignment can be corrected and gives value for hcos2 θ2D i of 0.95 at the peak, and 0.94-0.84 in
the previous time interval.
In both cases, we observe the achievement of a 1D alignment under field-free conditions for a
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duration > 5 ps. It is also interesting to note the oscillating feature for I2 just after the truncation
at 60 and 120 ps showing a clear signature of a deviation from a linear rotor dynamics. These
oscillations were previously observed in previous experiments [175] using short laser pulse of 15 ps.
The study of the dynamics is currently ongoing and the description relies on a coupling between
the rotational states of the molecules and the bosonic helium solvent with the angulon quasiparticle
theory [176, 177].

3D alignment
Figure 7.7 shows the alignment trace for two systems, DBT (panel c)and TBI (panel d), using an
ellipticaly polarized alignment pulse (intensity ratio of 3:1). This choice of polarization will achieve
3D alignment by simultaneous aligning the most polarizable axis and the second most polarizable
axis. In the case of DBT, the most polarizable axis is close to the Br-Br axis while the second most
polarizable axis is perpendicular to it and points toward the S+ . This last statement implies that
two different choices for the orientation of the main polarization axis of the alignment laser with
respect to the detector plane are necessary to characterize the alignment of both fragments Br+ and
S+ . Firstly with the main axis of the polarization ellipse parallel to the detector plane. This will
force the Br+ (S+ ) to have a velocity mostly parallel (perpendicular) to it after Coulomb explosion.
The second case occurs by rotating by 90◦ the polarization ellipse, allowing this time to observe to
map the velocity of S+ . The two situations are highlighted in panels a and b of Figure 7.7. The
measured hcos2 θ2D i (hcos2 αi for the Br+ (S+ ) are shown in panel b of Figure 7.7 and reaches a
maximum of ≈ 0.8 (≈ 0.6) indicating a simultaneous alignment of both axis. The alignment value
for this molecule is not particularly impressive, but can be understood by its structure which has
no particular symmetry. Moreover, the recoil of the S+ fragments is likely to not match exactly
the aligned axes of the molecule as shown in the panels b and c of Figure 7.7. The possibility
of different conformers is also likely due to the method of doping which relied on the heating of
the sample inside the oven. In particular, there exist structures close in energy where the S+ are
pointing in a different manner to the one shown in panel b, therefore also affecting the pattern of
recoil of the S+ . Nevertheless, despite its complexity the effect of the alignment is still imprinted
in the experiment, though this choice of molecule only allows qualitative rather than quantitative
arguments. We can again notice a region (5-18 ps) where the laser intensity is < 1% of its value
but where the hcos2 θ2D i has only dropped by 10%. During this interval, the hcos2 αi goes from 0.6
to 0.58 informing us of the 3D alignment achieved in field-free conditions.
As a last case, the molecule TBI is also 3D aligned. In panel d, the hcos2 θ2D i from the Br+
fragments is plotted. In this case, the polarization of the ellipse is identical as in a with its major
axis parallel to the detector plane. The hcos2 θ2D i reaches a value of 0.75 at the peak of the field.
We can again identify a region (5-16 ps) where the hcos2 θ2D i still presents a value of 0.72-0.68
indicating a field-free alignment along the main axis of the polarization ellipse. To prove that we
have 3D alignment, we repeat the measurement using configurations of panel b. The main axis of
the polarization ellipse is then perpendicular to the detector plane while the minor axis is parallel
to it. In Figure 7.8, the images and the angular covariances of the Br+ are shown in the case of
linear polarization and elliptical polarization. We can observe in the image a change in the recoil
pattern going from a circular distribution in panel (a1 ) to a shallower distribution along the minor
axis of the polarization ellipse in (a2 ). The angular covariance maps indicate in a more elegant
manner the recoil pattern of the Br+ , with a stripe line from (−90◦ , 90◦ ) to (90◦ , 270◦ ) in the case
of linear light (a2 ), indicating an isotropic alignment of the Br+ with a back to back recoil. While
two islands appear at (0◦ , 180◦ ) and (180◦ , 0◦ ) in the case of elliptical light, this pattern indicates
that the second major polarizable axis is aligned along the minor axis of the polarization ellipse. It
is a bit hard to justify the 3D "field-free" alignment in this case, since the images have been taken
at t = −10 ps. It is likely however the molecule is 3D aligned at the peak of the alignment pulse
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Figure 7.7: 3D alignment of dibromoterthiophene and tetrabromoindigo. a, b Illustration of how
3D alignment of DBT is characterized. In a, the molecule is in a side view with the most polarizable
axis (MPA) confined to the major polarization axis of the alignment pulse, directed along the Yaxis. In b, the molecule is in an end view, with the MPA and major polarization axis directed
on the Z-axis. In the side view, alignment is characterized by hcos2 θ2D i, where θ2D is the angle
between the emission direction of a Br+ ion and the Y-axis, while in the end view it is characterized
by hcos2 αi, where α is the angle between the emission direction of a S+ ion and the Y-axis. c The
time dependence of hcos2 θ2D i and hcos2 αi for DBT molecules induced by an elliptically polarized
alignment pulse with an intensity ratio of 3:1. d The time dependence of hcos2 θ2D i for TBI molecules
induced by an elliptically polarized alignment pulse with an intensity ratio of 3:1. These data were
recorded in the side view, and as for DBT, θ2D refers to the angle between the MPA and the major
polarization axis. For both c, d the right vertical axis gives the intensity of the alignment pulse.
The panels on the right show a zoom of the post-truncation region and the green shaded areas mark
the field-free aligned intervals where hcos2 θ2D i has dropped by < 10%. The MPA and SMPA are
overlaid on the molecular structures.
65

7.3. RESULTS

Figure 7.8: 1D and 3D alignment of tetrabromoindigo at t= −10 ps. (a1 ) and (a2 ) show the image
of the Br+ fragment for a linearly and elliptically polarized pulse respectively. The main axis of the
polarization ellipse is orthogonal to the detector plane while the minor axis for the elliptical case
is parallel to it. (b1 ),(b2 ) show the angular covariance map calculated using the projection angle
θBr+ for a linearly and ellipticaly polarized pulse respectively.

and the slower dynamics of hcos2 θ2D i inside helium droplets should make this behavior persist in
the same time range as what was observed for DBT.
Field-free observable
Which observables would certify the field-freeness of the alignment? A recent review [153] highlighted the change in the measured electron and ion spectra from the presence of an alignment field.
In particular, it mentions the depletion of the parent molecules signal and the appearance of many
small ionic clusters instead, indicating an induced fragmentation of the molecules by the laser field.
This fragmentation is likely to result from the absorption of one or more photons from the alignment
pulse, leading to additional ionization of the parent ion cation or to its dissociation. As a personal
experience, one of the best observables to quantify the overlap in time and in space between a
long laser pulse used for alignment and a short one for probing was the number of fragments that
one can generate looking at a time of flights on an oscilloscope. Finding the best overlap usually
resulted in the the maximal fragmentation. These indications guided us to use the parent cation as
an observable which can provide us information about the influence of the residual alignment field.
For this purpose, we measured the ion yield of DIBP+ as a function of the delay between the probe
and the alignment in Figure 7.9. The polarization of the alignment is linear and parallel to the
detector plane while the probe laser pulse is orthogonal to it. The red curve indicates the alignment
of the molecules by plotting the hcos2 θ2D i originated from the I+ fragment in Figure 7.6. The blue
curve represents the ion yield of DIBP+ . It can be seen that the yield is almost zero during the
alignment pulse and starts to drastically increase by almost a factor of 20 during the truncation of
the alignment pulse before reaching a peak at t = 7 ps. It then decreases slowly as the degree of
alignment is diminishing, converging to approximately half of its maximum value. Combining the
hcos2 θ2D i observable and the yield of the parent shows the ability to do experiments on aligned
parent ion without destroying it.
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Figure 7.9: Time-dependent yield of intact DIBP+ ions from strong-field ionization. The DIBP
molecules are 1D aligned. The 800 nm ionization pulse is 40 fs long (full-width at half-maximum
(FWHM)), has an intensity of 2.4 · 1014 Wcm−2 and is linearly polarized perpendicular to the polarization axis of the alignment pulse. The blue shaded area represents the 95% confidence interval
for the parent signal, assuming Poisson statistics. The time-dependent degree of alignment is shown
by the red curve.

Linear dichroism
To conclude, Figure 7.10 is a test of the linear dichroism induced by the alignment field on the ion
yield of DBT+ . For this purpose, the ion yield is measured at two specific delays, inside the pulse
at t = −10 ps (black dots) and after the truncation at t = 15 ps (red dots) when subject to an
ellipticaly polarized pulse. The probe pulse polarization is kept perpendicular to the detector plane
while the polarization ellipse of the alignment laser is being rotated. The ion yield is plotted as a
function of the angle between the MPA and the polarization axis of the probe laser. We can observe
that at t = −10 ps, the yield does not show any dependence on the alignment of the MPA. On the
contrary, at t = 15 ps the yield shows a sinusoidal behavior with a maximum ionization yield when
the probe is perpendicular to the MPA.

7.4

Conclusion

This chapter focused on the rotational dynamics resulting from the application of a spectrally
truncated highly chirped laser pulse used to adiabatically align molecules before creating a switched
wave packets after its truncation. We showed that the dynamics could be reproduced for gas phase
in the cases of OCS, iodobenzene and CS2 dimer. One of its main differences with a short laser
pulse originates from the distribution of rotational states, which is significantly sharper with a
short pulse. The highest attainable J-state is also much lower, and the quantum number K is equal
to 0 for most of the populations in the case of asymmetric tops. Using this pulse for molecules
inside He droplets, we show that it was possible to keep a good field-free alignment for both linear
and elliptical polarization for a large range of systems going from linear system with I2 to more
complex structure as TBI or purely asymmetric ones with DBT. To highlight the absence of effect
of the residual intensity, we looked at the parent ion yield for DIBP+ and DBT+ and proved that
the cationic parent was preserved during the alignment, demonstrating the field-free nature of the
process. We finished by showing the linear dichroism of DBT+ as a function of the angle between
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Figure 7.10: Alignment-dependent strong-field ionization of dibromoterthiophene. DBT molecules
are 3D aligned by an ellipticaly polarized alignment pulse and ionized by a linearly polarized probe
pulse (same parameters as mentioned in the caption to Figure 7.9). The yield of intact DBT+ parent
ions is measured as a function of the angle, φ, between the main polarization axis of the alignment
pulse and the polarization axis of the probe pulse illustrated on the sketch of the molecular structure.
The measurements are performed at two times, around the peak of the alignment pulse (t = −10
ps) and in the field-free window (t = 15 ps). The dashed lines serve to guide the eye. Error bars
represent the 95% confidence interval, assuming Poisson statistics

the probe polarization and the MPA of the system.
As a small extension, I want to focus a bit in the choice of the probe laser pulse. By choosing
a high intensity probe laser with a central wavelength of 800nm, we felt in a regime where both
multiphoton and tunnel ionization were accessible, making the ionization process much more difficult
to follow. This choice is usually motivated for Coulomb explosion studies since a high intensity is
needed to facilitate the destruction of the molecules and observe its charged fragments. However,
this choice was definitely a mistake for the study of the parent ion yield where two factors will affect
the observable. These two factors are the chance of ionization and the chance of fragmentation.
For example, let us imagine that the system is more likely to absorb several photons because of
the linear dichroism of the process; will the molecules be more likely to fragment or to ionize? To
reformulate the problem, if I observe an increase (decrease) of the parent ion yield. Is it because more
of them were ionized or less of them were fragmented? This situation should have been avoided
by changing the probing process. Referring to the upcoming chapter, focused on the tetracene
molecule, I can already mention that in the results shown in this chapter, a high intensity probe
will generate more fragmentation. This is the main reason for the increase of the yield when the
probe and the alignment pulse are orthogonal to one another. This ambiguity does not change
the conclusions extracted in this chapter but should be considered as an alert for future readers to
carefully choose their laser power and wavelength to focus on the ionization process of their choice.
To circumvent the effect and avoid this confusion, one could also use spectrometers that can access
all the fragments during one lasershot as it is the case with COLTRIMS [103] or with new cameras
such as PiMMs [104] and Timepix3 [178]. Otherwise, this type of measurements should be realized
in ToF mode but they might lack the required sensitivity for a proper detection of all fragments.
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8

Structure determination of the tetracene
dimer inside helium droplets
This experiment focused on the identification of the structure of the tetracene (Tc) dimer inside
helium droplets. Two observables were used to understand the plausible structures. First, the
experimental angular covariance of the parent ion (Tc+ ) which was compared with simulations.
Second, the ion yield as a function of the relative angle between the polarization of the probe laser
beam and the polarization of the alignment laser beam. I will overview the precedent studies done
in the Femtolab group to extract the structure of small complexes, and insist on the technical
and theoretical difficulties that may result from the study of larger molecules (Section 8.1). The
relevant experimental parameters are then listed (Section 8.2) and the experimental results are
presented afterwards (Section 8.3). The simulation procedure is detailed at the end of the chapter
(Section 8.4), where the input parameters leading to the simulated covariance maps are given. This
chapter is based on an article that has been recently published during my PhD [179].

8.1

Background

The strucural determination of molecular dimers doped inside helium droplets was developed in
the Femtolab group during the years 2017-2018. The first experiments identified the structure of
the CS2 dimer and the OCS dimer/trimer. The structures of both dimers were identical to the gas
phase, a cross-shape structure for the CS2 dimer [77], and a slipped parallel structure for the OCS
dimer [78]. However, the experiments could not predict the relative orientation betweem the two
OCS molecules. The experimental results for the OCS trimer were also consistent with previous gas
phase observation. Two possible shapes were possible from the experimental data, a barrel shape
(already found in gas phase) and a linear geometry [78]. These studies relied on two tools to achieve
the retrieval of the structures: 1) the alignment of the cluster with laser-induced alignment which
permitted an anisotropy distribution in the projection of the generated ions onto the detector plane;
2) the Coulomb explosion imaging of the molecular clusters to retrieve either the direction of some
charged fragments, or the recoil direction of the parent cations. The alignment of both systems
was realized by using the uncompressed output of the laser system without the application of the
high-pass filter presented in the previous chapter. Therefore, the experiment was done at the peak
of the alignment pulse to achieve the best confinement of the molecular clusters.
The tetracene dimer presents several technical challenges compared to the molecules discussed
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Figure 8.1: Vapor pressure for OCS (red), CS2 (blue), Naphthalene (cyan) and Anthracene (magenta) calculated from Antoine’s equation. The coefficients have been taken from the NIST page
of each compound and have been extracted from measurements (circles) [180, 181, 182, 183]. The
rest of the curve is extrapolated from the same coefficients.

in the previous paragraph. The first challenge resides in its formation. As a molecule becomes
larger, its vapor pressure usually drops due to a higher boiling point. Figure 8.1 shows the vapor
pressure for four different species predicted by Antoine’s equation. The sections on the curves,in
full circles, correspond to the measured values, from which the coefficients of Antoine’s equation
have been extracted. The rest of the curves, in thin lines, is the extrapolation of the coefficients
over a wider range of temperature to permit a comparison between the different species. This
extrapolation is unlikely to represent the correct values for large deviations in temperature from the
measured points. However, it still gives an idea on the difference of vapour pressure that can be
expected between the different compounds. At room temperature, the difference in vapor pressure,
between the small molecules (OCS and CS2 ) and the aromatic hydrocarbons (PAHs), attains four
orders of magnitude for naphthalene and five orders of magnitude for anthracene. These curves
emphasize the difficulty to run larger and larger molecules using standard supersonic expansion
since the density of molecules, susceptible to be brought in the cold supersonic beam by the seed
gas, might be too small to detect. As a personal experience, it was possible to detect anthracene
during some experiments by heating the Even-Lavie valve containing the sample to a temperature of
180◦ C (453.15 K). However, previous attempts by former PhDs students for the tetracene molecule
did not succeed. Heating the valve at a too high temperature may also populate vibrational states
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that are more difficult to cool through the supersonic expansion [184]. Using argon as a carrier gas,
instead of helium or neon, may also help as it was shown to be more efficient for the cooling of
vibrational excitations of large aromatic carbons with a rotational temperature below 7 K [185]. In
this chapter, the dimer is formed inside helium droplets since its pick-up statistic and its evaporative
cooling make it a good candidate to circumvent some of the issues mentioned.
A second challenge, compared to the case of CS2 and OCS, is the "fragility" of the PAH cations.
The previous chapter showed how the presence of the alignment pulse would lead to the fragmentation of PAH cations. In order to use the aligned parent cation as an observable, it is then necessary
to reach a field-free alignment regime. Thanks to the spectrally truncated switched wave packet
and the helium droplets environment, this condition was fulfilled.
The last challenge comes from the absence of relevant atomic fragments susceptible to help in
the prediction of its structure. The Coulomb explosion studies on H+ , originating from large PAHs,
have never been so reliable since most of the information was lost due to the high non-axial recoil
that the H+ fragments suffer from. This broad distribution of possible directions makes the task
of retrieving the fragments originating specifically from dimers extremely difficult. Last but not
least, when the helium droplets are subject to high intensity field, in order to induce the Coulomb
explosion, the creation of charged helium clusters might occur. These clusters might screen and
blur the signal from low-mass atoms such as 12C+ , which shares the same mass as He3 + .

8.2

Experimental setup

The helium droplets were produced with a backing pressure of 25 bars. The nozzle temperature
was cooled to 12 K, leading to droplets consisting on average of 10 000 He atoms [33]. By heating
solid tetracene deposited in the oven (see chapter 6), the generating vapor pressure was sufficient to
enable its doping by the helium droplet beam. The choice of temperature for the oven allowed the
selection of two doping regimes discussed in Section 8.3. The alignment pulses are the spectrally
truncated chirped pulses introduced in chapter 7. Their focal spot size, ω0 , was 65 µm giving a
peak intensity of ∼0.2 TW/cm2 . The probe pulses (35 fs FWHM, λcentral = 400 nm) were created
by second-harmonic generation of the compressed output from the Ti:Sapphire laser system in a 50
µm thick BBO crystal. Their focal spot size, ω0 , was 50 µm and the peak intensity was varied from
0.6 to 30 TW/cm2 . The polarization of the probe pulses was fixed, and was linear and orthogonal
to the detector plane. Figure 8.2 sketches the experimental setup and defines the laboratory axes
used in this chapter.

8.3

Results

The results are organized as follows. First, the upper limit chosen for the probe intensity in Section 8.3 is justified by insisting on the necessity to reduce the fragmentation of the system while
keeping high enough stats to permit a statistical analysis. Then, the method used to identify
the presence of tetracene dimers inside helium droplets is presented in Section 8.3. The angular
covariance maps generated from the Tc+ cations originating from Tc dimers are then shown for different polarization states of the alignment laser pulse (Section 8.3). They are afterwards compared
with simulated angular covariance maps in 8.3 allowing to reject some structures of the tetracene
dimer. Finally, the linear dichroism of the ionization yield is exploited to dismiss an other set of
conformations in Section 8.3.

Choice of probe intensity
Figure 8.3 shows the ToFs for five different peak intensities of the probe laser pulse, Iprobe , in
monomer doping conditions (defined in Figure 8.6). All the ToFs were recorded without the presence
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Figure 8.2: Schematic of the key elements in the experiment. The sketched temporal intensity
profiles of the alignment pulse (red) and probe pulse (blue) are propagating on the Z-axis. In all
measurements the probe pulse was linearly polarized along the X-axis whereas the alignment pulse
was either linearly polarized along the X-axis or the Y-axis (depicted here), or elliptically polarized
with the major polarization along the X-axis or the Y-axis. The VMI spectrometer used to project
ions onto the imaging detector is not shown.

of any alignment laser field. Panel (a) shows the ion yield distribution for mass over charge below 45
m/q. Looking first at the highest intensity case, Iprobe = 30 TW/cm2 , many peaks can be observed
resulting from the fragmentation or the ionization of He+ clusters. Interestingly, many HHen + are
visible indicating either the attachment of helium before the fragmentation or during the escape
of the H+ cations, an effect that was observed for I+ ions [118]. C+ and H+ are largely present
and an important background of H2 O+ is also detected. By reducing the intensity of the probe
laser, almost all the peaks disappear with a small contributions of H+ still visible for the lowest
intensity, Iprobe = 9 TW/cm2 . The detection of HHe+ is a direct sign of the doping of the Tc
molecule inside the helium droplet. The H+ fragment results from the fragmentation of the Tc
molecule and is accelerated toward the detector with the attachment of some helium in its way out.
The ionization energy (IE) of tetracene is 6.97 eV, which is three times lower than the IE of helium.
Since the photon energy of the probe pulse is ∼3.1 eV, it is likely that the ionization scheme and
the fragmentation observed results from a 3-photon absorption by the tetracene molecules despite
the high concentration of helium atoms. This description is different from the charge transfer from
He+ to the dopant that has mostly been studied by electron impact ionization [83, 186]. Panel (b)
shows the yield of Tc+ cation for the same set of peak intensities. The signal level stays roughly
constant and does not seem to be as much affected as it was the case for the smaller ionic fragments.
To quantify this observation, the peaks for three channels, H+ , C+ and Tc+ , are integrated for each
intensity. The ratio between the integrated peaks is then calculated with respect to the peak
associated to the highest intensity. The results are shown in Figure 8.4. The Tc+ yield almost
diminished by a half after dividing the peak intensity by a factor three. On the contrary, the C+
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Figure 8.3: ToFs for monomer doping conditions of tetracene using 400 nm light probe for five
different intensities. (a) Ion yield for mass over charge < 45 m/q with the associated peak intensity
written below each curve. (b) Yield of Tc+ cations. To facilitate the reading, an offset of 5 × 10−4
and 1 × 10−4 has been chosen for each curve in panel (a) and (b) respectively. List of fragments
related to helium droplets detected: 1, He2+ ; 2, HHe+ ; 3, He2 + ; 4, HHe2 + ; 5, 12C+ /He3 + ; 6,
13 +
C /HHe3 + ; 7, He4+ ; 8, HHe4+ ; 9, He5+ ; 10, He6+ ; 11, HHe6+ ;

and H+ have diminished by more than a factor ten. From this last measurement, the fragmentation
of the parent is mostly avoided for laser intensities lower or equal than 9 TW/cm2 .
Finally, the same measurement is done with the application of the alignment laser pulse. The
polarization of the alignment laser pulse is linear and either parallel or perpendicular with respect
to the probe laser polarization. The delay between the two pulses is chosen such that the probe
laser pulse arrives halfway during the temporal truncation of the alignment laser pulse (previously
defined as t0 ). The probe laser pulse peak intensity is chosen to be Iprobe = 9 TW/cm2 where no
fragmentation was observed in Figure 8.3. In Figure 8.5 are shown the ToFs with and without
the alignment laser field present. As it was previously mentioned, the fragmentation of Tc+ is
greatly enhanced when the alignment field is present. The effect is much larger when the alignment
polarization is parallel to the probe laser polarization. This effect may originate from multiphoton
effect (800 nm + 400 nm) or an easier absorption cross section of the cationic parent when the
alignment laser is parallel to its main axis. On the right panel, the parent yield Tc+ is non zero
when there is no alignment field, but disappears completely when the alignment field is present for
both polarization. This observation follows what was previously observed in the previous chapter.
Within our regime intensity, it would therefore be impossible to study Tc+ cations with the presence
of an alignment laser field.

Identification of tetracene dimer
In order to identify the tetracene dimers doping condition, it is first necessary to switch to imaging
mode. The ToFs are less sensitive than the CCD camera making the measurement of the dimer
yield more reliable with imaging. However, the main reason is that the velocity of the Tc+ cations
is also required to characterize if they originate from single doped or doubly doped helium droplets.
In velocity map imaging, most of the single-doped Tc+ will hit the center of the detector since
they start with zero velocity. However, if a dimer is formed inside a He droplet and if both of its
constituent get ionized, then the repulsive Coulomb repulsion between the formed Tc+ cations will
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Figure 8.4: Histogram indicating relative yield of specific fragments, Tc+ in blue, C+ in red and H+
in yellow, for five different peak intensity of the probe laser pulse. The yield has been normalized
for all species to one for the highest peak intensity. The yield was calculated by integrating the
peaks associated to each fragment from Figure 8.3.

cause them to gain kinetic energy related to their internal distance. This procedure is highlighted
in Figure 8.6. Panel (a1 ) shows a Tc+ ion image recorded with the probe pulse only, with a peak
intensity of Iprobe = 9 TW/cm2 . The ions are localized in the very center of the image with more
than 98% having a velocity less than 250 m/s. These low-velocity ions are ascribed as originating
for the most part from the ionization of single-doped tetracene molecules. Panel (a2 ) also shows a
Tc+ ion image recorded with the probe pulse only but for a higher partial pressure of the tetracene
gas in the pickup cell. The image is still dominated by an intense signal in the center but now ions
are also being detected at larger radii corresponding to higher velocities. This can be highlighted
by cutting the center in the image. The images in panels (b1 ) and (b2 ) are the same as the images
in (a1 ) and (a2 ), respectively, but with a central cut removing contributions of Tc+ ions with a
velocity lower than 250 m/s. It is now clear that the image in (b2 ) contains a significant amount of
ions away from the central part. The high-velocity ions are then assigned to ionization of both Tc
molecules in droplets doped with a dimer.
To substantiate this assignment, the angular covariance maps from ions in the radial range
outside of the annotated white circle have been calculated. The results, displayed in panel (c2 ),
reveal two distinct diagonal lines centered at θ2 = θ1 − 180◦ and θ2 = θ1 + 180◦ . These lines show
that the emission direction of a Tc+ ion is correlated with the emission direction of another Tc+ ion
departing in the opposite direction. This strongly indicates that the ions originate from ionization
of both Tc molecules in dimer-containing droplets and subsequent fragmentation into a pair of Tc+
ions. Therefore, the angular positions of the Tc+ ion hits outside the white circle are interpreted as
a measure of the (projected) emission directions of the Tc+ ions from dimers. It is worth noticing
that the angular covariance signal extends uniformly over 360◦ . This shows that the axis connecting
the two Tc monomers is randomly oriented at least in the plane defined by the detector. This is
to be expected in the absence of an alignment pulse when the probe pulse is linearly polarized
perpendicular to the detector plane because of the inherent symmetry of the ionization process.
Also it can be noticed that at the low partial pressure of tetracene, used for the image in panel (a1 ),
the pronounced lines in the angular covariance map are no longer present, see panel (c1 ), indicating
that there are essentially no dimers under these pickup conditions.
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Figure 8.5: ToFs for monomer doping conditions of tetracene using 400 nm light for the probe with
a peak intensity of 9 TW/cm2 . The polarization of the alignment laser is referred with respect to the
probe laser polarization and is written below each curve in panel (a). The probe laser pulse arrives
halfway during the truncation of the alignment laser pulse (previously defined as t0 ), therefore that
the alignment field is not completely turned off during the ionization. (a) Ion yield for mass over
charge < 45 m/q. (b) Yield of Tc+ cations. To facilitate the reading, an offset of 1 × 10−4 and
1 × 10−4 has been chosen for each curve in panel (a) and (b) respectively.

Angular covariance for aligned tetracene dimers
After identifying the desired laser power and the dimers doping condition regime, it is now possible
to carry out experiments aiming at determining the structure of the Tc dimers, i.e. their conformation(s). In the first set of measurements, described in this section, the dimers were aligned and the
emission direction of the Tc+ ions, following double ionization of the dimers with the probe pulse,
recorded. As mentionned in the previous sections, recent results on CS2 and OCS dimers [77, 78]
encourage us to think that their angular covariance maps are expected to provide information about
the dimer conformation.
Based on results from last chapter, we expect that the strongest degree of alignment occurs
around the peak of the alignment pulse and that, upon truncation of the pulse, the degree of
alignment lingers for 10-20 ps thereby creating a time window where the alignment is sharp and the
alignment pulse intensity reduced by several orders of magnitude. It is crucial to synchronize the
probe pulse to this window because Tc+ ions are fragmented when created in the presence of the
alignment pulse as shown in Figure 8.5. Consequently, the probe pulse is sent 10 ps after the peak
of the alignment pulse as sketched in Figure 8.2.
The experimental results, recorded for different polarization states of the alignment pulse, are
presented in the second column of Figure 8.8. The polarization states of the alignment pulse are
shown in the leftmost column with the laboratory axis at the top of it. The partial pressure of
tetracene vapor was set to the same value as that used for the data in row (2) in Figure 8.6, i.e.
under doping conditions where some of the He droplets contain dimers. The Tc+ ion images are
not shown, only the angular covariance maps created from the ions in the corresponding images
originating from ionization of the dimers. In practice, this is the ions detected outside of a circle
with the same diameter as the one shown in Figure 8.6 (a2 ). For all the angular covariance maps
shown in Figure 8.8, Iprobe = 3 TW/cm2 .
The different rows in Figure 8.8 are the results of different polarization states of the alignment
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Figure 8.6: (a1 ): Tc+ ion image recorded for a low partial pressure of tetracene in the pickup cell
(monomer-doping condition); (a2 ): Tc+ ion image recorded for a higher partial pressure of tetracene
in the pickup cell (dimer-doping condition); (b1 )-(b2 ): Same image than (a1 ) and (a2 ) but with the
center cut; (c1 )-(c2 ): Corresponding angular covariance maps created from ions count outside the
white circles. The ion images are obtained with only the probe pulse at an intensity of 3 TW/cm2 .
The bin size used for the angular covariance map is 4◦ .

pulse and thus different spatial alignments of the dimers. In row (a), the alignment pulse was
linearly polarized perpendicular to the detector plane, i.e. along the X-axis – see Figure 8.2. This
will cause 1D alignment with the most polarizable axis of the Tc dimer confined along the X-axis.
The covariance map [Figure 8.8 (ae )] contains two prominent stripes, centered at θ2 = θ1 − 180◦
and θ2 = θ1 + 180◦ , very similar to that observed with the probe pulse only [Figure 8.6 (b2)]. This
implies that the axis connecting the two Tc monomers is randomly oriented perpendicular to the
X-axis. Figure 8.8 (be ) is also obtained for 1D aligned dimers but now the most polarizable axis,
defined by the polarization direction of the alignment pulse, is confined along the Y-axis, i.e. in
the detector plane. It is seen that the covariance signal no longer extends over all angles but rather
appears as two islands centered at (90◦ , 270◦ ) and (270◦ , 90◦ ), respectively. Figure 8.8 (ce ) and
Figure 8.8 (de ) were recorded with an elliptically polarized alignment pulse with an intensity ratio
of 3:1 in order to induce 3D alignment where the most polarizable axis of the dimer is confined
along the major polarization axis (parallel to the X-axis in panel c and to the Y-axis in panel d)
and the second most polarizable axis along the minor polarization axis (parallel to the Y-axis in
panel c and to the X-axis in panel d). The covariance maps also show islands localized around
(90◦ , 270◦ ) and (270◦ , 90◦ ). Finally, the dimers were aligned with a circularly polarized alignment
pulse, which confines the plane of the dimer to, but leaves it free to rotate within, the polarization
plane, i.e. the X,Y-plane. Again, the covariance signals are two islands localized around (90◦ , 270◦ )
and (270◦ , 90◦ ).

Computational modelling
A modeling has been done independently by a collaborator, Florent Calvo, to predict the lowest
conformation structures of the Tc dimer. The calculation starts with a Monte Carlo scan to identify
possible conformations which is then followed by a local optimization. The optimized geometries
are then refined with DFT method using B97-1 and wB97xD [187] as functionals to account for
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Figure 8.7: Partial charges on carbon and hydrogen atoms on the neutral tetracene monomer, as
used in the force field exploration of dimer conformations. Partial charges for the tetracene cation
used in the simulations are given in parentheses . All charges are expressed in units of the electron
charge.

the long-range forces with two basis sets 6-311G(d,p) and TZVP. The partial charges used for the
calculations are shown in Figure 8.7. Two locally stables conformations were found with the two Tc
planes parallel to each other. In the first case, the main axes of the molecules point toward the same
direction and are shifted to maximize van der Waals interactions. In the second case, molecules
are almost perfectly superimposed but their main axes form an angle of about 25◦ . The relative
energy between the two conformers vary between 10 meV and 30 meV according to the method and
the basis set used but predicts the rotational conformation as the most stable of the two. The two
configurations are sketched at the top of panel (a1 ) and (a2 ) in Figure 8.8.

Comparison of experimental covariance maps to simulated covariance maps
To identify possible conformations of the dimer that can produce the covariance maps observed, we
simulated covariance maps for seven different dimer conformations shown at the top of Figure 8.8.
The first two conformers are those predicted by our computational modeling to be stable in the
gas phase, with the tetracene monomers parallel to each other and either parallel displaced (conformation 1) or slightly rotated (conformation 2). The other five conformations were chosen as
representative examples of other possible geometries. Although the computational modelling does
not predict them to be stable in the gas phase, they may get trapped in shallow local energy minima
in the presence of the cold He environment as previously observed for e.g. the HCN trimers and
higher oligomers [86, 188].
The strategy we applied to simulate the covariance map for each of the dimer conformations
is the following: 1) determine the alignment distribution, either 1D or 3D, of the dimer; 2) calculate the laboratory-frame emission angles of the Tc+ ions for each dimer conformation assuming
Coulomb repulsion between two singly charged monomers using partial charges on each atomic
center (Figure 8.7); 3) determine the random variable associated to the angular distribution in the
detector plane; 4) calculate of the covariance map, C(θ1 ,θ2 ) which can be compared to experimental
findings. The details of each of the four steps of the strategy are outlined in the appendix.
Starting with the alignment pulse linearly polarized along the X-axis [row (a)], all proposed
conformers are found to produce stripes centered at θ2 = θ1 ± 180◦ . This is the same as in the
experimental covariance map, making these covariance maps unable to distinguish between the
proposed dimer structures. The second case is where the alignment pulse is linearly polarized
along the Y-axis [row (b)]. All conformations, except number 3 and 6, lead to covariance islands
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Figure 8.8: Covariance maps. Indices a, b, c, d, e refer to the alignment laser pulse polarization used as linear perpendicular,
linear parallel, elliptical perpendicular, elliptical parallel, and circular, respectively, as sketched in the bottom left corner of each
panel. Perpendicular and parallel refer to the angle between the main polarization axis and the plane of the detector. Index e (left
column) refers to the covariance maps obtained in the experiments, while indices 1–7 refer to different candidate conformations
of the tetracene dimer depicted on top of the corresponding column. Each panel axis ranges linearly from 0 to 360◦ .
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localized around (90◦ , 270◦ ) and (270◦ , 90◦ ) as in the experimental data. In contrast, conformations
3 and 6 lead to covariance islands localized around (0◦ , 180◦ ) and (180◦ , 0◦ ). Such covariance maps
are inconsistent with the experimental observations and, therefore, conformations 3 and 6 can be
discounted. To understand the covariance maps resulting from conformations 3 and 6, we note that
their main polarizability components are αyy > αxx > αzz ) (see Table 8.1). The linearly polarized
alignment field will lead to alignment of a molecular axis in the y-axis along the polarization axis
(the Y-axis). Upon Coulomb explosion, the two Tc+ ions will thus both be ejected in the detector
plane but with a relative angle of 90◦ compared to the other conformers.
In row (c), the alignment pulse is elliptically polarized with the major (minor) polarization axis
parallel to the X axis (Y axis). The covariance maps for conformations 1, 2, 4 and 5 show islands
at (90◦ , 270◦ ) and (270◦ , 90◦ ) similar to the experimental data in Figure 8.8 (ce ). In contrast, the
covariance map for conformation 7 contains two islands centered at (0◦ , 180◦ ) and (180◦ , 0◦ ) and
therefore, we discard this conformation among the candidates for the experimental observations.
The polarizability components of conformation 7 are αxx > αzz > αyy . The elliptically polarized
field will align the x axis along the X axis and the z axis along the Y axis. Following Coulomb
explosion the two Tc+ ions will thus both be ejected along the minor polarization axis (the Y axis).
In row (d), the alignment pulse is elliptically polarized but now with the major (minor) polarization axis parallel to the Y axis (X axis). Again, the covariance maps for conformations 1, 2,
4 and 5 show islands at (90◦ , 270◦ ) and (270◦ , 90◦ ) similar to the experimental data in Figure 8.8
(de ). In contrast, the covariance islands for conformations 3, 6 and 7 differ from the experimental
results. Since these three conformations have already been eliminated, the covariance maps in row
(d) do not narrow further the possible candidates for the dimer conformation(s).
In row (e) the alignment pulse is circularly polarized. Once again, the covariance maps for
conformations 1, 2, 4 and 5 show islands at (90◦ , 270◦ ) and (270◦ , 90◦ ) similar to the experimental
data in Figure 8.8 (de ). Thus, the covariance maps resulting from molecules aligned with the
circularly polarized pulse do not allow us to eliminate additional conformations of the tetracene
dimer. At this point, we are left with conformations 1, 2, 4, and 5, which all present covariance
maps consistent with the experimental data.

Ionization anisotropy
Previous works, experimentally as well as theoretically, have shown that the rate of ionization of
molecules, induced by intense linearly polarized laser pulses, depends strongly on the alignment of
the molecules with respect to the polarization direction of the laser pulse [189, 190, 191]. In this
section, we use the alignment-dependent ionization rate of the tetracene dimers to infer further
information about their possible conformation. The starting point is to characterize the alignmentdependent yield of Tc+ ions produced when the tetracene monomers are ionized by the probe pulse.
In practice, this involves using the monomer-doping-condition, similar to that used for the data
presented in Figure 8.6, row (a), and, furthermore, analyzing only the low kinetic energy Tc+ ions
stemming primarily from ionization of monomers. The measurements were performed with the
alignment pulse linearly polarized either parallel or perpendicular to the probe pulse polarization
and as a function of the delay, t, between the two pulses.
The results obtained for five different intensities of the probe pulse are shown in Figure 8.9. In all
five panels, it is seen that the Tc+ signal is very low, almost zero, when the ionization occurs while
the alignment pulse is still on. The reason is that the Tc+ ions produced can resonantly absorb one
or several photons from the alignment pulse, which will lead to fragmentation, i.e. destruction of
intact tetracene parent ions. To study the alignment-dependent ionization yield, using Tc+ ions as
a meaningful observable, it is therefore necessary to conduct measurement after the alignment field
is turned off. At t = 10 ps, the intensity of the alignment pulse is reduced to 0.5% of its peak value.
This is sufficiently weak to essentially avoid the destruction of the Tc+ ions and, crucially, at this
time the degree of alignment is still expected to be almost as strong as at the peak of the alignment
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Figure 8.9: Time-dependent yield of Tc+ ions originating from ionization of 1D aligned tetracene
molecules at different probe laser pulse intensities written in bold inside each panel. The red
(blue) data points are recorded for the linearly polarized probe pulse parallel (perpendicular) to
the alignment pulse polarization. In each panel the shaded area represents the intensity profile of
the alignment pulse obtained by cross-correlation with the probe laser pulse. Also, in each panel
the Tc+ ion yield has been normalized to the mean of the yields obtained in the parallel and the
perpendicular geometries at times longer than 55 ps.

pulse [142]. The red and blue data points show that for Iprobe = 0.6 TW/cm2 , the ionization yield
is a factor of ∼ 7 times higher for the parallel compared to the perpendicular geometry. In other
words, the cross section for ionization is higher when the probe pulse is polarized parallel rather
than perpendicular to the long-axis of the tetracene molecule. This observation is consistent with
experiments and calculations on strong-field ionization of related asymmetric top molecules like
naphthalene, benzonitrile and anthracene [190, 192].
At longer times, the Tc+ signal for the parallel geometry decreases, reaches a local minimum
around t = 70 ps and then increases slightly again, while the perpendicular geometry shows a
mirrored behavior. This behavior is a consequence of the time-dependent degree of alignment
induced when the alignment pulse is truncated [142]. Finally, panels (b)-(e) of Figure 8.9 show that
the contrast between the Tc+ yield in the parallel and the perpendicular geometries at t = 10 ps
decreases as Iprobe is increased. We believe this results from saturation of the ionization process.
Next, similar measurements were conducted for the tetracene dimer by using the dimer doping
condition, i.e. as for the data presented in Figure 8.6, row (b), and analyzing only the high kinetic
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Figure 8.10: Yield of Tc+ originating from double doping conditions, only counts with higher
kinetic energies being included from ionization with a probe laser pulse intensity of 3 TW/cm2 . (a)
Linear polarization; (b) Elliptical polarization with an intensity ratio of 3:1. The perpendicular and
parallel case have the same definition as in Figure 8.9. Also, in each panel the Tc+ ion yield has
been normalized to the mean of the yields obtained in the parallel and the perpendicular geometries
at times longer than 55 ps

energy Tc+ ions stemming from ionization of dimers. The intensity of the probe pulse was set to
3 TW/cm2 rather than 0.6 TW/cm2 , in order to obtain a sufficient probability for ionizing both Tc
monomers in the dimers. Panel (a) shows the result for 1D aligned dimers. The time dependence
of Tc+ ion yield is very similar to that recorded for the Tc monomer at the same probe intensity,
Figure 8.9(c), for both the parallel and the perpendicular polarization geometries. In fact, the ratio
of the Tc+ ion yield in the parallel and the perpendicular geometries at t = 10 ps is ∼ 5.5, which
is even larger than the ratio recorded for the monomer, ∼ 2.3. Such a significant difference in
the ionization yield for the parallel and perpendicular geometry implies that the structure of the
dimer must be anisotropic, as in the case of the monomer, i.e. possesses a ’long’ axis leading to the
highest ionization rate when the probe pulse is polarized along it. Such an anisotropic structure is
compatible with conformations 1 and 2 but not with conformations 4 and 5. The experiment was
repeated for 3D aligned molecules. The results, displayed in Figure 8.10(b) are almost identical
to those obtained for the 1D aligned molecules. They corroborate the conclusion made for the 1D
aligned case but they do not allow us to distinguish between conformations 1 and 2.

Discussion
The comparison of the experimental covariance maps to the calculated maps leaves us with conformations 1 and 2, the two lowest-energy structures predicted by our gas-phase calculations. As
discussed in Section 8.3, comparison of the experimental angular covariance maps for Tc+ to the
calculated maps do not allow us to distinguish between the rotated-parallel and slipped-parallel
conformations. However, if an atom, like F, was substituted for one of the hydrogens in each
Tc molecule, then distinction between the conformations might become feasible by observing the
relative angle between the emission of F+ ions from the two monomers. Previous experiments on
halogen-atom substituted biphenyls in the gas phase have shown that angular covariance maps, generated from recoiling halogen ions following Coulomb explosion, are well suited for determination
of bond angles and dihedral angles [117, 193]. We believe transfer of this methodology to dimers of
halogenated PAHs embedded in He droplets is feasible and promising for structure determination,
including time-resolved measurements.
Interestingly, we note that the rotated conformers obtained by DFT minimization may also
possess an offset, the two centers of charge not always lying on a common axis perpendicular to the
molecular planes. Explicit calculation yields values ranging between 0.9 and 1.3 Å depending on
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the method, conformers optimized with the force field being almost symmetric with values below
0.01 Å. For comparison, the offset in the parallel displaced conformer is closer to 2 Å. The rotated
conformers predicted here are thus also partly shifted.
Distinction between the slipped-parallel and the parallel-slightly-rotated structures could perhaps also be possible by a detailed measurement of the alignment-dependent ionization yield induced
by a linearly polarized probe pulse. In practice, the dimers would be 3D aligned under field-free
conditions, similar to the data presented in Figure 8.10, and then the ionization yield recorded as a
function of the angle between the probe pulse polarization and the major polarization axis of the elliptically polarized alignment pulse. For the slipped-parallel structure, the yield should peak rather
sharply at 0◦ , whereas the maximum would be broader for the parallel-slightly-rotated structure.
It is even possible that such measurements could provide information about the angle between the
two monomers in the parallel-slightly-rotated structure.

8.4

Simulations

The identification of dimer conformations from the covariance maps relies on comparison with
simulated maps predicted for different candidate structures. The individual tetracene monomers
are expected to be rigid and the problem amounts to finding the relative orientations between the
two molecules and the possible shift between their centers of mass.
For each conformation considered, covariance maps were generated by extracting the projection
of the Coulombic force applied on the center of mass of each tetracene moleules on the detector
plane for different polarizations of the alignment laser pulse. The separation distance indicates the
direction of recoil that the two Tc+ should follow by repelling each other. This section details the
overall procedure.

Conformations
One important ingredient in explaining the observed covariance maps is the polarizability tensor of
the tetracene dimer, which is responsible for its interaction with the laser pulses and is sensitive to
its structure.
The polarizability of the tetracene monomer was calculated with a density functional theory
method (wB97xD [187]) using the diffuse basis set aug-pcseg-n [194], after a geometry optimization
with a similar method but a more localized basis set pcseg-n [194]. These calculations performed
3
with the Gaussian09 software package [195] yielded the polarizability components as αxx =63.1 Å ,
3
3
αyy =31.9 Å , αzz =15.9 Å , where x, y, z refer to the major, minor and orthogonal, or remaining,
axes of tetracene, respectively.
The polarizability tensor of the dimer is sometimes assumed to be the sum of the polarizability tensor of each molecule. However, this approximation usually underestimates the interaction
polarizability along the axis connecting the molecules, while overestimating it along the axes perpendicular to it [196]. Simulations carried out for urea (CH4 N2 O) and fullerenes reported an increase
of the polarizability component along the dimer axes by 9.9% and 17.8%, respectively, while the
other components displayed a decrease by a few percents only [196]. In our case, the anisotropy in
the polarizability tensor of tetracene could be considered as sufficiently large that we can neglect
these effects and assume the polarizability of the dimer to be a linear sum, although some caution
should be taken with some of the conformations presented below. To ascertain this ambiguity, we
calculated the exact polarizability for each conformation shown in Table 8.1 using fixed geometry
and similar method and basis as the one mentioned for the monomer. It can be observed that using
the exact polarizabilities breaks the symmetry that some of the dimers would posses if only the
sum of their polarizabilities were considered. We thus only use the exact polarizabilities for the
simulations presented above.
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Conformation

1

2

3

4

5

6

7

Polarizability tensors
Approximate
Exact




126.2
0
0
113.7 −0.58 1.8
 0
−0.58 55.4 −1.8
63.8
0 
0
0
31.9
1.8
−1.8 36.6




118.4 −13.5
0
110.2
0
0
−13.5 71.6
 0
0 
58.8
0 
0
0
31.9
0
0
35.5




79.0
0
0
74.5
0
0
 0
 0
79.0
0 
97.3
0 
0
0
63.8
0
0
57.1




95.0
0
0
84.3
0
0
 0
 0
95.0
0 
84.3
0 
0
0
31.9
0
0
34.4




95.0
0
0
85.4
0
0
 0
 0
79.0
0 
74.0
0 
0
0
47.9
0
0
57.4




95.0
0
0
85.6
0
0
 0
 0
79.0
0 
94.1
0 
0
0
47.9
0
0
43.2




126.2
0
0
104.0
0
0
 0
 0
47.9
0 
41.6
0 
0
0
47.9
0
0
60.9

Table 8.1: Table listing polarizability tensors for each conformer presented in Figure 8.8. The
polarizability components are expressed in Å3 and are listed in the (x,y,z) order. The "Approximate"
column comes from the summation of the polarizability tensor of each monomer. The "Exact"
column contains values resulting from Gaussian simulations. The results presented in Figure 8.8
used the exact values.

Laser-induced alignment
The next step consists into the determination of the molecular frame which is defined as the one
where the polarizability tensor is diagonal. It is then possible to calculate the potential energy
surface when an electric field is applied. The choice to work in the molecular frame resides in
the statistical convenience that can be found in the definition of the electric field. In an isotropic
space, the distribution of the molecules orientation over all direction should be uniform. Making
a uniform sphere to describe the electric field with respect to the molecule allows to fulfill this
condition and to avoid oversampling in a specific space direction. This is illustrated in Figure 8.11
where the standard definition in spherical coordinates with the same number of points in each
variable leads to an anisotropic distribution shown in the "Non uniform distribution". Using a
stochastic process is only valid when the number of points become sufficiently large, and can still
create artifacts otherwise, shown in "Random distribution". Finally, it is possible to generate a
"Uniform distribution" giving a similar spacing in both spherical coordinates. This last distribution
is the one used in the following to describe the main axis of the polarization of the electric field.
The minor axis is generated by converting the major axis in spherical coordinates before adding a
value of π/2 to the polar coordinate θ forcing it to be orthogonal to the major axis it originates
from. Then, a rotation over 2π around the major axis is applied to obtain a uniform distribution
of the minor axis. In the final simulations, 10 000 directions vectors were created to represent the
main axis of the polarization ellipse. For each direction vector, 1 000 angular steps were used to
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Figure 8.11: Distribution of the main polarization axis of the electromagnetic field in three different
cases for three different distributions. Each sphere is made of 500 points.

consider the orientation of the minor axis. After finding all the possible orientation of the electric
field with respect to the molecular frame for any chosen ellipticity, the calculation of the potential
energy surface is evaluated using the usual second-order perturbation theory for a non polar system:
1 ~T
~ = −1µ
~
V =− E
αdimer E
~ T .E,
2
2

(8.1)

where the superscript T stands for transpose, αdimer is the polarizability tensor of the conformer,
~ the electric field applied on the system.
µ
~ is the induced dipole moment and E
Usually, the Schrodinger equation is then solved and the distribution of rotational states that
will be populated in the presence of the electric field is calculated to extract the overall angular
distribution of the complex. However, in our approach, we drastically simplify the problem by
making use of the adiabaticity of the alignment process, which will result in an angular confinement
of the complex at the bottom of the potential well presented in Equation 8.1. The nonperfect
alignment is accounted for by addition of a spread in the angular distribution.

Picking and connecting the frames
Picking the orientation of the electric field that gives the lowest potential energy, the minima were
chosen using a spread (∆Elim ) based on the temperature of the dimers inside the helium droplets
(0.37 K). The energy spread ∆Elim is chosen to include 99% of the Boltzmann populations, which
gives DeltaElim = 0.15 meV. Only energies fulfilling E < E min + DeltaElim are selected, with Emin
being the lowest possible value in the potential energy surface.
For each orientation found above, a rotation matrix connecting the initial frame (IF) to the
laboratory frame (LF) can be defined, labeled RIFtoLF . This matrix is generated by combining two
rotation matrices, the first one connects the IF where the dimer has been described to the MF where
its polarizability tensor is diagonal, the second one is generated by finding the rotation needed to
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project the orientation of the electric field (both major and minor axis) in the LF where it should be
fixed as in the experiment. These two rotations applied on the IF allow us to express the interdimer
distance in the LF.

Projections
The direction of the repulsion vector is calculated from the resulting Coulombic force:
F~CIF =

XX
i

j

qi qj

~ri − ~rj
|~ri − ~rj |3

(8.2)

where qi and qj are the partial charges on each atom (shown in Figure 8.7), ~ri and ~rj are their
respective positions and the summation is carried out to consider the combination of all pairs
between the two molecules. Its direction in the laboratory frame is given from the vector F~CLF =
RIFtoLF F~CIF . Since multiple solutions are possible, a random selection over 100 000 molecules, using
a Boltzmann weight, was used to choose which RIFtoLF to apply to F~CIF . To take into account
imperfect alignment, the direction vector of F~CLF was then rotated using a conical distribution
described by a polar angle ψ picked from a Gaussian distribution with standard deviation σψ = π/6.
This corresponds to an alignment distribution of F~CIF characterized by hcos2 ψi = 0.8.
The vector F~C is then projected onto the detector plane leading to two solutions, referring to
the detector plane being parallel to the main axis of the polarization or perpendicular to it. This
is represented in Figure 8.2 with the main polarization axis of the alignment pulse being similar to
the Y axis and the minor axis to the X axis, or the main axis to the X axis and the minor to the Y
axis, respectively. For each solution, an angle θ2D is extracted by projecting it onto the polarization
axis parallel to the detector plane. A maximal velocity can be estimated from the magnitude of the
separation vector between the two monomers, based on the resulting Coulomb repulsion between
the partial charges:
2
X X qi qj
mvmax
=K=
(8.3)
VCoulomb =
2|~ri − ~rj |
2
i

j>i

Hence,
r

2
VCoulomb
(8.4)
m
with K the kinetic energy, m the mass of the molecule and vmax is the maximum velocity that the
system can acquire upon Coulomb repulsion. The Coulomb potential has been divided by two to
take into account the symmetric behavior of the two molecules during Coulomb explosion. The
initial distance between the molecules will depend on the conformations considered. A minimal
distance of 3.5 Å was assumed with the centers of mass based on the molecular modeling realized by
Florent Calvo except for geometries 3 and 6 where a larger separation had to be added (∼6 Å) to
avoid unphysical overlap. Owing to the screening of low kinetic energy ions during the experiment
(black circle area in Figure 8.6), a filter can be applied on the velocity v, and values below vlim are
excluded. In our case, vlim =0.25 mm/µs as estimated from simulations with SIMION [102] giving
the expected velocities as a function of the spectrometer radius.
|~vmax | =

Covariance
For a given dimer conformation, the covariance map is eventually generated using the angle θ2D
coming from the projection. This angle is selected with a uniform distribution weighted by its
i , a mirror
number of occurrences, as explained in the previous section. For each selected angle θ2D
j
i
◦
angle θ2D = θ2D + 180 is generated as well to account for the recording of two molecules emitted
upon Coulomb dissociation of a given dimer and producing two counts. A Gaussian noise with
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standard deviation σθ2D was also applied on each angle to take into account the non-axial recoil [197].
Here σθ2D was extracted from experimental data by measuring the width in the covariance stripes
originating from unaligned dimers [120]. Using this procedure, we found σθ2D ≈ 15◦ . The number
of molecules per lasershot followed a Poisson distribution with a mean value of one dimer per laser
shot, therefore giving two counts.

8.5

Conclusion

The purpose of this study was to obtain information about the conformation of tetracene dimers in a
combined experimental and theoretical study. Experimentally, tetracene dimers were formed inside
He nanodroplets. A strong femtosecond probe laser pulse was used to ionize both Tc molecules in
the dimer, leading to a pair of recoiling Tc+ cations resulting from their internal Coulomb repulsion.
These kinetic Tc+ ions provided an experimental observable uniquely sensitive to droplets doped
with dimers. Next, a slow turn-on, fast turn-off, moderately intense laser was used to create a
window of field-free alignment shortly after the pulse. Synchronizing the probe pulse to this window,
the dimers, aligned either 1-dimensionally or 3-dimensionally, were Coulomb exploded and the
covariance map of the emission directions of the Tc+ recoil ions determined. As a reference, angular
covariance maps were calculated for seven different conformations including the two predicted to be
the most stable by our quantum chemistry calculations and another five chosen as representative
examples of other possible geometries. The experimental angular covariance maps were found to be
consistent with four of the calculated maps. An additional dimer structure sensitive measurement
was conducted, namely how the yield of strong-field ionization depends on the polarization axis
of the probe pulse with respect to the alignment of the dimer. It was found that the ionization
yield is a factor of five times higher when the probe pulse polarization was parallel compared to
perpendicular to the most polarizable axis of the dimer. This result is only consistent with the
two tetracene molecules in the dimer being parallel to each other and either slightly displaced or
slightly rotated. These are the two most stable gas-phase conformations of the dimer according to
our quantum chemistry calculations.

86

Chapter

9

Structure determination of
I2-bromobenzene and bromobenzene dimers
inside helium droplets
This chapter pursues the structural study of molecular dimers started in the previous chapter
by extending it to heterodimers. Therefore, the first objective was to achieve double doping of
different molecules inside a helium droplet. The vacuum system was already designed for this type
of experiment (see chapter 6) but had never been tested in the Femtolab group before. The second
objective was to use the method developed previously for homodimer, such as CS2 [77], OCS [78]
and tetracene [179], in order to retrieve structural information of a heterodimer. The studied system
was the complex iodine (I2 ) - bromobenzene (BrPh), this choice was motivated by the high mass
of some of their characteristic atomic fragments, the iodine atom (I) and the bromine atom (Br)
respectively, making it easier to isolate and to image without the contamination emerging from
possible fragmentation processes of hydrocarbon groups. To reproduce the experimental results, a
simple model has been realized assuming a perfect axial recoil which is able to map a key feature in
the angular covariance map between the Br+ and the I+ when a linearly polarized alignment laser
field is applied.
The multiple imaging of different masses was done with a new type of "camera" called Timepix3 [178]
capable of differentiating "counts/events" with a time resolution below 200 ns which allows the imaging of multiple cations with different masses in a similar manner as it is done with Pimms [104] or
with COLTRIMS [103]. It changes the acquirement procedure that is commonly used with a normal camera where it is necessary to gate the spectrometer in order to isolate the signal originating
from a single mass. The camera has been obtained thanks to a collaboration with Jochen Küpper’s
group, Controlled Molecule Imaging, in Hamburg. I first used it in Hamburg, in collaboration with
Melby Johnny, to follow the fragmentation of indole-water complexes, which were selected by the
application of a strong static electric field. We then transported the camera to Aarhus to realise the
douple-doping experiment. The experimental results were acquired in the fall of 2018 with Melby
Johnny and Bjarke Aleksander Kappel Hübschmann.
I will start by giving a short overview on the previous experiments that have been realized with
double doping of different species inside helium droplets and present results from previous studies of
iodine-aromatic hydrocarbons complexes (Section 9.1). The experimental technical details, such as
laser parameters, doping scheme and TimePix3’s characteristics, are then presented (Section 9.2).
The results are then shown, discussed and compared with the simulations (Section 9.3). The
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simulation procedure that has been used is afterwards explicitly described (Section 9.4) before
concluding (Section 9.5).

9.1

Background

Heterodimers inside helium droplets
Most of the previous studies using double doping of different compounds employed infrared spectroscopy to extract structural informations [79, 89]. Typically, the droplets were doped with one
or more atoms and a linear molecule, for instance (Mg)n – HCN [87], (Zn)n – HCN, Ar – HF [198],
or with two linear molecules, e.g. OCS – pH2 [199]. Complexes such as (HCl)m-(H2 O)n [200] and
different isomers of uracil-water [201] were also studied. Most of these studies relied on the Vibrational Transition Moment Angles (VTMA) [88] technique, which compares the infrared spectra
when a strong, static electric field is applied either parallel or perpendicular to the IR laser field.
The absorption ratio of vibrational bands when the IR laser is polarized either parallel or perpendicular to the dc electric field is used to retrieve the angle between the permanent dipole and the
vibrational transition of the complex. The direction of the transition dipole moment provides information about the position of a particular pair of atoms, thereby allowing one to identify isomers
or conformers of the complex. The IR spectra can then be compared to ab-initio calculations to
retrieve the associated geometry.

I2 - aromatic hydrocarbons complexes
In 1949, Benesi and Hildebrand published the absorption spectra from 270 to 700 nm of iodine
dissolved in different aromatic hydrocarbons (AR) solutions, which highlighted the formation of a
heterodimer including one iodine and one aromatic hydrocarbon molecule. An important modification in the absorption spectrum was observed with a shift in the visible absorption band maximum
and a new absorption band in the near ultra violet. This last band has been interpreted as resulting from a charge transfer (CT) mechanism described by Mulliken [202] in 1952 where the AR
acts as a donor and the iodine as the acceptor. The absorption spectrum of the I2 – C6 H6 complex
was measured in 1968 [203] and a large absorption band with a maximum at 268 nm and a long
tail until 315 nm was found. The study of the complex was pursued with the inclusion of time
resolution, starting with microsecond precision and the generation of transient visible absorption
bands assigned to the formation of an iodine atom-AR complex [204, 205] in 1960. The picosecond
regime was reached in 1980 [206] and in 1985 [207] with the detection of a radical ion pair [Ar+ ,I2 – ]
with a lifetime < 10 ps. Finally, femtosecond resolution was used by Lenderink [208] in 1993.
This paper triggered more experiments in the following years and two main techniques were used
which provided similar conlusions. The first one relied on femtosecond transient absorption with
the first prediction of an oblique, nearly orthogonal structure (axial) between I2 and the AR plane
in 1995 [209]. An angle of 30◦ from the axial geometry was then proposed in 1996[210]. The second
method used a 2+1 REMPI scheme to ionize the iodine atom and used the time of flights of the
ions as a kinetic energy spectrometer to extract their velocity. This scheme allowed the rediscovery
in 1996 of a similar geometry [99, 211] with an angle of 30◦ − 35◦ by making use of the positive
value of the recoil anisotropy distribution β(EKER ) in conjunction with molecular symmetry group
argument. The studies were not able to say if the angle was the result of the charge-transfer or the
initial geometry of the complex. More recent calculations found that the axial structure was more
stable than the oblique configuration with the iodine molecule above a carbon or above an electronic
bond between two carbons [212]. This configuration was rejected by some of the mentioned studies
which invoked group symmetry argument. However, they were all assuming that the I2 was lying
perfectly in the center of the benzene ring.
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9.2

Experimental setup

The experimental setup is detailed in chapter 6 and only the relevant elements are mentioned. The
helium nanodroplets were produced with a backing pressure of 25 bars and the nozzle temperature
was set to 14 K resulting in helium droplets with a mean distribution of 5000 He atoms [33]. Liquid
bromobenzene and solid iodine were each contained in a small container at room temperature
outside of vacuum connected through pipes to a doping cell placed inside the vacuum chamber.
The vapor pressure of both species was high enough to control the pressure inside the doping cell by
using a needle valve exterior to the vacuum chamber. The helium droplet beam was sent through
the two doping cells, first through the one containing BrPh molecules before passing through the
one containing I2 molecules. The choice on the final needle valves opening was made after a large
number of trials and errors. The vapor pressure in the doping cells was adjusted to optimize doublemolecule doping by calculating the angular covariance maps I+ from the I2 molecule and Br+ from
bromobenzene, while avoiding the creation of too much signal from unsolvated molecules in the
target chamber.
The doped helium droplets entered the target region, where they were intersected at 90◦ by
two laser beams. The first, a spectrally truncated chirped alignment pulse (λcentre = 800 nm,
ω0 = 40 µm, peak intensity Ialign ∼ 3 · 1011 W/cm2 ) aligned the molecules. After a time delay of
5 ps, the probe pulse (λprobe = 400 nm, duration 40 fs full-width at half maximum, ω0 = 25 µm,
Iprobe ∼ 2 · 1014 W/cm2 ) multiply ionized the molecules inducing Coulomb explosion. The spot size
of the probe beam was considerably smaller than the spot size of the alignment beam to minimize
focal volume effects. The polarization of the probe laser pulse was linear and orthogonal to the
detector plane.

Timepix3
The Timepix3 is defined as an application specific integrated circuit (ASIC) hybrid pixel detector
and is developed by the MediPix3 collaboration [178]. It is the successor of a previous version of
Timepix [213] developed in 2007. Its main characteristic is to retrieve the time and the energy of
an event, such as the detection of a photon, with a resolution of few ns.
The Timepix3 can be used in frame-based mode, where it stores all the events before sending
them to the computer, or in a sparse data-driven mode, where each pixel hit results in the creation of
a data packet containing the pixel coordinates (x,y), the time of the hit (t) and the energy deposited
(E). The data packet content will depend on the operation mode of the pixels. There exists three
modes, time of arrival (ToA) + time over threshold (ToT), ToA only and event counting. We will
focus only on the first one which gives us access to the best time resolution for each pixel.
The chip is made of 256 × 256 pixels (55 × 55µm2 ). Each pixel can record hits at a rate of
40 MHz and can be customized to possess its own threshold level. To understand more deeply the
record process, Figure 9.1 shows the behavior of a pixel during its interaction with light. If a hit
on the pixel generates a signal larger than the predefined threshold, a 640 MHz clock is launched
(1.625 ns resolution) which will stop during the rising edge of another permanent clock (40 MHz).
The first clock will define a fast Time of Arrival (fToA), while the second will define the global
Time of Arrival (gToA). The duration of the signal above the threshold is calculated by the same
40 MHz clock and is qualified as time over threshold (ToT). The real Time of Arrival (rToA) is then:
rToA = gToA-fToA. A calibration is used to correct for the time walk, which is the dependency
between the fToA and the ToT. This is due to the detection threshold resulting in high energetic
event trigger the fToA faster than low energetic ones and the ToT is respectively longer.
The acquisition program we used to collect the data has been written by Ahmed F. Al-Refaie.
It has been coded in Python and will soon be made available as a library accessible to the scientific
community. The centroiding algorithm, which converts events/hits in ‘blobs’ (cluster of linked
events), is based on the DBScan method [214]. It does not need to assume a predefined number of
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Figure 9.1: Operation principle of the Timepix3 pixel taken from [178].

clusters as it is the case in k-means clustering method. Instead, it calculates the euclidean distance
between different events. The euclidean metric is based on the position of the pixel (x,y) and on its
ToA of it. If the distance between two events is smaller than an empirically determined quantity ,
then the two events belong to the same blob. The ToA does not evolve in the same space as the
position of a pixel, therefore another empirical quantity f is used to scale it. The condition can
then be written as :


x
~ ≤
~ = y 
(9.1)
||R||
R
ToA/f
For each cluster, a weighted sum, with respect to the ToT, over all events belonging to it, is done
and determines the final blob position (x,y) and ToA that will then be used in the analysis. The
ToT for the blob is chosen to be the highest among all the events belonging to the cluster but is
not used in the later analysis.
The program also proposes a graphical interface which allows to follow in live time several
observables, such as the time of flights, the number of blobs per laser shot, and the overall resulting
image. It is also possible to select a specific time range to display the evolution of the yield and the
corresponding image of a specific fragment for example. Unfortunately, the DBScan method was
not fast enough to allow a live image when the number of ions was too high. This was a major issue
since we needed the live information to track the evolution of the ion yield in order to watch out for
change in the doping conditions or in the laser power. To circumvent this issue, we only selected
events with a Mass over Charge (MoC) higher than m/q>65 by gating the MCP detector. Thanks
to the filtering of the low masses, the signal level could be handled by the program. For more
information, it is already possible to retrieve some information of it its main feature on arXiv [215].

Double-doping
I will first show that we can control the doping of BrPh or I2 by opening or closing the associated
valve. Figure 9.2 shows the time of flights for different doping conditions. In blue, only the valve
for BrPh is opened while the valve to the iodine reservoir is closed. The spectrum consists of two
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Figure 9.2: Mass over charge spectrum for different doping conditions. Blue curve: BrPh doping
cell only. Red curve: I2 doping cell only. Yellow curve: BrPh and I2 doping cells. The binning used
is 0.25 m/q.

main contributions. First a series of peaks at a MoC of 77/79/81/83/85 m/q respectively related
to C6 H5 + , 79Br+ , 81Br+ , 79Br+ He and 81Br+ He. The doubly charged parent ions are also possible
candidates since 79BrPh2+ and 81BrPh2+ would have a MoC of 78 and 79 m/q respectively. The
second main contributions is originating from the singly charged cations at a MoC of 156/158 m/q
for 79BrPh+ , 81BrPh+ . On the red curve, only the I2 ’s valve is opened while the BrPh’s one is
closed. The previous peaks have disappeared and the spectrum only contain a series of peak at a
MoC of 127/131/135/... m/q related to I+ , IHe+ , IHe2 + and higher clusters respectively. Finally, by
opening both valves the mass spectrum presents all fragments previously observed. The observation
of helium attachment on some cationic fragments, e.g. I+ and Br+ , indicates that the complexes
are dragged inside the helium droplet. This is usually the case for closed shell compounds and was
previously observed for 1,4–diiodobenzene [118].
Two approaches are proposed to justify the doping of helium droplets with the two different
molecules at the same time. First, it is possible to measure directly large charged clusters which
may have not fragmented in the mass spectrum and which are more likely to be formed inside
helium droplets thanks to its temperature. The MoC spectrum is shown in Figure 9.3 where the
valves have been open more widely than in Figure 9.2 to facilitate the formation of clusters. Panel
(a) shows the MoC spectrum for 67 < m/q < 330 when the helium droplet beam is sent through
the doping cells in blue and when it is blocked in red. We can observe the charged fragments Br+ ,
I+ , BrPh+ but also first order clusters as Br+ + I+ and (BrPh)2 + . This exposes the formation of
complex between I2 and BrPh but also between BrPh with itself. This type of signal is invisible on
the scale of the graph when the helium droplet beam is blocked which would steer toward the idea
of a double doping or at least the necessity for the helium beam to pass through the doping cells.
It is also possible to detect higher masses, their signal is relatively weak which can be explained by
the Poissonian nature of the pick-up process. These masses can be observed on a logarithmic scale
and are shown in panel (b) of Figure 9.3 where the MoC spectrum for 300 < m/q < 1000 is shown.
We see a large range of different clusters, such as (BrPh)n , (BrPh)n + I and (BrPh)n + I2 indicating
that some of these large cationic states are still stable. These events are pretty rare compared to
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Figure 9.3: Mass over charge spectrum with helium droplet beam (blue) and without helium droplet
beam (red). Panel (a): m/q < 320, Panel (b): m/q > 320. Y-axis scale on panel (a) is linear while
it is logarithmic on panel (b). The binning used is 0.25 m/q. List of detected charged clusters: 1
(I2 – Ph)+ ; 2 I3 + ; 3 (BrPh – I2 )+ ; 4 ((BrPh)2 – I)+ ; 5 (BrPh)3 + ; 6 (BrPh – I3 )+ ; 7 ((BrPh)2 – I2 )+ ;
8 ((BrPh)3 – I)+ ; 9 (BrPh)4 + ; 10 (BrPh2 – I3 )+ ; 11 ((BrPh)3 – I2 )+ ; 12 (BrPh)5 + ; 13 ((BrPh)4 –
I2 )+ ; 14 (BrPh)6 + .

the large signal emanating from the fragmentation of the molecules but can still be detected. This
can easily result from the high choice of probe beam power in this study and a lower beam probe
may have preserved more of these states. This feature gives an edge of the Timepix3 compared to
regular time of flights done in our laboratory which are usually not sensitive enough to reveal small
contributions. This formation of clusters is likely to be due to the helium environment which will
stabilize the doped molecules by cooling their motion. However, the mass spectrum does not show
any helium attachment on the higher masses therefore it does not prove that the observed complexes
are formed inside the helium droplets. We then turn to the second approach to strengthen the claim
that a double doping has been realized by looking if we can detect specific fragments related to the
helium complex from similar laser shots.
For this purpose, we can calculate the MoC covariance from the MoC spectrum for different
doping conditions. The MoC covariance maps are displayed in Figure 9.4 and have been calculated
from the same data as the ones used in Figure 9.2, which are similar to the running conditions
for the upcoming results. In panel (a), only BrPh is doped inside the droplets and we detect a
large number of islands around a MoC of (80,80). These islands can be affected to a total of
4 fragments thanks to the isotopes of Br listed as: 81Br+ , 79Br+ , 81BrPh2+ , 79BrPh2+ . The little
islands evenly spaced afterwards are affected to (BrHe)n + . We can also observe two little islands
nearby a MoC of (78,157)/(157,78) and (78,159)/(159,78). The MoC 157 and 159 are respectively
81
BrPh+ , 79BrPh+ while the lower MoC can be affected to Ph+ . The positive covariance for these
masses already indicates the formation of the dimer (BrPh)2 or higher clusters doped inside helium
droplets thanks to the BrHe+ signal. The second panel shows the MoC covariance when only the
needle valve containing I2 is open. In this case, we observe two rays starting at a MoC of (127/127)
and (63.5/127)/(127/63.5). The axis only starts at 64.5 due to a poor choice of gating for the
spectrometer, therefore hiding the doubly charged island positioned at 63.5/63.5. The MoC 127 is
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Figure 9.4: Mass over charges covariance calculated from the mass distributions of Figure 9.2. The
doping scheme chosen is indicated at the top of each panel. The binning used is 0.25 m/q.

referred to I+ while the MoC 63.5 to I2+ . It is again possible that the signal at 127 contains I2 2+
contributions. However, the signal of the singly charged cation is particularly small compared to the
other contributions in the MoC and we can expect the doubly charged parent signal to be negligible.
The rays are again made of several islands, which diminish in intensity for higher MoC and are
associated to (IHe)n + and (IHe)n 2+ clusters. In the last panel, both valves are opened, we observe
that it can be described as the sum of the previous MoC covariance maps with an extra feature at
(127,79)/(79,127) and (127,81)/(81,127), indicating the likeliness of I+ fragment to come along Br+
fragments for similar laser shot. We can also notice that the different (IHe)n + also posses a positive
covariance with the Br+ as can be seen on MoC (131,79)/(79,131) and (131,81)/(81,131). This
comment can be applied in the other way where (BrHe)n + are also detected with I+ . Henceforth,
we can safely claim that we observe the double doping of helium droplets with the two molecules.

9.3

Results

The previous section focused on the MoC spectrum and the MoC covariance maps in order to
certify the formations of clusters consisted of I2 and BrPh. The next step is to analyze ion images
of fragment ions and in particular correlations between their emission directions to infer information
about the structure of the complexes. The latter, implemented by angular covariance maps, was
shown to be useful for determining the structure of carbondisulfide dimers [77] and tetracene dimers
in the previous chapter. The strong signal observed in the MoC covariance maps, between I+ and
Br+ , indicates that the angular covariance maps of these two ion species could be an informative
observable. Moreover (or luckily), the structure of each molecule makes I+ and Br+ cations likely to
be the most insightful fragments to extract the possible conformations of the heterodimer. Despite
having a large signal in BrPh+ , the covariance between I+ and BrPh+ was partially blurred by the
presence of IHe7 + and higher clusters and did not provide any valuable information.
Two other pairs will then be considered to infer structure of the (BrPh)2 dimer. For this
purpose, the angular autocovariance for the Br+ cation, and the BrPh+ ion, will be determined for
different alignment laser polarizations. This last structure determination is a good combination of
the previous works on CS2 and tetracene where the Br+ fragments provide clues on the relative
orientation of the symmetry axes of the two BrPh molecules while the BrPh+ ions give insight on
the relative position of the two benzene planes.
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Figure 9.5: Ion images of (a) Br+ and (b) I+ . The polarization of the probe laser and the alignment
laser are marked in the images and so is the definition of θBr+ and θI+ . The radial covariance
between the Br+ and I+ is shown on the right. The circles highlight two islands denoted 1 and 2

Figure 9.6: Angular covariance between Br+ and I+ fragments for different regions from Figure 9.5.
The selected regions are indicated on the top left corner. The last angular covariance map was
generated by only applying the filter: max 1 Br+ / laser shot

I+ and Br+
1D alignment parallel to the detector plane
Panels (a) and (b) in Figure 9.5 shows the images of Br+ and I+ respectively when the polarization
of the alignment pulse is linear and parallel to the detector plane. A confinement of distribution
along the alignment polarization is perceptible with the presence of two large contributions around
a radius of 50 pixels. This confinement is expected for both monomers where in the case of BrPh,
the most polarizable axis is C – Br leading to a dissociation of the cation Br+ in the same direction
as the alignment pulse polarization. The color scale of the images has been saturated to facilitate
the perception of the outer radius counts for both species. Panel (c) of Figure 9.5 shows the radial
covariance between the two fragments. It can be observed that it is made of two regions which have
been labeled (1) and (2), the first one is related to low kinetic energy I+ while the second one refers
to the higher kinetic energy fragments. These two regions can also be observed in the I+ image
where an outer ring and an inner ring are both detectable. Both of islands are centered around a
value of 50 pixels for rBr+ .
For each radial region, we can calculate the angular covariance map between Br+ and I+ . The
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results are shown in Figure 9.6. Panel (a) refers to the inner region (1) of panel (c) of Figure 9.5,
we observe that the map is blurry and no real conclusions or signatures can be obtained from it.
The situation is different in panel (b) of Figure 9.6 where only the high kinetic region (2) of the
I+ is taken into account. In this case, two stripes are clearly visible oscillating around θI+ ≈ 90◦
and θI+ ≈ 270◦ . The image can be decomposed into two separate contributions illustrated in panel
(c). The differences between the panels (b) and (c) derive from the treatment of the data before
the calculation of the angular covariance maps. In panel (b), all events are considered whereas
only events with at most one Br+ are being used in panel (c). The oscillating stripes are now
disconnected from one another. They can now be described as four different islands instead placed
nearby (90◦ , 180◦ ), (90◦ , 0◦ ), (270◦ , 180◦ ) and (270◦ , 0◦ ). The two connections placed at (90◦ , 270◦ )
and (270◦ , 90◦ ) are now fainter and it is tempting to attribute them as arising from larger clusters of
(BrPh)n + I2 thanks to the ’max 1 Br+ / laser shot’ filter applied. The effect of this filter encourages
us to apply it for all the calculated covariance maps between I+ and Br+ . Following the same
reasoning, we should only allow counts of two or less iodine atoms per laser shot to avoid signal
coming from higher clusters which will be applied on the future covariance maps. However, its effect
did not show any particular changes on the calculated covariance maps except a reduced signal.
1D alignment perpendicular to the detector plane
When the alignment laser polarization is perpendicular to the detector plane, another interesting
observation appears. In Figure 9.7, the images for Br+ and I+ are plotted in panel (a) and (b).
Their distribution is isotropic in the plane of the detector, reproducing the symmetry implied by
the choice of polarization for the probe and the alignment laser. In panel (c), their radial covariance
map has been calculated by applying again the ‘max 1 Br+ / laser shot’ filter. Two regions of
correlation are visible. The largest, labeled 1, reveals that high kinetic energy Br+ detected, with a
radius between 40-110 pixels, are correlated with I+ ions with a radius between 10-50 pixels. The
other zone, labeled 2, refers to a covariance signal that has a negative sign. This feature illustrates
that Br+ ions are unlikely to hit the detector at a radius between 20-40 pixels if an I+ ion has been
detected in a range of 0-50 pixels. This is interesting since it reveals that the velocities of Br+ ions
has to lie more in the plane of the detector compared to the velocities of I+ ions which seems to
point more perpendicularly to the detector plane. This behavior reflects a mirror attitude when
contrasted with the radial covariance calculated for an alignment laser polarization parallel to the
detector plane where the kinetic energy of the I+ fragments was higher and the Br+ smaller. By
calculating the angular covariance map in the region (1), we observe two stripes from (0◦ , 180◦ )
to (180◦ , 360◦ ) and (180◦ , 0◦ ) to (360◦ , 180◦ ). These large stripes indicate a back-to-back recoil of
the I+ and Br+ ions. The stripes are especially broad compared to the ones usually obtain for gas
phase. This can however be explained by the large scattering of the atoms during their escape from
the helium droplets.
Center determination
The information with the highest value in this case is coming from the angular covariance maps
when the alignment laser polarization is parallel to the detector plane shown in Figure 9.6. We
emphasize that the four correlation islands observed are not highly symmetric and also that they
are not exactly centered at the values given in Section 9.3. This is illustrated in Figure 9.8, which
is similar to panel (c) of Figure 9.5 except that θBr+ has been shifted by 90◦ . The black crosses
mark the positions (90◦ , 0◦ ), (270◦ , 0◦ ), (90◦ , 180◦ ), (270◦ , 180◦ ). It is clear that the center of each
island differs from these four points.
The next logical and necessary step would now be to obtain a more precise value of the "center"
of each island. However, there are multiple factors to take into account here. The first one is the
region that defines an island from another. In other words, how should we decide the starting and
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Figure 9.7: Images for both Br+ and I+ fragments, the alignment and probe laser polarizations
are indicated in each image panel. The radial covariance betwen the two fragments is shown on
the third panel. The circles highlight two islands denoted 1 and 2 which reflects a positive and a
negative value for the calculated radial covariance. The angular covariance is generated only using
the zone labeled 1 in the radial covariance.

the ending angle for an island’s region? Looking at Figure 9.8, a simple guess would be to evenly
cut the space into four equal regions starting at the separations between the islands placed when
the outcomes, θBr+ and θI+ , are equal to 90◦ or 270◦ as shown in panel (a) of Figure 9.9. However,
more drastic cuts can also be made to avoid contributions coming nearby 90◦ /270◦ , which may
affect the center retrieval, as done in panels (b) and (c). For each cutting choice and for each island,
we can attempt to fit an ellipse onto the distribution, therefore giving us an approximate center for
it from its center of mass. The procedure for the center retrieval is highlighted in Figure 9.10. On
panel (a) is shown one of the island, after a particular choice of cut and binning. First, the image is
interpolated on panel (b), using a sampling of 2500 points divided by the initial number of points on
each axis to smooth its shape and facilitate the clustering procedure. Next, the cluster retrieval is
done in panel (c), where each point is attributed to a specific cluster/region usually ranging from 0
to 7. The last step is the use of a matlab function regionprops on the clustered image. The function
needs a labeling of each point on the image to know if it belongs or not to the region to be fitted.
It then uses a weight for each point given by the interpolated image. The output is the ellipse
displayed as a red line and its center as a red dot in panel (d). By giving as an input only high
value regions, it is possible to keep signal essentially stemming from the islands’ contribution. As an
example, in panel (d) only regions with a value ranging between 3 to 7 have been fitted to generate
the ellipse, and are shown as white blobs, whereas region 2 refers to the grey area and regions 0 and
1 to the black one. Each island is treated separately to facilitate the clustering since the intensity
might vary from one island to another. An extra element to consider is the bin size used, all the
angular covariance maps that were shown until now were generated with an angular bin size equal to
4◦ . Despite being enough to detect the islands, it may give a poor accuracy on its center. However,
using lower bin size results in a more difficult perception of each island, despite the interpolation
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Figure 9.8: Angular covariance between Br+ and I+ when the polarization of the alignment laser
is parallel to the detector plane. The crosses indicate the positions (90◦ , 0◦ ), (270◦ , 0◦ ), (90◦ , 180◦ ),
(270◦ , 180◦ ). The axis θBr+ has been shifted by −90◦ to facilitate the perception of all four islands.

Figure 9.9: Different island selections labeled 1,2,3 and 4 that will be used to determine the center.
On the θI+ , the thresholds points are (340◦ - 20◦ ) and (160◦ - 200◦ ) for all panels. On the θBr+
axis, the threshold points are, (a): 90◦ and 270◦ , (b): (70◦ - 110◦ ) and (250◦ - 290◦ ), (c): (50◦ 130◦ ) and (230◦ - 310◦ ). The axis θBr+ has been shifted by −90◦ to facilitate the perception of all
four islands.

used, and the cluster algorithm is not always able to isolate precisely the different contribution.
Nevertheless, it was possible to repeat the center retrieval procedure for three different bin sizes,
2◦ , 3◦ and 4◦ . All islands and ellipses’ center are displayed in the appendix in Figure A.1. By using
the centers retrieved for the different cases, standard statistical quantities as the means and the
standard deviations have been calculated. All the results are also presented in the appendix listed
in Table A.1 and Table A.2. Table 9.1 gives the final values obtained by using quantities from all
calculated cases. These values will be used for comparison to the simulations in Section 9.4. This is
unfortunately not the most convincing center retrieval since the fluctuations between bins size and
cutting can be quite drastic with variations which can reach ±5◦ . This is especially noticeable on
the θBr+ with the different filters used, and I do not really know how to improve the procedure due
to its sensitivity. The decisions to calculate statistical quantities by looking at the different cases is
mostly to circumvent the problem of deciding which one is the best.
It may be noticed that the asymmetry observed in the experimental angular covariance map
could be a result from an ill defined center in the images. However, it has been optimized for both
fragments from different observables, such as the angular distribution. Therefore, it is likely to be
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Figure 9.10: Procedure to retrieve the center of one of the islands shown in Figure 9.8 after a specific
filter choice. (a) raw image after cutting; (b) interpolation of the image with 2500 points divided
by the inital length of each axis; (c) clustering of the interpolated image into different regions; (d)
center retrieval with the function regionprops in matlab.
Island
(1)
(2)
(3)
(4)

(µθI ± σθI ,µθBr ± σθBr )
(95.14 ± 1.22 , 347.22 ± 4.41)
(262.80 ± 1.33 , 5.77 ± 3.09)
(81.64 ± 1.84 , 188.60 ± 4.29)
(274.83 ± 0.49 , 170.49 ± 3.15)

Table 9.1: Mean and standard deviation of θI and θBr over both angular bin sizes (2,3 and 4) and
filter ((a), (b) and (c)).

correct with a maximum error of few pixels and cannot be responsible for the observed shift. The
slight shape change between each island could originate from an anisotropy of the sensitivity of the
detector or from the Timepix3’s event detection.
Comparison between experimental and simulated covariance maps
The final step is to use some numerical simulations to reproduce the observed features. The objective
for the simulations will be to retrieve the values listed in Table 9.1 and the linear stripes observed
in Figure 9.7 when the alignment laser polarization is perpendicular to the detector plane. For the
simulations, we assume that the angular distribution of the I+ ions is centered along the direction
of the I2 axis and the angular distribution of the Br+ ions along the C – Br axis. This assumption is
motivated by the results of many previous studies on laser-induced Coulomb explosion of substituted
benzene and biphenyl molecules [74, 116, 193].
Following this assumption, only two angles will therefore be necessary to define the relative
orientation of each main axis of the monomers with respect to the laser alignment polarization, so
to say the axis I – I and the axis C – Br. A plot of the angles definition is shown in Figure 9.17,
the choice was to use one angle, Θ, between the I – I axis and the alignment laser polarization and
an angle, Φ, between the C – Br and the I – I axis. This decision is motivated by the center of the
islands, which lies near θI+ ≈ 90◦ /270◦ , indicating that the recoil of I+ is close to the alignment
polarization axis while keeping in view the structure determination of the complex.
The subsequent procedure is then applied: (1) Fit the angle Θ between the I – I axis and the
alignment laser pulse polarization to match as much as possible the measured θI+ , (2) Scan the
relative angle Φ between the I – I axis and the C – Br axis until the simulations match the measured
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Figure 9.11: Comparison between experimental and simulated angular covariance maps when the
alignment laser polarizations is linear and either parallel or perpendicular with respect to the detector plane. (a1 ) Experimental 1D parallel; (b1 ) Experimental 1D perpendicular; (a2 ) Simulated
1D parallel; (b2 ) Simulated 1D perpendicular. The starting angle for the simulations are shown on
top of the simulated angular covariance map. The spread used for misalignment was 35◦ , the noise
originating from fragmentation and scattering outside of the helium droplets for θI+ and θBr+ was
17.5◦ and 12.5◦ respectively.

θBr+ . The scan for Φ is only done in the plane defined by the I – I axis and the alignment laser pulse
polarization. This distinction is justified by the shape of the polarizability tensor of both species
where in the case of BrPh the most polarizable axis is the C – Br axis. It is then expected that the
minimum of the potential energy created by the laser field would exert a force on both the I – I and
the C-Br axes to point toward the laser pulse polarization. The details of the simulations are given
in Section 9.4 and omitted here.
The comparison between the simulated and the experimental angular covariance maps is shown
in Figure 9.6. The islands and the stripes are well reproduced by the simulations. Due to the large
range on the center of each island, the uncertainty on both angles will be noticeable. A combination
of Θ = 8◦ ± 2◦ and Φ = 105◦ ± 3◦ seems to cover all the retrieved values given in Table 9.1. The
error on the angles refers to the limit cases where the prediction of the simulations does not fulfill
any of the islands centers. Their overall shapes are mostly due to the noise applied, discussed in
Section 9.4. This is not the case for the connections between some islands which is intrinsic to
the rotational symmetry provided by the one dimensional character of the alignment laser pulse
polarization.
The simulated angular covariance maps may provide us with some information on the variation
in the center’s offset shown in Table 9.1. For example, the difference observed in the offsets presented
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Figure 9.12: Charge distribution in electronic charge unit used for the Coulomb trajectories in
Figure 9.13, the two iodine atoms are considered to both have a charge of 1

in Table 9.1 seems to be a consequence of the connections between the islands. This connection just
maps the rotation around the polarization axis of the alignment laser as previously mentioned. For
example, island 1 will be steered toward a lower value for θI and θBr compared to island number 3
which will show an opposite behavior. This scheme is similar between island number 2 and 4.
The measurements have also been done with elliptical polarization and are shown in the appendix
in Figure A.2 and Figure A.3. The presence of islands nearby 90◦ and 270◦ indicates that the Br+
and the I+ axis are now both aligned in the polarization plane. The results have not been shown in
this chapter because of their lower quality and the inability to reproduce them with the simulations.
The main reason being the difficulty to implement the noise which is no longer symmetric along the
alignment laser polarization axis, making the treatment more challenging. Moreover, the positions
of the islands would not reflect the relative angle between the C – Br and the I – I axes in that case
due to the projection of the velocity vector onto the detector plane.
For simplicity, the previous description was done by considering that the recoil was along the
I – I axis and the C – Br axis. In reality, the measured observable is the projection of the velocity
vector of the two cations I+ and Br+ onto the detector plane. The retrieved angle of 105◦ should
then be considered as an upper limit on the relative orientation between the two axes and is likely
to be less due to the effect of the Coulomb repulsion on the trajectory of the ions.

Axes orientation
The first unknown is the number of charges on the BrPh and on the I2 before fragmentation. If
the gating of the spectrometer had been extended to collect lower masses, it may have steered us
into retrieving the most favorable charge state distribution after the fragmentation. From it, it
would have been possible to propose a more refined geometry. A previous study [117] used the MoC
spectrum in their simulations as a mean to weight the initial charge distribution in the molecule
before its fragmentation. This technique would be a little more delicate in our case, since it is first
necessary to select the contribution originating from the complex under study. Nevertheless, it may
provide useful insight if the fragmentation pattern of the complex is similar to the fragmention of
the monomers. Tools, such as triple covariance [216] between the Br+ , the I+ and some fragments
originating from the phenyl ring, could provide such information. Another possibility would be to
only consider events in coincidence, but this method is likely to create a signal blurred from false
coincidences, which may emerge from the high number of events per laser shot.
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Figure 9.13: Coulomb explosion simulation for multiple initial geometries sketched on the lower part of the figure. The shaded
area represents the combinations of angles Θ and Φ (defined in Figure 9.17 and in the text) fulfilling experimental observed
criteria (see text). Three charge distributions are tested numbered 1, 2 and 3. The associated charged distributions are
displayed in Figure 9.12. The red line defines geometry where the fixed iodine atom lies above the benzene ring.

CHAPTER 9. STRUCTURE DETERMINATION OF I2 -BROMOBENZENE AND
BROMOBENZENE DIMERS INSIDE HELIUM DROPLETS

101

9.3. RESULTS
As a conclusive remark, let us simulate different tests to observe which geometry would be
consistent in a classical picture. For this purpose, we consider three symmetric charge distributions
listed in Figure 9.12 for BrPh. The attribution of a charge to an atom is chosen after a fitting
procedure of the electronic density for different cationic states retrieved from Gaussian calculations
using a similar input as the one for tetracene in chapter 8 (DFT calculations, with a wB97xD [187]
functional and aug-pcseg-n [194] as a basis set using the RESP method). The atoms possessing the
highest charge density are then considered to each hold a positive charge. The cationic states tested
are C6 H5 Br11+ , C6 H5 Br7+ and C6 H5 Br4+ . They were chosen as a benchmark since lower charge
density may not result in the fragmentation of the phenyl cation. Despite the dection of the phenyl
cation in the experiment, no angular or radial covariance was observed between it and I+ ions. For
this reason, the fragmentation of the phenyl group seems more likely to reproduce this part of the
experiment. The charge distribution may be unable to represent the ‘real’ fragmentation process,
yet the assumption for a large number of charges should steer the description toward a classical
limit where the Coulomb explosion takes effectively place. A positive charge is also considered on
each iodine atom since two channels were observed in the radial covariance map (see Figure 9.6).
The molecule is also assumed to explode immediately, therefore the Coulomb trajectories are
calculated for each ion. Three parameters are afterward scanned. The first one is the position
of the iodine molecule along the long axis of the bromobenzene. The second parameter is the
relative orientation between the I – I axis and the C – Br axis, defined previously as Φ. The last
parameter is the relative angle between the I – I axis and the alignment laser polarization, defined
previously as Θ. The definition of the angles can be seen in Figure 9.17. The simulations are run
for a duration of 50 ps and the trajectories are recorded without the application of any noise on the
starting geometries. The final velocity vector of the furthest iodine ion from the benzene ring and
the velocity of the bromine ion are then projected onto the detector plane. Three conditions are
afterwards required to consider the geometry consistent with the experimental observations. First,
the relative angle between the two projected velocities has to lie between 102◦ − 180◦ . The second
condition is related to the position of the island observed in Figure 9.12. The initial orientation has
been chosen such that it would be consistent with the observation of island 1, therefore the two other
conditions are respectively 340◦ < θBr+ < 360◦ and 90◦ < θI+ < 100◦ where the range is chosen
such that it includes about three times the standard deviation determined in Table 9.1. Figure 9.13
shows the result of the simulations. Each panel is associated to a specific charge distribution and a
specific initial geometry displayed respectively on the left and the bottom of the figure. The shaded
area represents the combination of Φ and Θ fulfilling all the criteria mentioned above. For each
starting geometry, the islands’ position seem to fluctuate around ±5◦ for both Θ and Φ. It can
also immediately be observed that the starting position of the iodine molecule along the long axis
of the bromobenzene will be a determinant factor. As the iodine molecule approaches the bromine
atom, the values of Θ are steered toward positive values while the relative angle between the two
axis Φ is increased. The effect of the charge distribution has a mirror effect as the number of charge
is lowered, the values of Θ are lowered and the values of Φ are increased. This mirror behavior
is expected from the definition of the angles. The region enclosed by the red line represents the
cases where the closest iodine atom lies above the benzene ring. This region is expected to be more
likely as the non-convalent interaction between the two molecules will be stronger. Considering that
the iodine molecules is not necessarily entirely fixed, we can take the average of all the geometries
inside the red line region and calculate the mean position of the island. Results are displayed in
Table 9.2. The different charge distributions lead to different mean geometry consistent with the
experimental observations. As the number of charge is increased, the axial geometry is favored. The
diminution of the number of charges leads to an angle closer to the one estimated by the axial recoil
approximation in Section 9.3. This last study seems to confirm the overestimated angle from the
axial recoil approximation. A more rigorous treatment of the initial conditions needs to be realized
in order to confirm the assumptions made, and hopefully improves the understanding of the dimer
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Charge distribution
1
2
3

Θ
5◦
8◦
12◦

Φ
92◦
96◦
100◦

Table 9.2: Mean values of Θ and Φ extracted by taking the mean position of each shaded area in
Figure 9.13 for different charge distributions. The charge distributions are listed in Figure 9.12.

Figure 9.14: (a1 )-(d1 ) BrPh+ ion images; (a2 )-(d2 ) corresponding angular covariance maps. The
polarization state of the probe (alignment) laser pulse is shown in the lower right/left corner of each
image. The center was removed to avoid contaminations coming from monomer signal.

structure.
Florent Calvo calculated the lowest energy structures for the I2 -BrPh complex. His calculations
were consistent with previous numerical studies on the I2 -C6 H6 complex [212] with a relative angle
of ∼ 90◦ between the I – I and the C – Br axes. The I2 was either standing above a C atom (type
2 on Figure 9.12) or above a C – C bond (between type 2 and type 3 on Figure 9.12). The two
structures will be studied in more details in later simulations as the symmetry breaking from the
starting position of the iodine with respect to the benzene plane will be more sensitive to the initial
charge distribution making its treatment more ‘unstable’. The polarizabilities for these structures
were calculated in order to understand how they would align in presence of the alignment laser field.
The results indicate that the I – I axis is the most polarizable in the cluster followed by the C – Br
which is consistent with our observation.

Br+ and BrPh+
Another candidate for structural determination has been found during the experiment. The (BrPh)2
was detected (see Figure 9.2) and it was possible to retrieve one particular conformation by using
two of its fragment, BrPh+ and Br+ .
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Figure 9.15: (a1 )-(d1 ) BrPh+ ion images; (a2 )-(d2 ) corresponding angular covariance maps. The
polarization state of the probe and the alignment laser pulses are respectively shown in the lower
right and left corner of each image. The center was removed to avoid contamination coming from
monomer signal.

Figure 9.14 shows the images and the angular covariance for BrPh+ (panel (a)) and Br+ (panel
(b)) without the presence of any alignment field. The images present some alterations that are worth
mentioning. First, the signal stemming from the single ionization of undoped BrPh molecules is
identified as a straight line in the positive Y-direction and could be due to the speed difference
between the helium droplet beam and the undoped molecules. This signal can sometimes be an
issue and would show up as a straight line from (0◦ , 90◦ ) to (360◦ , 90◦ ) and (90◦ , 0◦ ) to (90◦ , 360◦ ) in
the angular covariance maps. Its contribution was especially observed in covariance maps between
BrPh+ and other fragments however removing a circle with a 10 pixels radius from the center was
enough to reduce its contribution. The last source of "noise" comes from a part of the detector with
strongly reduced sensitivity. The effect is visible on panels (a1 ) and (b1 ) in Figure 9.14 where the
lower part of the image is less intense that the upper part. This effect was already present in some
of the previous images shown, such as panels (a) and (b) in Figure 9.7, and is explicitly mentioned
here since it will affect the signal in the range 45◦ − 135◦ and therefore the overall value of the
covariance in that direction. As it was the case for tetracene in the previous chapter, the images do
not bring a lot of information in the case of the parent ions. However, the angular covariance map
in (a2 ) reveals a straight line from (0◦ , 180◦ ) to (180◦ , 360◦ ) revealing an isotropic distribution in
the plane of the detector. The line is already an indication of dimers inside helium droplets with a
back-to-back ejection of two BrPh+ ions. The second two panels (b1 ) and (b2 ) are now referring to
the Br+ ions. The angular distribution is isotropic in the detector plane and leads to two straight
lines in the angular covariance maps. The next step is to observe the evolution in the angular
covariance maps for each ions under different alignment configuration.
Figure 9.15 shows the images and the angular covariance maps for BrPh+ . In panels (a1 ) and
(a2 ), the polarization of the alignment laser pulse is linear and perpendicular to the detector plane.
We observe a more pronounced line in the angular covariance map compared to the unaligned case
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Figure 9.16: (a1 )-(d1 ) Br+ ion images; (a2 )-(d2 ) corresponding angular covariance maps. The
polarization state of the probe (alignment) laser pulse is shown in the lower right/left corner of each
image. The center was removed to emphasize the interesting ions, which appears at larger radii.

which can be explained by higher statistics. It is also noticeable that the covariance signal seems
higher around (0◦ , 180◦ ) and (180◦ , 0◦ ). We attribute this feature to the reduced detection sensitivity
in the lower part of the detector as mentioned previously. Panels (b1 ) and (b2 ) are obtained when
the alignment laser pulse is linearly polarized parallel to the detector plane. The image (b1 ) is rather
similar to the previous ones shown, even if a small confinement in the X-direction is visible. However,
the angular covariance maps shows a drastic change featured by a confinement around (0◦ , 180◦ )
and (180◦ , 0◦ ) and a depletion around (90◦ , 270◦ ) and (270◦ , 90◦ ). The angular confinement is along
the laser propagation axis, and is therefore orthogonal to the laser polarization, as it was the case
for the tetracene dimer. By noticing that the BrPh molecule has a polarizability tensor similar to
that of tetracene with its three components different from one another, we can extend the expected
alignment of the dimer (BrPh)2 using the angular covariance maps calculated for tetracene (see
chapter 8). From the experimental angular covariance maps, we can already deduce that we will be
left with stacked conformations (See conformations 1,2,4,5 and 7 from Figure 8.8). It is possible to
exclude conformation 7 by using an elliptically polarized alignment pulse, this is shown in panels
(c1 ) and (c2 ) of Figure 9.6 where the polarization of the alignment beam is elliptical and its major
polarization axis is parallel to the detector plane with a peak intensity ratio of 3:1 between the
long and the short axis. We are then left with the same set of stacked structures (1,2,4,5) that
was identified for the tetracene dimer. To exclude more conformations in the case of the tetracene
dimer, we had to make use of the difference in yield when the polarization of the alignment laser
field was either parallel or perpendicular to the polarization of the probe pulse. However, in the
present case we can image the Br+ ions, which provide additional structural information about the
dimer conformation.
The main difference with the tetracene data resides in our ability to make use of some specific
fragments originating from the cluster. Thanks to the information obtained from the parent ion’s
angular covariance map, we are now left with the determination of how the C – Br axes of the two
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monomers are oriented with respect to each other. In fact, we can make huge progress by looking
at the Br+ fragment. Figure 9.16 shows the images and angular covariance maps for Br+ . These
images are originating from the same set of data as the BrPh+ images displayed in Figure 9.15.
In panels (a1 ) and (a2 ), the polarization of the alignment laser pulse is linear and perpendicular
to the detector plane. The image is again isotropic, with a perceptible burn in the lower part of
the detector, as it was the case when only the probe pulse was applied and the angular covariance
consists again in two straight lines from (0◦ , 180◦ ) to (180◦ , 360◦ ) . Panels (b1 ) and (b2 ) are obtained
when the alignment pulse polarization is linear and parallel to the detector. The image (b1 ) consists
in two islands confined along the polarization axis of the laser as it was observed in Figure 9.5. The
angular covariance is made of two islands centered around (90◦ , 270◦ ) / (270◦ , 90◦ ) . From the
stacked parallel conformation identified from the BrPh+ ions, this feature can be understood if the
two bromines are pointing in opposite directions along the laser polarization. Similar observations
can be made for elliptical light with its main axis polarized parallel to the detector plane where a
comparable confinement is observed in (c1 ) and reflected in an analogous manner in the angular
covariance map (c2 ).
Combining the knowledge acquired from both Br+ and BrPh+ , we can deduce from it that
we observe in our experiment a specific conformation of the bromobenzene dimer. It is a stacked
parallel structure with both bromine pointing in opposite directions. At present, we are, however,
not able to infer the longitudinal position of the two benzene rings, i.e. the distance between the
two Br atoms. It is worth mentioning that these results are consistent with recent calculations from
Florent Calvo. He found two structures which are both parallel displaced. The relative orientation
for the Br atoms is 180◦ for the lowest energy and around 90◦ for the second one. The second
one seems at first glance to be inconsistent when the main axis of the alignment polarization is
parallel to the detector (see panels (b2 ) and (b3 ) in Figure 9.16), however a small covariance signal
is perceptible at (90◦ , 90◦ ) and (270◦ , 270◦ ) which could be a signature of this conformation. Care
must be taken since the signal is fairly weak with respect to the initial one and a deeper study needs
to be done to certify its presence.

9.4

Simulations

This section is dedicated to the description of the simulations used to generate Figure 9.11. The
remarkable feature to retrieve was the islands’ center asymmetry observed in Figure 9.6. I will show
that only one type of configuration allows the requirement on the island’s center offset displayed in
Table 9.1.
Parameter space
The most basic assumption is to use a pure axial recoil scheme, which says that the cations will
acquire most of their energy from the breaking of the electronic bond shared with their partner,
I – I and C – Br in our case. Following this assumption, it is only necessary to determine the relative
position of both axis when subject to an alignment field. Since the alignment laser polarization is
fixed in the laboratory, it can be used as a reference to define the relative angles for both axis from
it. The observables chosen are represented in panel (a) of Figure 9.17. The first angle Θ is the angle
between the I – I axis and the alignment polarization axis while Φ is the angle between the I – I axis
and the C – Br. This choice is mostly motivated by the direct access to the resulting structure of
the system when an angular covariance map is calculated.
The simulation space is displayed in Figure 9.17 for a specific set of Θ and Φ. The polarization
of the alignment laser is along the Y axis while the Z axis is the propagation of the laser. Since the
polarization of the alignment laser is linear, the system should be freely allowed to rotate around
the Y axis which is represented by the two circles in the center of the figure. The rotation over the
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Figure 9.17: (a) Angles definition for Θ and Φ. The red arrow indicates the polarization of the
alignment laser; (b) Simulation space: (Center of the figure) purple (red) thick line: specific solution
for I – I (C – Br); purple (red) dash dotted line: set of starting parameters Θ (Φ); thin purple (red)
line: set of all solutions for I – I (C – Br); (Right/Bottom of the figure) thin purple (red) line: set of
all solutions when projected on the plane; dot purple (red) line: measured angle θI+ (θBr+ ) used in
the calculation of angular covariance maps. Axis are shown on top left, laser propagation is along
the Z-axis and its polarization is along the Y-axis.

Y axis has been done with an angle sampling of 2π/10000 rad. The mirror image of each solution
about the XZ plane is also generated to take into account the two possible orientations for molecular
axis. The vectors associated to each solution are then projected onto the detector plane, which can
either be defined as the XZ plane when the polarization of the alignment laser is perpendicular to
it, or the YZ plane when it is parallel. The angles θBr+ and θI+ are calculated from each projected
vector with respect to the Z axis.
Configurations
Once that the possible solutions have been determined, it is possible to calculate the expected
angular covariance maps. For this purpose, a random distribution is used over the solution space to
select the events considered. In Figure 9.18 are shown the angular coincidence maps using 106 events
for six different combinations of Θ and Φ when the polarization of the alignment laser is parallel
to the detector. The position of each island can approximately be retrieved from the starting angle
as: θI+ = 90[π] ± Θ and θBr+ = 90[π] ± Θ ∓ Φ = θI+ ∓ Φ. Subplots in each panel represent
the molecular axis with respect to the alignment laser polarization to facilitate the understanding
of the configuration that is being scanned. We see the large impact that would have different
starting positions on the final outputs. The islands are linked by pairs which reflect the accessible
projections on the detector plane that will result from the rotation around the polarization axis
of the alignment laser. Each island possesses a symmetric partner generated by the mirroring of
the starting conditions on the XZ plane. We can also quickly observe that only the last panel (c2 )
approximately fulfill the desired criteria for the islands while all the other cases can be discarded.
We are then just left on the optimization of this starting structure to retrieve the experimental
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Figure 9.18: Simulated angular covariance map between I+ and Br+ for different initial values Θ
and Φ written on top of each panel. The alignment laser polarization is parallel to the detector
plane. Sub-panels represent the initial configuration, the purple and red line sketch the I – I and the
C – Br axis respectively. A gaussian noise with a standard deviation of σ = 5◦ for both C – Br and
I – I axis has been applied to facilitate the perception of the islands’ position

island center.
Adding the noise
In a similar manner as it was the case for the simulations done in the tetracene chapter, two
sources of noise have been considered. The first one is generated to take into account the imperfect
alignment / spread in the populated pendular states while the second one is more related to the
non-axial recoil that the ions might encounter during their departure from the droplets or because
of the fragmentation dynamics of the molecules.
The first source of noise is generated by rotating the whole complex by an angle ψpol away
of the alignment polarization axis Y followed by an angle φpol around the axis Y. The angles are
2 /(2Ψ2 ))dΩ
chosen from the distribution f (ψpol , φpol ) = exp(−ψpol
pol where dΩpol is the solid angle
pol
element dΩpol = sin ψpol dψpol dφpol , Ψpol is the standard deviation of the gaussian distribution called
‘spread’ in Figure 9.11. The distribution consists of the multiplication of a gaussian distribution,
weighted by a sin function for ψpol between 0◦ and 180◦ , with a uniform distribution between 0◦
and 360◦ for φpol . The effect of the rotation matrices can then be written as:
~rα(f ) = R(φpol )Ŷ R(ψpol )X̂/Ẑ~rα(i)
(i/f )

(9.2)

where ~rα
stands for either the I – I axis or the C – Br axis before and after the transformation
respectively. R(φ)û is the rotation matrix around the polarization axis Y and R(φpol )X̂/Ẑ is the
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Figure 9.19: Simulated angular covariance map between I+ and Br+ for a initial value of Θ = 30◦
and Φ = 135◦ with different noise parameters (Ψpol ,ΨBr+ ,ΨI+ ). The alignment laser polarization
is parallel to the detector plane. (a) (0◦ ,0◦ ,0◦ ); (b) (0◦ ,10◦ ,0◦ ); (c) (0◦ ,0◦ ,10◦ ); (d) (10◦ ,0◦ ,0◦ ) (e)
(0◦ ,10◦ ,10◦ ); (f) (10◦ ,10◦ ,10◦ )

rotation matrix around X or Z, an axis perpendicular to the polarization axis Y.
The second source of noise is used to take into account non-axial recoil contributions, for this
purpose we apply a similar noise on I – I and C – Br separately. In this case, we pick the two angles
following a similar gaussian distribution f (ψfrag , φfrag ) with a particular spreading Ψfrag for each
axis. The difference relies on the definition of the axis since the rotation is now applied to pull out
the vector away of the starting molecular axis by ψpol followed by a rotation around the molecular
axis.
~rα(f ) = R(φfrag )α̂ R(ψfrag )β̂ ~rα(i)

(9.3)

where α̂ is either the C – Br axis or the I – I axis and β̂ is an axis perpendicular to α̂. The effect
of of the noise has been plotted in Figure 9.19 for a specific starting parameters. In panel (a),
where no noise is applied, we see that the signal is confined on a single point defined by the starting
parameter. The misalignment contribution on both molecular axis leads to a diagonal stripe in
panel (d), whereas panels (b) and (c) reflect the non-axial recoil noise on C – Br and I – I generating
a stripe line in the axis θBr+ and θI+ respectively. Panel (e) shows the angular covariance map when
both non-axial recoil noise are being used with a similar spreading naturally leading to a round
distribution. Finally, panel (f) represents the output when all effects from the noise are taken into
account leading overall to an oval shape. The final spreading used in Figure 9.11 is (35◦ ,17.5◦ ,12.5◦ ).
All the angular covariance maps were generated by using 5 × 106 molecules following a Poisson
distribution with a mean of 1 event/laser shot. A partner was always assumed giving an equal
number of events for I+ and Br+ .
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Figure 9.20: Sketch of the final structures predicted by the experiment (a) I2 + BrPh, (b) (BrPh)2

9.5

Conclusion

Utilizing helium droplets as a solvent, a double doping experiment has been realized using two
molecules, iodine and bromobenzene. Thanks to a new "camera", the Timepix3, it was possible
to image distinctive cationic fragments originating from different molecules during similar laser
shots. In particular, the I+ and Br+ fragments have been especially relevant to extract structural
information on the dimer I2 -BrPh conformation . The angular covariance maps between the two
fragments have been calculated for different polarizations of the SPTC alignment laser. A simple
model was able to reproduce the observed features when the polarization of the alignment laser was
linear by assuming a perfect axial recoil of the fragments along their respective bonds. The model
predicts a maximum angle between the C – Br axis and the I – I axis of 105◦ ± 3◦ sketched in panel
(a) of Figure 9.20. Classical newtonian dynamics were realized to simulate the Coulomb explosion
of the molecules for several starting geometries and found that a near axial geometry was consistent
with the observed islands. According to the charge distribution used the mean angle would fluctuate
by several degrees, going from 92◦ to 100◦ .
This experiment also allowed the retrieval of another dimer structure, (BrPh)2 , by comparing
the angular covariance maps of the parent cation, BrPh+ , with the ones calculated for the tetracene
dimer and using the angular covariance maps from the Br+ . The predicted structure is parallel
stacked with a possible offset of the rings with both Br+ pointing in opposite directions shown in
panel (b) of Figure 9.20.
This experiment has a lot of room for improvement, the major problem was the control of the
doping which was not particularly constant from day to day. Furthermore, the amount of effusive
was a bit too important for both molecules, in particular for BrPh since the needle valve was not
precise enough due to the high volatility of the compound. A work on a new design for the doping
scheme would be extremely relevant to circumvent this issue. Secondly, the acquisition code and the
camera presented malfunctions slowing down a lot the experiment, with for example crashes and
aberrations in the images. Nevertheless, these last problems should be fixed thanks to the effort of
Ahmed. Last issue, was the use of bad windows coated for UV-light which resulting in a reduced
power of the alignment laser.
The next big goal would be to justify the need for a femtosecond laser source and to follow
the dynamics after the perturbation, e.g. an electronic excitation, of one of the molecule to see
rearrangement or maybe the leave of one specie from the helium droplet as it was shown for the
indium atom [93].
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Wave function imaging
This chapter results from the latest experiment realized during the spring of 2019, the main motivation behind it was to retrieve the ground state potential of molecular dimers, inspired by recent
results on atomic dimers [217], using wave function imaging.
First, I will give a short overview on the different wave function imaging experiments that
have been realized by the scientific community (Section 10.1). I will then present experimental
results for both the argon dimer (Section 10.2) and the carbon disulfide (CS2 ) dimer (Section 10.3).
Experimental results will be compared with solutions of the vibrational Schrodinger’s equation.
The potential energy surfaces, used to solve the Schrodinger equation, either originate from the
literature or from calculations by Frank Jensen (labeled FJ in the chapter). Finally, I will conclude
and propose some ideas to pursue the initial study(Section 10.4).

10.1

Background

The ability to map the structure of molecules from laser-induced Coulomb explosion imaging has
been an important subject of research in the past 20 years. The main reason for its success is
its accessibilty, as it only requires a sufficiently high intensity to multiply ionize the system. This
has been possible with the development of a large range of commercial laser systems that could
propose ultrashort pulse duration (< 100 fs) and high power, thus reaching intensity able to rip
off many electrons of the species of interest (∼ 1014 − 1015 W/cm2 ). The short duration of the
pulses was also extremely profitable as it could probe dissociation or vibrational dynamics that
usually takes place in the ps regime. Another reason for such a sucess comes from the expression
of the Coulomb potential curve which is mostly related to the internuclear distances between the
charged fragments, thus avoiding the complexity of quantum chemistry to precisely calculate the
potential energy curves (PEC) of some dissociative states [218]. The measurement of the wave
packet dynamics of diatomic systems after their projection onto a dissociative state started to be
extensively studied in the late 90’s and in the early stage of the next century [96, 97, 98, 219] as they
are likely to be extremely close to a pure Coulombic potential. This is especially true in the case of
H2 2+ and D2 2+ [97, 219, 220, 221] which are appealing models for comparison with theory [218, 222].
The development of cameras and detectors that were able to image multiple ion fragments
opened the path for for more complex dissociations and to observe rearrangement of the system
before its explosion [223] or its dissociation [224]. In particular, the use of delay lines to measure the
3D momentum of the charged particles led to a huge progress in the Coulomb explosion field as it
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allowed the ability to reconstruct the initial geometry by measuring in coincidence the velocities of
all the cationic fragments. It was thus possible, using classical dynamics, to retrieve the structure of
multiple polyatomic molecules [119, 225, 226] or to detect different conformers [227]. Fast cameras,
such as PIMMs [104], allowed a similar retrieval [115, 117, 224]. In particular, the rovibrational
dynamics after phototionization of a large number of diatomic molecules has also been studied, such
as D2 + [220], H2 + [220, 221], O2 + [228, 229], N2 + and CO+ [229].
The laser-induced Coulomb explosion imaging has also been extended to non-convalent bonds in
the last decade by looking at small atomic clusters, such as Xe2 [75], ArN and NeN (N≤4) [75]. The
Ar2 dimer has been extensively studied [230, 231, 232] and the vibrational motion of its first cationic
state has been recently followed [232]. Some pure quantum aspects were found in the wavefunction
of the He2 dimer [7] which shows an exponential shape expected from a tunneling wavefunction.
The helium trimer, He3 , was also investigated. The authors showed that the structure could be
describe as a ‘structureless random cloud’ from the large spread in the angular distributions which
could be reproduced by picking three random points inside a sphere and investigate on the resulting
triangles formed [233].
Lastly, the internuclear wavefunction measured by Coulomb explosion was used to retrieve the
interatomic potentials of different atomic dimers and H2 [217]. This was done in a particularly
surprising and ingenious manner as the potential was extracted by simply inverting the radial
Schrodinger equation such that the potential term was isolated. This method has been especially
successful for delocalized ground states, such as for He2 , where the whole potential could be mapped.
Its limitation lies in the spreading of the ground wave function as it can only retrieve the value
for the potential where the wave function is measured. In addition, it is extremely sensitive to
fluctuations from the calculation of the second derivative of the radial wave function. Therefore,
the energy sampling in the measured wave function becomes critical since a slight asymmetry in its
distribution is likely to create important artifacts in the retrieved potential.
As a final note, the effect of dynamics during the probing has been highlighted in polyatomic
molecules recently [234] by comparing the final momentum distribution observed between a 7-fs and
35-fs laser field. The shorter pulses are therefore always advised as the instantaneous interaction
will tend to an effective ‘frozen’ system.

10.2

Argon

Experimental setup
A bottle of argon is connected to an Even-Lavie valve and the molecular argon clusters beam is
generated by using a backing pressure of 5 bar. A metal piece (beam block) was installed in front of
the MCP to block ions with a kinetic energy lower than ∼0.4 eV. The beam block was not exactly
at the center of the MCP, allowing some low energy counts to pass nearby. Nevertheless, its role
was to protect the center of the MCP, which would have otherwise been damaged due to the large
portion of Ar+ ions hitting repeatedly the same channels. The beam block was fixed using three
thin wires connected to posts inside the vaccum chamber and was grounded to avoid residual electric
field which could distort the ion trajectories.
Two different wavelengths for the probe laser pulse were used, respectively 400 nm with a peak
intensity of ∼2.1 · 1014 W/cm2 and 800 nm with a peak intensity of ∼1.8 · 1014 W/cm2 . These
two colors allowed us to access two different ionization schemes. Since the ionization potential of
argon is 15.76 eV, the Keldysh parameters are respectively 1.6 and 0.87 for the 400 nm and the
800 nm wavelength. The 800 nm probe would then be more likely ionize through the tunneling
regime while the 400 nm ionization will mostly occur by multiphoton absorption. In both cases, the
polarization of the probe pulse was linear and parallel to the detector plane allowing the retrieval
of the 3D-momentum distribution through the Abel inversion of the image.
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Figure 10.1: Images of Ar+ after ionization with an 800 nm (upper row) and a 400 nm (lower row)
laser pulse. (a) and (c) are the raw images while (b) and (d) are the images after the application of
the two-body filter (see text).

Results
Figure 10.1 shows images of Ar+ ions. In panel (a), the probe laser wavelength is 800 nm and
four different channels can be identified in the image. To select only counts originating from the
dimer, the same filter as the one used in chapter 7 is applied. This filter only keeps counts that are
associated with a partner count. A partner is accepted if it fulfills an angle criteria and a radial
criteria with respect to the initial count. The choice of parameters are detailed in Appendix B
and relies on the spread of the radial and the angular covariance of the Coulomb explosion channel
Ar+ – Ar+ . The application of the filter is highlighted in panel (b), the relative population of each
channel has been affected and the main feature in the image is now the Ar+ – Ar+ channel. Similar
observations can be made when switching to a probe laser wavelength of 400 nm. In panel (c), three
channels are observed on the image. Application of the filter suppresses two of the channels and
only the Coulomb explosion channel is then detectable in the image, as can be seen in panel (d).
To get a better understanding of each channel, the radial distribution is plotted on a log scale
in Figure 10.2. In panel (a), the radial distribution for 800 nm (red line) and 400 nm (blue line)
is plotted. Almost all the peaks from the 800 nm light are retrieved at the same energy position
with 400 nm light, except the one labeled 2. Since, it is partly screened by the beam block, the first
peak has not been studied further and is likely to be related to trimer or higher clusters dissociation
due to its low energy. The second peak is originating from the dissociative ionization following
single ionization yielding Ar+ – Ar. By changing the wavelength of the probe laser pulse from 800
nm to 400 nm, we observe its shift to a higher radial speed illustrating the larger energy reached
before dissociation with higher frequency photons. The third peak is the Coulomb dissociation
channel and was shown to result from sequential tunneling [230] with 800 nm light. The fourth
peak was proposed to result from the laser-induced charge transfer from Ar2+ – Ar [231] or from
an excited state of the doubly charged cation Ar+ – Ar+* discarding intercoulombic decay process.
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Figure 10.2: Radial speed before Abel inversion without (a) and with (b) two-body filter for 800
nm (red line) and 400 nm (blue line). The different peaks are labeled and discussed in the text.

Figure 10.3: Measured kinetic energy after Abel inversion without (a) and with (b) two-body filter
for 800 nm (red line) and 400 nm (blue line).

However, this peak was recently measured using electron impact ionization [235] and ion impact
ionization [236]. It was then described as resulting from either slow intercoulombic decay [235]
or radiative charge transfer processes [235, 236]. Peak number 5 has been proposed to originate
from a frustrated triple ionization [230]. Since it is only observed with linearly polarized light, the
rescattering from tunneling is invoqued to explain this feature. A third electron tunnels out from
one of the argon cations through enhanced ionization and is then recaptured in a highly excited
Rydberg state. It may also be driven back if its drift energy is too low to escape the Coulombic
potential [230]. In both cases, the tunneling has to occur at the end of the laser pulse to avoid a
too large drift energy or further light induced excitation.
In panel (b), the radial distribution after applying the filter is plotted. Looking at the yield
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with 800 nm light, the channels 1 and 2 have diminished by almost 4 orders of magnitude while the
Coulomb channel has only diminished by one. The fourth peak and the fifth have also lost many
counts with a diminution of about 2-3 orders of magnitude for the fourth peak and by almost 5 for
the fifth peak. The situation is similar with 400 nm light where only the Coulomb channel survived
losing one tenth of its initial counts. On the contrary, the other channels lost from 4 to 5 orders of
magnitude.
It is surprising to observe such a large discrepancy from the application of the filter as channels
3, 4 and 5 are all related to a final state associated to a two-body break up. Thus, the filter should
have a similar effect between them. The explanation could perhaps originate from a statistics, if
these event are more unlikely to occur than the Coulomb channel, the filter would not find enough
counts to relate them to. It is also worth noting that the relative amplitude of peaks 4 and 5
is greatly reduced in the case of 400 nm indicating that the process is more likely to occur from
tunneling than from multiphoton ionization scheme. This last observation is in accordance from
previous studies realized in the tunneling regime [230, 231].
An Abel inversion algorithm (polar onion pealing) is then applied to the images to retrieve the
3D-momenta and the kinetic energy of the Ar+ ions. Figure 10.3 shows the results for 800 nm (red
line) and 400 nm (blue line). In panel (a), we observe the dissociation channel respectively at 0.596
eV and 1.42 eV. This is remarkably close from the dissociation energy of the single cationic state of
15.83 eV for the lowest cationic state in addition to the energy of the ground state which is about
10.46 meV. Using these theoretical values would lead to a measured energy of ∼ 0.60 eV after the
absorption of 11 photons (800 nm) and ∼ 1.38 eV after the absorption of 6 photons (400nm). This
small discrepancy in the case of 400 nm light is likely to originate from a slight tilt of the angle of
the BBO crystal used to generate 400 nm light shifting by a small amount the best phase matching
frequency. Using 398 nm as the main frequency component of the probe pulse spectrum would
retrieve the dissociation energy conjectured by theory. The Coulomb channel peak is found at a
position of 1.955 eV resulting in a total kinetic energy of 3.91 eV. This kinetic energy is a little bit
off compared to the expected point charge description which would predict a total energy of about
3.82 eV for a initial distance of ∼3.8 Å. The peak position of the other channels respectively appears
at 5.4 eV and 7.6 eV. Both present a small offset from previous studies where the peak positions
were respectively observed at 5.2-5.3 eV and 7.4 eV [230, 236].
Finally, the angular distributions for channels 3, 4 and 5 is shown in Figure 10.4 for both
filtered and unfiltered data. The filtered data seems to undergo a rotation which is likely to be
due to the presence of the wires in combination with a less sensitive region on the detector. These
two factors will therefore affect unequally the angular space resulting in a rotation of the filtered
angular distribution. These results should be compared to the one obtained previously [230] which
are plotted below respectively labeled a, b and c for channels 3, 4 and 5. Starting with channel
number 3, our unfiltered data are consistent with previous observations for both 800 nm and 400
nm. However, are more confined along the laser polarization axis almost reducing to zero the
number of counts in the direction orthogonal to it. This shows that dimers with their internuclear
axis parallel to the probe laser polarization are more likely to be ionized than those with the
axis perpendicular to the polarization. Looking at the unfiltered data on channel 4, the angular
distribution is much broader and almost isotropic. This time, the filtering is required to reproduce
the angular distribution observed on panel (b) for 800 nm light with again a confinement along
the laser polarization axis. The filtered data using 400 nm are too noisy to extract or propose any
relevant observation. On channel number 5, the angular distribution is similar between 400 nm and
800 nm with again a rounder shape in the case of 400 nm light. Applying the filter results in an
angular distribution more confined, with a similar shape as in the case of channel 3 with 800 nm
light. This observation is again different from what was observed on panel (c), which shows a large
spreading of the angular distribution in the direction of the laser field polarization. Again, the
angular distribution for 400 nm light after filtering is too noisy to confidently describe it.
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Figure 10.4: Angular distribution for channels 3, 4 and 5 using 800 nm (red) and 400 nm (blue) light.
The panel (a), (b) and (c) are originating from a previous study [230] and serve as a comparison.
The laser polarization is drawn as an arrow.

Potential energy
Imaging of the vibrational wavefunction relies on converting the kinetic energy distribution to a
distribution of the internuclear separation, R. The kinetic energy of an Ar+ ion is determined by
the potential energy curve (PEC) on which the ionized dimer dissociates. In theory, any dissociative
state would allow this connection, however it is easier to choose dissociative channels that are mainly
originating from well-known interactions, e.g. the Coulomb force. Therefore, the Coulombic channel
Ar+ – Ar+ is the most obvious candidate to image the wave function since the interaction will mostly
1
be dominated by a potential of the form ∼
where R is the distance between the two charges.
R
In practice, the most basic assumption is to first consider the two charged Ar+ fragments as
point charges. This description is easily justified since most of the energy will be originating from
the Coulombic repulsion and, as such, will be the leading term in the PEC (linking kinetic energy
and internuclear distance). However, this picture, which is exact for two protons, will no longer be
entirely valid for multielectrons systems due to the interaction of the other electrons with the positive
charge on the other atom. These charges are likely to perturb the electronic density and the overall
dispersion forces that will result from it. This last comment is demonstrated in Figure 10.5 where
the distance between two argon cations is plotted as a function of their interaction energy for both
point charges (red line) and quantum calculation (blue line) description. The quantum calculations
have been made by Frank Jensen and represent the triplet state for the doubly charged argon dimer.
The singlet state is not considered since it is more unlikely, more difficult to calculate, and only
present changes from the triplet state on the order of few wavenumbers. We can immediately notice
that the point charges description would then overestimate the distance between the two argon
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Figure 10.5: Relation between distance and energy using a point charge model (red line) and from
the triplet state (blue line) for the doubly charged argon dimer.
Method
ab-initio [51]
FJ
empirical [237]
800 nm / QM
400 nm / QM
800 nm / PC
400 nm / PC

Mean (Å)
3.83
3.83
3.83
3.48 ± 0.007
3.49 ± 0.005
3.66 ± 0.005
3.67 ± 0.004

Standard Deviation(Å)
0.17
0.17
0.17
0.17 ± 0.007
0.169 ± 0.005
0.162 ± 0.005
0.178 ± 0.004

Table 10.1: Gaussian parameters (Mean and standard deviation) after fitting of the squared wave
functions from Figure 10.6 for different potentials detailed in the text. The errors represent the 95%
confidence interval. Confidence intervals lower or on the order of ∼1 · 10−5 are not shown.

cations by ∼ 0.15 Å in the ground state region of the neutral dimer.

Wave function imaging
Finally, the square of the vibrational wave function is plotted in Figure 10.6 for 400 nm (blue) and
800 nm (red) either using the point charge descriptions (empty circle) or the quantum mechanics
potential energy surface (full circle). We observe a clear offset of about ∼0.2 Å for both 800 and
400 nm light between the two approaches consistent with the observations in Figure 10.5. To gain
more insight on it, the vibrational Schrodinger equation was solved for different potentials (black
lines) from the literature [51, 237] and from one coworker (Frank Jensen), respectively labeled abinitio (red dashed line), empirical (pink dashed line) and FJ (blued dashed line). For this purpose,
Numerov’s algorithm was used in combination with a shooting method on a logarithmic radial
grid. The solutions were checked to retrieve within few wavenumbers the ground state vibrationnal
eigenvalues pusblished in the literature [237]. While the theoretical square of the wave functions
are almost exactly similar for all the potentials considered, the experimental square of the wave
functions cannot reproduce the predictions from theory. This discrepancy may indicate some effects
that are not entirely understood in the experiments. Each squared wave function has been fitted
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Figure 10.6: Ground state squared wave functions of the argon dimer from experimental values
using either point charges (empty circle) or quantum mechanics (full circle) for both 400 nm (blue)
and 800 nm (red). Theoretical squared wave functions (dashed lines) obtained from solving the
vibrational Schrodinger equation for different potentials (black lines).

with a gaussian function to extract two parameters, respectively the peak position represented by
the mean, and its width represented by the standard deviation. The results of the fitting procedure
is shown in Table 10.1. We observe a perfect agreement for all the theoretical curves with a mean
internuclear value of 3.83 Å and a standard deviation of 0.17 Å. The experimental curves present a
similar standard deviation comparable to the one found from theory. However, the mean internuclear
value is different for both the point charge and the quantum descriptions, as previously said the
quantum mechanical potential energy surface will create a larger shift compared to the point charge
description with a mean value around 3.49 Å. The point charge description is then closer to the
theoretical predictions with a mean value of 3.67 Å.
This offset is sufficiently large to point out uncontrolled parameters during the experiment which
are listed below. One parameter that have been used in a previous study [230] is the effect of the
tunneling rate during the second ionization step. The tunneling rate will depend on the ionization
potential which will depend on the separation between the two atoms. This effect tends to show that
it would be harder to ionize the argon dimer cation for small interatomic distance due to the higher
energy barrier that needs to be passed/tunneled through to trigger the second ionization step. This
last point which was necessary in their study to retrieve the correct peak position is unlikely to
be relevant in our case. Firstly, because the ADK approximation relies on a Keldysh parameter
close to zero. This condition is not fulfilled in the case of 400 nm light with a Keldysh parameter
close to 1.5. Since the mean internuclear value obtained with the 400 nm and 800 nm pulses is
approximately the same, its effect is not significant enough to explain the observed offset. Secondly,
the effect of the tunneling rate would also result in a steering of the squared wave function towards
lower R values creating an even larger offset with the theoretical predictions. Another problem
could be an error in the calculated potential energy surface of the doubly charged argon dimer since
its effect seem to worsen our experimental data. However after some discussion with Frank Jensen,
it is likely to be precise in the range of ∼10 cm− 1 making it more accurate than the experimental
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Figure 10.7: Classical simulations on the potential energy surface of the first cationic state for the
argon dimer starting at a position of 3.8 Å showing the position (a) and the speed (b) over 50 fs.

resolution. Another factor that could play an important role is the pulse duration which may be
longer than what was initially thought. In Figure 10.7, the classical dynamics of the argon dimer is
shown after ionization from the ground state to the first cationic state. The potential energy curve
has been calculated with a similar method to the one used for the ground and the doubly charged
states. The left panel, which indicates the evolution of the internuclear distance of the single charge
Argon dimer starting at the equilibrium distance, shows that about 30 fs would be necessary to
reproduce the retrieved offset from the experiment.However, since the pulse duration has not been
measured directly, a more plausible explanation would originate from a non perfect compression
from the fs laser system resulting in a longer pulse than what was initially thought. Another factor
would be the calibration of the VMI spectrometer detailed in the appendix. The calibration was
done before the ion beam block was installed and a small inaccuracy in the calibration will lead to
an over or underestimate of the kinetic energy..

10.3

Carbon disulfide

A similar experiment was carried out on the CS2 dimer. The objective was to image the vibrational
wave function of the dimer using a similar setup to the one used for the argon dimer.

Experimental setup
Liquid CS2 was deposited onto glass paper and put in an external reservoir attached to the EvenLavie valve body. It was then mixed with 80 bar of He and expanded supersonically into vacuum
through the valve forming a molecular beam. This experimental setup did not allow a large control
on the resulting molecular beam. Though, thanks to its high vapor pressure, dimer signal was
immediately detected. Previous experiments in the laboratory made use of a bath of dry ice and
acetone to cool the reservoir (≈195 K) and reduce the large amount of CS2 in the gas line. This
solution was not satisfactory due to the difficulty to precisely monitor the temperature of the acetone
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Figure 10.8: Images of CS2 + after ionization from laser pulse centered around 400 nm. The polarization of the light is either linear (a)-(b) or circular (c)-(d). (a) and (c) are the raw images while
(b) and (d) are the images after the application of the two-body filter. A radial scale factor has
been used to highlight the outer channels.

bath creating large fluctuations of the signal. These variations also resulted in modifications of
the molecular beam temperature affecting the rotational dynamics. To reach more homogeneous
conditions, the reservoir was left at room temperature and the same beam block as for argon was
installed to reduce the signal coming from CS2 + monomers. The probe pulse wavelength was set
to 400 nm with a peak intensity of ∼1 · 1014 W/cm2 for linear polarization and ∼5 · 1013 W/cm2
for circular polarization. Both laser polarizations again allow the retrieval of the 3D-momentum
through the Abel inversion of the images by changing the axis of symmetry used. The laser pulse
was going through an extra quarter-wave plate (SiO2 , ∼1 mm) to make the light circular, the pulse
duration would therefore be extended to 52.4 fs.

Results
Figure 10.8 shows images of CS2 + ions. In panel (a), the probe laser wavelength is 400 nm and
its polarization is linear. Four channels are visible. The application of the filter (panel (b)) results
in the disappearance of three channels and only one seems to survive. Similar comments can be
made with circular polarization (panel (c)) where the unfiltered image shows four channels while
the filtered image only leaves one detectable(panel (d)).
The radial distribution for each case is plotted in Figure 10.9 using a log scale. In panel (a),
the yield for both linear (red line) and circular (blue line) polarization is displayed as a function
of the 2D-radial speed. The four channels identified before are visible and do not seem to show
any dependence on the ellipticity of the light. As in the case of the argon dimer, the first peak is
related to a dissociative state from the first cationic state. The third peak is not identified, it does
not possess any detectable covariance with other CS2 + counts and could then be associated to a
higher energetic dissociative state of the first cationic state. The fourth peak is likely to originate
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Figure 10.9: Radial speed before Abel inversion without (a) and with (b) two-body filter for linear
(red line) and circular (blue line) polarization. The different peaks are labeled and discussed in the
text.

Figure 10.10: Measured kinetic energy after Abel inversion without (a) and with (b) two-body filter
for linear (red line) and circular (blue line) polarization.

from CS2 trimers or from triple charged CS2 dimer which is justified in the next paragraph. The
effect of the filter in panel (b) is drastic, the third and the fourth peak are greatly reduced while
the first peak lost diminished 4 orders of magnitude. In contrast, the second peak is well preserved
with a reduction of around 1 order of magnitude. This feature is similar to the one observed for the
doubly charged argon dimer and we attribute it to the doubly charged CS2 dimer.
Again, we use Abel inversion to retrieve the 3D-momenta of the CS2 + ions in order to extract
their total kinetic energy. The kinetic energy for each cationic fragment is plotted in Figure 10.10
for linear (red line) and circular (blue line) polarization. The unfiltered case is shown in panel (a)
where the four peaks are perceptible. The first peak is again not trustworthy from the presence
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Figure 10.11: (a)-(b) Schematic of relevant parameters used to calculate the Coulombic potential
on the doubly charged CS2 dimer.

of the beam block in the image and is for this reason not reliable for a quantitative study. The
second peak appears at a position of ∼1.6 eV for both linear and circular polarization, while the
third and the fourth respectively shows up around 1.8 eV and 3.1 eV. As previously mentionned, the
disappearance of channels 1, 3 would be consistent with a single charged dissociative state origin.
Concerning the fourth peak, it also disappears when the filter is applied. Though, it is worth
noticing that the kinetic energy is particularly close to twice the kinetic energy of the doubly charged
CS2 dimer. This feature can then be understood as the presence of an extra charge resulting
in the multiplication of the Coulomb potential energy by a factor two. The calculation of the
angular covariance maps for a radii containig peak 4 (shown in chapter 4, Figure 10.11) reveals
two stripes from (0◦ ,120◦ ) to (240◦ ,360◦ ) and (0◦ ,240◦ ) to (120◦ ,360◦ ) which is a clear signature of
the Coulomb explosion of a barrel-type structure and is consistent with observations from infrared
spectroscopy [238]. Another contribution, compatible with the measured energy, would be the
CS2 2+ – CS2 + channel. Since we can only image one fragment at a time, we are yet not able to test
this hypothesis and certify the observation of this channel.

Potential energy
The CS2 dimer potential energy surface is particularly difficult to calculate due to the large influence
of the dispersion forces and some computational work will be necessary to predict the exact shape
of the doubly charged dimer potential energy surface. As a first approximation, we can again use a
point charge description. For this purpose, it is necessary to calculate the electronic density of the
CS2 + cation. From this electronic density, it is then possible to fit partial charges on each atom
allowing us to predict the resulting kinetic energy. The principle is illustrated in Figure 10.11 .
Panel (a) gives the partial charges retrieved of the CS2 + ions as they repel from a partner ion and
the C – S bond length. The calculation of the electronic density has been done using similar method
(wB97xD) and basis set (aug-pcseg-n) as the one used in chapter 8 and the partial charges have
been fitted using a similar method (HLY). Panel (b) refers to the relevant distance that will be used
to calculate the resulting potential energy which will then be expressed as:
VCoulomb = VC−C + 4VS−C + 4VC−C
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Figure 10.12: Ground state squared wave functions of the CS2 dimer from experimental values using
point charges description (points) with linear (red) or circular (blue) polarization. Theoretical
squared wave functions (dashed lines) solving Schrodinger equation for the neutral ground state
potential of the dimer (black line) calculated by Frank Jensen.
Method
FJ
Linear pol
Circular pol

Mean (Å)
3.504
3.703 ± 0.006
3.736 ± 0.005

Standard Deviation(Å)
0.091
0.141 ± 0.006
0.129 ± 0.005

Table 10.2: Gaussian parameters (Mean and standard deviation) after fitting of the squared wave
functions from Figure 10.6 for different methods. The errors represent the 95% confidence interval.
Confidence intervals lower or on the order of ∼1 · 10−5 are not shown.

Assuming that the bond length (L) stays constant during the break up, the potential energy can
be expressed (in atomic units) as a function of the distance , R, between the two carbon atoms in
the two molecules:
δC δC
δS δC
δS δS
V (R) = √
+ 4√
+ 4√
(10.2)
L2 + R2
2L2 + R2
R2
Therefore, the Jacobian linking the potential energy space with the C – C distance can be expressed
as:


2
δC
dE
δC δS
δS δS
= −R 2 3/2 − 4R
+
(10.3)
dR
(R )
(R2 + L2 )3/2 (R2 + 2L2 )3/2

Wave function imaging
The resulting square of the vibrational wave function for the CS2 dimer is plotted in Figure 10.12
for linear (red) and circular (blue) polarization using the point charge descriptions described in the
previous section. The theoretical square of the wave function, found in a similar manner as for
the argon case, is also shown (blue dashed line). The potential (black line) used was calculated by
Frank Jensen with a method similar to the one used for argon but with a smaller basis set. Contrary
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to the argon case, the offset has an opposite sign with an overestimated separation between the
two monomers compared to theory. The fitting of gaussian function for each case gives a set of
parameters displayed in Table 10.2. The shift between theory and experiment is on the order of
∼0.2 Å with a mean internuclear value of ∼3.5 Å and ∼3.7 Å respectively. The standard deviation
also presents some difference with a value of ∼0.09 Å in the theory case and ∼0.135 Å in the
experiments. In the case of the argon dimer, the width of the square of the wave function was
similar between theory and experiment and the error was mainly in the position of the peak of
the distribution. In the present situation, despite being smaller than in the argon case, the width
of the distribution is larger than the one predicted by theory. Several possibilities could explain
this feature. First, internal relaxations would create this broadening as torsions or vibrations of
molecular bond would broaden the energy distribution and would diminish the repulsion. As in
the case of argon, some molecular dynamics on the first cationic state is also a possibility. With a
sequential ionization and a repulsive cationic state, the wave function would be pushed toward a
larger intermolecular distance. The broadening might also be an effect of the ionization rate that
would need to be included for larger distance.

10.4

Conclusion

In this chapter, the study of the Coulomb explosion imaging for the argon dimer and the CS2 dimer
was presented. In the case of argon, two different ionization scheme, the multiphoton and the tunneling regime, were used by changing the wavelength of the probe laser pulse. The Coulomb channel
Ar+ – Ar+ was then used to retrieve the vibrational wave function for the Ar dimer employing both
a point charge description and a quantum mechanic treatment. The results were compared with
theory. A good agreement was found for the width of the wave function whereas the center of the
experimental wave function appeared almost 0.2 Å below the center of the theoretical wave function.
This difference, I believe, is caused by internuclear movement on an (Ar)2 + potential curve during
the ionization process.
The experiment was repeated for the carbon disulfide dimer where a Coulombic channel CS2 + –
CS2 + was again identified. Using a point charge description originating from a fit of the electronic
density of the cation monomer CS2 + , a connection between the measured energy and the radial
distance between the two molecules was possible. As for argon, the experimentally retrieved vibrational wave function between the two molecules was close to the theoretical wave function. The
difference was ascribed to intermolecular movement during the probe pulse.
Despite the absence of success of both experiments, there is a clear temptation to pursue the study.
Most of it was done precipitately while time and ideas were running out. After the treatment of the
data and discussions with many people, there are many experimental factors to be doubly checked.
The theoretical treatment seems to also be a necessity to reach an accuracy in the order of ∼100 pm.
Our results advances the ability of imaging wave functions from dimers of noble gas atoms
explored so far [insert references], to dimers of triatomic molecules. To obtain a more accurate
determination of the wave functions than presented, it is necessary to repeat the measurement with
a probe pulse where the duration is as short as possible. Such measurements will be conducted in the
near future with either pulses at 800 nm or 400 nm with a duration of 40 fs or with pulses centered
at 1850 nm with a duration of less than 15 fs [239]. As pointed out here, it is important that the
potential energy curve for the repulsive dication is accurately known. This was already obtained for
(Ar)2 2+ through quantum chemistry calculations and it can be generalized to the (CS2 )2 2+ system
although with some more computation time required. Extension to dimers of even larger molecules,
like aromatic systems, may also be possible.
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Conclusion and outlook
This chapter will summarize the main conclusions of the different experiments presented in this
thesis and proposes some directions for future research.

Field-free alignment of large molecules embedded in helium
nanodroplets
Molecules embedded in helium nanodroplets were aligned with a (quasi) adiabatically turned-on
laser pulse. By switching off the pulse, in less than 10 ps, at the peak, I showed that the high degree
of alignment, obtained in the presence of the pulse, is preserved for 5-20 ps after its truncation,
i.e. under field-free conditions. For the I2 and 1,4 diiodobenzene molecules, measurements were
also carried out in a cold supersonic beam. This allowed a direct comparison between gas phase
molecules and molecules in helium droplets under identical laser pulse conditions. The comparison
revealed a much slower rotational dynamics for the molecules in the He droplets, which lead to
the 5-20 ps long window of field-free alignment. To quantify the degree of field-freeness, the yield
of intact parent in the case of 1,4 diiodobenzene was measured as a function of time. During the
pulse, the yield is essentially zero but rises sharply as the pulse is truncated. This ability to record
intact parent ions was used to measure the alignment-dependent strong-field ionization yield for
dibromothiophene molecules. This alignment technique should apply generally to any molecule
with anisotropic polarizability, which I illustrated by measurements on five different molecules. It is
also straightforward to induce either 1-dimensional or 3-dimensional alignment simply by changing
the polarization of the alignment pulse from linear to elliptical.
I showed that in the case of adiabatic alignment of molecules, only two factors are responsible
of the maximum degree of alignment. The first is the anisotropy parameter, which relates the
peak intensity of the alignment field with the polarizability components of the molecule, the second
one is the temperature of the molecules. Since the helium droplets provide an environment with
a fixed temperature of 0.37 K, it should be possible to retrieve the polarizability components of
different systems embedded in helium droplets by measuring the degree of alignment of relevant
cationic fragments using a precise calibration of the peak laser intensity. The measurement of
the degree of alignment would be realized using the spectrally truncated laser pulse just after
its truncation. Moreover, since the spectrally truncated laser pulse developed to reach field-free
alignment possesses a large chirp (time dependency of its frequency components), the frequency
dependency of the polarizability components could also be retrieved by moving the truncation
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threshold to lower or higher frequency components. This technique could be tested to measure
the polarizability components of different linear and symmetric top molecules with characteristic
fragments like the iodine molecule and carbon disulfide before moving to asymmetric top species
such as 3,5-dichloroiodobenzene.

Structure determination of the tetracene dimer embedded in
helium nanodroplets
In chapter 8, I used the ability to observe field-free aligned molecules for the study of PAH dimers
embedded in helium droplets. The chosen species was the tetracene dimer, which was first formed in
helium droplets, and detected by identifying the kinetic energy release from the tetracene monomer
cations. The kinetic energy release was interpreted as coming from the Coulomb repulsion between
the two tetracene monomers, thus originating from a doubly charged tetracene dimer. By aligning
the dimer, it was possible to observe slight variations on its angular covariance maps which were
proved by simulations to only be consistent with certain conformations. The yield of charged
tetracene from both monomer and dimer contributions was measured when the alignment laser
pulse was either parallel or perpendicular to the probe pulse. It was found that the anisotropy was
similar between the two, pointing out the necessity for the dimer to reflect the asymmetry of the
monomer, and thus allowing the exclusion of another set of possible structures. The experimental
results were proved to be consistent with theoretical predictions for the structure of the tetracene
dimer with the tetracene monomers parallel to each other and either parallel displaced or slightly
rotated. The success of this experiment was due to both the formation of the tetracene dimer and
the ability to align it without inducing fragmentation. Both of these properties relied on the helium
droplet solvent, as the formation of the dimer would have been difficult in the gas phase and it
would have been impossible to study it in the presence of the alignment field.
In theory, the retrieved dimer structure allows singlet fission processes [6, 240]. This process
consists of energy transfer from an excited singlet state into two triplet excited states, and has
important implications for solar energy. The energy of the singlet has to be higher than twice
the energy of the triplet states. This is the case for some PAH dimers, such as tetracene and
in particular pentacene. Therefore, they seem to be ideal candidates to study this process inside
the weakly perturbing helium droplet solvent. The process could be observed in helium droplets
by following the photoexcitation of the dimer with a resonance-enhanced multiphoton ionization
scheme that would scan the relevant excitations. If the helium droplets hinder too largely the
photoelectron spectrum, the dynamics could not be followed, as it was shown to occur in 80 fs to
25 ps in some solids [240]. However, it should still be possible to detect it. According to recent
studies, excited open-shell ions will leave the helium droplets in tens of ps [93]. If this is the case
for the singlet dimer, it would thus be possible to scan the photoelectron spectrum after it leaves
of the droplet and check if the triplet state has been formed.

Structure determination of I2 -bromobenzene and bromobenzene
dimers in helium droplets
In chapter 9, I extended the applications of the previous chapter by applying the technique to heterodimers formed in helium droplets. It was the first application of the formation of a heterodimer
in helium droplets realized in the Femtolab group and its success may lead to a large range of
complexes that can potentially be formed and studied. This experiment relied on the use of a new
camera, the Timepix3, to image multiple fragments during a single lasershot. The heterodimer was
the complex iodine-bromobenzene, which possesses two characteristic fragments that can be easily
imaged thanks to their high masses, I+ and Br+ . A similar strategy was applied to determine its
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potential structure but no covariance signal was observed between the two charged monomers. However, the angular covariance between the ions I+ and Br+ allowed us to understand the alignment
of the complex with respect to the alignment pulse polarization axis. The angular covariance maps
could be reproduced by simulations and the calculation of different Coulomb dynamics were compatible with the experimental observations. The experimental results are consistent with a nearly
axial structure, where the I – I is almost perpendicular to the bromobenzene plane. In the same
experiment, the structure of the bromobenzene dimer was retrieved by using the angular covariance
map between the bromobenzene monomer cation with itself and the angular covariance map between the charged bromine with itself for different alignment pulse polarizations. A slipped parallel
structure with the two bromines pointing in opposite directions is found from the experimental
observations, which agrees with theoretical calculations.
An exciting experiment would be the detection of charge transfer states that are observed in
the gas phase and the structural rearrangement that could follow from it. One insightful example
would be the charge state transfer between iodine and benzene [99]. It was shown in the gas phase
that two possible routes were allowed: (1) breaking of the I – I bond and (2) ejection of molecular
iodine [99]. A test experiment would be necessary to first observe the existence and the detection
of the two channels as function of the size of the helium droplets and the wavelength of the pump.
If these channels are detected, a dynamical study could be realized by scanning the delay between
the pump and the probe. This type of experiment would then highlight complex dynamics and
relaxations in molecular dimers within a helium solvent.

Wavefunction imaging
Chapter 10 focused on the internuclear and the intermolecular wavefunction for the Ar dimer and the
CS2 dimer respectively by use of Coulomb explosion imaging to map the ground state wavefunction
onto a repulsive dication curve and imaging kinetic energies of the Ar+ or the CS2 + fragments. For
the Ar dimer, in order to access both multiphoton and tunnel ionization regimes, two different
ionization wavelengths were used, which resulted in identical Ar+ kinetic energy distributions.
By comparison with quantum chemistry calculations, I showed that a point charge description of
Coulomb explosion overestimates the Ar – Ar distance for a given Ar+ kinetic energy. In comparison
with the quantum chemistry calculations, the experimental results found good agreement in the
width of the kinetic energy distributions, but a 0.2 Å in the Ar – Ar distance was observed. It was
shown that this effect could be due to motion on the first cationic state of the Ar dimer during
the ionizing pulse duration. The study was then extended to the CS2 dimer, where the Coulomb
channel was again used, CS2 + – CS2 + . A point charge model extracted from the electronic density
of the CS2 + cation was used to find the relationship between the intermolecular distance and the
measured kinetic energy release. The experimental width that was found is slightly larger than
that predicted by theory, and an offset in the intermolecular distance between the experimental
and theoretical peaks of 0.2 Å was again observed. If the first cationic state of the CS2 dimer is
dissociative, the duration of the laser pulse could again be the cause for this offset.
As an extension, it would be interesting to realize a pump-probe experiment on these gas-phase
dimers. First, a pump laser pulse would project the internuclear wavefunction onto the first cationic
state of the dimer either by multiphoton or tunnel ionization. This would result in the creation
of a wavepacket consisting of a coherent superposition of vibrational states. A second pulse would
project the intial cationic state onto a dissociative state; e.g. the doubly charged dimer. Varying
the delay between the pump and the probe would allow to image the dynamics of the wavepacket
for different pump excitations schemes. This experiment is inspired by a previous experiment by
Wu et al [232] where they used a resonant transition from the first stable cationic state of argon to
its first dissociative state and observed the oscillations of the vibrational wave packet formed. In
theory, the whole intermolecular wave packet could be imaged by projecting it onto the Coulomb
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channel. Moreover, according to the number of vibrational states reached during the ionization on
the first cationic state, different vibrational dynamics would then be expected. This technique could
then be extended to molecular dimers, as the main requirement is to find a stable excited stated
that would induce a dynamic that can be imaged.
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A

Experimental islands from Timepix3 data
and 3D aligned images
This section contains the complete set of data for different binning and cutting of the angular
covariance islands shown in Figure 9.9. This data results from the procedure detailed in Figure 9.10.
It is highly recommended to read chapter 9 in order to understand the difference between each filter
and the interest of the treatment. Different tables present the evolution of the mean and the
standard deviation of the center of the islands as a function of the filtering and the binning that
is chosen. The angular covariance maps between I+ and Br+ using ellipticaly polarized alignment
laser are also shown and discussed.

Center determination
3D-alignment
The covariance maps between I+ and Br+ are listed here when the alignment pulse is ellipticaly
polarized. In Figure A.2, the main axis of the polarization is parallel to the detector plane. We
observe similar features as the one from Figure 9.6, in particular, two islands in the radial covariance
(panel (c)) are observed. By calculating the angular covariance on the selected radial range labeled
2, we can observe shapes that presents similar shapes, the main difference is that the signal around
(90◦ , 270◦ ) and (270◦ , 90◦ ) is not entierely killed despite the use of the filter ’max 1Br+ / lasershot’.
Island
(1)
(2)
(3)
(4)

(a)
(94.17 ± 0.29 , 343.93 ± 3.96)
(263.37 ± 1.12, , 9.0 ± 2.10)
(83.3 ± 1.21 ,193.5 ± 2.4249)
(274.33 ± 0.40 , 166.97 ± 1.56)

(µθI ± σθI , µθBr ± σθBr )
(b)
(94.57 ± 0.29 , 346.37 ± 3.9)
(263.30 ± 1.18 , 5.83 ± 1.32)
(81.73 ± 1.40 , 188.03 ± 1.63)
(275.07 ± 0.23, 171.0 ± 1.91)

(c)
(96.70 ± 0.46 , 351.37 ± 1.96)
(261.73 ± 1.37 , 2.47 ± 0.35)
(79.90 ± 1.20 , 184.27 ± 0.67)
(275.10 ± 0.44 , 173.50 ± 1.0)

Table A.1: Mean and standard deviation of θI and θBr over angular bin size of 2◦ , 3◦ and 4◦ for
each island using filter (a),(b) or (c) of Figure 9.9. The mean and the standard deviation values are
expressed in degrees.
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Figure A.1: List of center retrievals for each island with different filters (a),(b) and (c) of Figure 9.9
and different starting binsizes 2◦ , 3◦ and 4◦ when calculating the angular covariance map. Islands
are ordered as 1, 2, 3 and 4. The axes and the centers in each panel are expressed in degrees
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IMAGES
Island
(1)
(2)
(3)
(4)

(2)
(95.03 ± 1.11 , 350.57 ± 2.71)
(264.13 ± 0.81, , 4.47 ± 2.40)
(82.93 ± 1.76 ,186.87 ± 3.74))
(274.43 ± 0.40 , 171.97 ± 3.18)

(µθI ± σθI , µθBr ± σθBr )
(3)
(95.33 ± 1.53 , 347.07 ± 3.81)
(262.53 ± 0.90 , 5.87 ± 3.26)
(81.60 ± 1.61 , 189.03 ± 4.67)
(274.97 ± 0.49, 170.50 ± 3.16)

(4)
(95.07 ± 1.51 , 344.03 ± 4.88)
(261.73 ± 1.07 , 6.97 ± 4.15)
(80.40 ± 1.75 , 189.90 ± 5.52)
(275.10 ± 0.36 , 169.0 ± 3.60)

Table A.2: Mean and standard deviation of θI and θBr over filters (a),(b) and (c) of Figure 9.9 for
each island using an angular bin size of 2◦ , 3◦ or 4◦ . The mean and the standard deviation values
are expressed in degrees.

Figure A.2: Images for both Br+ and I+ fragments for an elliptical alignment laser polarization with
its main axis parallel to the detector plane (intensity ratio of 3:1) indicated with the probe laser
polarization in each image panel. The radial covariance beetwen the two fragments is shown on the
right. The circles highlight two islands denoted 1 and 2. The angular covariance is calculated only
using the zone labeled 1 in the radial covariance.

This is consistent with the interpreted observation where the iodine axis points along the main
polarization axis while the C – Br axis would align along the minor polarization axis. In that case,
the projection of the velocities for I+ and Br+ would lead to these two angles. The main difference
between the linearly polarized case is the rotation of the bromobenzene along it which is not fulfilled
anymore.
In Figure A.3, the main axis of the polarization is perpendicular to the detector plane. It contains
a negative radial covariance for low velocity Br+ as in Figure 9.7. The angular covariance shows
two broad islands (90◦ , 270◦ ) and (270◦ , 90◦ ) as in the previous elliptical case. Similar comments
can be made, except that the C – Br axis now seems to lie in the detector plane.
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Figure A.3: Images for both Br+ and I+ fragments for an elliptical alignment laser polarization
with its main axis perpendicular to the detector plane (intensity ratio of 3:1) indicated with the
probe laser polarization in each image panel. The radial covariance beetwen the two fragments is
shown on the right. The circles highlight two islands denoted 1 and 2. The angular covariance is
calculated only using the zone labeled 1 in the radial covariance.
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Two-body filtering procedure
This part of the appendix details the choice of filter used in the chapter 10 and in chapter 7 for the
argon dimer and the carbon disulfide dimer.

Procedure
The objective of the filter being to only keep counts with a partner, the best tool to certify the
relationship between two counts is the covariance mapping which will get rid of the false coincidence.
For this purpose, the radial and the angular covariance map are both calculated over an area
associated to a two-body break up with a maximum axial recoil, e.g. Coulomb channel.
The covariance map is then rotated by 45 degrees before being projected onto the vertical axis.
Its width is then fitted to a Gaussian distribution to extract its standard deviation. To take into
√
account the rotation of 45 degrees, we need to multiply the standard deviation by a factor of 2.
For both chapter, we used a 2 sigma spreading which should contain 95% of the partners. We then
use a spread of:
√
X = 2 2σ ≈ 3σ
(B.1)
where σ is the standard deviation associated to the gaussian fit and X stands either for the radial
variable R or the angular variable Θ. The procedure is highlighted for both argon (Figure B.1) and
CS2 (Figure B.2) in all cases treated in chapter 10. The radial covariance is calculated for both
the bottom/top part of the detector and the left/right part of the detection. The maximum spread
between the two is then used for the filtering value. After the determination of the angular and the
radial spreading, the filter will look for each count defined with the set of variables (ri ,θi ) if it can
find a partner (rp ,θp ) fulfilling two conditions:
rp = ri ± R

(B.2)

◦

(B.3)

θp = θi ± Θ + 180

The first condition allows to only consider counts with similar energy while the second condition is
related to a two-body break up mechanism where the relative angle of the two objects would have
to be 180◦ if there was no additional mechanism in the break up. As mentioned before, this filter
is not yet able to differentiate two partners or more. So to say, if a third count fulfill the previous
requirements, it will be accepted and not filtered.
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Figure B.1: First column: Covariance map on the Coulomb channel for Ar+ . Second column:
Rotation of the covariance map by 45◦ . Third column: projection of the rotated covariance map
on the vertical axis with a gaussian fit of it. The filter input is shown as a title above the plot and
is defined in the text. The first line refers to the angular covariance map while the second and the
third are associated respectively to the radial covariance for the left/right and the bottom/top part
of the detector.
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Figure B.2: First column: Covariance map on the Coulomb channel for CS2 + . Second column:
Rotation of the covariance map by 45◦ . Third column: projection of the rotated covariance map
on the vertical axis with a gaussian fit of it. The filter input is shown as a title above the plot and
is defined in the text. The first line refers to the angular covariance map while the second and the
third are associated respectively to the radial covariance for the left/right and the bottom/top part
of the detector.
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Velocity map imaging calibration
In velocity map imaging, the parallel component of the velocities of charged particles with respect to
the detector plane are mapped onto a specific position on the detector (see Section 4.1 in chapter 4.
The position (R) will only depend on the square root of the kinetic energy in the detector plane
(E) and on the voltages applied onto the repeller (VR ) plate. The mass (m) of the charged particles
will only be significant when the velocity (v) is expressed instead:
r
p
mVR
R ∝ EVR =
v
(C.1)
2
In this thesis, the calibration of the velocity map imaging has been done by looking at the
difference in energy between two dissociation states of the iodine molecule. Its use was mostly
relevant and discussed in chapter 10.
The two dissociation limit energies D0 = 12441cm−1 and D1 = 20044cm−1 [241] refer to the
dissociate ground state I( 2P3/2 ) + I( 2P3/2 ) and the first excited dissociative state I( 2P3/2 ) + I( 2P1/2 ).
These two states have been addressed by pumping the iodine with a laser beam centered at 680 nm
through a 1-photon and a 2-photons transition. The iodine atoms were then ionized 150 ps later
by a 35 fs laser pulse centered at 800 nm and their velocities were imaged onto the detector. The
Abel inversion algorithm was then applied on the image to retrieve the 2D-velocity slice through the
retrieved 3D-velocity distributions of the ions. Figure C.1 shows the Abel inversion as a function
of the radial distribution axis squared. Three different channels are observed which can each be
expressed as the total kinetic energy of the molecule since I2 is a homodiatomic:
P 1 = hν − D0
P 2 = 2hν − D1
P 3 = 2hν − D0
The calibration can either be done through the spin-orbit splitting by calculating the total kinetic
energy or by comparing the 1-photon to the 2-photons transition:
D1 − D0 = A1 (P 3 − P 2)
hν = A2 (P 3 − P 1)
The splin-orbit splitting is usually a better choice for the calibration since it is independent of the
wavelength used and is the method used The coefficient connecting the energy and the radial space
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Figure C.1: (a) Abel inversion as a function of radius square on the detector. (b) Retrieved peak
position after the fit of threee gaussians function in log scale.

can be expressed:
A1 =

D1 − D0
= 2.4957 × 10−4 eV/pixels−2
P3 − P2

(C.2)

The coefficient is normalized by dividing it by the voltages applied on the repeller plate (VR = 6000V
here), moreover it has to be divided by a factor two to represent the kinetic energy of the charged
particles and not the total kinetic energy. Finally,
a=
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A1
= 2.0798 × 10−5 eV.pixels−2 .kV−1
2VR

(C.3)
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