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Summary

Summary
The experiments presented in this thesis are all centered around manipulation of molecules solvated inside helium droplets. Both molecules solvated
inside helium droplets and isolated molecules in the gas phase are manipulated by pulsed laser beams to learn about the role of the droplet. Laser induced alignment of molecules inside helium droplets and applications hereof
were studied.
The alignment of the molecules 1,4-diiodobenzene (DIB) is determined by
recording the emission direction of iodine ions produced when the molecule
is Coulomb exploded. In this thesis a comparison of the axial recoil between
iodine ions produced following coulomb explosion of isolated molecules and
of molecules inside a helium droplet was made. The results from this study
showed that the helium droplet environment does influence the emission
direction of the ions and that the bond axis is represented worse for the
solvated molecules than for the isolated ones. The impulsive alignment dynamics of DIB was studied solvated inside a helium droplet and in the gas
phase when a sequence of multiple synchronized laser pulses were used to
induce the alignment. Molecules solvated inside helium droplets exhibited
different dynamics than isolated molecules, but in both cases the degree of
alignment increased following an alignment pulse. A strongly aligned molecular ensemble is necessary for applications of laser aligned molecules.
One possible application of laser induced alignment is to study the photodissociation of molecules. In this thesis, I2 molecules were photodissociated
and the velocity of the dissociating iodine atoms was measured. Profound
differences in the velocities of the dissociating iodine atoms were observed
when the I2 molecule was solvated inside a helium droplet compared to being in the gas phase. The photodissociation results revealed that the iodine
atoms were accelerated out of the droplet. The final velocity of the iodine
atoms leaving the droplet appears to be dependent on the acceleration of the
iodine atoms out of the droplet and the frictious force with the droplet.
In the final experiment photoelectrons produced from the ionization of
naphthalene molecules inside helium droplets using femtosecond laser pulses
was investigated. The kinetic energy distribution of the photoelectrons from
gas phase naphthalene molecules exhibit vibronic structure, whereas in the
photoelectron distribution from molecules inside helium droplets no structure
was observed. The photoelectron distribution from molecules inside helium
droplets show no dependence on the ionization wavelength but a droplet size
dependent shift is observed. The results indicate the presence of an energy
barrier for the electrons leaving the helium droplet of approximately 1 eV.
iv

Dansk Resumé

Dansk Resumé
Alle eksperimenter præsenteret i denne afhandling er centreret omkring manipulation af molekyler opløst inde i heliumdråber. Både molekyler opløst
inde i heliumdråber og isolerede molekyler i gasfasen blev manipuleret af
pulserede laserstråler for at lære om dråbens rolle. Laserinduceret alignment
af molekyler inde i heliumdråber og anvendelser heraf blev studeret.
Alignment af molekylet 1,4-diiodbenzen (DIB) bliver bestemt ved at
optage udsendelsesretningen af iod ioner produceret når molekylet bliver
Coulombeksploderet. I denne afhandling sammenlignes den aksiale rekyl mellem iod ioner produceret gennem Coulombeksplosion af isolerede molekyler
og af molekyler inde i en heliumdråbe. Resultaterne fra dette studie viste
at heliumdråbeomgivelserne påvirker udsendelsesretningen af ionerne og at
bindingsaksen er repræsenteret ringere for opløste molekyler end for isolerede
molekyler. Den impulsive alignment dynamik af DIB opløst inde i heliumdråber og i gasfasen blev studeret når en sekvens af flere synkroniserede
laserpulser blev brugt til at inducere alignment. Molekyler opløst inde i dråber udviste anderledes dynamik end den for isolerede molekyler, men i begge
tilfælde steg graden af alignment efter hver alignment puls. Et stærkt alignet
molekyleensemble er nødvendig for anvendelser af laseralignede molekyler.
En mulig anvendelse af laserinduceret alignment er at studere fotodissociation af molekyler. I denne afhandling blev I2 molekyler fotodissocieret
og hastigheden af de dissocierende iod atomer blev målt. Gennemgribende
forskelle i hastighederne af dissocierende iod atomer blev observeret når I2
molekylet blev opløst inde i en heliumdråbe i forhold til når det var i gasfasen. Fotodissociationsresultaterne afslørede at iod atomerne blev accelereret
ud af dråben. Den endelige hastighed af iod atomerne der forlader dråben
synes at være afhængig af accelerationen af iod atomerne ud af dråben og af
friktionskraften mellem atomerne og dråben.
I det sidste eksperiment blev fotoelektroner produceret gennem ionisation
af naphthalen molekyler inde i helium dråber med en femtosekund laserpuls
undersøgt. Den kinetiske energifordeling af fotoelektronerne fra gasfase naphthalen molekyler udviser vibrationel struktur mens i fotoelektronfordelingen
fra molekyler inde i heliumdråber er der ingen struktur. Fotoelektronfordelingen fra molekyler inde i helium dråber er uafhængig af ionisationsbølgelængden, men et dråbestørrelses afhængigt skift blev observeret. Resultaterne indikerer tilstedeværelsen af en energibarriere for elektroner der forlader
heliumdråben på omkring 1 eV.
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Introduction
This thesis presents the main projects I have worked on in the past three years
as a Ph.D. student in Femtolab at the Department of Chemistry, Aarhus
University. Less than a year before the beginning of my Ph.D. study, the
first successful results on laser induced alignment of molecules inside helium
nanodroplets were achieved in Femtolab. The striking differences between
alignment of isolated molecules and of molecules inside helium droplets were
not well understood. The aim of my Ph.D. study was to get a better understanding of alignment of molecules inside helium droplets and subsequently
study applications of aligned molecules inside helium droplets.
Helium droplets is a central theme of the work presented here. Over
the past 20 years spectroscopy on molecules in helium droplets have become
a highly active research area. Much spectroscopic work has been done on
molecules solvated inside helium droplets with continuous wave laser beams
and nanosecond laser pulses. An overview of some of the properties of helium droplets and some of the important experiments performed with helium droplets are given in chapter 2. This work focuses on fast dynamics of
molecules inside helium droplets through the use of femtosecond laser pulses.
This chapter serves to give an introduction to the experiments presented
in this thesis and the motivation for each experiment. The experimental
setup used for these exeperiments are presented in chapter 3. The experiments fall in two categories; understanding alignment of molecules in helium
droplets and applications of aligned molecules.
1
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Alignment of Molecules inside Helium Droplets
The orientation of molecules in the laboratory frame is probed by Coulomb
exploding the molecules and recording the ionic fragments produced. The
Coulomb explosion here is done by a focused intense 800 nm femtosecond
pulse. Understanding the molecular breakup during Coulomb explosion is
essential if it is to be used as a probe for the alignment of molecules. Coulomb
explosion of gas phase 1,4-diiodobenzene (DIB) molecules are compared to
Coulomb explosion of DIB molecules inside helium droplets in chapter 4.
Fragmentation pathways of isolated DIB molecules are studied by recording multiple charged species produced by the Coulomb explosion of each
molecule. The effect of the helium droplet upon the fragmentation of DIB
molecules is investigated. Correlations between the ions produced are found
through the use of a covariance formalism, in particular the axial recoil approximation is studied for molecules inside helium droplets and for isolated
molecules.
Impulsive alignment experiments on DIB molecules solvated inside helium droplets were conducted in parallel with experiments on isolated DIB
molecules to study the effect of the helium droplet on the rotational dynamics of DIB. The rotational dynamics are initiated by a femtosecond pulse and
the influence of the helium droplet can be followed in time. Enhancing the
degree of alignment of molecules through the use of multiple synchronized
laser pulses is a well established techniques used on gas phase molecules.
Here the technique is explored for molecules inside helium droplets as a way
to provide more strongly aligned molecules. A sharply aligned molecular
ensemble is necessary for many applications. The alignment experiments are
presented in chapter 5.

Applications of Aligned Molecules inside Helium Droplets
Electronic excitation of well-aligned isolated molecules can be controlled by
the polarization of the exciting light with respect to the direction of the transition dipole moment. Whether this effect is transferable to molecules inside
helium droplets when using a femtosecond excitation pulse is investigated
by photodissociation of I2 molecules. Femtosecond laser pulses allow for
studying dissociation on its natural time scale. The internuclear separation
of dissociating I2 molecules in the gas phase can be followed in time. Here
it is investigated if it is possible for I2 molecules solvated in helium droplets
as well. Another aim of the photodissociation experiments were to measure
the dissociation velocity inside helium droplets and look for evidence of the
2

so-called Landau velocity, the velocity at which superfluidity breaks down.
Before introducing alignment in these experiments, the photodissociation on
its own had to be understood. The results from photodissociation of I2 are
presented in chapter 6.
Before I started my Ph.D., photoelectrons from molecules inside helium
droplets have only been recorded using nanosecond laser pulses. In this work
photoelectrons from naphthalene molecules (C10 H8 ) inside helium droplets
were recorded following ionization by a femtosecond UV pulse. Femtosecond
pulses enable time-resolved investigations of dynamics and in such photoelectrons carry immense information. Before attempting time-resolved studies,
the photoelectrons from molecules inside helium droplets have to be understood. As a reference, photoelectrons were recorded from isolated naphthalene molecules under the same laser conditions. The work here is a first step
towards understanding photoelectrons generated inside a helium droplet.
Aligning molecules before the photoelectron is released gives access to the
photoelectron angular distribution in the molecular frame, which has proven
a rich source of information. Following the temporal evolution of the photoelectron angular distribution from molecules inside helium droplets would
provide information about molecule-droplet dynamics. In chapter 7 the results on the photoelectrons from inside helium droplets are presented.

3
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2

Liquid Helium
Over the past few decades helium has become increasingly important in a
range of industrial applications, where it is primarily used as a cryogenic. For
instance, liquid helium is used to cool magnetic resonance imaging (MRI)
scanners in countless hospitals across the world. In the scientific community,
liquid helium is used at the Large Hadron Collider to cool down its steering
magnets to keep them superconductive in order to perform some of the most
complex physics experiments of our time. Around the world, laboratories are
using helium as a coolant for a range of applications. For example, it is used
to produce cold molecules in beams by expanding a high pressure helium gas
together with the molecule [1] or to cool molecular ions through buffer gas
cooling [2]. In other applications liquid helium is used to cool experimental
equipment to extremely low temperatures.
In this chapter a short summery of some of the properties of helium at
low temperatures will be provided. Secondly, the formation of large helium
clusters known as droplets, will be described and some of their properties
highlighted.

2.1

Bulk Liquid Helium

Helium appears as two naturally occurring isotopes from nature: 3He and
4
He, and in the remainder of the thesis helium will refer to 4He unless ex5
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plicitly mentioned otherwise. Helium was liquefied for the first time in 1908
by the dutch physicist H. K. Onnes. In this novel experiment a temperature
of less than one kelvin was recorded [3, 4]. A simplified phase diagram for
helium at low temperatures is shown in fig. 2.1. The boiling point of helium is 4.22 K at atmospheric pressure indicated by the star. If the cooling
of helium is continued another transition line will be crossed at 2.18 K at
atmospheric pressure. This line has been named the λ-line due to the shape
of the heat conductivity crossing this temperature resembling a λ symbol.

40
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30
25
20
λ-line

15

Liquid He I
Liquid He II

10
5
0

He gas
0

Figure 2.1
40 bar.
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Temperature [K]
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Schematic of the p-T phase diagram for helium below 6 K and

The liquid phase above the λ-line is denoted He I and it is considered a
normal fluid, whereas the liquid phase below the λ-line is a so-called superfluid denoted He II. The superfluid phase has many interesting and remarkable properties such as the fountain effect, film flow, creep, and quantized
vortices [5]. The most well-known property of superfluid helium is the vanishing viscosity at low speeds. The almost negligible viscosity was measured
by the frictionless flow of He II through capillary tubes simultaneous by
6
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Kapitza and by Allan and Misener in 1938 [6,7]. Below the so-called Landau
velocity of 58 m/s, no friction is observed in a superfluid, which was predicted
by L. Landau and named after him [8]. Landaus theory of superfluidity and
the Landau velocity was later experimentally proven by Allum et al. [9].
The thermal conductivity of superfluid helium is among the highest
known for any substance. The heat transport in superfluid helium is described by a wave phenomenon, which leads to a very high thermal conductivity [10]. Furthermore, the low polarizability of helium manifests itself
in its dielectric constant being only 1.005 [11]. The low dielectric constant
makes the helium transparent for everything from microwaves to vacuum
UV light, thus enabling many modern laser techniques [5]. Helium’s unique
properties makes it an ideal host for cooling down atoms and molecules.
Since the interactions between the embedded species and superfluid helium are very weak, molecular spectra recorded of solvated species reveal
fine rotational features that are not present in those recorded using a solid
matrix [5, 12, 13]. However, a disadvantage of using superfluid helium is
that it has an extremely low solubility and most foreign species will simply
condense onto the walls of the container before being solvated [13]. One
way to overcome this difficulty is to use liquid helium droplets, which have
been shown to pick up foreign species that are introduced into the path of a
droplet beam. The formation and the properties of helium droplets will be
discussed in the following section.

2.2

Helium Droplets

In order to avoid the problem of negligible solubility and condensation at the
helium container, liquid helium is provided as free levitating nano droplets
inside a vacuum machine. The adiabatic expansion of a precooled helium gas
under high pressure into a vacuum chamber generates large clusters of helium
atoms, referred to as droplets. The helium gas is normally expanded through
a 5 µm orifice with a temperature between 5-20 K and a stagnation pressure of
20-100 bar. Numerous reviews on helium droplets have been published over
the last 10 to 15 years and I will not go into to much detail, only highlight
the most relevant properties and experiments to this work [5, 14–16].
The average number of helium atoms in droplets formed using the above
conditions is between 1 × 102 and 5 × 104 atoms. The distribution of droplet
sizes fits well with a log-normal distribution and for larger droplet sizes
the distribution is very broad [17]. The temperature of the droplets was
predicted by Brink and Stringari to be T = 0.37 K based on the liquid drop
7
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model [18]. The droplets were predicted to reach this temperature in about
10−4 s, in agreement with experiments [19]. After the droplets are formed
they cool down by evaporation of helium atoms from the droplet surface,
each carrying away about 5 cm−1 of energy.
Droplets can be doped by foreign species by letting them pass through a
dilute gas of the atom or molecule of interest. Doping of atoms or molecules
into the helium droplets is normally done in a doping or pick-up cell where the
partial pressure of the dopant is around 10−6 − 10−5 mbar for a cell length of
a few centimeters [5]. A variety of designs for pick-up cells are used, but the
two most common are external reservoirs for volatile species and internal
ovens for heating metals and larger molecules. The concentration of the
species in the pick-up cell is then adjusted by a fine leak valve or the oven
temperature respectively.
When a foreign species is picked up, its initial kinetic and internal energy
is transferred to the helium droplet and evaporation of helium atoms continue
until an equilibrium temperature of 0.37 K is reached again. For the largest
molecule studied here, naphthalene (C10 H8 ), the total energy deposited into
the helium droplet by a room temperature naphthalene molecule is approximated by 3/2N kb T = 5600 cm−1 , where N is the number of atoms, kb is
Boltzmann’s constant, and the T is the temperature. This energy will lead
to evaporation of approximately 1100 helium atoms when a single molecule is
picked up. The cross section for picking up a molecule is proportional to the
geometrical cross section of the droplet, thus the pick-up of a naphthalene
molecule will lead to a reduction in droplet cross section of 5 % for a helium
droplet of 1.5 × 104 atoms.
If the reduction in droplet cross section upon pick-up is neglected, the
pick-up process can be described by Poisson statistics [5]. The probability
of finding k particles inside a helium droplet after passing the pick-up cell is
given by
Pk (n) =

(σnL)k −σnL
e
,
k!

(2.1)

where L is the length of the pick-up cell, σ the cross section for pick-up, and
n the particle concentration in the cell. Equation 2.1 describe the pick-up
process well across a large number of experiments [5, 14, 16]. For a given
particle concentration, the number of particles per helium droplet cannot
be ascribed to a single number, but it will be a distribution with primarily
single doped droplets found at low particle concentrations. Depending on
the type of dopant, it may reside at different positions in or on the droplet.
The alkali atoms are known to reside on the droplet surface and the alkali
8
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earth atoms are slightly submerged into the droplet [5, 14]. Most organic
and closed shell molecules reside in the center of the droplet. All molecules
studied in this work are believed to reside in the center of the helium droplet.
Whether the helium droplets would inherit all the superfluid properties
of the bulk phase was not clear at the dawn of helium droplet spectroscopy.
In 1996, Hartmann et al. observed the first indications of superfluidity in
helium droplets by performing depletion spectroscopy on glyoxal molecules in
helium droplets [20]. The authors report an excitation structure to the blue
of the electronic origin that matches very well with the predicted excitation
spectrum of superfluid helium. Their findings hint towards superfluidity, but
the excitation structure has not been observed for other molecules.
Following their work, Grebenev et al. performed rotationally resolved IR
spectroscopy on OCS molecules in helium droplets made from 4He and from
3
He [21]. The spectrum recorded for the two different helium droplets are
shown in fig. 2.2 (b) and (c) respectively and the spectrum for isolated OCS
molecules is shown in (a). In 4He droplets the rotational spectrum is shifted
about 0.6 cm−1 to the red compared to the gas phase, but the rotational
structure is maintained. The narrow rotational lines of about 160 MHz is interpreted as the molecules can rotate freely with a lifetime of some nanoseconds. The long rotational lifetimes is attributed to the vanishing viscosity
of the superfluid.
The separation between the rotational lines is reduced by a factor of
2.8 inside 4He droplets, which is interpreted as the rotational constant being different inside the droplet. The authors state the possibility of the
OCS molecule dragging along what is equivalent to six helium atoms. The
rotational constant have been reported to generally have a lower value, particularly for slower rotors [14]. The rotational spectrum recorded in 3He
droplets bears little resemblance to the one obtained in 4He droplets, showing no sharp lines. The temperature of 3He droplets is 0.15 K, thus well above
the temperature required for superfluidity of liquid helium 3He (3 mK) [5].
The rotation spectrum will thus be broadened due to viscus damping of the
molecular rotation.
In recent years, more of the superfluid properties have been under intense experimental investigation. Particular the topic of quantized vortices
in helium droplet have become a large subject. In 2012 the first evidence
of quantized vortices in helium droplets was observed by Gomez et al. [22].
The vortices were detected by pinning silver atoms to the vortex core and
subsequently deposit the silver atoms on a surface. The shape of the silver
clusters imaged via a transmission electron microscope resembled long chains
which were attributed to formation of vortices inside the droplet. The vor9
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Figure 2.2 IR spectrum of OCS recorded in an Ar seeded beam (a), 4He
droplets with 6000 atoms (b), and in 3He droplets with 12 000 atoms. The
arrow in (a) and (b) indicate the position of the Q-branch. The Q-branch is
missing due to the symmetry of the vibrational excitation. Figure is adopted
from [5].
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tices were only observed in very large droplets with 1010 helium atoms, and
are believed to be formed during break-up of liquid helium in the expansion
through the nozzle. This technique has been adopted by other groups to
produce nano sizes structures or nanowires [23, 24].
Quantized vortices have also been observed by using X-ray diffraction
from a free-electron laser on large droplets with between 108 to 1011 helium
atoms [25]. These droplets were doped with Xe atoms and distinct Bragg
diffraction patterns could be observed in the diffraction image, which is believed to originate from the regular spacing between the vortex cores where
the Xe atoms are pinned. These observation are in line with theoretical predictions [26]. Quantized vortices are only observed in large helium droplets
because only during the formation through the nozzle can the large droplets
acquire sufficient angular momentum to produce vortices. Helium droplets
formed from a gaseous expansion are produced by condensation after expansion through the nozzle, thus they do not carry enough angular momentum
to form vortices.
The existence of the Landau velocity inside helium droplets have also attracted experimental attention. In 2013 Brauer et al. photoexcited a series
of molecules and atoms inside helium droplets and measured their velocity as
they were ejected from the helium droplet [27]. The subjects where ejected
since the electronic excitation changed the binding potential of the droplet
to a repulsive one. The velocities for all species leveled out between 50 m/s
and 60 m/s when droplet size was increased indicating a upper limit on the
velocity close to the Landau velocity. The excellent agreement with theoretical modeling strongly indicate the existence of a critical Landau velocity,
but the authors comment that an experiment performed in 3He droplets is
necessary to prove it.
Femtosecond time-resolved techniques have been applied to learn about
both the dynamics of atoms and molecules as well as about the droplet
itself. These studies have primarily focused on ionization of clusters in helium
droplets [28] and on the dynamics of alkali atoms and molecules on the
surface of the droplet [29]. Alkali atoms and molecules are attractive to study
since they reside on the surface and their interaction with the helium droplet
can be manipulated upon excitation with a short pulse and the dynamics
followed [30,31]. The rotational dynamics of molecules inside helium droplets
have been investigated in an impulsive alignment scheme [32]. The alignment
dynamics exhibit strong deviations from the isolated molecules. The topic
of alignment of molecules inside helium droplets will be discussed in further
detail in chapter 5.
Photoelectrons from atomic clusters and molecules inside helium droplets
11
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have been recorded [33–35] by resonance-enhanced multiphoton ionization
(REMPI). Photoelectrons from molecules in helium droplets will be the topic
of chapter 7, and a further description will be given there.

12
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3

Experimental Setup
All the experiments presented in this thesis were done on the so-called helium
droplet machine in Femtolab. This chapter serves to describe the experimental setup used in these experiments. The laser systems used are described in
section 3.1. Since each experiment employs the lasers for a different purpose
only a general overview of the setup is provided here. The important details
of the specific experiments are provided in the later chapters. The helium
droplet machine will be described in section 3.2 along with the basics for
operating the machine.

3.1

Laser Systems

Manipulation of molecules with laser pulses is a common theme for the experiments in this thesis. In this section an overview of the lasers used will
be provided. For all experiments an amplified femtosecond laser system
from Spectra-Physics was used. The system consists of a Spectra-Physics
Tsunami Ti:Sapphire oscillator, which is pumped by a continuous wave (CW)
Spectra-Physics Millennia V (Nd:YVO4 , 5 W, 532 nm). The oscillator delivers laser pulses with a central wavelength of 800 nm and a pulse duration of
approximately 100 fs at a repetition rate of 82 MHz with pulse energies about
8 nJ. These pulses are amplified in a Spectra-Physics Spitfire HPR regenerative chirped pulse amplifier. The amplifier is pumped by a Spectra-Physics
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Evolution-30 Q-switched Nd:YLF laser that delivers 20 mJ pulses at 527 nm
with a pulse duration of approximately 300 ns at a 1 kHz repetition rate. The
amplified femtosecond pulses delivered by the Spitfire have a pulse energy
of approximately 2 mJ at a repetition rate of 1 kHz limited by the repetition
rate of the Evolution laser.
The output laser beam of the Spitfire is generally split into two beams.
One beam passes through an argon filled capillary, in which the spectrum
is broadened by self-phase modulation [36]. After the capillary the beam
passes a prism compressor to temporally compress the pulses down to approximately 30 fs. The pulse duration was measured using a GRENOUILLE
device [36]. The pulses in the beam are typically used for Coulomb explosion of molecules and will be referred to as Coulomb pulses. The other laser
beam is normally used for one of three applications. The beam is frequently
used to induce alignment of molecules or to induce torsional motion within
molecules. Alternatively, the beam is used to generate laser pulses at different wavelengths. Either by frequency doubling to generate 400 nm pulses
or by pumping a Traveling wave Optical Parametric Amplifier (Light Conversion TOPAS-C). The TOPAS was used for the experiments presented in
chapter 6 and chapter 7 and a description of it will be provided there.
In the laboratory a secondary laser system is used for generation of
nanosecond laser pulses. This system consists of a Q-switched Nd:YAG
laser (Spectra-Physics Quanta-Ray Pro-270 adapted for a repetition rate of
20 Hz). This laser (YAG) can deliver pulses at a wavelength of 1064 nm with
a duration of 10 ns and pulse energies up to 1.5 J. Under normal operation,
the amplification stage is turned off and for experiments pulse energies of
about 125 mJ is used. To ensure a smooth turn-on of the laser pulse, the
laser is operated with an injection seed laser installed. The seed laser is a
CW beam of only a few milliwatt at 1064 nm that is overlapped with the
laser cavity. The seed laser ensures that a lot of photons are present in the
cavity when the Q-switch opens. This provides a fast build up of the pulse
and reduces timing jitter between the trigger pulse and the output. The seed
also limits the bandwidth of the laser, thus the laser delivers near-transformlimited pulses that has a smooth turn on.
The femtosecond system provides a 1 kHz trigger which is used to synchronize other equipment. This trigger is used to trigger a Stanford Research
Systems Delay Generator (SRS DG535) which controls the timing between
the femtosecond system and the YAG laser. The delay generator triggers
the flash lamps of the YAG laser approximately 49.8 ms after the first femtosecond pulse, thus the next 49 trigger pulses are missed. This means that
the flash lamps trigger arrives 200 µs before the 51’st femtosecond pulse. By
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triggering the Q-switch of the YAG laser approximately 100 ns after the 51’st
femtosecond pulse, the time jitter between the two laser pulses is minimized.
The delay generator cannot run at a higher repetition rate than 20 Hz limited
by the YAG laser. A secondary delay generator is used for synchronization
with the remaining equipment.
For all experiments, the laser beams used are focused into the vacuum
machine by a lens with a focal length of 300 mm. For all experiments a 2 inch
singlet lens with an anti-reflection (AR) coating for 800 nm and 1064 nm was
used except for the photoelectron spectroscopy where an achromatic lens
was used. To ensure overlap of two laser beams and to measure the size
of the laser focus inside the vacuum machine, a metal mirror was inserted
between the focusing lens and the entrance window to the chamber. The
laser light would then pass through a ”fake” window of the same material
and thickness as the one for the vacuum chamber, and be focused on a fast
photodiode (Thorlabs DET200). To avoid damaging anything put at the
focus of the laser, the beam was attenuated by a neutral density filter with
an optical density of 5. The fake window was used to ensure that the laser
foci overlap outside the machine was the same as inside. The position of
the laser focus inside the vacuum machine can be optimized by moving the
focusing lens, which is mounted on an manual XYZ translation stage.
The size of a laser focus could be scanned out by equipping the photodiode with a 10 µm diameter pinhole and moving the diode across the laser
beam. Recording the output voltage from the diode as a function of diode
position provides a measure for the laser focus size. If the laser focus is twice
as big as the pinhole, the error in scanning the focus is negligible [37]. The
size and position of a laser focus along the laser beam is normally adjusted
by a telescope. When two laser beams are focused at the same point along
the laser beam, the spacial overlap between them was done by adjusting a
mirror in one of the beams.
In experiments utilizing multiple femtosecond laser pulses, the temporal
synchronization cannot be done electronically. Instead the synchronization
was done by first ensuring a spacial overlap as detailed above and then removing the photodiode. Instead of the photodiode, a Beta Barium Borate (BBO)
crystal was inserted to perform an interferometric cross correlation [38]. This
was done by performing type II sum frequency generation of the two pulses
in the BBO crystal while scanning the delay of one pulse with respect to the
other by a delay stage. The cross correlation was measured by a photodiode
after the BBO crystal, recording only the sum frequency light. In addition
to synchronize two femtosecond pulses, the cross correlation provides the
convoluted signal of the two pulses. If the pulse duration of one pulse is
15

3. Experimental Setup

known, the duration of the other can be deduced.
The laser power of each beam was measured by a Gentech Tuner with
a UP19K-30H-H5-D0 power head and from that the pulse energy could be
calculated. Knowing the beam waist in the focus (ω0 ), the pulse duration
(τ), and the pulse energy (Epulse ) the peak intensity (I) can be calculated
according to [39]
√
4 ln 2 Epulse
I=
.
(3.1)
π 3/2 ω02 τ
The peak intensity of the Coulomb pulses used was between 1 × 1014 W/cm2
and 5 × 1014 W/cm2 . For each experiment the exact intensity of the laser
pulses used will be provided.

3.2

Helium Droplet Machine

The helium droplet machine consists of four separate vacuum chambers,
the droplet source chamber, the doping chamber, the target chamber, and
the supersonic source chamber. The machine was designed and build by a
former Ph.D. student in the group Jens Hedegaard Nielsen [40]. The machine
was originally designed with a pulse helium droplet source, but it was later
changed to a continuous source. A drawing of the machine is shown in fig. 3.1
with the pulsed valve attached.
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Figure 3.1 Drawing of the helium droplet machine. From left to right the
chambers are: Target chamber, doping chamber, and droplet source chamber. Below the target chamber is the supersonic source chamber without
the Even-Lavie valve mounted. The drawing was made by Jens Hedegaard
Nielsen with the initial pulsed valve design. A liquid nitrogen trap was later
added to the target chamber.
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Droplet Source Chamber
In the droplet source chamber a nozzle with a diameter of 5 µm is mounted
on the second stage of a closed cycle cryostat (Sumitomo heavy industries
RDK-408D2). The cryostat is mounted on an XYZ translatable flange, where
the transverse manipulation is done on an o-ring and the longitudinal manipulation is done via adjustment of 6 rods. Helium droplets are formed by
leaking high purity helium (6.0) at a stagnation pressure of 25 bar through
the nozzle while maintaining a temperature of 12 K. These conditions produce helium droplets with on average 1.5 × 104 helium atoms [14] and they
are used throughout the experiments presented here unless explicitly mentioned otherwise. Helium is constantly leaked through the nozzle in order
to avoid primarily water getting into the nozzle and subsequently clog it
under cryogenic temperatures. Approximately 2 cm from the nozzle a 1 mm
skimmer is mounted to collimate the droplet beam.
The droplet source chamber is pumped by two turbo pumps, a 2000 L/s
(Pfeiffer Hipace 2300) and a 700 L/s (Pfeiffer Hipace 700). The chamber
was initially designed for a pulsed helium droplet source like the Regensburg design [41, 42], which requires less pumping capacity than a continuous
source. Because of this initial design, the chamber is a 6-way CF-160 cross
intended only for the 700 L/s turbo. The 2000 L/s turbo was mounted when
the continuous nozzle was inserted, but the turbo has to be mounted on a
CF-250 flange, thus a reduction flange had to be inserted. The reduction
limits the pumping speed of the turbo to somewhere between 50 % and 75 %
of maximum capacity [40].
The chamber is equipped with a full-range vacuum gauge (Pfeiffer PBR
260). Due to a constant flow of helium through the nozzle the pressure
in the droplet source chamber is ∼ 1 × 10−5 mbar under room temperature
conditions. Under operation, the cryostat cools down the nozzle reaching a
minimum of about 7 K. On the nozzle the temperature is monitored by a
silicon diode (Lakeshore cryogenics DT-670B-CU). To control the temperature of the nozzle, a heater and power supply (Lakeshore cryogenics 331) in
conjunction with the silicon diode can stabilize the temperature to within
∼ 0.1 K. At a nozzle temperature of 12 K, the pressure inside the chamber
increases to approximately 1 × 10−4 mbar.

Doping Chamber
Between the droplet source chamber and the doping chamber a pneumatic
gate valve (VAT) allows for isolation of the droplet beam and for venting of
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each chamber independent of the other. At the center of the doping chamber
is a rectangular pick-up cell. The pick-up cell has a length of 30 mm along
the droplet beam and two holes of 5 mm to allow the droplet beam to pass
through. The pick-up cell is connected to an adjustable leak valve from Kurt
J. Lesker company (Manual SS All-metal Leak Valve (CF):LVM series). A
Swagelok tube is used to hold the solid and liquid samples and it is connected
to the primary side of the leak valve. By adjusting the opening of the leak
valve the sample concentration inside the pick-up cell can be adjusted. For
the I2 experiments the leak valve was swapped with a low-flow metering
valve from Swagelok to protect the expensive leak valve from the corrosive
I2 . The air above the sample was removed by freezing the sample container
with liquid nitrogen and exposing it to foreline vacuum.
Immediately after the pick-up cell, the droplets pass through a 5 mm
opening in a copper plate connect to a liquid nitrogen reservoir. The copper
plate serves as a cold shield to prevent effusion of molecules from the pick-up
cell into the target chamber. Before leaving the doping chamber the droplets
pass through a second skimmer with a 1 mm opening. The doping chamber
and the target chamber are also separated by a pneumatic gate valve (VAT).
The doping chamber is pumped by a 300 L/s turbo pump (Leybold turbovac 361). Opposite of the inlet to the pick-up cell, a small 80 L/s turbo
pump (Edwards EXT 70H) serves to further prevent sample molecules from
effusing into the target chamber. Without the liquid nitrogen trap filled the
pressure in the chamber is normally around 1 × 10−8 mbar, and by filling
the trap, the pressure drops to somewhere in the low 10−9 mbar. When the
gate valve to the droplet source chamber is opened, the pressure reaches
1 × 10−6 mbar under operation conditions. The pressure inside the chamber
is monitored by Pfeiffer PBR 260.

Target Chamber
Shortly after entering the target chamber, the droplets pass through a 3.5 mm
hole in another copper plate connected to a liquid nitrogen reservoir. The
copper plate is used to further minimize the amount of molecules effusing
into the target chamber as well as trapping out background gas from the
chamber it self.
In the center of the chamber the droplet beam is crossed by the focused
laser beams at the center of a velocity map imaging (VMI) spectrometer [43].
The detection system will be detailed later in this chapter.
The target chamber is equipped with a 500 L/s turbo pump (Pfeiffer
TMU 521) resulting in a pressure of approximately 5 × 10−9 mbar. Filling
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the liquid nitrogen trap reduces the pressure to 1 × 10−9 mbar or lower. The
pressure in the chamber is monitored by a Pfeiffer PBR 260.

Supersonic Source Chamber
The supersonic source chamber is equipped with an Even-Lavie valve (E.L.7-2004) to produce a beam cold isolated molecules. The pulsed Even-Lavie
valve is operated with helium as a carrier gas, normally at a stagnation
pressure of 80 bar. The valve is operated either at 20 Hz or 40 Hz depending
on the experiment. The sample molecule is placed on a piece of fiber glass
filter paper that fits an internal sample reservoir of the valve. The valve can
be heated to increase the vapor pressure of the sample if needed. Normally
a vapor pressure of a few millibar produces good operation conditions for
the molecular beam. The carrier gas mixes with the evaporated sample and
undergoes a supersonic expansion into the vacuum chamber, which cools
the molecules to a rotational temperature of approximately 1 K [1]. The
Even-Lavie valve is mounted on an o-ring seal which allows for transverse
manipulation of the valve.
The synchronization of the molecular beam to the laser system is done
by a SRS DG535 delay generator. The Even-Lavie valve is opened approximately 200 µs before the laser pulse. By varying the delay on the delay
generator, the molecular pulse can be scanned out and the optimum overlap
of the laser pulse with the molecular beam can be found.
Approximately 15 cm downstream the molecular beam passes a 2 mm
skimmmer before entering the target chamber. The target chamber and the
supersonic source chamber are separated by a manual shutter valve. The
molecular beam will enter the target chamber and get crossed by the laser
beams in the center of the VMI.
The supersonic source chamber is pumped by a 700 L/s turbo pump
(Pfeiffer hipace 700) and the pressure is monitored by a CP25K Penning
gauge from Edwards. Under normal operation the pressure in the supersonic
source chamber is about 10−7 mbar.

Detection system
The detection system in the droplet machine consists of the VMI spectrometer and a position sensitive detector above it. The VMI spectrometer is made
from three circular electrodes named ground, extractor and repeller [43].
The electrodes are placed with the symmetry axis along the vertical direction. The repeller is the bottommost electrode and it has a 3 mm hole in
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the center to allow for the supersonic molecular beam to pass through. The
middle electrode (extractor) and the top electrode (ground) have a 20 mm
hole in the center for extraction of the charged particles.
When voltages are applied to the extractor and the repeller electrodes,
the VMI spectrometer maps charged particles onto the position sensitive detector. The ground electrode is always at ground potential. For the VMI
spectrometer in the droplet machine, if the voltage ratio of the extractor to
the repeller is kept near 2/3, it allows for velocity focusing. This means that
the two-dimensional (2D) velocity vector in the plane of the electrodes is
projected onto the position sensitive detector [43]. The exact voltages are
found by experimental optimization. To avoid deflection of the charged particles by magnetic fields on their way to the detector, the VMI spectrometer
is enclosed by a cylindrical µ-metal shield. The voltage on the repeller and
extractor determines how high a velocity of the charged species that can be
detected. For each experiment, the focusing voltages will be provided.
The position sensitive detector consists of a microchannel plate (MCP)
detector (El-Mul Technologies B050V, chevron MCP with 38 mm active diameter) backed by a phosphor screen (El-Mul Technologies, ScintiMax P47).
Charged particles hitting the front of the MCP detector generate electrons
that are amplified across the MCP. The potential difference across the MCP
is normally 1800 V. The distance from the interaction region to the detector
is ∼ 26 cm, and it can be extended by approximately 30 cm by insertion of
a flight tube.
The detector can be operated in two different ways depending on what
is of interest. One operation mode of the detector is a time-of-flight (TOF)
mode, where a capacitive readout of the amplified electrons is done. The
readout is performed by either a LeCroy WaveSurfer 452 oscilloscope or a
LeCroy Wavesurfer 64MXs-B oscilloscope. The TOF serves to identify which
charged fragments are created and to measure their arrival time. The arrival
time of a given charged
particle is solely determined by its mass, m and its
p
charge q, by t ∝ m/q if zero initial velocity is assumed. TOF measurements
are thus useful to identify impurities and can be used to determine single
ionization regimes. If a charged particle is created with initial kinetic energy
the TOF signal will be broadened. A TOF spectrum is also necessary for
operating the detector in its second mode.
If the phosphor screen is kept at a sufficiently high potential compared to
the backside of the MCP, the amplified electrons will be accelerated onto the
phosphor screen. The potential difference between the backside of the MCP
and the phosphor screen is normally between 2300 V and 2800 V. At these
energies, the electrons will excite atoms in the phosphor screen and they
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will subsequently phosphoresce. The point of the phosphorescence from the
screen is recorded by a CCD camera (Allied Vision Technologies Marlin F046B), thus the 2D velocity vector of the charged particle is measured. Since
multiple charge species are created with a single laser shot, the detector is
gated to only record fragments within a set time frame. The time for gating
the detector can be found by recording a TOF spectrum. The gating is done
by applying 1200 V to the backside of the MCP and then using a fast high
voltage switch to apply −600 V to the front side in a short time window.
The switch has a minimum width of ∼ 90 ns, which is short enough to image
single ion species.
With a continuous helium droplet beam and the CCD camera limited to
a 40 Hz repetition rate, only 1 in 25 laser shots can be used to image ions or
electrons under standard camera settings. The target density of molecules
inside helium droplets is much lower than for the supersonic beam, thus in
order to increase the number of ions or electrons detected the opening time
of the camera was extended to capture all 25 laser shots in a single camera
frame. Due to the long opening time of the camera it had to be shielded
from outside light sources. This was done in practice by wrapping a black
cloth around the camera exposing only the phosphor screen. For some of
the measurements the camera was only operated at 20 Hz, thus the opening
time was extended to include 50 laser shots.
The intensity of the pixel coordinates recorded by the camera is transferred to a computer where a Labview program performs a hit finding and
centroiding procedure. The program provides a list of coordinates for each
particle detection and in which camera frame it was recorded before it is
saved to the hard drive. Details about the hit finding and centroiding software can be found in reference [44].
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4

Coulomb Explosion Studies
In order to understand alignment of molecules inside helium droplets, it is
crucial to understand the way the alignment is probed. In this work the
alignment of molecules is probed by laser-induced Coulomb explosion of the
molecules and recording of the emission direction of the ionic fragments
produced. Coulomb explosion is the process in which several electrons are
quickly removed from a molecule and the remaining positively charged fragments repel due to their mutual electric repulsion.
Historically, Coulomb explosion of molecules was first studied by sending
a beam of molecular ions at MeV energies through a thin carbon foil. [45,46].
Within much less than a femtosecond several electrons were removed from
the molecular ion and the Coulomb repulsion between the charged fragments
could be measured.
More recent techniques use intense laser pulses with durations on the
femtosecond scale and peak intensities at 1014 W/cm2 or higher to initiate
Coulomb explosion [47,48]. In the work presented here 30 fs long laser pulses
with intensities in the range 1 − 5 × 1014 W/cm2 were employed. Compared
to foil-induced Coulomb explosion, the use of laser pulses offers the advantage
of timing, i.e. the Coulomb explosion process can be triggered at a well
defined moment with respect to an event, alignment for instance, induced
by another laser pulse.
In order for Coulomb explosion to provide an accurate probe of the spatial orientation of molecules it is necessary that the fragment ions recoil in
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the direction defined by the molecular bonds. This is a concept related to
the axial recoil approximation long discussed in photodissociation dynamics [49–51]. For a diatomic molecule conservation of momentum dictates
that the ionic fragments following Coulomb explosion leaves strictly along
the internuclear axis. Since the time scale of molecular rotation is slow compared to the fragmentation time the recoil direction of the fragments provide
a very precise measurement of the spatial orientation of the molecular axis
at the time the Coulomb explosion pulse hits the molecule. For more complex molecules it is not immediately obvious that the recoiling fragments
provide an equally accurate measurement of the molecular alignment. The
purpose of this chapter is to explore if laser-induced Coulomb explosion of
1,4-diiodobenzene (DIB) can provide a good measure of the alignment.
This study involves a detailed exploration of the dynamics in the Coulomb explosion process such as the assignment of specific fragmentation channels. Importantly, the studies are performed both for isolated molecules and
for molecules in helium droplets.
The remaining part of the chapter is structured as follows. Section 4.1
will give a brief overview of the covariance theory used to identify correlations
between ionic fragments formed during the Coulomb explosion. Section 4.2
provides a short description of the experimental parameters used for the
measurements. In section 4.3 a few fragmentation pathways of DIB will be
explored for isolated molecules and the validity of the axial recoil approximation will be tested. Section 4.4 presents the results obtained for DIB
molecules solvated inside helium droplets and the validity of the axial recoil
approximation is measured. Finally, section 4.5 will present the conclusions.

4.1

Theory of Covariance

Correlations between the outcomes of events are a part of physics all the
way from the smallest length scale to the largest. Correlations are often
hidden in many areas of physics, when only an average signal is measured.
If instead the correlations can be unraveled, additional information can be
unlocked. In 1956 Hanbury, Brown and Twiss showed that it was possible
to measure the angular width of a star by utilizing the correlation between
photons detected on two separated detectors [52].
Many more experiments using correlation techniques followed and in particular an experiment performed by Frasinski et al. in 1989 is relevant to
this study [53]. In their work di- and tri- atomic molecules were Coulomb
exploded and the time-of-flight (TOF) mass spectrum recorded. A TOF
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spectrum was saved for each laser shot and correlations between the charged
fragments could be observed using a covariance formalism.
The TOF spectrum for the i’th laser shot represents the number of ions
detected at time x and is denoted Xi (x). The time-of-flight covariance, C,
employed by Frasinski et al. is given as
C(x, y) = hXi (x)Yi (y)i − hXi (x)ihYi (y)i,

(4.1)

where hi is the average over all laser shots. C(x, y) is a measure for the
correlation between ions recorded at time x with ions recorded at time y.
The covariance can be interpreted from the two terms in eq. 4.1. The first
term can be seen as the average probability of detecting an ion at time x
when at the same time detecting an ion at time y. The second part can
be understood as the product of the average probability of detecting an ion
at time x with the average probability of detecting an ion at time y. The
second term is basically the probability of detection an ion at time x and y
when they are assumed to be uncorrelated.
If there is a correlation between ions detected at time x and y, the first
term in eq. 4.1 will be larger than the second and the covariance will take
a positive value. If instead the two ions are anticorrelated the covariance
will take a negative value. No correlation between the two ions will give a
covariance value of zero. Frasinski et al. used the covariance to discriminate
between different fragmentation pathways leading to the same ionic fragment
[53].
Alternatively, coincidence measurements have been used to study the
structure of small molecules using Coulomb explosion [46, 54]. These experiments often utilize techniques such as COLTRIMS to detect the threedimensional momentum of all charged fragments [55, 56].
In order to access the coincidence scheme it is necessary to ensure all
fragments detected stem from the same molecule. In practice this is done
by keeping the number of events well below one per laser shot, thus a large
amount of acquisition cycles must be performed to provide sufficient data
material. To keep acquisition times manageable the repetition rate must
be sufficiently high, thus ruling out many conventional laser systems. Additionally when the size of the molecule studied increases, the probability
of detection all fragments decreases. For the experiments presented in this
thesis, the repetition rate was limited to 1 kHz by the laser system and further to 40 Hz by the CCD camera and Even-Lavie valve, thus making the
route of coincidence unfeasible. Instead the covariance formalism presented
by Frasinski et al. was used here to measure correlations.
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A thorough analytical comparison between coincidence and covariance
experiments are given in reference [57, 58]. The authors note that for coincidence measurements, too high a number of events per acquisition cycle
can lead to false coincidences, whereas for covariance measurements, fluctuations in count rate can lead to false covariances. Fluctuations can either
be attributed to fluctuations in sample density or laser intensity. Such false
covariances can be significantly reduced using partial covariance if the fluctuations can be measured [59]. Fluctuations in laser power is very minimal
for the laser system employed in Femtolab, hence they are ascribed a low
influence on the covariance measurements. The fluctuations in sample density are believed to be of greater importance, but since the sample density
cannot easily be measured, no partial covariance was calculated in this work.
The covariance formalism presented by Frasinski et al. is not limited
to TOF mass spectra, but can be applied to other observables such as the
radial range or angle of an ion in a two-dimensional (2D) image [60, 61].
The only requirement for calculating the covariance is that the observable
is measured for each ion for each laser shot. Thereby it is not possible to
employ covariance analysis of background subtracted data or Abel inverted
data, where only the distribution is known. Here the covariance technique
will be used to unveil correlation between charged fragments through TOF
mass spectrometry and 2D ion imaging.

4.2

Experimental Setup

The majority of the experimental setup has been described in chapter 3.
In this section only the important details will be presented. Coulomb explosion studies were performed on two molecules, 1,4-diiodobenzene (DIB)
and molecular iodine, I2 . Cold isolated DIB molecules were produced by a
supersonic expansion through the Even-Lavie valve. The Even-Lavie valve
was not used for iodine because it is corrosive to stainless steel and would
damage the valve mechanism. The majority of the experiments studying
Coulomb explosion are performed on DIB and the following description will
use DIB as an example.
The sample of DIB was bought from Sigma-Aldrich and had a purity of
99 %. To create the molecular beam of DIB molecules a few crystals were
inserted into the Even-Lavie valve. The stagnation pressure of helium was
set to 80 bar for all measurements and the Even-Lavie valve was heated to
between 50° and 80°.
For the experiments on DIB molecules inside helium droplets, a few crys26

4.3. Coulomb Explosion of Isolated DIB Molecules

tals of DIB were deposited in a Swagelok tube connected to the leak valve.
The aim was to dope the helium droplets with a single DIB molecule. The
opening of the leak valve was adjusted by performing an alignment experiment and maximizing the degree of alignment while keeping a reasonable
target density. The details will be provided in section 5.2.
The experiments presented in this chapter primarily use the Coulomb
explosion pulse. The pulse duration was 30 fs and it was focused to a spot size
of approximately 24 µm, providing an intensity between 1.9 × 1014 W/cm2
and 4.8 × 1014 W/cm2 depending on the pulse energy used.
Measurements on isolated DIB molecules were done with the extractor
and repeller voltages set to 2000 V and 3000 V respectively. For the experiments done on DIB molecules inside helium droplets the target chamber
had the flight tube installed. This was done to increase the flight time of
the ions, thus providing a higher mass resolution. The increased resolution
is needed to discriminate between I+ ions and IHe+ ions. The insertion of
the flight tube affects the voltages used for the VMI spectrometer. The voltage ratio for focusing is changed from 2/3 to 5/8 when the flight tube is
used. Secondly the voltages had to be increased to 5025 V on the extractor
and 8000 V on the repeller in order to minimize the amount of ions spilling
over the edge of the detector. It was not possible to increase the extraction
voltages any further before the onset of sparking between the plates. The
insertion of the flight tube for the helium droplet measurements will lead to
different arrival times at the detector for the same ionic species compared to
measurements on isolated molecules.

4.3

Coulomb Explosion of Isolated DIB Molecules

The DIB molecule was chosen for this study for a number of reasons. The
two iodine atoms positioned along the most polarizable axis of the molecule
make for an ideal observable in alignment experiments, and having the same
substituent on both sides allow for the covariance techniques described in
section 4.1 to be applied with a CCD camera. Secondly, with an I+ ion as
an observable, there are a number of possible fragmentation partners that
can be created along side it. Exploring these fragmentation pathways for
the isolated molecules will serve to better understand the breakup inside a
helium droplet.
The measurements presented here consist of four parts. 1) Time-of-flight
(TOF) mass spectra recorded following Coulomb explosion to identify the
different ion species created. 2) Two-dimensional (2D) images of different
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ion species allows for access to the kinetic energy distribution along with the
angular emission direction of the ions. 3) The covariance formalism is applied
to the ion images to reveal correlations between the energy of fragments and
their mutual emission direction. 4) Multiple ion species are imaged at the
same time to identify possible correlations between different species.

Time-of-Flight Mass Spectra
When the intense Coulomb explosion pulse hits the molecular beam, one
or more electrons are stripped from the DIB molecules producing different
ionic species. All ionic species are then accelerated by the VMI spectrometer
onto the detector. Operating the detector in TOF mode, the arrival time of
different species is recorded and a spectrum like in fig. 4.1 is obtained.
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Figure 4.1 TOF mass spectrum of isolated DIB molecules recorded with
a probe intensity of 3.8 × 1014 W/cm2 . The predominant fragments are labeled. The inset shows a zoom of the region between 3.5 µs and 7 µs covering
fragments with m/q = 57 u/e to m/q = 210 u/e.
The TOF mass spectrum is recorded with a peak pulse intensity of
3.8 × 1014 W/cm2 , which is enough to fragment the molecule and create
many charged fragments. In the spectrum the sharp features of H2 O+ , N2+ ,
and O2+ all stem from ionization of background gas in the target chamber.
The spectrum is dominated by H+ and C+ ions, but the ions of interest are
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the ones shown in the inset. The largest signals are seen for I+ and I2+ and
they both have a distinct double peak structure. The structure arises from
the ionization pulse being polarized along the TOF direction. The molecules
are randomly oriented in space, but the molecules that per chance have their
I-I axis pointing along the laser polarization are more easily ionized. This effect, termed enhanced ionization, was described theoretically by Seidemann
et al. [62], and shortly thereafter proven experimentally [63]. The theoretical and experimental works used diatomic molecules as an example, but in
general, strong field ionization is easier along the most polarizable axis of a
molecule compared to perpendicular to it.
For these experiments, the splitting of the I+ and I2+ signal in the TOF
spectrum is interpreted as either the I+ (or I2+ ) ion formed with a velocity
towards the detector leading to an early arrival time, or it is formed with a
velocity away from the detector leading to a late arrival time. The splitting
is completely absent when the polarization is turned perpendicular to the
flight direction, supporting this interpretation.
Apart from the I+ and I2+ fragments, the spectrum consists mainly of
remnants of a single charged benzene ring (C6 Hn+ ) and smaller hydrocarbon
fragments. Near 6 µs, the doubly charged parent ion is seen, C6 H4 I22+ . The
detection of the dication, proves the existence of states in the dication with
lifetimes of at least microseconds [64]. Dications with a lower lifetime would
break apart before reaching the detector. At 6.7 µs a small amount of the
C6 H4 I+ fragment is detected. The singly charged parent ion is detected near
8.4 µs (not shown in inset), but the signal is very weak. The DIB molecule
appears to almost always fragment, even at lower intensities very little single
ionization was observed.
Time-of-flight covariance mapping was applied to search for correlations
between ion fragments. Before the covariance map was calculated, all TOF
signals lower than a cut-off voltage were set to zero whereas signals above
was set to one. This was done to combat the noise from the TOF spectrum
which was dominating the covariance map if left unchecked. In addition,
the extractor and repeller voltages were increased to 5333 V and 8000 V
respectively to increase detection efficiency and to increase the TOF signal
measured by the oscilloscope. These time-of-flight covariance measurements
were the first taken in Femtolab and no online hit finding algorithm had been
written yet. The data recorded for the TOF covariance map was acquired
in approximately 30 min at 40 Hz and took up around 1 GB of disk space.
For future studies, a hit finding algorithm is highly suggested to save storage
space and ease the analysis process.
The covariance map from recording of 50 000 time-of-flight traces is shown
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in fig. 4.2 (A). The covariance map is calculated according to eq. 4.1 with
X and Y being the same TOF spectrum. When X and Y are taken as the
same observable the covariance map is often referred to as an autovariance
map. Below (B) and to the left (C) of the covariance map the average TOF
spectrum is shown to ease the interpretation of the map.
The dominant signal along the diagonal is an artifact of the autovariance, since each ion will be correlated to itself. A zoom on the colorscale
for the covariance map is done in order to see correlations away from the
diagonal. Many of the low mass fragments, notably H+ , C2+ , and C+ exhibit a strong covariance signal with almost every other fragment suggesting
that the molecule often fragments producing at least one of these low mass
ions. This corroborates the very low amount of single ionization observed
for averaged TOF spectra. Figure 4.2 (D) shows the covariance map in the
region corresponding to the heavier fragments (I+ , C6 H4 I22+ , and C6 H4 I+ )
with an expanded colorscale. Panels (E) and (F) show the corresponding
average TOF spectra.
In (A) and (D) 6 areas have been highlighted by white circles numerated
from (I) to (VI). These 6 areas are shown below (E) with a colorscale for each
image providing the highest contrast. From (I), showing the correlation between I+ ions, a weaker feature perpendicular to the diagonal indicate some
iodine ions arriving early on the detector are correlated to others arriving
late. This is consistent with the polarization geometry of the Coulomb explosion pulse, predominantly ionizing along the flight direction sending one
iodine towards the detector (arriving early) and one away from the detector
(arriving late). Similar observations are seen for I2+ (II) and I3+ (III) ions,
where a clear separation from the diagonal line is now apparent. This is
because only molecules that by chance are pointing along the direction of
the laser polarization can be ionized to the highest ionization states. The
narrow distribution of molecular geometries that can lead to production of
two I2+ or I3+ ions result in very localized covariances. A line is observed
in the covariance between two I+ ions (I) because molecules aligned in a
broader cone around the polarization can be ionized to create two I+ ions.
The sharpening of the covariance signal from (I) to (III) is consistent with
the theory of enhanced ionization [62]. From (III) a correlation between two
I3+ ions is seen, thus the molecule has undergone at least sextuple ionization.
Turning to (IV), (V), and (VI), these show correlations between different
ion species. (IV) reveal correlations between I+ and I2+ . The majority of
the signal is confined to two areas perpendicular to the diagonal showing
that some I+ ions are created along with an I2+ partner from the same
molecule. If the two ions were created from different molecules it would be
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as likely to detect both ions arriving early or both arriving late, but no clear
signal is observed along the diagonal. When created from the same molecule
the covariance signal has to be perpendicular to the diagonal. The signal
observed along the diagonal cannot be physically correct because it would
mean either both I+ and I2+ fly towards or both fly away from the detector.
These false covariances are attributed to small fluctuations in target density
which is known to generate false covariances [57, 58]. Similar observations
can be seen for (V) showing the correlation between I2+ and I3+ , but with
less false covariances, possibly because of lower overall count rate for these
two species leads to less fluctuations. (VI) shows the correlation between I+
and C6 H4 I+ , which is very weak, but a feature perpendicular to the diagonal
is seen, thus indicating a correlation between the two ion species.
The TOF mass spectra shown here have provided evidence for correlation
between fragments created by Coulomb explosion of isolated DIB molecules.
Further information of the Coulomb explosion of molecules can be accessed
by recording and analyzing 2D velocity ion images of the fragments. The
following section will present the information obtained from ion images of
DIB fragments.

Two-Dimensional Velocity Ion Images
As presented in section 3.2, the detector can be operated to record the twodimensional velocity distribution of a selected ion species. For the results
presented in this section, the laser polarization was turned to be in the plane
of the detector. The timing of the high voltage switch was set to record ion
images of different charged fragments following the Coulomb explosion. In
this section I will focus on three different ions, I+ , I2+ , and C6 H4 I+ .
2D velocity ion images are shown in the upper row of fig. 4.3, where (a1)
displays the distribution of I+ ions. The polarization of the laser pulse is
in the vertical direction in the ion image, and a clear confinement of the
ion signal is observed along the polarization in line with the observations
from the previous section. For all images in the figure, each image is scaled
to the maximum value of a single pixel, thus intensity across images cannot be compared. The peak intensity of the Coulomb explosion pulse was
4.8 × 1014 W/cm2 for all images. The I+ image show the ions distributed
around two distinct velocities indicating at least two fragmentation pathways leading to the generation of an I+ ion. The signal near the center is
ascribed to I+ ions formed by single ionization of the parent molecule and
subsequent breakup of the cation. The amount of ions detected in the center
is about 2 % of the total amount.
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Figure 4.3 2D ion images from isolated DIB molecules [row (a)] and slices
of the 3D ion distribution [row (b)]. Column (1): I+ ions. Column (2):
I2+ ions. Column (3): C6 H4 I+ ions. The laser polarization is indicated in
panel (a1). Each image is scaled to its maximum value and is 551 pixels by
551 pixels, which corresponds to 36 mm by 36 mm on the detector. See text
for details.
Utilizing the cylindrical symmetry of the experiment, the full threedimensional (3D) velocity distribution can be obtained using an Abel inversion algorithm. Here the pBasex software [65] was used to produce a slice
of the 3D velocity distribution which is shown in row (b) of fig. 4.3. In the
3D image of I+ ions (b1), the ions are distributed more sharply around two
velocities creating two rings in the image. These two rings will be referred
to as the inner and outer channel. Further discussion of these two channels
will follow later in this section.
For the I2+ ion image (a2), the emission direction is also confined along
the laser polarization direction and only a single channel is visible. Performing the Abel inversion does not reveal more structure in the ion image (b2).
In addition, the VMI voltages have been increased in order to look for more
channels producing an I2+ ion, but none were observable within the limits
of the setup.
The ion image of C6 H4 I+ (a3) lack the anisotropy seen for I+ and I2+ .
The majority of the signal is detected near the center, but a ring is visible
at a slightly larger radius. The lack of anisotropy in the C6 H4 I+ image is
surprising since to generate a C6 H4 I+ ion one C-I bond in DIB must be
broken, which is also the case for generating either an I+ or an I2+ ion,
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which do exhibit strong anisotropy.
The C6 H4 I+ ions detected in the outermost ring must have obtained their
kinetic energy through repulsion with another charged fragment, which has
to be an iodine ion in some charged state. One possible explanation for the
lack of anisotropy can be the existence of long lived dication states. If the
dication states are long lived enough that the molecule has time to rotate
before fragmenting all anisotropy can be washed out. The lifetime has to be
lower than the flight time to the detector, else the dication would be detected
in itself. A small signal of C6 H4 I22+ were observed in the TOF shown in
fig. 4.1, thus some dication states do live for at least microseconds. The
detection of uniformly spread C6 H4 I+ ions suggest a lifetime of nanoseconds
since this is the time scale for rotation of the molecule. Either two different
long lived cation states are populated with one having a minimum lifetime
in the microseconds range and one in the nanosecond range or a single state
is populated with a lifetime close to the flight time leading to a possibility of
both. Lifetimes of dications for CO2 molecules have been reported between
some tens of nanoseconds to a few microseconds [66].
The fastest C6 H4 I+ ions are emitted with a very distinct absolute velocity suggesting that only a single fragmentation pathway is leading to this
fragment. The signal near the center is likely from a breakup of the singly
charged parent ion, similar to what was observed in the I+ image. The 3D
image is not very different from the 2D image, but due to detecting only
about 5 % C6 H4 I+ ions compared to I+ ions, the inversion algorithm introduces a lot of noise.
For the 2D ion images the radial distribution is obtained by an angular
integration. In fig. 4.4 (A) the radial distributions are shown for I+ ions
(red), I2+ ions (blue), and C6 H4 I+ ions (black) with the x-axis represented
in pixels of the CCD camera. All distributions have been scaled to their
maximum value to ease comparison. The two channels from the I+ ion
image are visible in the distribution at about 100 pixels for the inner and
at 155 pixels for the outer. The majority of the I+ ions are detected in the
outer channel. The I2+ signal peaks at a radius of about 155 pixels and has a
very broad distribution, whereas the C6 H4 I+ distribution is sharply peaked
at 75 pixels. The signal in the C6 H4 I+ distribution below 20 pixels is due to
the ions detected near the center.
For the 3D ion images the radial distribution can be converted to a velocity distribution by calibrating the VMI spectrometer. Here the calibration
was done by performing above threshold ionization (ATI) on argon and detecting discrete photoelectron energies separated by one photon energy in
a 3D inverted image [37, 67]. The calibration was performed with the VMI
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Figure 4.4 (A): Radial distributions and (B) angular distributions of I+
ions (red), I2+ ions (blue), and C6 H4 I+ ions (black) obtained from the 2D
ion images in fig. 4.3. (C): Velocity distributions and (D) angular distributions obtained from the 3D ion images in fig. 4.3. The angular bin size was
increased for C6 H4 I+ ion distributions due to the low count rate.

voltages set to −2000 V and −3000 V. The calibration still holds for using
a positive polarity, but for different VMI voltages a new calibration must
be done. In fig. 4.4 (C) the velocity distributions for the three different ion
species are shown. Each distribution is scaled to the maximum value outside
the centermost part.
The velocity distribution of I+ ions (red) obtained from the 3D ion image
is more sharply peaked around both the inner and outer channel compared
to the distribution from the 2D ion image, since the projected part of the
distribution is removed through the Abel inversion. The width of the outer
channel can be due to a number of effects. If multiple ionization of the
molecule takes place over different internuclear distances, the distribution
will be broadened. Secondly, if the outer channel consists of fragmentation
into three or more fragments, the energy can be distributed differently, thus
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smearing out the velocity distribution. Both effects most likely play a role
for the outer channel of I+ ions as well as for the I2+ ions (blue). Due to
each ion species having a different value of m/q, the velocity axis does not
span the same range for each ion species.
Defining the angle θ as the angle between the vertical direction and the
direction of an ion hit, as shown in fig. 4.3 (a2), the angular distribution can
be calculated. The two circles in each ion image indicate the ranges used
for the radial integration producing the angular distribution. The angular
distributions from 2D ion images for I+ (red), I2+ (blue), and C6 H4 I+ (black)
ions are shown in fig. 4.4 (B). The distributions for I+ and I2+ are peaked
around 0° and 180 degree and have a full width at half maximum (FWHM)
of 123° ± 1.6° and 82° ± 0.5° respectively. The uncertainty specified in this
thesis will always be one standard deviation. The I+ ion distribution is
wider because it is harder to produce an I2+ ion, thus the distribution of I2+
ions is confined closer to the laser polarization. When the laser intensity is
lowered by approximately 50 %, the width of the I+ distribution is reduced
to 90° ± 0.8°. For higher intensities a broader ensemble of the randomly
oriented molecules can thus be ionized. Due to the low amount of C6 H4 I+
ions created, the angular distribution is quite noisy, even with a bin size 5
times larger than for I+ and I2+ .
The angular distributions from 3D ion images are shown in fig. 4.4 (D).
For the I+ ions (red), a small depletion in the angular distribution is seen near
0° and 180° compared to the angular distribution from 2D ion images. The
depletion is probably due to the molecules with their most polarizable axis
closest to the laser polarization being ionized to higher charge states. This
is further supported by measurements taken with lower laser intensity where
the depletion disappeared. The small oscillations seen near the extrema
of the curve are due to artifacts from the binning process. The angular
distributions from 3D ion images for I2+ and C6 H4 I+ are very similar to the
one from 2D ion images.
In order to better understand the two channels observed in the I+ image,
the kinetic energy distribution was recorded for two different laser intensities. Figure 4.5 shows the kinetic energy distribution for a pulse intensity
of 2.1 × 1014 W/cm2 (dashed) and for 4.8 × 1014 W/cm2 (solid). The distributions are scaled to their peak value of the inner channel. For increasing
intensity additional ions are detected above 5 eV and a fewer near 3 eV.
On the low energy side of the outer channel, the two curves follow each
other quite well whereas on the high energy side the curve for the high
intensity is above. The difference across the channel would indicate multiple
fragmentation pathways leads to production of I+ ions in this channel. The
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Figure 4.5 Kinetic energy distribution of I+ ions recorded with a peak
intensity of 2.1 × 1014 W/cm2 (dashed) and 4.8 × 1014 W/cm2 (solid). Both
curves are scaled to 1 at the peak of the inner channel.

reason for the two curves following each other at the low energy side could
be because for the high intensity I+ ions at this energy are the ones being
depleted. In the 3D ion image of fig. 4.3 (b1), a decrease in ion signal can
be seen close to the vertical axis on the low energy side of the outer channel.
Near 3 eV the lower intensity produces more I+ ions compared to the high
intensity, thus different orders of ionization states are reached across the
distribution. The shear number of possible fragments created from Coulomb
explosion of a DIB molecules makes a assignment of the channels difficult
without further information. In the following two sections the covariance
formalism will be used to gain further insight into the channels observed in
the I+ image.

Covariance Analysis
The image of I+ ions in fig. 4.3 (a1) consists of 2.5 × 106 ion hits recorded
in 1 × 105 laser shots. With the coordinates for each ion hit saved along
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with the image number in which the laser shot was recorded, the covariance
between different observables can be calculated. Whether ions recorded in
either channel are correlated to other I+ ions can be investigated by a radial
covariance map. Here the observable X and Y in eq. 4.1 are the radial distribution on the bottom half of the detector and the top half respectively.
The covariance map is shown in fig. 4.6 (A) with the average radial distribution shown below (B) and to the left (C) to ease interpretation. The radial
distribution is essentially identical to the one shown in fig. 4.4 (A).
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Figure 4.6 (A): Radial covariance map of I+ ions on the top half of the
detector with the I+ ions on the bottom half. (B) and (C): Average radial distribution from 2D ion images. The dashed lines are guides to help
distinguish regions for the two separate channels.
In the radial distributions three dashed lines have been drawn to separate
the inner and outer channel. The intersection of the dashed lines create 4
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areas in the covariance map. The majority of the covariance signal is found
in the top right area which shows correlations between two I+ ions detected
in the outer channel. When detecting an I+ ion in the outer channel on the
top part of the detector it is likely to detect another I+ ion in the outer
channel on the bottom half. The two areas away from the diagonal (top
left and bottom right) have almost no covariance indicating no correlation
between ions detected in different channels. The only way to create two I+
ions with different velocities would be to remove a third electron closer to one
iodine than the other. This seems very unlikely in a molecule as symmetric
as DIB. In the area concerning correlations between two I+ ions detected in
the inner channel, very little signal is present. This implies that formation
of an I+ ion in the inner channel produces no other I+ ions, but some other
charged species. The small signal that is present is believed to be due to the
projection of ions in fact coming from the outer channel.
From this information it is possible to speculate about fragmentation
patterns. From the radial covariance map it can be concluded that an I+
ion detected in the inner channel is formed with another charged partner
that is not an I+ ion. Secondly, some of the I+ ion detected in the outer
channel are created with another I+ ion. The kinetic energy of the I+ ions
detected is a result of the Coulomb energy released upon ionization. If the
structure reported in [68] is used, and an electron is assumed to be removed
from each iodine atom, the repulsion between the two ions (starting at a
separation of 6.82 Å [68]) will lead to a kinetic energy of 1.06 eV for each I+
ion. This is far below what is observed for the outer channel acording to
the kinetic energy distribution seen in fig. 4.5, thus a 3rd electron must also
be removed in order to reach energies above 4 eV. If this extra ionization is
assumed to created a single positive charge in the center of the aromatic ring,
the kinetic energy of the I+ ions detected would be 5.28 eV. This result fits
very well with the observed kinetic energy distribution. The outer channel
in the kinetic energy distribution is quite broad, which can be explained
by the central positive charge being delocalized across the aromatic ring.
Other fragmentation pathways leading to creation of an I+ ion with about
5 eV are not excluded by the covariance analysis, and it is likely that the
outer channel consists of many more contributing pathways. For the inner
channel, the other fragment is not known, hence a straightforward energetic
estimation seems futile until additional information is available.
The radial covariance map only describes the energetics of the correlated
I+ ions, but nothing about their mutual emission direction. If the angular
emission direction of the ions is used as an observable, the covariance map is
termed an angular covariance map. The angular covariance map for I+ ions
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is shown in fig. 4.7 for the inner channel (A) and the outer channel (B). The
angles θ1 and θ2 in line with the definition given in fig. 4.3 (a2) run from
−90° to 270°. θ1 and θ2 share the same angles, thus the covariance map is
an autovariance map and to avoid the large diagonal signal the center line
has been put to zero. Since only a weak covariance signal was observed for
the inner channel in the radial covariance map, it is to no surprise that the
angular covariance signal of the inner channel is about a factor of 4 weaker
than the outer channel. The correlations in the inner channel are believed to
stem from the tail of the outer channel, hence the following discussion will
focus on the outer channel.
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Figure 4.7 Angular covariance map for I+ ions detected in the inner channel (A) and the outer channel (B) as a function of emission angle θ1 and θ2 .
The diagonal line has been put to zero.
In the covariance map two elongated shapes are seen near the angles
(θ1 = 0°, θ2 = 180°) and (θ1 = 180°, θ2 = 0°), which means that the two I+
ions are emitted with approximately 180° between them. The two shapes
have a certain width in two directions which provides different information
about their mutual emission direction. This is easier discussed if the covariance map is rotated to show the difference angle θ2 − θ1 on one of the axes.
The rotated angular covariance map for the outer channel is shown in fig. 4.8
(A).
Similar to the angular distribution of the I+ ions, the covariance signal is
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Figure 4.8 (A): Angular covariance map for I+ ions detected in the outer
channel as a function of emission angle θ1 and difference angle θ2 − θ1 . (B):
Integrated covariance as a function of the difference angle θ2 − θ1 , see text
for details.
peaked around θ1 = 0° and θ1 = 180°, which is due to the selectivity of the
laser pulse. The width of the covariance signal along θ1 matches well with the
width obtained from the angular distribution. The width of the covariance
signal along the difference angle θ2 −θ1 cannot be due to the selectivity of the
laser. The width in this direction must be because the emission direction
of the two ions deviate from the C-I bond axis upon Coulomb explosion.
In many experiments using Coulomb explosion as a probe, the axial recoil
approximation is used to justify the ionic fragments map the bond direction
during ionization. Here direct evidence for the lack of axial recoil is seen and
a quantitative mean for it can be derived. If the covariance map is integrated
along the angle θ1 , the distribution shown by the blue dots in fig. 4.8 (B) is
obtained.
The distribution is peaked around 180° with a broader feature seen near
0°. The broad distribution around 0° must be false covariances, since it is
not possible for both I+ ions from the same molecule to be emitted in the
same direction. Two I+ ions can only be detected in the same direction if
they come from two different molecules. It must be equally likely that the
two I+ ions created from two different molecules fly in opposite directions
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as they fly in the same direction. Thus the false covariances must also be
present around 180°.
The red curve in fig. 4.8 (B) is the fit obtained by using three Gaussian
shapes. First the false covariances near 0° are fitted to a Gaussian function.
This shape is forced on to the distribution near 180° and the remaining data
is fitted to another Gaussian shape. From the fit, a FWHM value of 28°±0.2°
is extracted for the true covariance signal. This width gives a measure for the
deviation from axial recoil which is useful for comparing axes distributions.

Covariance Analysis of Different Ion Species
In order to identify possible correlations between different ion species images
of the different ion species must be compiled at the same time. This can be
achieved with the PImMS sensor because it places a time stamp when each
ion is detected instead of using a selective gate [61, 69, 70]. Here, I show
that a normal CCD camera can also be used to identify correlations between
different ion species simply by extending the gate window to encompass the
ion species. In an effort to better understand what constitutes the inner
channel in the I+ image (fig. 4.3 (a1)), the detector gate was extended.
The opening time was increased to simultaneously detect I+ and C6 H4 I+
ions, since fragmentation into these two fragments seemed like a plausible
pathway. Although the different ions both are detected as a flash of light
and thus cannot be distinguished on detector, by performing the covariance
analysis information can be retrieved. C6 H4 I22+ ions will also be included in
the detection, but since they all arrive at the center they should not perturb
the analysis.
The outer channel has been proven to originate from triply ionized DIB
molecules, and to increase the probability of detecting I+ and C6 H4 I+ , the
laser intensity was reduced to 2.1 × 1014 W/cm2 . A total of 1.3 × 106 ions
where detected in 2.4 × 105 laser shots, and from this a radial and angular
covariance analysis were performed. The radial covariance map is shown in
fig. 4.9 (A) with the average radial distribution shown in (B) and (C).
Extending the opening time of the detector can only lead to additional
correlations compared to when only I+ ions are imaged, thus one should
expect the same features as seen in fig. 4.6. The average radial distributions
have more ions shifted towards lower radii, which is expected from the lower
intensity. Turning to the covariance map, the signal from the correlation
between I+ ions detected in the outer channel is still the most dominant
one. The main difference to the covariance map of only I+ ions is the two
sharp lines highlighted by the white circle. The sharp lines mean that when
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Figure 4.9 (A): Radial covariance map for I+ and C6 H4 I+ ions on the
bottom half of the detector with the top half. (B) and (C): Average radial
distribution including both ion species. The white circle highlight the main
difference compared to fig. 4.6.

a given velocity of one of the ions is detected, the velocity of the other ion is
fixed. This is characteristic of a two-body breakup where only two fragments
can take away the energy and momentum. Since the sharp lines were not
present in the radial covariance map of I+ ions alone, it must be from the
formation of an I+ with a C6 H4 I+ ion.
From energy and momentum conservation the velocity of the I+ ion will
be M 0 /m0 times the velocity of C6 H4 I+ , where M 0 is the mass of C6 H4 I and
m0 the mass of I. The radius reached on the detector by a fragment, R,
must be ∝ v2D tflight , with v2D being the velocity component in thepdetector
plane and tflight being the flight time. Since the flight time is ∝ m/q, R
√
can be expressed as R ∝ v2D m. The ratio of the radius reached by the two
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fragments can now be calculated as

RI+
RC

s

∝

+
6 H4 I

M0
.
m0

(4.2)

The mass of an I+ ion is 127 u and for a C6 H4 I+ ion it is 203 u, thus
1
the slope of the line should be 1.26 or 1.26
depending on which fragment
is detected where. The measured slope of the lines was determined to 1.30
1
and 1.30
. The good agreement between the measured and predicted slope
shows that one possible outcome of Coulomb explosion of DIB molecules is
the formation of an I+ along with an C6 H4 I+ partner.
Similar as for the I+ ions alone, an angular covariance map was calculated with the long opening time of the detector. Figure 4.10 shows the
angular covariance map for the radial range covering the inner channel (A)
and for the radial range covering the outer channel (B). The outer channel
appears the same as in fig. 4.7, but the inner channel has a very sharp line
visible near (θ1 = −90°, θ2 = 90°) and (θ1 = 90°, θ2 = 270°) as indicated by
the white circles.
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Figure 4.10 Angular covariance map for a radial range covering the inner
channel (A) and outer channel (B) for I+ ions. The white circle highlight
the difference compared to fig. 4.7.
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The sharp line extends across all angles of θ1 while θ2 = 180 + θ1 , but it
is most clearly seen away from the correlations between two I+ ions. This
implies that the I+ ions correlated to C6 H4 I+ ions are emitted in all directions. This matches with the image of C6 H4 I+ ions seen in fig. 4.3 (a3),
where a uniform emission direction is seen. Likewise a faint ring is observed
for the I+ ions in fig. 4.3 (a1) near the inner channel. This result proves that
the fragmentation pathway leading to formation of an I+ ion with a C6 H4 I+
ion must be via a long lived dication state since their emission direction is
uniform.
All I+ ions detected in the inner channel cannot stem from the breakup
into I+ and C6 H4 I+ , since the amount of C6 H4 I+ ions produces is so low and
some of the I+ ions are emitted along the polarized of the laser in the inner
channel, hence other fragmentation pathways must be present as well.
Utilizing the covariance formalism allows for additional information to
be extracted from ion images. In this and the previous section it was shown
that by a rather simple covariance analysis fragmentation pathways could
be determined and a measure for the validity of the axial recoil approximation could be determined. With more sophisticated equipment such as the
PImMS sensor much more information is readily available [61]. In the next
part some of the approaches used here for isolated DIB molecules will be
applied to DIB molecules inside helium droplets.

4.4

Coulomb Explosion of DIB Molecules inside
Helium Droplets

This section will detail the studies of Coulomb explosion of DIB molecules
inside helium droplets. The structure of the section will follow the one for
isolated molecules, but with more emphasis on the unique droplet effects.
By comparing the results of isolated molecules to those of molecules inside
helium droplets, the effect of the helium droplet can be probed.

Time-of-Flight Mass Spectra
A TOF mass spectrum of the ionic species created following Coulomb explosion of DIB molecules inside helium droplets were recorded. In addition to
recording the TOF mass spectrum with the helium droplet beam on, additional TOF spectra were recorded when the beam was blocked. By blocking
the helium droplet beam only the molecules that effuse into the interaction
region are detected, thus the contribution from unsolvated molecules can be
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estimated. Similarly the target chamber can be isolated and the contribution
from background gas can be estimated. Figure 4.11 show the TOF spectra
recorded for the target chamber alone (black), the effusive portion (red) and
with the droplet beam included (blue) for an intensity of 4.5 × 1014 W/cm2
and the laser polarization along the TOF direction. The low density of target molecules in the droplet beam results in the TOF spectrum being rather
noisy.
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Figure 4.11 TOF spectrum of DIB molecules inside helium droplets
(blue). The red spectrum is recorded with the gate valve between the droplet
source chamber and the doping chamber closed. The black spectrum is the
target chamber alone. The inset shows a zoom of the region between 4 µs
and 8.2 µs covering fragments with m/q = 46 u/e to m/q = 210 u/e. The
main fragments are labeled, see text for details.
The largest signal in the TOF is from H2 O+ ions due to water vapor in
the target chamber. When the doping chamber is included the increase of the
water signal is minor. Other ions present in the TOF of the target chamber
are H+ , H2+ , N2+ , O2+ , and CO2+ . Some N2+ and O2+ ions are present in
the TOF with the doping chamber and the droplet beam included since the
data was recorded shortly after the doping chamber had been opened. Over
time, the amount of N2+ and O2+ ions from the effusive portion and from
the droplet beam decreases and under normal operation is totally absent.
Large signals are seen for small helium clusters when the droplet beam
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is included, namely He+ , He2+ , and He3+ . Clusters of up to He18+ have
been observed. All the helium clusters disappear for pure helium droplets
with no dopants. A zoom of the high mass region is shown in the inset with
the most dominant signal coming from I+ ions near 6.5 µs. The arrival time
of an I+ ion here is different from the isolated molecule case of section 4.3
because of the addition of the flight tube. The I+ ion signal is much larger
for the blue curve compared to the red curve, thus the I+ ions detected are
originating from molecules inside helium droplets. On the right side of the I+
peak, a shoulder is visible, and some minor signals can be seen to the right.
The structure of these signals are investigated further later in this section.
Near the I2+ and C6 Hn+ signals, a lot of signals are present in the droplet
spectrum. These are due to the helium clusters and they make recording
images of low mass species or high charge states a challenge. To avoid the
helium clusters, the droplet study presented here will focus on the I+ ions
where no helium clusters are present. At the very end of the inset a tiny
signal of C6 H4 I+ is detected. The signal was too weak to use for recording
ion images.
A high statistics TOF spectrum was recorded focusing on the region of I+
ions and higher masses to resolve the small signals. Such a TOF spectrum
is shown in fig. 4.12 (B) and (C). The time axis of the TOF have been
converted to a mass scale to ease the interpretation. The largest signal is
from detection of I+ ions and the splitting is caused by the polarization of the
laser pulse as it was the case for the isolated molecules. Every 4 mass units
a smaller replica of the main iodine signal is detected. This must be due to
the I+ ion picking up a He atom on the way out of the droplet. A similar
structure in the TOF mass spectrum was also observed for neutral atoms
formed via dissociation of a molecule inside helium droplets in reference [71].
To investigate if any correlation between these fragments existed, the TOF
covariance map, shown in fig. 4.12 (A), was calculated for 2.5 × 105 laser
shots.
The covariance map is dominated by the large autovariance signal along
the diagonal, but distinct signals are seen perpendicular to the diagonal
as well. Focusing on the I+ ions correlated to other I+ ions, two lobes
are visible perpendicular to the diagonal signifying a correlation. Whether
the correlations are true or a result of false covariances cannot readily be
deduced since no measure for the false covariances are available due to the
autovariance signal. If the focus is shifted to the correlations between I+ and
IHe+ the covariance signal is much stronger perpendicular to the diagonal
compare to along it, proving a correlation between I+ and IHe+ .
Correlations between I+ and IHen+ clusters are seen up to IHe4+ . Corre47
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Figure 4.12 (A): Time-of-flight covariance map for DIB molecules in helium droplets. (B) and (C): Average TOF spectrum.

lations across IHen+ clusters are also visible such as the correlation between
IHe+ and IHe3+ . The correlations weaken as more and more helium atoms
are attached to the iodine. In hope of revealing more correlations a second
short laser pulse was used to align the molecules before Coulomb exploding
them. The theory of alignment and experiments using alignment will be the
subject of chapter 5. For now, the molecules were aligned along the flight
direction with the Coulomb pulse polarized in the same direction. Combining the alignment pulse and the Coulomb explosion pulse was done on a
50/50 beam splitter, thus half the laser power was lost. The intensity of the
coulomb explosion pulse was 2.2 × 1014 W/cm2 for all the droplet time-offlight covariance measurements. The TOF covariance map for the unaligned
molecules is shown again in fig. 4.13 (A). In (B) the TOF covariance map is
shown for aligned molecules. Below each covariance map, the average TOF
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spectrum is shown (C) and (D).
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Figure 4.13 Time-of-flight covariance map for randomly aligned DIB
molecules in helium droplets (A), with the average TOF spectrum shown
below (C). Time-of-flight covariance map for aligned DIB molecules in helium droplets (B), with the average TOF spectrum shown below (D).
The covariance for each pair of ions is increased when the molecules
are aligned, and the two areas of covariance signal move further apart. The
distance between them is increasing because more molecules are now pointing
along the TOF direction. The splitting of the signal is also observed in the
average TOF spectra. From the unaligned molecules (C) to the aligned
ones (D), the dip in the middle of the distribution increases, signifying more
molecules are ionized along the flight direction.
By aligning the molecules prior to ionization, additional correlations can
be resolved and the covariance signal is increased. Now correlations between
I+ and IHe5+ are just visible. These effects were also observed when I2
molecules were Coulomb exploded inside helium droplets. For I2 , correlations between I+ and IHe8+ were visible for randomly aligned molecules.
For aligned molecules correlations between I+ and IHe9+ were seen and the
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strength of the correlations were enhanced. The correlation between I+ and
larger IHen+ clusters is stronger for I2 compared to DIB. This is likely because larger IHen+ clusters are formed for I2 compared to DIB, but why that
occurs is unclear.
In the next section 2D velocity ion images will be used to learn more
about the I+ and IHe+ ions produced by Coulomb explosion of DIB molecules
inside helium droplets.

Two-Dimensional Velocity Ion Images
As can be seen from the TOF mass spectrum in fig. 4.11 the signal corresponding to I2+ and C6 H4 I+ are quite weak and in addition the I2+ signal is
overlapped with contributions from the Hen+ progression. The focus was instead shifted to the I+ and IHe+ ions. Row (a) of fig. 4.14 show 2D velocity
ion images recorded following Coulomb explosion of DIB molecules inside
helium droplets. I+ ion images are shown in (a1) and (a2) recorded with
an intensity of 1.9 × 1014 W/cm2 and 3.8 × 1014 W/cm2 respectively. The
image in (a3) shows IHe+ ions recorded for the low intensity.

I+
(a1)

~ (a2)
E

I+

IHe+
(a3)

1.0

0.6

3D

(b1)

(b2)

(b3)

0.4

Ion signal

2D

0.8

0.2
0.0

Figure 4.14 2D ion images from DIB molecules in helium droplets [row
(a)] and slices of the 3D ion distribution [row (b)]. Column (1): I+ ions
recorded at a peak pulse intensity of 1.9 × 1014 W/cm2 . Column (2): I+
ions recorded at peak intensity of 3.8 × 1014 W/cm2 . Column (3): IHe+ ions
recorded at a peak intensity of 1.9 × 1014 W/cm2 . The laser polarization
is indicated in panel (a1). Each image is 551 pixels by 551 pixels, which
corresponds to 36 mm by 36 mm on the detector.
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The I+ ion images show no sign of several distinct fragmentation channels
in contrast to the situation for the isolated DIB molecules. This is in line
with what was observed for other molecules as well [72]. The I+ velocity
is most likely perturbed by the helium environment and the two channels
cannot be resolved. Each ion image is scaled to its maximum value on a
single pixel, thus comparison across the ion images is not possible. The
IHe+ ions are emitted at lower radii, but due to the slightly different flight
time of I+ and IHe+ the direct comparison is not possible until the velocity
distribution has been calculated.
In row (b) a slice of the 3D ion distribution of the corresponding ion
is shown. The 3D ion images do not provide much more information, but
further discussion of the ion images of molecules inside helium droplets are
easier done through the radial and angular distributions which are shown in
fig. 4.15.
In (A) the radial distributions from 2D ion images are shown for I+
ions recorded with high intensity (blue), low intensity (red) and for IHe+
ions (black). Comparing the red and blue curve, only minor differences are
seen and in both curves only one channel is visible. The IHe+ ions are
detected at a lower radius compared to the I+ ions and the distribution
is more sharply peaked. The velocity distribution is obtained in the same
manor as for the isolated molecules, but the energy calibration was not done
via the ATI method. Instead an image of I+ ions from isolated DIB molecules
was recorded under the same VMI voltages and from the known energy
peaks in that distribution, a transformation from pixel to velocity could be
performed.
The velocity distributions obtained from the 3D ion images are shown
in fig. 4.15 (C). The sharp truncation of the red and the blue curve is due
to reaching the detector edge. The velocity distribution for the high pulse
intensity produces more I+ ions at high velocity suggesting that the distribution consists of multiple components, some with different ionization states.
The distribution of IHe+ ions peaks about 5 Å/ps below the peak of the
distribution for I+ ions for the same intensity. Similar results were reported
for photodissociation experiments [71]. The mass of the IHe+ ion compared
to the I+ ion does not account for the discrepancy in velocity. There can be
different explanations for the lower velocity of the IHe+ ions. If the I+ ion
has a higher probability of picking up a He atom at lower velocity, the fast
I+ ions first have to be slowed down before picking up a He atom, thus a
lower velocity of IHe+ is detected. This is pure speculation and from these
measurements it is not possible to determine how the IHe+ ion is formed.
The angular distribution of IHe+ ions (black) in fig. 4.15 (B) is almost
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Figure 4.15 (A): Radial distributions and (B) angular distributions of
ions obtained from the 2D ion images in fig. 4.14. The distribution for I+
ions recorded at an intensity of I = 3.8 × 1014 W/cm2 is shown in blue. The
distributions for I+ and IHe+ ions at an intensity of I = 1.9 × 1014 W/cm2
is shown in red and black respectively. (C): Velocity distributions and (D)
angular distributions obtained from the 3D ion images in fig. 4.14.

identical to the one for I+ ions recorded at the same intensity (red). This
means that the emission direction of the iodine ion is not perturbed by
picking up a helium atom on the way out of the droplet. The mass of a
helium atom compared to an iodine atom is only about 3 %, which may be
the main reason why the emission direction is not significantly changed. It
may be different if the leaving ion was, for instance, a F+ ion. The width
of the distribution was measured to be 83° ± 0.5° for the low intensity and
118° ± 2.0° for the high intensity, close to the values observed for gas phase
DIB molecules.
Turning to the angular distribution obtained from the 3D ion images
in fig. 4.15 (D), a suppression of I+ ions near the polarization of the laser
is observed for the high intensity, similar to the case of isolated molecules.
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A more direct comparison between the I+ ion distributions from isolated
molecules and molecules inside helium droplets can be seen in fig. 4.16.
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Figure 4.16 (A): Velocity distribution of I+ ions from isolated molecules
for an intensity of 4.8 × 1014 W/cm2 (red), and for molecules in helium
droplets for an intensity of 3.8 × 1014 W/cm2 (blue). The dashed line is
the average velocity for each distribution. (B): Angular distributions obtained from 3D ion images for isolated molecules and for molecules in helium
droplets. See text for details.
The velocity distributions of I+ ions from isolated DIB molecules (red)
and from DIB molecules inside helium droplets (blue) are shown in fig. 4.16
(A). The two dashed lines represent the average velocity of the distribution.
The I+ ions are on average 7 % faster from isolated molecules than from
molecules inside helium droplets. The pulse intensity used for the isolated
molecules was 4.8 × 1014 W/cm2 , which is somewhat higher than the one
used for molecules in droplets, 3.8 × 1014 W/cm2 . However, even the average I+ velocity from Coulomb explosion of isolated molecules with a pulse
intensity of 2.1 × 1014 W/cm2 is higher than the average one from molecules
inside droplets at an intensity of 3.8 × 1014 W/cm2 . The average velocity was
calculated based on the same range of velocities for both situations. The difference in velocity is ascribed to the iodine colliding with helium atoms on
the way out of the droplet.
The angular distribution of the I+ ions from isolated molecules and
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molecules inside helium droplets obtained from the 3D ion images are shown
in fig. 4.16 (B). The distribution from isolated molecules is slightly wider,
which is ascribed to the increased intensity. The emission direction of I+ ions
from inside helium droplets appears similar to that of isolated molecules. In
the next section the covariance technique will be used to retrieve additional
information about the I+ ions created inside helium droplets, in particular
the validity of the axial recoil approximation.

Covariance Analysis
For the covariance analysis presented here the details will be shown on the ba
sis of the image of I+ ions recorded at the high intensity 3.8 × 1014 W/cm2 .
The I+ ion image in fig. 4.14 (a2) consists of 6.7 × 105 ion hits recorded in
5 × 106 laser shots. First the radial covariance was investigated in the same
manor as for the isolated molecules. The covariance map was calculated
between I+ ions hitting the bottom half of the detector with those hitting
the top half and it is shown in fig. 4.17 (A). The average radial distribution is shown below and to the left of the map in panel (B) and (C). One
should take care when comparing the radial covariance map for molecules
inside helium droplets and for the isolated molecules, since for the droplet
measurements the flight tube was inserted. This leads to different arrival
times for the same species, and in the ion images the same ion species with
the same energy will reach a different radius as well.
There is a clear correlation between the I+ ions hitting the bottom half
of the detector and those hitting the top half. The correlation appears to
be stronger for the I+ ions detected between 120 pixels and 220 pixels. The
covariance map for molecules inside helium droplets is less confined to the
diagonal compared to the isolated molecules. This fits with the interpretation
that some of the I+ ions are being slowed down on the way out of the droplet
leading to a broader distribution of velocities. Thus correlations can occur
at a broader range as is seen in the covariance map.
Next the angular covariance map is calculated for ions detected between
70 pixels and 260 pixels to investigate the validity of the axial recoil approximation. The angular covariance map is shown in fig. 4.18. Similar
features are seen for molecules inside droplets as was for isolated molecules.
Two distinct elongated shapes are present and they are centered around
(θ1 = 0°, θ2 = 180°) and (θ1 = 180°, θ2 = 0°). The interpretation from the
isolated molecules carry over and in order to access information about the
axial recoil approximation the covariance map is rotated and integrated along
θ1 . The rotated covariance map for I+ ions recorded from molecules inside
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Figure 4.17 (A): Radial covariance map of I+ on the top part of the
detector with the I+ ions on the bottom half recorded from molecules inside
helium droplets. (B) and (C): Average radial distribution from the 2D ion
image.

helium droplets is shown in fig. 4.19 (A) and the integrated covariance distribution is shown in (B).
The spike at 0° in the integrated covariance distribution is due to running the detector at too high a voltages, thus the same hit was detected
at two pixels. At 0° no false covariances are seen, which was not the case
for I+ ions recorded from isolated molecules. The fluctuations in the I+ ion
count rate from molecules inside helium droplets appear to be less for these
experimental conditions than those for the isolated molecules. The width of
the integrated covariance signal at 180° was determined to be 45° ± 1°.
The width was determined to be 28° for the outer channel of the isolated
molecules, but for a more fair comparison both channels should be included.
If both channels are included, the width increases to 30° ± 0.3°, which makes
the deviation from axial recoil about 50 % larger for molecules inside helium
droplets compared to the isolated molecules. The difference has profound
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Figure 4.18 Angular covariance map for I+ ions recorded from inside
helium droplets within a radial range of 70 pixels to 260 pixels as a function
of emission angle θ1 and θ2 .
effect on experiments relying on retrieving the molecular axis distribution,
such as alignment experiments. When the observable was changed to IHe+ ,
the deviation from axial recoil remained the same, hence IHe+ will be as
good an observable as I+ .
The covariance analysis presented here for DIB molecules were also performed for 1,4-dibromobenzene (DBRB) in Femtolab by Benjamin Shepperson. For DBRB, Br+ ions were recorded and the width of the integrated
covariance distribution was measured to 32° ± 0.4° for the isolated molecules
and 51° ± 0.7° for molecules in helium droplets. The deviation from axial
recoil is slightly larger for DBRB than for DIB, which is ascribed to the Br+
fragment being slightly lighter than the I+ ion.
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4.5

Conclusion

In this chapter the Coulomb explosion of isolated DIB molecules and DIB
molecules inside helium droplets were investigated. By recording the velocity distribution of I+ ions following Coulomb explosion of isolated DIB
molecules, two distinct channels were observed. Applying the covariance
formalism of Frasinski et al. [53] to a 2D I+ ion image, I+ ions in the other
channel were found to be correlated with other I+ ions in the outer channel.
By measuring the kinetic energy of the I+ ions, one fragmentation pathway
was deduced to be
hν

C6 H4 I2 −−→ C6 H4 I23+ + 3 e− −−→ I+ + C6 H4+ + I+ + 3 e− .
By simultaneously imaging multiple ion species, one of the fragmentation
pathways leading to an I+ ion formed in the inner channel was found to be
hν

C6 H4 I2 −−→ C6 H4 I22+ + 2 e− −−→ I+ + C6 H4 I+ + 2 e− .
It was shown that using a normal CCD camera it is possible to correlated different ion species using the covariance technique. The two channels observed
for I+ ions are expected to consist of additional fragmentation pathways.
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The two channels observed for I+ ions from isolated molecules are not
observed when DIB molecules are Coulomb exploded inside helium droplets.
A correlation between two I+ ions from molecules inside helium droplets was
measured, thus the same fragmentation pathways as was observed for isolated DIB molecules are likely present for molecules inside helium droplets,
but with a smeared out energy distribution because of the droplet. The
correlation between the two I+ ions observed in both cases allowed for an
investigation of the validity of the axial recoil approximation. For isolated
molecules the I+ ions are emitted in a distribution around the bond direction
with a FWHM of 30°. When the molecule is Coulomb exploded inside helium
droplets, the width of the distribution increases to 45°. For probing the degree of alignment of molecules, Coulomb explosion will represent the molecular axis distribution worse when the molecule is inside a helium droplet
compared to in the gas phase. The degree of alignment of DIB molecules
inside helium droplets will thus be underestimated more compared to that
of isolated DIB molecules. Switching the observable from I+ ions to IHe+
ions proved no difference for the validity of the axial recoil approximation.
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5

Alignment Experiments
Confining one or more axes of a molecule to axes defined in the laboratory
is termed alignment. If one molecular axis is confined to an axis in the
laboratory, this is referred to as one-dimensional (1D) alignment. If a second
molecular axis is also confined, thereby forcing the third axis as well, it is
denoted three-dimensional (3D) alignment. In this thesis only 1D alignment
have been studied, hence alignment will refer to 1D alignment. If the relative
orientation of two molecules can be controlled, chemical reactions can be
steered towards desired products. In a SN 2 reaction between a chloride
ion and a methyl iodide molecule, as shown below, the probability of the
reaction taking place is highly dependent on which direction the chloride ion
approaches the methyl iodide from [73]
Cl− + CH3 I −−→ ClCH3 + I− .
The interaction between molecules and polarized electromagnetic radiation is another example that is highly dependent on the orientation between
the polarization and the molecular orientation. The information obtained
from interrogating molecules with for instance polarized light can be enhanced by fixing the molecules in space in order to avoid averaging over an
ensemble. Alignment have been proved to further increase the information
obtained from photoelectron spectroscopy [74–76] and in High Harmonic
Generation (HHG) [77, 78].
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The first experiment showing alignment of molecules was done in the
1960s using electrostatic hexapole focusers [79]. The experiment used the
interaction between the hexapole field and the permanent electric dipole
moment of both CH3 I and CHI3 to select a single quantum state, which in
itself is an aligned state. This type of alignment relies on the molecule having
a permanent dipole moment and uses a strong static electric field, hence it
is often referred to as brute force alignment. Modern alignment techniques
using laser pulses only requires a polarization anisotropy. In this work only
pulsed lasers were used to induce alignment.
Laser induced alignment of isolated molecules has become a large research
topic and enabled a range of new opportunities in molecular science [80–83].
As much as the field of alignment has flourished for isolated molecules, no
experiments have been done on molecules in a liquid. Little theoretical
attention has been drawn to describing alignment of molecules in a liquid
[84–86]. Collisions between molecules will lead to a rapid decrease of the
molecular alignment, which has been shown in dense gases [87, 88], thus for
a liquid phase the alignment is believed to be very weak if even possible.
Superfluid helium nanodroplets can be seen as a step from the gas phase
towards the liquid phase. The weak interactions between the solute and the
helium droplet as described in chapter 2 has enabled the first experiments on
alignment of molecules in this superfluid phase [32, 72]. Although the superfluid helium droplet interacts only weakly with the solute, notable differences
in the rotational dynamics have been observed.
This chapter will explore alignment of molecules inside helium droplets
and study the effects of the helium droplet on alignment. Section 5.1 will
describe the theory of alignment of isolated molecules. Section 5.2 provides
an overview of the optical setup as well as the parameters used for taking the
measurements. In section 5.3 the results of impulsive alignment of isolated
DIB molecules will be presented. Section 5.4 will present the results of impulsive alignment of DIB molecules inside helium droplets and compare the
results to those of isolated DIB molecules. In section 5.5 an alternative way
of characterizing molecular alignment will be presented for molecules inside
helium droplets. Section 5.6 will present the results of including additional
alignment pulses on isolated DIB molecules and on DIB molecules solvated
inside helium droplets. In section 5.7 the results of aligning DIB molecules
in the adiabatic regime will be presented. The effect of the helium droplet is
studied through a comparison of the degree of alignment of isolated molecules
to that of molecules inside helium droplets. Finally, section 5.8 will present
the conclusions.
60

5.1. Theory of Alignment

5.1

Theory of Alignment

The theoretical background for laser induced alignment was introduced by
Friedrich and Herschbach in 1995 and the following description follow their
work [89,90]. Within the Born-Oppenheimer and the rigid rotor approximation the general Hamiltonian of a molecule can be written as a sum of three
parts; an electronic, a vibrational, and a rotational part:
Ĥ0 = Ĥel + Ĥvib + Ĥrot .

(5.1)

The rotational part of the Hamiltonian can be written as
Ĥrot =

Jˆy2
Jˆ2
Jˆx2
+
+ z ,
2Ixx 2Iyy
2Izz

(5.2)

where Iii is the moment of inertia around and Jˆi is the total angular momentum operator along the i-axis of the molecule [91]. The x-, y- and z-axis refer
to the molecule-fixed principle axes of inertia. For the simple case of a linear
molecule (Ixx = Iyy = I, Izz = 0), the eigenstates of the field-free Hamiltonian in eq. 5.2 are the spherical harmonics |JM i, J is the angular momentum
quantum number and M is the projection of the angular momentum on the
space-fixed Z-axis. The energy of a rotational state can be written as
E=

~2
J (J + 1) ,
2I

(5.3)

2

~
where often the rotational constant B = 2I
is used. The electric field of a
linearly polarized laser pulse can be written as

~ (t) = E
~ 0 (t) cos (ωt) = E0 (t) cos (ωt) Z,
~
E

(5.4)

where E0 is the electric field envelope, ω is the angular frequency of the
~ is a unit vector along the laboratory fixed axis where the light
light and Z
is polarized. If the hyperpolarizability and higher order terms are neglected,
the interaction between a laser pulse as described by eq. 5.4 and a molecule
is given by
~ (t) − 1 E
~ † (t) αE
~ (t) .
V̂ (t) = −~
µ·E
2

(5.5)

~ is the permanent electric dipole moment of the molecule and α
Here µ
is its polarizability tensor. The interaction between the permanent electric
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dipole moment and the electric field applies a torque to the molecules as
~ (t), thus on average the interaction is quenched because of the
~ ×E
τ~ = µ
oscillating electric field. In addition, if α is assumed to be diagonal the
interaction can be reduced to
V̂ (t) = −

1X
αii |E0,i (t)|2 ,
4 i

(5.6)

where the factor of 21 is from the time average of cos2 (ωt) over multiple
optical cycles. The interaction is now solely represented in the molecular
coordinate system, but the electric field is only known in the laboratory
~ is written in spherical coordinates, it can be transformed to
frame. If Z
the molecular coordinate system via two of the three Euler angles (θ and
~ and the z-axis of the molecular frame, whereas
φ). θ is the angle between Z
~ onto the xy-plane and the x-axis
φ is the angle between the project of Z
of the molecular frame. Using this transformation of the electric field, the
interaction becomes
h

i
1
V̂ (t) = − |E0 (t)|2 αzz cos2 θ + sin2 θ αxx cos2 φ + αyy sin2 φ
4

(5.7)

For a linear molecule the polarizability is often written as αzz = αk and
αxx = αyy = α⊥ , which reduces the expression to
h

i
1
V̂ (t) = − |E0 (t)|2 αk − α⊥ cos2 θ + α⊥
4

(5.8)

From this expression it can be seen that if αk > α⊥ , the interaction
between the laser field and the molecule leads to a minimum in the potential
energy at θ = 0 and π. Since θ is the angle between the laser polarization and
the most polarizable axis of the molecule, the molecules will be aligned along
the laser polarization. The derivation here was done for a linear molecule, but
for (prolate) symmetric tops and asymmetric tops, a linearly polarized laser
pulse will tend to align the most polarizable axis along the laser polarization.

Adiabatic Alignment
From the expression in eq. 5.8 one expect an angular confinement along
θ = 0 and π. Alignment is normally occurring in either the adiabatic or
the nonadiabatic regime determined by the turn-on time of the laser pulse
compared to the molecular rotation [80]. Alignment is termed adiabatic
when the turn-on time of the laser pulse is much longer than the time scale
for molecular rotation. In practice this is achieved by using laser pulses
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with a duration longer than the rotational period of the molecule. The
eigenstates of the field-free Hamilitonian are the |JM i as mentioned in the
previous section, and when the laser field is turned on slowly these states
˜ i. The |JM
˜ i states are
are adiabatically transferred to states denoted |JM
called pendular states and they maintain the M quantum number from the
field-free case since the interaction in eq. 5.8 commutes with the Jˆz operator.
The J quantum number is not preserved when the interaction is turned on,
but if the laser field is turned on smoothly, the order of the states with
respect to energy is preserved [89]. This means that the lowest lying fieldfree states will be transferred to the lowest lying pendular states. If the
temperature of the molecules is low, only the lowest rotational states will
be populated and strong alignment is expected [92, 93]. If single quantum
states can be selected nearly perfect alignment can be reached [94]. In the
adiabatic alignment experiments presented here, pulses from the YAG laser
was used to reach the adiabatic regime.

Nonadiabatic Alignment
The nonadiabatic alignment regime is reached when the laser pulse used
for the alignment is much shorter than the rotational time of the molecule.
Typically laser pulses with durations between a hundred femtoseconds and a
few picoseconds are used, and in this work pulses of about 200 fs were used.
The laser pulse will, during a very short time, pull the molecules towards the
laser polarization, thus such alignment pulses are often referred to as kick
pulses. Molecules will align along the laser polarization shortly after the
kick pulse, which can be understood from a simple classical model as was
presented by Averbukh and Arvieu [95–97]. If a randomly aligned ensemble of
molecules is assumed to have negligible initial velocity, the angular velocity
they obtain towards the laser polarization is ω (θ) ∝ sin (θ). For a given
molecule the angular velocity is also proportional to the fluence of the kick
pulse, hence a higher fluence will lead to faster dynamics. For molecules
close to the polarization sin (θ) ≈ θ, thus molecules initially positioned at
different angles with respect to the laser polarization rotate into alignment
along the polarization axis at the same time. Since the peak alignment is
reached after the laser pulse, the molecules are free of any perturbations
from the laser field. This is very attractive for many applications.
Nonadiabatic alignment was first observed in 2001 by Rosca-Pruna and
Vrakking [98] and shortly by other groups [99–103]. In fig. 5.1 the angular width of iodine ions measured on a position sensitive detector following
Coulomb explosion of I2 molecules is shown as a function of pump probe
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delay (figure adapted from [98]). The kick pulse arrives at t = 0 and shortly

Figure 5.1 Angular width of the ion distributions recorded by a position
sensitive detector as a function of pump-probe delay between the kick pulse
and the ionization pulse. The ions are produced from Coulomb explosion of
I2 molecules and for each channel the alignment dynamics are shown. The
inset shows the early time dynamics. Figure adapted from [98].
hereafter a large drop in the angular width is observed, consistent with the
classical theory of nonadiabatic alignment. At much later times recurrences
appear, which is completely missed by the classical description. These recurrences, termed revivals, can be understood from a quantum mechanical
description of the interaction.
The kick pulse duration is so short that it can be seen as a δ-kick instantly
transferring population to higher lying J states via a series of Raman transitions forming a rotational wave packet [104–107]. One Raman transition
only allow for ∆J = 0, ±2 and ∆M = 0 since the laser field is linearly po64
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larized. The rotational wave packet can be described as a superposition of
field-free states:
|ψ (t)i =

X



CJM exp i

JM

EJ
t |JM i,
~


(5.9)

where CJM are real expansion coefficients and the energies EJ are described
by eq. 5.3. The oscillation frequency of each probability amplitude is periodic
with a periodicity of Trev = π~
B . One way to characterize the degree of
alignment is through hcos2 θi which can be calculated as:
hcos2 θi = hψ| cos2 θ|ψi
=

X

(5.10)


CJM CJ 0 M 0 exp i

JJ 0 M M 0

∆EJJ 0
t hJ 0 M 0 | cos2 θ|JM i,
~


(5.11)

where ∆EJJ 0 = EJ − EJ 0 and θ is the angle between the a laboratory axis
and the molecular axis. The oscillating term depends only on the energy
difference between the J states, thus it will still be periodic with Trev = π~
B.
If molecules are aligned at a time t1 , one would expect a revival in the alignment at a later time t2 = t1 + Trev . The quantum mechanical description of
nonadiabatic alignment correctly predicts the revival structure of I2 as observed by Rosca-Pruna and Vrakking and the moderate alignment observed
in between revivals. The moderate alignment observed between revivals
is often referred to as permanent alignment. The permanent alignment is
caused by states of high J being populated while the M quantum number
remains low. A randomly oriented sample of molecules will have a value of
hcos2 θi = 1/3, whereas a perfectly aligned sample will have hcos2 θi = 1.
Starting from only a few quantum states will produce the highest degree of
alignment, thus rotational cold molecules is a prerequisite for alignment.

5.2

Experimental Setup

DIB and I2 molecules were used for the alignment experiments, but since I2
could not be run in the Even-Lavie valve, no alignment experiments were
performed on isolated I2 molecules. For DIB, the Even-Lavie valve was
operated the same way as in chapter 4. For both DIB and I2 the doping
conditions were determined by performing a nonadiabatic alignment experiment and observing the maximum degree of alignment for different openings
of the leak valve. Generally better alignment was obtained as the doping
concentration in the pick-up cell was lowered. This is interpreted as a transition from droplets doped with two or more molecules to droplets doped
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with a single molecule. Since the aim was singly-doped droplets the pressure
in the pick-up cell was adjusted to be as low as possible limited by the target
density.
All of the alignment experiments were recorded with the flight tube installed, thus the VMI extractor and repeller voltages were set to 5025 V and
8000 V respectively. The detector was gated to record images of I+ ions
for all experiments except for the adiabatic alignment measurements inside
helium droplets where IHe+ was used as an observable.

Optical setup
For the alignment experiments presented in this chapter three different optical setups were used. All experiments used the laser beam with 30 fs pulses
as a probe by Coulomb exploding the molecules (see chapter 3). The probe
beam was overlapped with one of three other pulsed laser beams. The first
experiment conducted was nonadiabatic alignment of DIB molecules, using
the direct output of the Ti:Sa laser, in the gas phase and inside helium
droplets.
A schematic of the optical setup is shown in fig. 5.2. The alignment
(kick) beam (shown in red) passes through an early telescope to control the
size of the beam which in turn defines the focused laser spot size inside the
vacuum chamber. The beam then passes a half-wave plate (HWP1) in order
to control the intensity transmitted through the following polarized beam
splitter (PBS1). After the beam splitter each beam pass another HWP (2
and 3) to control the polarization before recombination on a second PBS (2).
In one of the two beam lines two mirrors are placed on a delay stage (DS1)
(Thorlabs PT1/M) to control the temporal synchronization of the two beam
paths. After the two beams are recombined they pass another HWP (4)
to control the splitting of the light on a thin-film polarizer (TFP1) (Eksma
Optics 420-0526E). In one of the paths after the TFP (1) a HWP (5) is
placed to ensure both beam paths have the same polarization when they are
recombined on a 50-50 beam splitter (BS). In one arm two mirrors are again
placed on a DS (2) (Thorlabs PT1/M) to control the timing between the
laser pulses. The four recombined laser beams are now sent onto another DS
(3) (Schneeberger R9800) to control the delay between the probe pulse and
the kick pulses. Before combining with the probe beam, the kick beam passes
through a second telescope to control the position of the kick beam focus
with respect to the probe beam focus. Recombination of the kick beams and
the probe beam is done on a thin-film polarizer (TFP2) (custom rectangular
Eksma Optics BK7 TFP, 50.8 mm × 101.2 mm). By recombining the two
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beams on a TFP the polarizations are forced to be perpendicular, but in
return no laser power is lost.
Target chamber
Lens
HWP4

TFP1

HWP5

DS2

HWP7
TFP2

Ti:Sa
Telescope

HWP1
HWP2

PBS2
PBS1

HWP3

BS
HWP6

DS1

DS3
(Schnee)

Telescope

Figure 5.2 Schematic of the optical setup used for the nonadiabatic alignment experiments on DIB molecules. The probe beam is shown in blue and
the kick beam in red. See text for abbreviations. All unlabeled optics represent mirrors.
The probe beam was detailed in chapter 3 and a HWP (7) is inserted
before combining with the kick beam for controlling the pulse energy. The
peak intensity of the probe pulse was 3.7 × 1014 W/cm2 for the nonadiabatic
alignment experiments on DIB.
The kick beam and the probe beam were overlapped in a 10 µm pinhole
as described in section 3.1 and subsequently a cross correlation was scanned
out in a BBO crystal. From the width of the cross correlation the kick
pulses were determined to have a duration of 200 fs. The spot size of the
kick beams (ω0kick ) were all approximately 37 µm. The spot size of the probe
beam (ω0probe = 24 µm) is intentionally made smaller than ω0kick to make sure
only the aligned molecules are ionized. The peak intensity of the kick pulses
used was 1.6 × 1013 W/cm2 . The kick pulse intensity is set just below the
value where ionization of the molecules start to occur.
In the second experiment, I2 molecules inside helium droplets were nonadiabatically aligned by a single kick pulse. The recombination of the two
beams was no longer done on a TFP, but instead on a 50-50 beam splitter
at normal incidence. This gives free tunability of the polarizations of each
beam, but half the laser power is lost on the beam splitter. It was still
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possible to maintain a probe intensity of 3.4 × 1014 W/cm2 , while the kick
intensity was 1.2 × 1013 W/cm2 .
In the last experiment, the alignment beam is no longer a femtosecond
beam, but instead the YAG laser is used. The two beams are combined using
a 1064 nm 0° mirror with high transmission at 800 nm. A telescope placed
early in the YAG beam line is used to adjust the position of the laser focus
with respect to the probe focus. The size of the YAG focus was 32 µm and
the intensity was varied from zero to 1.4 × 1012 W/cm2 while using a probe
intensity of 4.7 × 1014 W/cm2 . The temporal synchronization of the probe
pulse and the YAG pulse was done by adjusting the Q-switch trigger on the
delay generator. No matter which alignment pulse is used, the polarization
is always in the plane of the detector.

5.3

Nonadiabatic Alignment of Isolated DIB
Molecules

In order to understand the alignment dynamics of DIB molecules inside helium droplets, first it must be understood in the gas phase. In this section I
will present the results on nonadiabatic alignment of isolated DIB molecules.
The molecular axis distribution is determined by Coulomb explosion of the
molecule and recording of the 2D velocity distribution of I+ ions. The I+
velocity distribution is the best estimate for the axis distribution at the time
of ionization, and it will be used to describe the alignment dynamics. The
influence of non-axial recoil will be discussed at the end of this chapter. By
controlling the delay between the kick pulse and the probe pulse, the temporal evolution of the alignment dynamics for the molecule can be mapped
out.
In fig. 5.3 (A) an I+ ion image is shown when only the probe laser is
included and it is polarized perpendicular to the detector. By defining θ2D
as the angle between an ion hit and the kick laser polarization (vertical direction) the degree of alignment can be represented by the value of hcos2 θ2D i.
The brackets in hcos2 θ2D i represent the average value over all ion hits, thus
from a uniform distribution hcos2 θ2D i will take the value of 0.50, whereas
a perfectly aligned sample will have hcos2 θ2D i = 1.0. The ion image with
only the probe laser is circularly symmetric and for this image hcos2 θ2D i is
0.50. Only the ions between the black and white circles in fig. 5.3 (A-E) are
used to calculate hcos2 θ2D i. The temporal evolution of hcos2 θ2D i is shown
in fig. 5.3 (F) when the kick pulse is included. The kick pulse arrives at
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t = 0 s. Prompt alignment is observed after approximately 12 ps and after
∼ 1570 ps a revival is observed.
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Figure 5.3 (A)-(E): 2D images of I+ ions created by ionization of isolated
DIB molecules with the probe pulse. (A): Probe pulse only. (B)-(E): Kick
pulse included. The images are recorded at different times after the kick pulse
indicated by the black arrows. Each ion image is 551 pixels by 551 pixels,
which corresponds to 36 mm by 36 mm on the detector and they are scaled to
their maximum value. (F): The degree of alignment represented as hcos2 θ2D i
as a function of time. The probe (kick) pulse is polarized perpendicular
(parallel = vertical) to the detector plane as shown in (A) and (B).
The ion images shown in fig. 5.3 (B-E) are taken at the prompt alignment (B), during the permanent alignment (C), at the peak alignment of
the revival (D), and at the anti alignment during the revival (E). During the prompt alignment the degree of alignment reaches a maximum of
hcos2 θ2D i = 0.66 and in the ion image the two channels that were seen in
chapter 4 are now clearly visible. During the permanent alignment the value
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of hcos2 θ2D i levels out around 0.56.
At the revival, the degree of alignment increases strongly and even surpasses that of the prompt alignment reaching a maximum of hcos2 θ2D i =
0.70. Approximately 25 ps later the strongest anti-alignment is reached
where hcos2 θ2D i = 0.45. Based on the structure of DIB [68] the rotational constants can be calculated; A = 0.186 cm−1 , B = 0.005 53 cm−1 ,
and C = 0.005 37 cm−1 . The full revival time for the C-type and J-type
revivals are Trev = 1.55 ns and Trev = 3.06 ns respectively. Whether the revival observed is the full C-type revival or the half revival of the J-type or a
mixture is not clear and no further action was taken to resolve this [100,108].
During the experiment it was not possible to scan out the next revival
due to the limited length of the delay stage. Hamilton et al. showed that it
was possible to measure and predict the position of the 42nd revival in CH3 I,
thus the coherence of the wave packet persists for a very long time [101].
Summing up, the alignment dynamics of isolated DIB molecules show
prompt alignment after about 12 ps and a distinct revival at about 1.5 ns.
Next, the nonadiabatic alignment of DIB molecules inside helium droplets is
studied.

5.4

Nonadiabatic Alignment of DIB Molecules
inside He Droplets

These studies were motivated by the initial nonadiabatic alignment studies
of molecules inside helium droplets [32]. DIB was chosen because it is a very
slow rotor and due to the possibility of studying correlations of the I+ ions as
was done in chapter 4. An interesting question was how much the rotation
would be slowed compared to the isolated molecule case. Using the same
laser conditions as for the isolated molecules presented in the previous section a nonadiabatic alignment experiment was performed on DIB molecules
solvated inside helium droplets. The CCD camera was operated as in the
previous chapter with a long opening time recording all laser shots.
If only the probe laser is included, the I+ ion distribution is isotropic
when molecules inside helium droplets are Coulomb exploded as is shown
in fig. 5.4 (A). When the kick pulse is included and the delay between it
and the probe pulse is varied, the temporal evolution of hcos2 θ2D i can be
recorded. A measurement of that is shown in fig. 5.4 (E) for the first 190 ps
with t = 0 ps assigned to the arrival of the kick pulse. The same radial range
was used to determine the hcos2 θ2D i as was used for the isolated molecules.
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The time evolution is very different from that of gas phase molecules in
a number of ways. First, the degree of alignment obtained falls below that
of the isolated molecules, hcos2 θ2D i = 0.60 for molecules in droplets against
the hcos2 θ2D i = 0.66 for isolated molecules. The Coulomb explosion studies
in chapter 4 showed that the axial recoil approximation is not as good for
molecules inside helium droplets as it is for isolated molecules. As such,
the degree of alignment for molecules inside helium droplets will be further
underestimated than it will for isolated molecules.
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Figure 5.4 (A)-(D): 2D images of I+ ions created by ionization of DIB
molecules in helium droplets with the probe pulse. (A): Probe pulse only.
(B)-(D): Kick pulse included. The images are recorded at different times after
the kick pulse indicated by the black arrows. Each ion image is 551 pixels by
551 pixels, which corresponds to 36 mm by 36 mm on the detector and they
are scaled to their maximum value. (F): The degree of alignment represented
as hcos2 θ2D i as a function of time. The probe (kick) pulse is polarized
perpendicular (parallel = vertical) to the detector plane as shown in (A)
and (B).
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Secondly, the prompt alignment is reached much slower. For the isolated
molecules, the highest degree of alignment was reached after about 12 ps,
whereas for molecules in droplets the maximum is reached after 40 ps. An
ion image recorded at the peak of the prompt alignment is shown in fig. 5.4
(B). Alignment is clearly visible in the ion image, but no separated channels
can be seen. The difference in time scale between isolated and solvated DIB
molecules could be attributed to multiple helium atoms being dragged along
as the molecule rotates inside the droplet. This would lead to an overall
increase in the total moment of inertia, slowing rotation down. Spectroscopic studies have observed an overall decrease in the rotational constant
for solvated molecules, interpreted as an increase in the moment of inertia
due to dragging along helium atoms [5, 14, 109]. Although no spectroscopy
have been done on DIB, the slower rotation observed here is consistent with
the results from spectroscopy.
Thirdly, after the prompt alignment is reached, the degree of alignment
is slowly decreasing towards a randomly oriented sample with hcos2 θ2D i =
0.50 after about 120 ps. This is in contrast with the results from isolated
molecules, where the degree of alignment reached hcos2 θ2D i = 0.55 during
the permanent alignment. The ion image in (C) shows the weakened alignment after about 65 ps and the image taken at 190 ps (D) shows no anisotropy
and has a value of hcos2 θ2D i = 0.50.
The absence of the permanent alignment for molecules inside droplets
could be due to numerous reasons. The permanent alignment is caused
by high lying J states all having a low M quantum number. If these states
have their M quantum number scrambled by the interaction with the helium
droplet the degree of alignment would tend towards hcos2 θ2D i = 0.50. Or if
the population of the high lying J states decays this would also remove the
permanent alignment. These two effects are hard to discriminate between
and from these measurements it could be either or even both. The effect
appears to have a time scale of about 100 ps, which is in contrast with the
general observations from spectroscopy where rotational lifetimes of at least
nanoseconds have been observed for smaller molecules [14, 109]. The first
steps towards modeling the rotational behavior inside helium droplets have
been taken [110] and it is also in progress locally in cooperation with the
Zillich Group.
Lastly, due to earlier experiments on CH3 I showing no signs of rotational
revivals inside helium droplets [32], potential revivals for DIB were not pursued. Especially for DIB where the first revival in the gas phase was observed
at about 1.5 ns, one would expect a potential revival inside helium droplets
to be found at an even later time. The delay stage did not allow for extend72
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ing the delay to much more than 1.5 ns. Emphasis was put on understanding
the initial prompt alignment.
In order to understand the temporal behavior of the degree of alignment
of molecules inside helium droplets, a set of different molecules have been
studied. The first experiments showing alignment inside helium droplets was
published early in my Ph.D. programme [32], but since then more molecules
have been studied and some in more detail. In fig. 5.5 the temporal evolution
of hcos2 θ2D i is shown for 5 different molecules. I have been part of the
experiments for all molecules except iodobenzene (IB), but only for DIB and
I2 was I the main contributor.
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Figure 5.5 Temporal evolution of hcos2 θ2D i for the first 120 ps for the 5
molecules studied in Femtolab so far. IB is short for iodobenzene.
Overall the iodine-containing compounds show the same qualitative behavior, whereas CS2 has quite a different time evolution. For molecules in
the gas phase, the only physical quantity that determines the behavior after
the kick pulse is the moment of inertia. The rotational constant is proportional to the inverse of the moment of inertia, thus comparing the rotational
constants might explain the different dynamics observed. The rotational
constants are listed in Table 5.1.
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Table 5.1 Rotational constants for the molecules aligned in Femtolab.
For CH3 I, CS2 , and I2 the rotational constant has been taken from [111].
For C6 H5 I (IB) the values are taken from [112]. For DIB, the structure is
taken from [68] and the rotational constants have been calculated. For the
asymmetric tops the average of B and C is listed.

B cm



−1

CH3 I
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I2

C6 H5 I

C6 H4 I2

0.250

0.109

0.035

0.024

0.0054

Comparing the time it takes to reach prompt alignment, as expected,
DIB (blue) having the smallest rotational constant takes the longest time.
Methyl iodide (black) and IB (purple) takes about the same time to reach
prompt alignment, although their rotational constant differ by an order of
magnitude. I2 (red) which has a rotational constant in between methyl iodide
and IB has a similar time scale. CS2 has a rotational constant between
methyl iodide and I2 , but exhibits totally different early dynamics. For CS2
the prompt alignment is reached after just 1-2 ps, but it has the same time
scale for the decrease of the degree of alignment. This would imply that
two interactions are present with different time scales. An initial interaction
between the molecule and the helium environment when the rotation starts.
Depending on the molecule, the helium environment may adiabatically follow
the rotation leading to slow rotations [14] or it may be decoupled, almost
mimicking gas phase behavior. A secondary interaction between the droplet
and the molecule is responsible for relaxation of the alignment on a time scale
of about 100 ps. This time scale seems to be independent of the molecule and
the results in [32] indicate very little dependence on the kick pulse intensity.
These results indicate that molecules inside helium droplets cannot be
described by a free rotation Hamiltonian as was reported by spectroscopic
discoveries [5, 14]. The intensity of the kick pulses used here is orders of
magnitudes higher than for normal spectroscopy laser beams. It is possible
that the dependence can be explained by the laser intensity. Performing
nonadiabatic alignment of molecules in helium droplets with pulse durations
of 1 ps to 100 ps could provide additional insight of the intensity dependence.
The degree of alignment is here quantified by the value of hcos2 θ2D i,
but for molecules lacking a good observable, alternative ways to measure
alignment is necessary [113, 114]. In the next section the ionization yield is
used to follow the alignment dynamics of I2 molecules inside helium droplets.
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5.5

Ionization Yield as a Characterization
Method for Alignment

For diatomic molecules the strong field ionization probability is greatly increase if a linearly polarized electric field is pointing along the molecular
axis compared to perpendicular to it [62, 63]. The orientation-dependent
ionization probability can be used to learn about the alignment dynamics of
molecules. [113–115].
A nonadiabatic alignment experiment is performed on I2 molecules inside
helium droplets with the probe pulse polarized in two different directions.
In fig. 5.6 (A) an I+ ion image is shown when the probe pulse is polarized
perpendicular to the detector. The image is circularly symmetric as was seen
for DIB images in fig. 5.4. As for DIB, hcos2 θ2D i is calculated for the ions
detected between the two rings shown in the ion image. When the kick pulse
is included hcos2 θ2D i can be followed as a function of time. The alignment
dynamics of I2 molecules inside helium droplets are shown in blue in fig. 5.6
(E) represented by hcos2 θ2D i. The I+ image in (B) is taken at the peak of
the prompt alignment.
If the probe polarization is turned to be in the detector plane, the I+ ion
image with the probe only changes from being circularly symmetric (A) to
show anisotropy (C). The anisotropy is not due to alignment of molecules but
a consequence of the selectivity of the probe pulse as was seen in chapter 4.
The temporal evolution of hcos2 θ2D i with the kick pulse included and when
the probe pulse is polarized in the detector plane is shown in fig. 5.6 (F) in
blue. The time scale for reaching the prompt alignment and the time scale for
the decrease in alignment is the same as is seen with the other polarization.
The absolute value of hcos2 θ2D i is different because of the selectivity of the
laser, thus it cannot be compared.
The I2 molecule has a good observable for following the alignment dynamics as a function of time through hcos2 θ2D i, but not all molecules have a
good observable. Instead one can turn to measuring the ion yield from strong
field ionization of the molecule as a function of time to study the alignment
dynamics [113, 114]. Here the ion yield is recorded and the temporal evolution of the yield can be followed together with hcos2 θ2D i. In fig. 5.6 (E) the
number of ions detected per camera frame is shown as a function of time
in red. The minimum in the ion yield matches well with the maximum of
hcos2 θ2D i. The polarization of the kick pulse and probe pulse are perpendicular, thus when the molecules are aligned the strongest, the ionization
probability is the lowest. Turning to the parallel geometry (fig. 5.6 (F)), the
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Figure 5.6 (A)-(D): 2D images of I+ ions created by ionization of I2
molecules inside helium droplets with the probe pulse. (A) and (C): Probe
pulse alone. (B) and (D): Kick pulse included 25 ps before probe pulse. The
polarization of the pulses are indicated above the ion images. (E): The degree of alignment represented as hcos2 θ2D i (blue) and ion yield (red) as a
function of time for perpendicular geometry. (F): The degree of alignment
represented as hcos2 θ2D i (blue) and ion yield (red) as a function of time for
parallel geometry. The ion images are 521 pixels by 521 pixels, which corresponds to 34 mm by 34 mm on the detector. The ion images are plotted on
the same colorscale.
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ion yield (red) is maximum close to the where hcos2 θ2D i takes the highest
value. The amount of I+ ions produced is increased when the molecules are
aligned along the probe laser polarization, as is expected.
For both polarization geometries the ion yield can be used to follow the
alignment dynamics of molecules inside helium droplets, thus for molecules
without a good observable, it should be possible to follow the alignment
dynamics through the ion yield. The only requirement for the molecule is an
orientation dependent ionization probability. Here the yield was determined
from the number of I+ ions detected, but in practice a TOF signal could be
used to follow the alignment dynamics as well.
The effect of alignment on the radial distribution of I+ ions was investigated for the two different geometries. In fig. 5.7 (A) the radial distribution
is shown for the probe pulse polarized in the perpendicular geometry. The
dotted curve is recorded with the probe pulse only and the solid curve is
recorded at the strongest alignment when the kick pulse is included. The
decrease in ion yield is strongest near 100 pixels, but in general the solid
curve falls below the dotted for all radii. For the parallel case (B) the ion
yield increases from the probe only (dashed) to when the alignment laser is
included (solid). The increase is most pronounced above 120 pixels, but the
solid curve lies above the dashed for all radii.
The increase in I+ ions for the parallel case when the kick pulse is included
is due to a higher ionization probability when the molecule is pointing along
the probe laser polarization, but the iodine atoms might also be ionized to
higher charge states. For a more complete description, images of I2+ ions
should be recorded in both geometries as well. Here this was not possible
without also detecting He16+ ions.
The ion yield is clearly an observable that can be used to follow the
alignment dynamics of molecules inside helium droplets. Ideally additional
charged fragments are measured as well, particular both the singly and doubly charged ion species. If ion images are used as a measure, the PImMS
camera would be an ideal tool for recording multiple fragments [69,116,117].
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Figure 5.7 Radial distributions of I+ ions detected from Coulomb explosion of I2 molecules inside helium droplets with a probe polarization perpendicular (A) and parallel (B) to the detector. Dotted lines are for the the
probe pulse only and solid lines are with the kick pulse included 25 ps before
the probe pulse.

5.6

Alignment Dynamics using Multiple Kick
Pulses

For exploiting aligned molecules in applications it is necessary to have a
strongly aligned molecular ensemble. One short pulse provides a limited
degree of alignment, thus the full molecular frame information or the detailed
orientational dependence of molecular processes may not be fully elucidated.
Since the degree of alignment for molecules inside helium droplets falls below
that of the isolated molecules, a way to enhance the degree of alignment is
attractive. The intensity of the kick pulse cannot be increased further in
hope of obtaining better alignment due to the onset of ionization.
In order to reach a higher degree of alignment in the field-free case, a
train of laser pulses can be used. For isolated molecules this was shown theoretically by Averbukh and Arvieu [95] and Leibscher et al. [96] and shortly
after realized experimentally [118, 119]. Later, experiments on isolated N2
molecules used eight kick pulses separated by the rotational period to increase the degree of alignment [120]. The experiments presented here using
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Intensity

multiple kick pulses focus on the early time corresponding to the prompt
alignment, since no revivals are observed for molecules inside helium droplets.
The degree of alignment obtained for isolated molecules is highly dependent on the timing of the two kick pulses used [121]. Initially the rotational
dynamics of isolated DIB molecules were studied using two kick pulses. The
first kick pulse always arrive at t = τ1 = 0 and the second pulse arrives at
t = τ2 . A sequence of kick pulses will be denoted (τ1 -τ2 ) and is schematically shown in fig. 5.8. The time separation between the two pulses (τ12 )

Probe
pulse

Kick pulses

Time
0

t

Figure 5.8 Illustration of the laser pulse timings. The center of the first
kick pulse defines the zero of time. A 2-pulse sequence of the kick pulses is
denoted (τ1 –τ2 ) and a 4-pulse sequence (τ1 –τ2 –τ3 –τ4 ).
was varied for isolated molecules and for molecules inside helium droplets.
In fig. 5.9 the time evolution of hcos2 θ2D i is shown for a series of different
kick pulse separations with the trace using a single kick pulse included for
comparison.
In the first column, (a1-d1), the results for isolated molecules is shown
in red, blue, green, and purple using two kick pulses with the separation
between the two pulses indicated in the top right corner of each panel. The
black dashed line is the trace recorded for a single kick pulse and the vertical
shaded line show the position of the second kick pulse. From the first column,
it is obvious that the timing between the two kick pulses is an important
parameter, and that the highest degree of alignment is observed when the
pulse separation is 12 ps, reaching a value of hcos2 θ2D i = 0.71. Comparing
the temporal evolution of hcos2 θ2D i for τ2 = 12 ps with that of a single kick
pulse, an increase in the degree of alignment is seen even before the second
kick has arrived. This increase in the degree of alignment can only be due to
the pulse sequence. The kick pulse intensity is kept low enough to prevent
ionization on its own, but in addition to ionizing, the probe pulse will leave
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Figure 5.9 The degree of alignment represented as hcos2 θ2D i, as a function of time for isolated molecules (column 1) and for molecules inside helium
droplets (column 2) using two kick pulses. The timing of the kick pulses are
indicated in the top right corner of each panel. The black dashed curve represent the trace recorded with a single kick pulse at t = 0 ps. The vertical
line indicate the arrival time of the second kick pulse.
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some molecules in excited states, and some of these molecules can be ionized
by the second kick pulse arriving after the probe pulse. The kick pulses are
polarized in the detector plane, and since the ions produced by the last kick
pulse will primarily be emitted along the polarization direction, this will lead
to an artificial increase of the degree of alignment. Any data points prior
to the last kick pulse are, therefore, not a good measure for the degree of
alignment.
Another important thing to note is that the alignment dynamics evolve
faster when more pulses are included [121]. For the short time separation,
(0-1) ps and (0-2) ps, the highest degree of alignment is reached faster than
for a single pulse. Also for the (0-12) ps separation the highest degree of
alignment is reached 6 ps after the second kick pulse.
For the (0-10) ps and (0-12) ps separations, hcos2 θ2D i exhibits a pronounced dip after the alignment maximum, particularly in the case of a 10 ps
separation. These oscillations could be explored further by simulations, but
the focus of this study was not to fully understand this.
The highest permanent alignment level is observed for the (0-12) ps kick
sequence, in line with the prediction of Averbukh and Arvieu [95]. The permanent alignment is only determined by how high J states are populated and
they predicted the highest J states were reached if the molecular ensemble
was already weakly aligned at the arrival of the second kick pulse. On the
time scale shown, the oscillations in the alignment dynamics for the (0-10) ps
kick sequence hides the permanent alignment level, but it falls between that
of the (0-2) ps kick sequence and (0-12) ps kick sequence.
The results on isolated molecules clearly show that the degree of alignment can be enhanced and the best result is obtained when the second kick
pulse is sent near the peak alignment of the first pulse. In the second column
of fig. 5.9 (a2-d2), the results for molecules inside helium droplets are shown.
The alignment dynamics of molecules inside helium droplets exhibit many of
the same features as for isolated molecules. Clearly, the degree of alignment
can be enhanced compared to the result obtained with a single pulse and the
timing of the two kick pulses is an important parameter. The highest degree
of alignment for molecules inside droplets is obtained when the second pulse
arrives at the peak alignment induced by the first pulse, i.e. (0-40) ps. The
degree of alignment reaches hcos2 θ2D i = 0.67, but it still fall below that of
the isolated case.
The alignment dynamics inside helium droplets does evolve faster when
two pulses are used compared to when a single pulse is used - a situation
similar to that observed for isolated molecules. For the (0-40) ps separation,
the highest degree of alignment is reached approximately 25 ps after the
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second kick pulse. A weak oscillatory trend in hcos2 θ2D i is observed after the
prompt alignment, especially for the (0-10) ps and (0-18) ps sequence. This
indicate that some coherences are left after about 80 ps for the molecules
inside the helium droplets. Still no permanent alignment is observed and
after about 150 ps, the molecules are back to a randomly oriented sample.
Table 5.2 The highest degree of alignment obtained for the 2-pulse sequences used for isolated DIB molecules and for DIB molecules in helium
droplets.
Isolated molecules
τ1

τ2

[ps]
0
0
0
0
0

1
2
6
10
12

hcos2 θ

2D i

0.663
0.670
0.688
0.703
0.711

Molecules in droplets
τ1

τ2

[ps]
0
0
0
0

6
10
18
40

hcos2 θ2D i
0.634
0.648
0.647
0.669

An overview of the highest degree of alignment reached for the different
kick pulse sequences used is given in Table 5.2. As described in section 5.2
it was possible to create a total of four kick pulses via two Mach-Zehnder
interferometers. By creating the four pulses as two pairs of two, free tunability of the delay between each pulse is not available. The delay between the
first two pulses (τ12 ) will also be the delay between the last two pulses (τ34 )
, whereas the delay between pulse 2 and 3 (τ23 ) can be chosen freely, see
fig. 5.8. Even under these restrictions, the amount of possible kick sequences
is so large that it is practically impossible to experimentally explore the full
parameter space. Instead a few selected 4-pulse sequences were applied to
investigate if the degree of alignment could be improved compared to the
2-pulse case. The pulse energy was kept the same for all kick pulses to not
increase the amount of parameters even further.
The temporal evolution of hcos2 θ2D i is shown in fig. 5.10 for both isolated
molecules (a1-d1) and for molecules in helium droplets (a2-d2) when four kick
pulses are used. The results using a single kick pulse is again included as a
reference (black dashed curve) and the vertical line indicate the arrival time
of the last kick pulse, τ4 . As for the experiment with two kick pulses, only
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data points after the arrival of the last kick pulse are true measures of the
degree of alignment.
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Figure 5.10 The degree of alignment represented as hcos2 θ2D i as a function of time for isolated molecules (column 1) and for molecules inside helium
droplets (column 2) using four kick pulses. The timing of the kick pulses are
indicated in the top right corner of each panel. The black dashed curve represent the trace recorded with a single kick pulse at t = 0 ps. The vertical
line indicate the arrival time of the last kick pulse.
The degree of alignment is generally higher when four kick pulses are included compared to two. The alignment dynamics are now even faster, and
for the isolated molecules the inclusion of the additional kick pulses becomes
problematic without freely choosing all kick separations. The sequence of
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(0-2-8-10) ps (b1) produces the highest degree of alignment but ideally the
three first pulses should arrive at (0-12-18) ps according to the 2-pulse measurements. The restriction on the first and last pulse separation forces the
pulses closer in time. In fig. 5.10 (d1), the kick pulse sequences is quite good
for the first three pulses, but the final pulse arrives to late, destroying much
of the alignment.
For molecules inside helium droplets, in the optimal sequence (0-18-3654) ps (c2) the arrival time of the first three pulses deviate highly from what
is expected from the 2-pulse measurements. From the 2-pulse measurements
the expected sequence for the first three pulses is (0-40-75) ps, but even
the four pulse sequence of (0-18-48-66) ps (d2) produces a weaker degree
of alignment. Extending the delay between the first two kick pulses even
further should lead to an even weaker degree of alignment, hence it was not
explored. Comparing the degree of alignment for the isolated molecules for
the optimal sequence with the corresponding droplet sequence a value of
hcos2 θ2D i = 0.74 is reached for isolated molecules and hcos2 θ2D i = 0.71 for
molecules in droplets. For a full list of the kick sequences used and highest
degree of alignment for each trace, see Table 5.3.
In chapter 4 the axial recoil approximation for DIB molecules inside
helium droplets was measured to be worse than for isolated DIB molecules.
It is possible that the degree of alignment reached inside helium droplets
is on par or even above that of isolated molecules, but a quantitatively
deconvolution of the none axial recoil cannot easily be performed.
The oscillations of hcos2 θ2D i shortly after the prompt alignment is more
pronounced for the isolated molecules using 4 kick pulses compared to 2. The
permanent alignment level is increased for the 4-pulse sequences compared
to the 2-pulse sequence, which signifies higher J states are populated. The
explanation for the oscillations could be due to populating higher J states,
but no attempts to model the dynamics were performed. For the droplet
case some oscillations can be seen for small time separations between the
pulses (a2 and b2), but when the pulses are further separated in time, the
oscillations are quenched, possibly because of decoherence.
Here it has been shown that more kick pulses clearly can enhance the degree of alignment of molecules inside helium droplets. To extend this method
to further increase the degree of alignment with additional kick pulses does
not seem an opportune way. The Mach-Zehnder interferometers used here
were chosen both because of space constraints and to more easily overlap
the kick beams with the probe beam. A free choice for all delays could
be obtained with 3 unpolarized beam splitters and overlapping the resulting four beams with 4 mirrors, but obtaining a spatial overlap of the laser
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Table 5.3 The highest degree of alignment obtained for the 4-pulse sequences used for isolated DIB molecules and for DIB molecules in helium
droplets.
Isolated molecules
τ1

τ2

τ3

τ4

[ps]
0
0
0
0
0
0
0
0
0
0
0
0

1
1
1
1
2
2
2
2
2
4
6
10

5
7
9
11
4
6
8
10
12
8
12
20

hcos2 θ2D i

Molecules in droplets
τ1

6
8
10
12
6
8
10
12
14
12
18
30

0.704
0.719
0.715
0.688
0.694
0.714
0.735
0.733
0.706
0.723
0.731
0.691

τ2

τ3

τ4

[ps]
0
0
0
0
0
0
0
0

6
6
6
10
10
10
18
18

16
24
31
20
28
40
36
48

hcos2 θ2D i
-

22
30
37
30
38
50
54
66

0.688
0.702
0.695
0.702
0.704
0.666
0.711
0.687

beams would become harder. Instead it would be more feasible to use pulse
shaping to create additional kick pulses. With the use of pulse shapers [122],
time separation and pulse energy can be set freely and an optimal sequence of
pulses could be produced. A possible limitation may, however, be the limited
amount of laser power that can be transmitted through a pulse shaper.
An alternative way to obtain a higher degree of alignment inside droplets
would be to instead use adiabatic alignment. Adiabatic alignment often uses
nanosecond pulses to strongly align molecules [72, 92], but the alignment
is not obtained under field-free conditions. The next section will show the
alignment results in the adiabatic limit for isolated DIB molecules and for
DIB molecules inside helium droplets.

5.7

Adiabatic Alignment of DIB Molecules

Alignment in the adiabatic regime can be very efficient and produce exceptionally sharply aligned molecules [94, 123]. Such strongly aligned samples
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can be used in various applications [60, 83, 124]. If the adiabatic alignment
techniques works as well for molecules inside helium droplets as for isolated
molecules, then it would open new opportunities for studying molecules inside helium droplets.
In this work, adiabatic alignment of DIB molecules inside helium droplets
was studied. The experiment followed earlier measurements on CH3 I and
iodobenzene in order to better understand alignment inside helium droplets.
Reference measurements were taken on isolated molecules in order to look for
differences between isolated and solvated molecules. Due to the repetition
rate of the YAG laser being limited to 20 Hz, it was only possible to use
1
50 of the probe pulses for the helium droplet measurements compared to
nonadiabatic measurements. Due to the very low target density inside the
droplets, acquiring statistics becomes time consuming. For the adiabatic
measurements on DIB molecules inside helium droplets, the observable was
changed from I+ to IHe+ to ensure a background-free detection.
Figure 5.11 (A) shows the 2D I+ ion image recorded from isolated DIB
molecules when the probe laser is polarized perpendicular to the detector
plane. A circularly symmetric image is obtained as one would expect. The
symmetry is broken when the YAG pulse is included (B) and strong confinement is seen along the polarization direction of the YAG pulse (vertical).
The degree of alignment is for all images calculated between the two rings.
Turning to the IHe+ images, the probe alone (C) is similar to previous probe
only images I have shown, but the low amount of statistics is apparent. For
the aligned image (D), the IHe+ ions are primarily emitted along the YAG
polarization. The aligned images (B) and (D) are both recorded for at a
peak YAG intensity of IYAG = 8.6 × 1011 W/cm2 . In fig. 5.11 (E) the degree
of alignment is shown as a function of YAG peak intensity.
The degree of alignment for molecules inside helium droplets surpass that
of the isolated molecules for IYAG < 2 × 1011 W/cm2 , which is surprising
compared to all earlier results showing a lower degree of alignment inside
helium droplets. For IYAG > 6 × 1011 W/cm2 , the degree of alignment for
isolated molecules is slightly higher than for molecules inside droplets. This
deviation can be attributed to the worse axial recoil of DIB inside droplets.
Compared to other molecules aligned in the adiabatic regime inside helium
droplets, DIB proves very successful [72]. The reason for the success of DIB is
believed to be because of better fulfillment of the axial recoil approximation.
In chapter 4 the axial recoil was shown to be worse for molecules inside helium
droplets, but still fairly well fulfilled. For CH3 I and iodobenzene nothing
about the axial recoil approximation is known inside helium droplets, thus
it could be a very poor approximation for these molecules.
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Figure 5.11 2D images of I+ ions (A)-(B) and IHe+ ions (C)-(D) obtained
by Coulbomb explosion of DIB molecules with a probe pulse polarized perpendicular to the detector. (A): Isolated molecules, probe only. (B): Isolated
molecules, strongest adiabatic alignment. (C): Molecules in helium droplets,
probe only. (D): Molecules in helium droplets, strongest adiabatic alignment. (E): Degree of alignment represented as hcos2 θ2D i as a function of
YAG intensity for isolated molecules (red) and molecules in helium droplets
(blue). The error bar for the isolated molecules is negligible compared to
the droplet measurements. The laser polarizations are indicated in the ion
images.
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Adiabatic alignment of molecules inside helium droplets is possible and
quite high degrees of alignment can be achieved in the adiabatic regime for
DIB. The drawback of low repetition rate does prove a problem using the
strong alignment for an application. One way to overcome this could be to
use a laser with a higher repetition rate. During my Ph.D. a new Spitfire
Ace-35F femtosecond system was installed, and in this system it is possible
to couple out the laser pulses before they are finally compressed in a grating
compressor. These pulses have a pulse duration of ∼ 200 ps, thus it might be
possible to adiabatically align molecules with them. It most likely wont be
possible for DIB, but for lighter rotors it might. Such alignment experiments
have been performed in the gas phase [125].

5.8

Conclusion

This chapter showed that it is possible to align DIB molecules inside helium
droplets. The degree of alignment of DIB molecules inside helium droplets
in the nonadiabatic regime falls below that of isolated molecules when a single kick pulse is used. Here it was shown that the degree of alignment for
molecules inside helium droplets can be improved by applying multiple synchronized kick pulses. Within the limitation of the setup used here, the degree of alignment for molecules in helium droplets and for isolated molecules
were hcos2 θ2D i = 0.71 and hcos2 θ2D i = 0.74 respectively. Here the 2D projection of the ion distribution is used to measure the degree of alignment.
Since the polarization geometry does not allow for the use of standard Abel
inversion techniques, the 3D ion distribution cannot be retrieved.
A new algorithm has been developed by Underwood et al. to retrieve
the 3D ion distribution, even when the symmetry is broken [126]. The only
requirement is that the probe function is known, i.e. an ion distribution is
recorded with the probe only in the detector plane. Using this algorithm the
degree of alignment can be represented by hcos2 θi, where θ is the 3D polar
angle. If the algorithm is used on the best aligned images presented here, the
degree of alignment for DIB molecules inside helium droplets and for isolated
DIB molecules become hcos2 θi = 0.59 and hcos2 θi = 0.60 respectively. The
algorithm cannot deconvolute the effect of the none axial recoil, thus based
on the results obtained in chapter 4, the molecules in the two cases are
probably equally well aligned if not better inside helium droplets.
The oscillations in the alignment dynamics seen in fig. 5.10 (a2) and (b2)
points to some coherence between J states existing for molecules inside helium droplets. A nonadiabatic experiment on CH3 I with two kick pulses were
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done in cooperation with a former postdoc in the group, Dominik Pentlehner,
with a kick separation of 150 ps. The alignment dynamics of the second kick
pulse were a replica of the dynamics observed from the first pulse, thus any
coherence is gone after 150 ps. If coherence is present on a short time scale,
using multiple kick pulses on a smaller molecule could reveal gas phase like
behavior, possibly even revivals.
Adiabatic alignment of DIB molecules inside helium droplets produced
almost as strongly aligned molecules as outside the droplets. The discrepancy
is attributed to the axial recoil approximation being worse as was determined
in chapter 4. Further prospects of alignment and of the rotational dynamics
will be discussed in chapter 8.
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Chapter

6

Photodissociation Experiments
Photodissociation of di- and tri- atomic molecules play an important role
in a variety of processes. For example, in atmospheric chemistry where
ozone molecules in the atmosphere absorb UV radiation and photodissociate,
resulting in a shielding of the earth’s surface from harmful electromagnetic
radiation. With the development of short laser pulses it has become possible
to follow the dissociation of small molecules on their natural (femtosecond)
time scale, in particular molecular iodine has been studied. [127–130].
The I2 molecule has been the focus of many gas phase spectroscopic
studies and its lower electronic states are well known [131,132]. A schematic
diagram of the energy levels of the ground state and three excited states is
shown in fig. 6.1, together with a singly and a doubly ionized state. Following
excitation from the ground state (X) to either the A state or the 1 Π state
a wave packet is formed that will lead to dissociation into two ground state
iodine atoms, shown as I + I in fig. 6.1. The kinetic energy of one of the
iodine atoms after the dissociation will be
Ekin =

1
(hν − D0 ) ,
2

where h is planck’s constant, ν is the frequency of the excitation light, and
D0 is the dissociation limit for the ground state. Following excitation with
a femtosecond pulse, it is possible to measure both the velocity and the
internuclear separation of the dissociating iodine atoms as a function of time
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by using a second delayed femtosecond pulse to ionize the iodine atoms. If
one (both) of the iodine atoms is (are) ionized the velocity (internuclear
distance) can be measured [127, 128].
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7

8

Figure 6.1 Energy diagram of I2 showing the ground state (X) and three
excited states (A, 1 Π, and B). Above them two repulsive curves are shown
producing (I + I+ ) and (I+ + I+ ). The dissociation limits for producing two
ground state iodine atoms (I) and one of them in an excited state (I∗ ) are
shown by D0 and D1 respectively.
By increasing the photon energy of the excitation pulse above the second
dissociation limit, D1 , the iodine molecule can also dissociate into a ground
state and an excited state iodine atom shown as I + I∗ respectively. The
dissociation limits D0 and D1 of gas phase I2 molecules have been measured
by LeRoy to be D0 = 12 441 cm−1 and D1 = 20 044 cm−1 respectively [131].
The cross section for the three excited states (A, B, and 1 Π) has been measured by Tellinghuisen for a series of visible wavelengths [132], thus by tuning
the excitation wavelength, each state can be accessed.
When an I2 molecule is solvated inside a helium droplet only a minor shift
in its transition energies is expected. Typically, for a closed shell molecule a
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shift of less than 100 cm−1 is expected [5]. The shift in transition energy is
comparable to the bandwidth of femtosecond laser pulses, thus the effect is
expected to be minor.
Molecules residing at the center [71, 133–135] and at the surface [136] of
a helium droplet have been the focus of various photodissociation studies. In
these studies nanosecond laser pulses were used to initiate the dissociation
process. However, a disadvantage of using nanosecond laser pulses is that
the temporal evolution of the dissociation process can not be investigated,
since this will occur on the time scale of a few picoseconds. To date there
has only been a few studies using femtosecond pulses to study dissociation
of molecules inside helium droplets. For example, Schmidt et al. has studied
the predissociation dynamics of LiI molecules [110]. In this work they were
able to observe fast photodissociation dynamics of the molecule, but it was
not investigated in great detail. The desolvation of Rb atoms from helium
droplets have been explored by von Vangerow et al. on a femtosecond time
scale. They showed that the desolvation resembled dissociation of a diatomic
molecule with the helium droplet taking the role of one atom [137].
In the work presented in this chapter the motivation for studying the
photodissociation dynamics of I2 molecules inside helium droplets using femtosecond laser pulses was twofold. 1) To investigate if it is possible to transfer the techniques used on gas phase molecules to molecules inside helium
droplets and 2) to probe the superfluid behavior of helium droplets by measuring the velocity of the dissociating iodine atoms following excitation to the
B state, which are expected to travel with a similar velocity to the Landau
velocity for a given excitation wavelength.
Measuring the internuclear separation as a function of time as the I2
molecule dissociates, would provide information about the interaction between the moving atoms and the droplet. Aligned I2 molecules can enhance
the excitation into a given excited state based on the direction of the transition dipole moment with respect to the excitation laser polarization, thus
enabling further control over the dissociation pathway. Whether this is the
case for molecules inside helium droplets is not clear.
The only other experiment to probe the Landau velocity of molecules and
atoms inside helium droplets was carried out by Brauer et al. in 2013 [27].
In this experiment they used the repulsive force between dopants and the
helium droplet to accelerate the dopants out of the droplet and by varying the
droplet size they were able to control the velocity of the escpaing molecules
and atoms. In the work presented here the velocity will be varied by changing
the excitation wavelength which provides a more versatile adjustment of the
velocity.
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The remaining part of the chapter contains the following. Section 6.1
provides an overview of the optical setup as well as the parameters used for
taking the measurements. Section 6.2 presents the photodissociation results
of isolated I2 molecules. Section 6.3 presents the results obtained for I2
molecules solvated inside helium droplets and compare them to the results
on isolated molecules. Section 6.4 presents the results of a short study on
the vibrational relaxation of the B state. Finally, section 6.5 will present the
conclusions.

6.1

Experimental Setup

The experimental setup was described in detail in chapter 3 and only the
more relevant experimental details are discussed here. In all experiments
the doping was optimized so that on average only a single I2 molecule was
captured by the droplet. This was confirmed by performing a nonadiabatic
alignment experiment to ensure that the highest degree of alignment was
obtained as was described in section 5.2. In order to compare dissociation
of gas phase iodine to those solvated inside the droplets the effusive signal
from the pickup chamber was used. In these experiments the liquid nitrogen
cold traps were not used. The Even-Lavie valve was not used because iodine
is corrosive to stainless steel and would damage the valve mechanism. The
purity of the iodine sample used was 99.8 %.
For the experiments presented in this chapter two laser pulses were
used. The first pulse (referred to as the pump pulse) serves to excite the
I2 molecules from the ground state to one of the three excited states shown
in fig. 6.1. The wavelength of the pump pulses is varied to access the different excited states. The pump pulse is created by sending the direct output
of the Ti:Sa laser through a TOPAS. Only a brief description of the TOPAS
will be given here, more details can be found in reference [138]. The basic
operating principle of the TOPAS is the generation of two new photons (signal and idler) with wavelength λsignal and λidler from the input photon with
a wavelength λinput = 800 nm. The signal and idler photons are generated
in a BBO crystal and they can later be mixed with the input photon or
frequency doubled in a second BBO crystal. By adjusting the orientation of
the first BBO crystal, phase matching is achieved for a given set of λsignal
and λidler .
In this experiment three different wavelengths were used to photodissociate I2 ; 482 nm, 492 nm, and 680 nm. For the vibrational relaxation experiments described in section 6.4, 530 nm was used. The spectra of the four
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laser beams were recorded by a spectrometer (Avantes AvaSpec-3648) and
they are shown in fig. 6.2.
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Figure 6.2 Spectra recorded for the four different wavelengths used
(points). To each wavelength a Gaussian shape is fitted (solid line). The
x-axis is split into three different wavelength regions.
Each spectrum was fitted to a Gaussian line shape and the ratio of ∆λ
λ
gives a value between 1 % and 1.6 % for all wavelengths, with ∆λ measured
as the FWHM. The spectral width is equivalent to a bandwidth between
220 cm−1 and 270 cm−1 . To create laser pulses with wavelengths of 482 nm,
492 nm, and 530 nm the signal wavelength of the TOPAS was adjusted to
1213 nm, 1278 nm and 1570 nm respectively. The signal photon was then
mixed with a 800 nm input photon in the second BBO crystal to generate the
final output. The 680 nm light was created by tuning the signal wavelength
to 1360 nm and then frequency doubling it in the second BBO crystal.
The second laser pulse was used to Coulomb explode the dissociating
molecules and it will be referred to as the probe pulse. The probe pulse used
here was not the 30 fs pulse described in chapter 3, but instead a portion
of the direct output of the Ti:Sa laser was used to Coulomb explode the I2
molecules. This allowed for a shorter path of the pump beam to the vacuum
chamber while keeping it synchronized to the probe beam. A schematic of
95

6. Photodissociation Experiments

the optical setup showing the two laser beam paths is shown in fig. 6.3.
Target chamber
Lens

TOPAS

Ti:Sa

DM

DS
(Schnee)

Telescope

Telescope

Telescope

Figure 6.3 Schematic of the optical setup used for the photodissociation
experiments on I2 molecules. The probe beam is shown in red (lower) and
pump beam is shown in blue. See text for abbreviations. All unlabeled
optics represent mirrors.
Before entering the TOPAS, the beam size of the 800 nm output of the
Ti:Sa laser (upper red) is adjusted by a telescope to match the size of the
optics inside the TOPAS. The output from the TOPAS (blue beam) passes
through a telescope to tune the size and position of the focus inside the
vacuum chamber. The probe beam (lower red) is guided onto a delay stage
(DS) to control the delay between the two pulses. The probe beam is also
sent through a telescope to control the position and size of the laser focus.
Before entering the target chamber the two beams are overlapped using an
800 nm dichroic mirror (DM) at normal incidence. The probe pulse was
measured to have a duration of 130 fs by a GRENOUILLE device and by
performing a cross correlation with the pump pulse, the duration of the
pump pulse was determined to be 370 fs. The probe and pump pulse were
focused to a spot size of 25 µm and 31 µm, resulting in a peak intensity of
1.5 × 1014 W/cm2 and 2.6 × 1012 W/cm2 respectively. The spot size of the
probe beam was intentionally made smaller than that of the pump beam to
only probe dissociating molecules.
For all the experiments presented in this chapter the extractor and repeller voltages were set to 3142 V and 5000 V respectively. The calibration
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of the detector will be explained in more detail in section 6.2.

6.2

Photodissociation of Isolated I2 Molecules

The results obtained from the photodissociation of isolated I2 molecules will
be presented first before discussing the results obtained from those solvated
inside helium droplets. In this experiment the front side of the MCP was
gated such that only I+ ions were recorded. Figure 6.4 (a1) shows an ion
image recorded with the probe pulse only, polarized in the detector plane
(vertical). Three features can be seen in the image. The bright spot in the
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(a4)
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Probe
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(b2)

(b3)

(b4)

0.4
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Probe only
492 nm
(a1)
(a2)

0.0
Figure 6.4 Row (a): 2D images of I+ ions created by ionization of room
temperature isolated I2 molecules by the probe pulse. (a1): Probe pulse only.
(a2)-(a4): Pump pulse included 2.6 ns before probe pulse. The wavelength
of the pump pulse is indicated above each ion image. Row (b): I+ images
from dissociating molecules only, see text for details. The polarization of
each pulse is indicated in (a1) and (a2). Each ion image is 521 pixels by
521 pixels, which corresponds to 34 mm by 34 mm on the detector and they
are scaled to their maximum value.
center is attributed to I2 molecules ionized to I22+ states that have lifetimes
longer than the flight time to the detector [64]. I22+ ions have the same
mass to charge ratio as I+ ions, thus they will be detected together with I+ .
Fortunately, the I22+ ions have no kinetic energy, thus they are all detected
near the center. The I+ ions detected in the cones above and below the
center are from singly ionized molecules breaking apart into an I+ ion and a
neutral I as illustrated on the lowest ionic curve in fig. 6.1. Since the repulsion
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between the I+ ion and the neutral I is weak, the I+ ions will travel with a
low velocity. At higher velocities a faint ring of I+ ions are observed. Ions
produced in this channel are a result of the probe pulse creating two I+ ions.
Since the repulsion between the two ions is far greater than that between an
ion and a neutral, the I+ ions will travel with a higher velocity.
If the pump pulse is included the molecules excited will start to dissociate
for all wavelengths chosen here. The polarization of the pump pulse is in the
detector plane (vertical) and initially the pump-probe delay is set to 2.6 ns.
At 2.6 ns the two iodine atoms are so far apart that the repulsion between
two I+ ions is negligible, thus the velocity of the I+ ions detected is the final
dissociation velocity. Figure 6.4 (a2-a4) shows images of I+ ions recorded
when the pump pulse is included 2.6 ns before the probe pulse. The wavelength of the pump pulse is indicated above. Apart from a slight elongation
of the bright center spot, in the vertical direction, the ion image recorded
with a pump wavelength of 492 nm looks very similar to the probe only image. The similarity between these two ion images is because only a fraction
of the molecules are excited by the pump pulse. The ion image recorded
with a pump wavelength of 482 nm (a3) exhibits a more pronounced elongation near the center and an additional semi circle is seen in the horizontal
direction. With a 680 nm pump pulse (a4) more I+ ions are detected near
the center. A more thorough discussion of the ion images will be given later
in this section.
In an ideal situation only the I+ ions that have undergone dissociation
following excitation with the pump pulse are imaged. However, this is not
possible as some of the ions observed are from ionization of ground state
molecules. This is a result of not all the molecules are excited by the pump
pulse. As such, a procedure to remove the contribution from ground state
molecules is required. One such way to do this is to subtract the the probe
only data from the data with the pump included since in the former the I+
ions detected can only come from ionization of ground state I2 molecules.
In order to subtract the I+ ions produced from the ground state, one
needs a measure for the amount of I+ ions coming from the ground state.
This is done as follows. First the radial distribution of I+ ions is calculated
for all images by an angular integration. The radial distributions are shown
in fig. 6.5 (A). During the data acquisition there were some problems with
the TOPAS which resulted in the photodissociation data recorded with a
680 nm pump pulse, being recorded under slightly different conditions. As
a result of this the data recorded using a 492 nm and 482 nm pump pulse
have a different probe image to that used for the 680 nm data. The radial
distributions of I+ ions when the pump pulse has a wavelength of 492 nm
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and 482 nm are shown in red and blue respectively. The radial distribution
of the probe only associated with them is shown by the black dotted line.
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Figure 6.5 (A): Radial distributions of I+ ions from isolated I2 molecules
produced by the probe pulse. Probe pulse only (dashed black and light
green), see text for details. Pump pulse included 2.6 ns before the probe
with a wavelength of 482 nm (blue), 492 nm (red), and 680 nm (dark green).
(B): Radial distributions from dissociating molecules only. A calibrated xaxis is shown on the top axis.
In all of the radial distributions shown in fig. 6.5 three distinct peaks are
observed. The I+ ions detected near 230 pixels are from Coulomb explosion
of ground state molecules. When the pump pulse is included fewer I+ ions
are detected near 230 pixels because molecules are excited from the ground
state. The peak near 230 pixels is thus taken as a measure for the amount of
molecules in the ground state. If the peak in the radial distribution including
the pump pulse and the one for the probe pulse only match near 230 pixels,
the same amount of ground state molecules are Coulomb exploded. In order
to perform the subtraction the radial distributions have to be scaled to one
another. In order to scale the radial distributions for I+ ions when the pump
pulse is included the following function was developed and employed:
f (kscale ) = (kscale Rpump − Rprobe ) ,

(6.1)
99

6. Photodissociation Experiments

where Rpump is the radial distribution including the pump pulse, Rprobe is
the radial distribution for the probe only image and kscale is the scaling
constant. Using the fminsearch function in MATLAB, the value of kscale
that minimizes the sum of f 2 in the region 200 pixels to 260 pixels, was
found. With kscale , the contribution of I+ ions from the ground state could
be subtracted, leaving only the iodine ions that had undergone dissociation.
The same procedure was done for a pump wavelength of 680 nm. The radial
distribution for the 680 nm data is shown in dark green in fig. 6.5 (A) and
the probe only distribution associated with it is shown in light green.
The ion images after the ground state I+ ions have been subtracted are
shown in fig. 6.4 (b2-b4) underneath the corresponding raw ion image. In the
two ion images for 492 nm (b2) and 482 nm (b3) two lobes of low velocity
I+ ions are seen in the vertical direction. I+ ions at higher velocities are
detected along the horizontal direction along two semi circles, particularly
in (b3). These two channels observed at 482 nm and 492 nm match well
with dissociation occurring via the B state and the 1 Π state respectively.
The polarization of the pump pulse is along the vertical direction, thus the
transition dipole moment to the B state must be parallel and the 1 Π must
be perpendicular. This is in line with previous observations [127, 139]. In
addition, the velocity of the iodine atoms dissociating through the B state
is expected to be lower than the ones dissociating through the 1 Π state.
(b4) shows the iodine atoms when they are excited by a 680 nm pump pulse.
The iodine atoms primarily dissociate along the horizontal direction which
indicates that it is a perpendicular transition. This corresponds to the results
obtained from previous studies [139].
The radial distributions from dissociating molecules only are shown in
fig. 6.5 (B). In the radial distributions with a 492 nm (red) and 482 nm (blue)
pump pulse two peaks can be identified. The peak near 30 pixels is from
dissociation via the parallel transition to the B state and the peak near
100 pixels is due to the perpendicular transition to the 1 Π state. For the
680 nm curve (dark green), only a single peak is visible near 50 pixels. Each
distribution has been scaled to the maximum of the distribution for 482 nm.
The difference in magnitude of the 482 nm and 492 nm distributions matches
well with the difference in cross section for the different wavelengths [132].
From the spectra shown in fig. 6.2, the known dissociation limits, and the
radial distributions of the dissociating iodine ions it is possible to calibrate
the detector. Since only the 2D velocity vector is measured and the statistics
did not allow for an Abel inversion, the calibration will not be accurate.
However, it is anticipated that the calibration will suffice for the experiments
presented here. The calibration was done by performing a linear fit of v = ar,
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where v is the velocity expected, r is the position of the given peak in pixels,
and a is a fitting coefficient. From the different combinations of wavelengths
and dissociation channels a fit yielding a coefficient of
a = 9.49

m/s
m/s
± 0.54
pixel
pixel

(6.2)

was obtained. The velocity axis calculated from the fit is shown on the
top axis in fig. 6.5 in units more natural for molecular motion (Å/ps). The
velocities of the detected iodine ions clearly exceeds the Landau velocity, but
the wavelength can be tuned to lower the velocity of the iodine atoms. The
width of the peaks in the velocity distributions are several Å/ps wide which
is primarily caused by using room temperature I2 molecules. The thermal
velocity of an iodine atom at room temperature is approximately 2.4 Å/ps
matching well with the width of the peaks in the distributions.
For a pump-probe delay of 2.6 ns, whether both iodine atoms or only one
was ionized did not lead to a different velocity of the I+ ions produced since
the Coulomb energy was negligible. This is no longer the case if the pumpprobe delay is short. At early times when the two iodine atoms are close
together the ionic state that the probe pulse excites the molecule to will be
reflected in the velocity distribution. With a pump wavelength of 482 nm, an
ion image was recorded for a pump-probe delay of 1 ps. After just 1 ps the
molecules that undergo dissociation have such a large internuclear separation
that that Coulomb explosion does not produce iodine ions as fast as those
from Coulomb explosion of ground state molecules. As such, the subtraction
technique outlined for a pump-probe delay of 2.6 ns can be used at early
times as well. The subtracted ion image for a long (2.6 ns) and short (1 ps)
delay is shown in fig. 6.6 (B) and (C) respectively. For a comparison, a probe
only image is shown in (A).
The differences between the long and the short pump-probe delay are
easier discussed through their corresponding velocity distributions. The velocity distributions from the raw ion images for the probe only (black), the
long delay (blue), and the short delay (red) are shown in fig. 6.6 (D). In
(E) the velocity distributions are shown for dissociating molecules only. The
distributions are scaled to the maximum of the distribution for the long
pump-probe delay. For the short delay fewer I+ ions are detected at a velocity of approximately 3 Å/ps and more ions are detected near a velocity of
10 Å/ps. After 1 ps the internuclear separation of the iodine atoms dissociating through the B state is still so short that when both atoms are ionized
the Coulomb energy released increases the velocity from 3 Å/ps to 10 Å/ps.
If only one atom is ionized the velocity increase is negligible and I+ ions are
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Figure 6.6 (A)-(C): 2D images of I+ ions created by ionization of isolated
I2 molecules by the probe pulse. (A): Probe pulse only. Pump pulse included
2.6 ns (B) and 1 ps (C) before probe pulse. The polarization of each pulse is
indicated in (A) and (B). (D): Radial distribution of I+ ions for the probe
only (dashed black), long pump-probe delay (blue), and short pump-probe
delay (red). (E): Radial distributions from dissociating molecules only. A
calibrated x-axis is shown on the top axis.
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detected at 3 Å/ps. The iodine atoms that dissociate through the 1 Π state
have a higher initial velocity which results in the iodine atoms being further
apart when ionized. As such, the the coulomb repulsion will contribute less
to the overall velocity and whether one or both iodine atoms are ionized
provides essentially the same velocity. The I+ ions detected near 10 Å/ps
are from molecules dissociating through both the B state and the 1 Π state,
but they can be separated by their emission direction. The focus of this
study was to explore the dissociation of I2 molecules inside helium droplets.
As a result, further time-resolved measurements on gas phase I2 molecules
where not done. Secondly, the velocity of the iodine atoms as a function of
pump-probe delay can readily be calculated for an isolated molecule.

6.3

Photodissociation of I2 Molecules inside
Helium Droplets

An I+ ion image from Coulomb explosion of I2 molecules solvated inside
helium droplets is shown in fig. 6.7 (a1) with the probe pulse only polarized
in the detector plane (vertical). The I+ ion image is similar to the image
shown in section 5.5, only here the intensity employed is slightly lower. The
majority of I+ ions are detected in a single broad channel, while only a
few I+ ions are observed near the center. The central portion of the ions
are attributed to I22+ ions as was the case for isolated molecules. However,
some of the ion signal is from unsolvated I2 molecules effusing into the target
region as well. The ions from the effusive molecules contribute about 5 %
of the total signal. No signs of multiple channels are seen in the probe only
image, which is in contrast to that observed for the isolated molecules.
For the photodissociation experiments on I2 in helium droplets the initial the pump-probe delay used was 2.6 ns. The I+ ion image when the
pump pulse is included with a wavelength of 492 nm and 482 nm is shown in
fig. 6.7 (a2) and (a3) respectively. Similar to the measurements on isolated
I2 molecules, more I+ ions are detected at low velocity when the pump is included. For molecules in helium droplets, the effect is even more pronounced
compared to the isolated molecules. For a pump wavelength of 680 nm (a4),
the effect is less clear. Similar to the data recorded for the isolated molecules,
slightly different conditions was used when a 680 nm pump pulse was employed, which resulted in a lower ion count rate. The ion image recorded
with 680 nm has been smoothed to compensate for the high amount of noise.
In order to perform a subtraction of the ground state molecules, the radial
distributions were calculated by an angular integration. The distributions
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Figure 6.7 Row (a): 2D images of I+ ions created by ionization of I2
molecules inside helium droplets by the probe pulse. (a1): Probe pulse only.
(a2)-(a4): Pump pulse included 2.6 ns before probe pulse. The wavelength
of the pump pulse is indicated above each ion image. Row (b): I+ images
from dissociating molecules only, see text for details. The polarization of
each pulse is indicated in (a1) and (a2). Each ion image is 521 pixels by
521 pixels, which corresponds to 34 mm by 34 mm on the detector and they
are scaled to their maximum value. The images in column (4) have received
additional smoothing to compensate for the low ion count rate.

are shown in fig. 6.8 (A). From a comparison of the radial distributions for
molecules inside helium droplets to the ones obtained for isolated molecules,
no clear channel for I+ ions created from Coulomb explosion of ground state
molecules is observed. The I+ ions detected around 190 pixels are most likely
produced through different pathways. The fastest I+ ions are thought to be
created by Coulomb explosion of ground state molecules. As such, only the
last 60 pixels were used for finding the scaling coefficient kscale .
The I+ ion images of dissociating molecules only are shown in row (b) of
fig. 6.7. For a pump wavelength of 492 nm (b2) and 482 nm (b3) slightly more
I+ ions are emitted along the vertical direction, but no clear separation of a
parallel and a perpendicular channel is observed. The differences between I+
ions detected from dissociating isolated molecules and those solvated inside
in helium droplets using these wavelengths will be discussed later in this
section.
For molecules dissociating via the A state using 680 nm, the ion image
(b4) recorded inside the droplet looks very different from that recorded in the
104

6.3. Photodissociation of I2 Molecules inside Helium Droplets

0

24 0



Velocity Å/ps
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Figure 6.8 (A): Radial distributions of I+ ions from I2 molecules inside
helium droplets produced by the probe pulse. Probe pulse only (dashed
black and light green), see text for details. Pump pulses included with a
wavelength of 482 nm (blue), 492 nm (red), and 680 nm (dark green). (B):
Radial distributions from dissociating molecules only. A calibrated x-axis is
shown on the top axis.

gas phase. For 680 nm, isolated I2 molecules preferentially dissociate along
the horizontal direction, whereas inside the droplet four lobes are observed.
Since almost no signal is detected in the horizontal direction, the emission
direction of the iodine atoms cannot solely be determined by the transition
dipole moment. To determine if the probe pulse had an influence on the
recorded distribution the probe polarization was changed such that it was
perpendicular to the detector. However, when this was done no change was
observed, indicating that the iodine atoms gain a component in the vertical
direction from the pump pulse.
Velocity distributions of the iodine atoms from dissociating I2 molecules
for the different wavelengths used are shown in fig. 6.8 (B). The distributions
for 482 nm (blue) and 492 nm (red) are almost identical. This is in sharp con105
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trast to the gas phase observations. For both wavelengths the iodine atoms
are ejected with a velocity of about 5 Å/ps. The velocity distribution for
dissociating iodine atoms using 680 nm (green) show that the iodine atoms
travel at a velocity of approximately 6 Å/ps. The velocity distributions have
all been scaled to the maximum value of the 492 nm (red) distribution. A
comparison of the velocity distributions obtained from isolated molecules
with those of molecules in helium droplets are shown in fig. 6.9.
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Figure 6.9 (A)-(C): Radial distributions of I+ ions recorded from dissociating isolated molecules (dashed) from molecules inside helium droplets
(solid) at a pump-probe delay of 2.6 ns. The pump wavelength used is shown
in each panel.
In (A) and (B) the velocity of the dissociating iodine atoms from inside
helium droplets (solid line) falls in between the velocity recorded for the
iodine atoms dissociating through the B state and the 1 Π state for isolated
molecules (dashed). The velocity of the iodine atoms from inside helium
droplets cannot be an average of the two channels observed in the gas phase
since the branching ratios are different for the two wavelengths. From the
velocity distributions of iodine atoms from isolated molecules I measured
a branching ratio of 50 % going to the 1 Πstate for 482 nm and 32 % for
492 nm. The branching ratios measured by Tellinghuisen are 47 % and 40 %
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respectively. The difference in branching ratio for the two wavelength would
manifest itself in a velocity shift of at least 1 Å/ps, which is not the case.
Since the velocity of the iodine atoms is independent of the pump wavelength, the interaction with the droplet appears to determine the velocity,
not the initial position of the wave packet on the potential energy curve. If
the wave packet formed in the B state crosses the potential energy curve of
the 1 Π state and then dissociates into two ground state iodine atoms, this
could explain the lack of slow iodine atoms formed inside helium droplets.
It is possible that the iodine atoms are then slowed down from an expected
velocity of 9 Å/ps to 6 Å/ps by the helium environment. This would explain
the results obtained for 492 nm and 482 nm in line with the results obtained
by Braun and Drabbels [71, 133]. The widths of the velocity distributions
are also in agreement with the results of Braun and Drabbles. However, this
approach does not account for the velocity distribution of the iodine atoms
from inside helium droplets when a 680 nm pump pulse is used. Here the
velocity of the iodine atoms from inside helium droplets surpasses that from
isolated molecules. The measurements with 680 nm suggest that the iodine
atoms are accelerated out of the droplet by a repulsion between the iodine
atom and the helium droplet. If this is the case, the final speed of any iodine
atom must be a balance between the accelerating repulsion and the friction
experienced by fast iodine atoms. The experiments reported in [71, 133, 134]
would not have observed any acceleration of the iodine atoms since the fragments were formed at much larger initial speeds.
Comparing the emission direction of iodine atoms from molecules inside
helium droplets using 492 nm and 482 nm, more iodine atoms are detected
parallel to the polarization as can be seen in the ion images (b2) and (b3).
This is expected from the cross sections going to the 1 Π and B state for
492 nm. For 482 nm an equal amount of ions is expected parallel compared
to perpendicular to the polarization, but slightly more are detected parallel
to. It appears that the direction of the iodine atoms are primarily determined
by the electronic transition dipole moment, and the velocity is determined
by the interaction with the droplet. However, the ion image recorded using
680 nm (b4) suggests that the polarization of the pump pulse does play a role.
From (b4) it would appear that the iodine atoms are primarily accelerated
out of the droplet along the polarization of the pump pulse. For the two
other wavelengths used it is hard to draw a definitive conclusion at the
current resolution of the ion image.
In order to investigate any time-dependent effects, the pump-probe delay
was varied for two different wavelengths. Both 482 nm and 680 nm were used,
but a thorough walk-through will only be given for 482 nm. In fig. 6.10 images
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of the I+ ions from dissociating molecules inside helium droplets are shown
for a series of pump-probe delays. The pump-probe delay used for each ion
image is indicate above or below and each image is scaled to its maximum
value of a single pixel.
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Figure 6.10 Images of I+ ions recorded from dissociating molecules inside
helium droplets for different pump-probe delays with a pump wavelength of
482 nm. The pump-probe delay for each image is indicated above (upper
row) or below (lower row). Each ion image is scaled to its maximum value.
Both the pump and the probe pulse is polarized in the vertical direction.
At short pump-probe delays (2 ps and 4 ps), the I+ ions are generally
detected at large radii in the ion image, but after the first 10 ps, the I+
ions move towards the center of the image. From 20 ps to longer times
the I+ ions continue to move towards the center, although at a lower rate.
Further discussion of the photodissociation dynamics will be done through
the velocity distributions which are calculated for each pump-probe delay.
The radial distributions of the dissociating iodine atoms are shown in fig. 6.11
for a few selected pump-probe delays with a velocity axis shown on the top
axis.
For the short pump-probe delays (2 ps and 4 ps) the radial distribution
is very broad. This is attributed to the ionization of the I2 molecule taking
place at low internuclear distances. If the I2 molecule is doubly ionized
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Figure 6.11 Radial distributions of I+ ions recorded from dissociating
molecules inside helium droplets at different pump-probe delays for a pump
wavelength of 482 nm. All distributions are scaled to the maximum value of
the distribution with a pump-probe delay of 2.6 ns.
at low internuclear distances, the velocity of the two iodine ions might be
so high that they will end up in the region above 200 pixels. Therefore,
they are removed by the subtraction process. As the pump-probe delay
increases, fewer and fewer ions are lost due to the subtraction process, thus
the number of dissociating ions detected increases. The ions detected at
short pump-probe delays are likely from singly ionized molecules. The most
probable speed was found for each pump-probe delay by fitting a Gaussian
shape to the distribution. In fig. 6.12 (A) the most probable speed is plotted
as a function of pump-probe delay in red. For times longer than 500 ps, the
velocity stays more or less constant. In (B) the most probable speed is shown
for delays below 70 ps.
After 500 ps the velocity of the iodine atoms level out at the final velocity. This matches well with the Coulomb energy between the two iodine
ions decreasing as the internuclear separation increases, thus the molecules
are dissociated inside helium droplets. The I+ ions detected from molecules
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Figure 6.12 (A): Most probable speed of dissociating iodine atoms from
molecules inside helium droplets as a function of pump-probe delay. For
the blue curve the pump wavelength was 482 nm and the droplet radius was
4.3 nm. For the red and green curve the droplet size was 5.4 nm and the pump
wavelength was 482 nm and 680 nm respectively. The errorbars represent the
standard deviation in the fit obtaining the most probable speed. (B): Zoom
of the time below 70 ps.
dissociated inside helium droplets does not split up into a singly and doubly
ionized channel as was seen for isolated molecules in fig. 6.6 (E). By following
the position of the doubly ionized channel as a function of time in the gas
phase, the internuclear separation can be mapped out [127,128]. The temporal evolution of molecules in helium droplets only shows a single peak in the
velocity distribution, thus it was not possible to follow the internuclear separation as a function of time. The most probable speed as a function of time
when using a pump wavelength of 680 nm is shown in green. The velocity
follows the one measured for 482 nm, but levels out at a higher velocity after
∼ 100 ps. The increase in velocity observed at 500 ps and 1500 ps is believed
to be because of the much lower count rate when using 680 nm compared to
482 nm.
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The effect of the droplet size was investigated by increasing the nozzle
temperature to 14 K, thereby reducing the radius of the droplet from 5.4 nm
to 4.3 nm. With the pump wavelength set to 482 nm, the same experiment
was performed. The data are shown in fig. 6.12 in blue. For delays below
100 ps, the iodine ions detected from larger droplets (blue) are consistently
faster than those from smaller droplets (red) when the same wavelength is
employed. A vertical offset in the velocity cannot explain the difference.
For the longest delay used the two droplet sizes produced the same velocity
of the iodine atoms, suggesting that they have the same final speed when
they leave the droplet. The difference at low pump-probe delays could be
explained by a difference in the potential energy surface of the interaction
between the iodine atom and the droplet. If the iodine atoms are assumed to
be accelerated out of the droplet, the potential energy must be the highest in
the center of the droplet. If the potential drops off faster for smaller helium
droplets, then the two iodine atoms will be further apart faster. As such,
the repulsion between the iodine ions following ionization will be weaker and
lead to a lower velocity at shorter times. This is pure speculation, and measurements on a larger sample of droplet sizes is needed. Unfortunately, the
current helium droplet machine in Femtolab does not allow for experiments
on smaller helium droplets because the contribution from effusive molecules
becomes to large.

6.4

Vibrational Relaxation of I2 Molecules inside
Helium Droplets

The vibrational relaxation time scales for molecules inside helium droplets
have been shown to vary by orders of magnitudes. All the way from the millisecond to the sub picosecond time scale [140,141]. The vibrational lifetimes
were all determined by measuring linewidths in the frequency domain. The
aim here was to investigate the vibrational relaxation in the time domain.
Upon ionization of a molecule inside a helium droplet with a short femtosecond pulse, several charged helium clusters are also formed as was described
in chapter 4. A time-of-flight mass spectrum recorded for I2 molecules doped
inside helium droplets is shown in fig. 6.13 (A). The TOF was recorded with
the probe pulse polarized perpendicular to the TOF direction. The largest
peak in the TOF spectrum is from background H2 O+ inside the target chamber. A zoom at the low mass region is shown in (B) where a clear progression
of charged helium clusters is observed. The He+ , He2+ , and He3+ are the
predominant ones, but even at m/q = 36, the He9+ cluster can be seen. (C)
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shows a zoom of the mass region near I+ where a clear progression of IHen+
are visible.

Figure 6.13 (A): ToF mass spectrum of I2 molecules in helium droplets
with the probe pulse polarized perpendicular to the TOF direction. (B) and
(C) show a zoom of the region with the smallest Hen+ clusters and of the
region with I+ and IHen+ respectively.
The vibrational relaxation dynamics investigated in this study are performed by excitation of the I2 molecule to the B state in an excited vibrational level and then observing the changes in the TOF spectrum as a
function of pump-probe delay. The vibrational energy of the I2 molecule in
the B state following excitation is expected to be transferred to the helium
droplet and by evaporative cooling the helium droplet shrinks. The transfer
of the energy from the molecule is expected to be fast, but the time scale
for evaporation of helium atoms is not known. When the size of the droplet
is reduced the amount of Hen+ detected is reduced as well. By monitoring
the Hen+ signal as a function of pump-probe delay the size of the droplet
could be followed in time. The pump wavelength was set to 530 nm and
polarized perpendicular to the TOF direction, and based on the work in ref112
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erence [132], the excess vibrational energy was calculated to be 4329 cm−1 .
This excess energy would lead to evaporation of ∼ 870 helium atoms, thus
the number of helium atoms per droplet will shrink by approximately 6 %.
Figure 6.14 (A) shows the variation in the intensity of the helium dimer
signal for a series of pump-probe delays when the TOF with the probe pulse
only is subtracted. For all times (1 ps to 2600 ps), the amount of He2+
detected is less than that observed in the probe only TOF spectrum. The
reduction in the He2+ signal could be due to the ionization from the B state
is less violent than from the ground state, hence producing less He2+ ions.
No clear time evolution in the signal can be seen, thus the He2+ signal in the
TOF does not provide any information regarding the vibrational relaxation.
Possibly the time scale for evaporation of helium atoms to remove excess
energy is longer than 2.6 ns. The difference in the TOF signal for the different
times is believed to be from the random fluctuations in the signal. The two
curves labeled 2600 ps (black and teal) are taken at the same pump-probe
delay, but one at the beginning of the measurements and one at the end.
Turning to the I+ , IHe+ , and IHe2+ signals shown in fig. 6.14 (B), the
effect of the pump pulse varies quite significantly for the different peaks. The
intensity of the I+ peak generally decreases, but a small fraction increases in
the center of the peak as the pump-probe delay is increased. The time scale
for the increase in the center matches with that observed in fig. 6.12, hence
it is ascribed to dissociating molecules. Whether the dissociating molecules
are only those excited to the 1 Π state or molecules in the B state cross to
the 1 Π state and subsequently also dissociate is unclear.
For the IHe2+ peak, the signal is generally increasing and for a delay of
2.6 ns, the increase is the largest. The TOF spectra for a pump-probe delay
between 1 ps and 50 ps are similar. The signal-to-noise ratio does not allow
for investigations on this time scale, but after 2.6 ns a clear increase is observed. If the molecule dissociates, the iodine atoms are believed to exit the
droplet within 10 ps to 20 ps. One explanation for the time-dependent effect
could be that the dissociating iodine atoms pick up a helium atom on the
way out of the droplet and are less likely to break apart at large internuclear
separations. Since less Coulomb energy is available at larger internuclear
distances, it could explain why the iodine and helium cluster stay intact.
The effect on IHe+ peak is somewhere between that observed for I+ and
IHe2+ . The main aim of this work was to investigate the photodissociation
of I2 molecules and as such, not much time was spent on the vibrational
relaxation study.
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Figure 6.14 Difference in the TOF spectrum when the pump pulse is
included compared to when only the probe pulse is used for different pumpprobe delays indicated by the legend in panel (A). The black and teal curves
are recorded for the same delay, but at the beginning and the end of the
measurements respectively. (A) shows the He2+ peak and (B) shows the I+ ,
IHe+ , and IHe2+ peaks. The black dashed line represent no difference.

6.5

Conclusion

One aim of the photodissociation experiments performed on I2 molecules
inside helium droplets was to understand the dissociation of the molecule
inside the droplet and to follow the dissociation in time. Another motivation
for this work was to look for evidence of the critical Landau velocity by
adjusting the velocity of the dissociating iodine atoms. The results from this
work have shown that the velocity of the dissociating iodine atoms inside a
helium droplet does only weakly depend on the excitation wavelength of the
pump pulse. For all three excitation wavelengths used the final velocity of
the iodine atoms was almost the same. These observations eliminated any
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hope of seeing evidence of the Landau velocity. However, the final velocity
of the iodine atoms matches well with the velocities reported by Braun and
Drabbels [71]. The measurements presented here suggest that the velocity
of the iodine atom is determined by a balance between the acceleration of
the iodine atoms traveling out of the droplet and the friction between the
droplet and the iodine atom. Dissociation of I2 molecules through the A
state using 680 nm revealed that the emission direction of the iodine atoms
is not solely determined by the transition dipole moment. As a result, the
acceleration of the iodine atoms out of the droplet appear to be connected
to the polarization of the pump pulse.
The time-resolved experiments clearly showed that the I2 molecule solvated inside a helium droplet is dissociating and that there is a weak droplet
size dependence on the dissociation. Investigating the photodissociation for
a larger range of droplet sizes would shed light on the size dependent effect.
The dissociation experiments with a pump wavelength of 482 nm and 492 nm
did reveal signs of dissociation through the B state and the 1 Π state. By
decreasing the excitation wavelength dissociation through the B state could
be reduced significantly, and dissociation through the 1 Π state would be promoted. A time-resolved dissociation experiment through the 1 Π state could
potentially give an insight into the direction of the acceleration of the iodine atoms as they travel out of the droplet, since in this case the transition
dipole moment is perpendicular. Unfortunately, the current experimental
setup does not allow for lower wavelengths to be used. Additional future
prospects are discussed in chapter 8.
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Chapter

7

Photoelectron Spectroscopy
The spatial distributions of electrons that have been ejected following photoionization contain important information on the target that has been ionized and on the ion that is formed. By recording the kinetic energy of
the photoelectron and its emission direction, photoelectron spectroscopy has
proven a powerful tool to understand molecular energy levels. The history
and successes of photoelectron spectroscopy on isolated molecules is reflected
by a larger number of review articles [75, 142–144].
Bringing the techniques of photoelectron spectroscopy to molecules inside
helium droplets would open for new ways to learn about molecular dynamics
in the presence of a solvent. The photoelectron spectroscopy performed on
helium droplets so far have either focused on direct ionization of the droplet
itself with photon energies above 20 eV [145,146] or on molecules and clusters
inside the helium droplets using UV laser pulses in a 1+1 REMPI scheme [33–
35]. The latter experiments focused on determining the ionization potential
of the foreign species inside droplets and the relaxation of the foreign species
after absorption of the first photon. The studies showed a linear increase
in the photoelectron kinetic energy as the photon energy was increased,
indicating relaxation before absorption of the second photon. The works
in reference [33–35] were all performed with nanosecond laser pulses, thus
only dynamics on that time scale could be studied.
Many of the powerful photoelectron spectroscopy techniques from the gas
phase that allow for studies of the electronic structure revolve around laser
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pulses with a duration on the femtosecond time scale. Laser induced electron
diffraction can be used to learn about molecular orbitals [147], which would
be interesting to observe for a molecule in a solvent. Experiments have also
shown it is possible to retrieve the 3D photoelectron momentum distribution
from molecules by recording the 2D electron distribution for different molecular orientations with respect to the detector [148]. If such reconstruction
techniques could be applied to molecules in a helium droplet, the solvation
structure around the molecule could be explored. Through photoelectrons,
the nodal planes of molecular orbitals have been also been observed [124].
The ability to align molecules and extract the photoelectron information in
the molecular frame instead of the laboratory frame is essential in all these
works.
Before applying alignment techniques, it has to be established if photoelectrons from molecules inside helium droplets is a good observable when
probed by femtosecond pulses. For this purpose naphthalene (C10 H8 ) was
chosen as a test molecule, since the molecule had been run before in the
laboratory in an Even-Lavie valve and had a low enough ionization potential
to enable two-photon ionization at convenient wavelengths, around 290 nm.
The remaining part of this chapter is structured as follows. In section 7.1 the
important experimental parameters for recording photoelectrons are given.
In section 7.2 the photoelectron spectra recorded from isolated naphthalene
molecules will be presented. Section 7.3 presents the photoelectron spectra
recorded from naphthalene molecules inside helium droplets and they will
be compared to the ones obtained from isolated molecules. In Section 7.4
an experiment on Aniline (C6 H5 NH2 ) will be presented. The experiment
was done to compare with previous measurements on the same molecule using a nanosecond laser pulse [35] in order to shed additional light on the
naphthalene experiments.

7.1

Experimental Setup

The overall description of the experimental setup has been given in chapter 3
and only the important features will be highlighted here. Photoelectrons
were recorded from naphthalene (above 98 % purity) and aniline (99 % purity) inside helium droplets by having a sample in an external reservoir at
room temperature. Photoelectrons were also recorded for cold isolated naphthalene molecules, created by a supersonic expansion through the Even-Lavie
valve. Aniline was not used in the Even-Lavie valve due to its corrosive nature. As a result, measurements on isolated aniline molecules could only
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be done at room temperature, similar to the photodissociation experiments
performed on I2 in chapter 6.
The adiabatic ionization potential of naphthalene is 8.14 eV [149], thus
to perform two-photon ionization a wavelength of maximum 304 nm can be
used. The light used for ionization was made by sending the direct output of the Ti:Sa through the TOPAS. The process of creating light with a
wavelength of 290 nm was as follows. First a ∼ 1200 nm photon (signal) and
a ∼ 2100 nm photon (idler) was generated in the first BBO crystal of the
TOPAS from the input photon at 800 nm. The combined pulse energy of the
signal and idler was about 120 µJ when the TOPAS was pumped by 600 µJ
of 800 nm light. Immediately after the TOPAS, sum frequency generation
of an idler photon and a residual 800 nm photon was done in a second BBO
crystal, thus producing a 580 nm photon. Subsequently two 580 nm photons
were mixed to generate one photon with a wavelength of 290 nm in a 1 mm
thick third BBO crystal. The final pulse energy of the 290 nm beam was approximately 5 µJ. No cross correlation could be performed with the 290 nm
light, thus the pulse duration have to be estimated. Based on the measured
duration of the pump pulse in chapter 6, the pulse duration of the 290 nm
light was assumed to be similar. The pulse duration was assumed to be
400 fs and with the light focused to a spot size of 28 µm inside the vacuum
chamber the peak pulse intensity was 1 × 1012 W/cm2 .
The wavelength of the UV pulse could be tuned up to a maximum of
295 nm and was not tuned below 287 nm. In fig. 7.1 the spectrum of the
UV pulse is shown for three different wavelengths, 287 nm (blue), 290 nm
(black), and 295 nm (red). The FWHM of each spectrum is about 1.6 nm,
which correspond to a bandwidth of about 25 meV. By bypassing the TOPAS
and using a 0.2 mm thick BBO crystal, a 400 nm pulse could be generated
and used to ionize the molecules. The 400 nm spectrum is shown in green
in fig. 7.1. The spectrum is centered around 403 nm, but it will be referred
to as 400 nm throughout the chapter. The bandwidth of the 400 nm pulse
is 20 meV. Since it requires three 400 nm photons to ionize naphthalene, the
intensity of the light was increased to 2 × 1013 W/cm2 .
Until now the main observable has been ions, but the VMI spectrometer
can also be used to detect electrons by simply reversing the polarity of the
voltages used for the extraction field. When recording electron images the
detector is not gated as it is for ions, since all electrons arrive within some
nanoseconds. For recording TOF spectra (electron images) the extractor and
repeller voltages were 2000 V (−2000 V) and 3000 V (−3000 V) respectively,
thus the calibration of the detector used in chapter 4 can be used here as
well.
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Figure 7.1 Spectra recorded for the four different wavelengths used
(points). To each wavelength a Gaussian shape is fitted (solid line). The
x-axis is split into two different wavelength regions.

7.2

Isolated Naphthalene Molecules

Before performing photoelectron spectroscopy on molecules inside helium
droplets, molecules in the gas phase were studied. This serves as a reference
for the droplet measurements and ensures that the laser settings are ideal.
Optimization of the molecular beam of naphthalene was done with the 30 fs
Coulomb explosion beam described in chapter 3. A TOF mass spectrum
for isolated naphthalene molecules recorded with 800 nm is shown in fig. 7.2
in red for an intensity of 4.0 × 1014 W/cm2 . The largest peak in the TOF
spectrum is the H+ signal followed by the H2 O+ and C+ signals. Clearly, the
molecule is subject to heavy fragmentation and many hydrocarbon fragments
are produced. The inset shows a zoom of the region between m/q = 40 u/e
and m/q = 140 u/e. The parent ion signal is seen at m/q = 128 u/e and
the doubly charged parent ion is visible at m/q = 64 u/e. If photoelectrons
were recorded from this type of ionization, very little information would be
retrieved since the ions left behind will end up in very different states.
Instead one has to get into a regime where the molecule is singly ionized.
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Figure 7.2 TOF mass spectrum of isolated naphthalene molecules ionized
with an 800 nm pulse (red) at an intensity of 4 × 1014 W/cm2 and with a
297 nm pulse (blue) at an intensity of 1 × 1012 W/cm2 . The inset shows a
zoom between m/q = 40 u/e and m/q = 140 u/e with the blue spectrum
shifted 4 mass units to ease the comparison.

Along with the 800 nm TOF spectrum in fig. 7.2 is a TOF spectrum recorded
with 287 nm shown in blue. In the inset the spectrum is shifted by 4 mass
units to ease the comparison. For the UV light the magnitude of the parent
ion signal is about the same as for the 800 nm spectrum, but the signal from
fragments is much lower. For the UV light, the dominant process is single
ionization with only a small amount of fragments produced. Two UV photons
can bring the molecule from the ground state to a bound state in the cation.
For 800 nm, the photon flux is much higher and it is much more likely that
more photons are absorbed than necessary to reach the cation, resulting in
fragmentation. Photoelectrons were recorded in a single ionization regime
for the three different wavelengths near 290 nm and for 400 nm. Reaching
the single ionization regime was slightly harder using a 400 nm pulse for
ionization since it requires three photons to cross the ionization potential.
2D electron images were recorded from isolated naphthalene molecules
and they are shown in row (a) of fig. 7.3 with the wavelength used for ion121
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Figure 7.3 2D electron images from isolated naphthalene molecules [row
(a)] and slices of the 3D electron distribution [row (b)]. The wavelength
used for ionization is shown above the images and the laser polarization
is indicated in (a1). Each image is scaled to its maximum value and the
colorscale adjusted to increase the contrast. The images are 301 pixels by
301 pixels, which corresponds to 20 mm by 20 mm on the detector.
Distinctive isotropic rings are seen for all electron images. This means
that the electrons are emitted from the molecules with certain specific velocities. To the bottom left of the center a minor dark spot is seen, which
is caused by long-term damage of the detector. All zero kinetic energy positive particles hits this area, thus the the detector is less efficient here. The
center of the electron image does not match that of the ions due to an imperfect shielding of the magnetic fields. The reduced sensitivity of the detector
can to an extent be compensated by increasing the phosphor screen voltage.
Here the detector was run at as high a voltage as was possible. The polarization of the laser pulse is for all wavelengths in the detector plane along
the vertical direction, thus enabling Abel inversion to obtain the 3D electron
distribution.
Row (b) shows a slice of the 3D electron distribution obtained from the
Abel inversion. When the wavelength is increased from 287 nm to 295 nm,
the electron image clearly shrinks due to the decrease in photon energy.
In addition, more rings are observed in the electron image using 287 nm
light compared to the one using 295 nm. The image with 400 nm is hard to
compare to the three others due to the ionization mechanism being different,
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but discrete energies for the photoelectron are still observed.
From the 3D electron distribution the kinetic energy distribution can be
calculated. Figure 7.4 (A) shows the kinetic energy distribution of electrons
for the four different wavelengths. The majority of electrons are detected
below an energy of 2 eV. Preferably more of the detector is used, but it was
not attractive to lower the VMI voltages to increase the size of the electron
image at the cost of detector efficiency.
The tail of electrons detected towards higher energies are due to higher
order processes which was confirmed by varying the laser power. Ideally the
higher order processes are eliminated either by reducing the pulse energy or
by increasing the spot size of the focused beam. It was undesirable to throw
away photons since the electron signal from inside droplets was expected to
be very weak. Adjusting the spot size through a telescope was not done
because of poor beam quality.

Figure 7.4 (A): Kinetic energy distributions of electrons recorded from
isolated naphthalene molecules. (B): Distributions of electrons for energies
below 1.8 eV. The wavelength used for ionization for each curve is shown in
(A).
In (B) a zoom of the region from 0 eV to 1.8 eV is shown where the
individual spectra can be distinguished. The red curve corresponds to a
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wavelength of 295 nm, black to 290 nm, blue to 287 nm, and green to 400 nm.
The photoelectron energy is clearly increasing when the photon energy is
increased from 295 nm to 287 nm (red to blue) and additional peaks emerge
at lower energies.
The peak at highest energy must be when the photoelectron gets the most
energy and the remaining ion is left in the lowest energy state. The maximum
energy the photoelectron can obtain from two photons must be Emax = 2Ep −
IP, where Ep is the photon energy and IP is the adiabatic ionization potential
[149]. In Table 7.1 the expected photoelectron energy is tabulated along
with the measured value. Overall there is a good agreement between the
measured values and the expected, but small discrepancies for 287 nm and
290 nm are present. Inaccuracies in the calibration of the detector is unlikely
the cause for the discrepancies since the results for 295 nm and 400 nm match
fairly well. The FWHM of the measured energy peak is listed along with
the broadening expected from the bandwidth of the ionization pulses. The
bandwidth reported for the pulses around 290 nm is the convolution of two
Gaussian functions with a width determined from fig. 7.1 and for 400 nm
three Gaussian functions are convoluted, since two and three photons are
required for ionization respectively. Within the width of the measured peaks
and the bandwidth carried by the pulses the agreement is satisfactory.
Table 7.1 Highest photoelectron energy expected from the used wavelengths compared to the measured values. The measured FWHM of the
highest photoelectron energy is listed along with the broadening expected
from the bandwidth of the ionization pulse.
Wavelength
[nm]

Expected
[eV]

Measured
[eV]

FWHM
[eV]

Bandwidth
[eV]

287
290
295
400

0.552
0.447
0.318
1.131

0.623
0.496
0.326
1.105

0.107
0.094
0.067
0.115

0.036
0.034
0.037
0.036

Turning to the peaks at lower energy in the photoelectron kinetic energy
distribution. The structure of these peaks are more easily discussed if the
photoelectron spectrum is put on a relative scale. The photoelectron spectrum below 1.8 eV is maintained in fig. 7.5 (A) and in (B) the highest distinct
photoelectron energy (Emax ) has been subtracted from each distribution. For
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the light around 290 nm all curves appear to have a secondary peak close to
−0.22 eV and for each curve additional tertiary features appear. The peak
near −0.22 eV is assigned to the ion being left in a vibrationally excited state,
thus leaving less energy to the photoelectron. The vibrational structure of
the naphthalene ion was studied up to 0.26 eV in reference [149]. Several
vibrational levels were measured around 0.22 eV and 0.23 eV, but direct assignment is not possible. The more irregular peaks seen below −0.22 eV are
harder to assign due to noise introduced by the Abel inversion algorithm
for energies approaching zero. For the red and black curve this is seen near
−0.32 eV and −0.5 eV respectively where the vertical line is caused by noise
near the center of the image.

0.2

Figure 7.5 (A): Kinetic energy distributions of electrons recorded from
isolated naphthalene molecules below 1.8 eV as in fig. 7.4. (B): Electron
energy distributions when the highest photoelectron kinetic energy is subtracted. The distributions are shown for an ionization wavelength of 295 nm
(red), 290 nm (black), 287 nm (blue), and 400 nm (green).
For the photoelectrons detected using 400 nm the spectrum is different.
A small signal can be seen near −0.22 eV, but it is quite different from the
wavelengths around 290 nm. That vibrational level appears less likely to
be populated when using 400 nm compared to around 290 nm. Instead a
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feature is visible near −0.5 eV. A peak close to this is seen in the spectrum
using 287 nm light, suggesting a vibrational excited state around 0.5 eV. No
further investigations of the vibrational structure of the ion was pursued.
From the measurements on isolated naphthalene molecules it is apparent
that the vibrational structure of the molecular ion is visible in the photoelectron spectra. Whether a vibrational structure can be resolved inside helium
droplets is unclear. Photoelectron energies between 0.3 eV and 1.5 eV is expected from inside helium droplets depending on the shift of the ionization
potential. Shifts are normally on the order of 0.1 eV or lower, thus detection of photoelectrons from naphthalene molecules solvated inside helium
droplets should still be possible.

7.3

Naphthalene Molecules inside Helium
Droplets

Before photoelectrons from naphthalene molecules inside helium droplets are
discussed, a few words about detecting electrons. For the UV pulses with a
wavelength around 290 nm, the photon energy becomes comparable with the
work function of stainless steel. Many of the interior parts of the vacuum
chamber is made from stainless steel, in particular the electrodes used for
the VMI spectrometer. Scattered photons that hit the repeller plate and
liberate an electron will lead to a number of background electrons. Until
now the low target density of the helium droplet beam has been mitigated
by extending the opening time of the camera and thus reducing acquisition
times. By bunching laser shots together in a single camera frame, the amount
of electrons detected from molecules inside helium droplets is increased, but
so is the number of background electrons. Keeping the number of electrons
from molecules inside helium droplets high compared to the background
electrons becomes important.
The experiment was first attempted in the fall of 2014 with a graphite
coating on the VMI plates. The coating was applied to increase the work
function, thereby reducing the majority of the background electrons. The
graphite coating did not eliminate the background electrons sufficiently and
a platinum coating was attempted. I believe the platinum coating did not
stick properly to the surface of the VMI plates since it performed worse than
the graphite. By the beginning of 2015 I had the plates coated with gold
and bought a new set of windows with a better anti-reflection coating for
UV light. This seemed to help with the amount of background electrons,
but more work is needed to reduce them even further. The majority of the
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background electrons are believed to stem from scattered photons from the
entrance and exit windows of the chamber that hit the repeller plate. All
coatings were done by an in-house thin film laboratory.
Before detecting electrons, the doping of naphthalene molecules in helium
droplets was investigated by the TOF spectrum of the ions produced. The
doping conditions needed for single doping of naphthalene molecules into
helium droplets was initially optimized using the 30 fs Coulomb explosion
beam. In fig. 7.6 the TOF spectrum of naphthalene molecules in helium
droplets is shown in red using an 800 nm Coulomb explosion pulse with
a peak intensity of 4.6 × 1014 W/cm2 . The spectrum shown is the TOF
recorded with the droplet beam present minus the effusive portion. The
inset shows a zoom between m/q = 40 u/e and m/q = 140 u/e. The poor
signal-to-noise ratio is reflected in the TOF spectrum taking negative values
for some mass to charge ratios. In fig. 7.6 the TOF using 287 nm is shown in
blue, with the spectrum shifted 4 mass units in the inset. For the UV light
no charged helium clusters are produced and only the singly charged parent
ion is detected. The final optimization of the doping conditions was done
using the electron images recorded with the UV pulses, which is described
later in this section.
The problem of background electrons is not an issue for recording ions,
but when recording electron images, a set of three images were recorded
for each set of laser parameters to estimate the background electrons. An
electron image is recorded with the target chamber isolated, where no naphthalene molecules are present. Electrons detected here must originate from
photons hitting the VMI plates and creating electrons in the extraction region. Example of such images are shown in row (a) of fig. 7.7 with the
wavelength used written above. By opening the gate valve to the doping
chamber without letting the helium droplets in, the amount electrons from
the effusive molecules can be estimated. Images from the effusive portion are
shown in row (b). The electron image of the effusive portion will obviously
still contain the background electrons from the target chamber alone.
Finally, the helium droplet beam is included and the electrons from
molecules inside helium droplets can be recorded. These image are shown
in row (c) and they include the two prior contributions as well as the electrons from molecules inside helium droplets. To retrieve the electrons from
molecules in the droplets alone, the distribution of electrons detected from
the effusive portion is subtracted from the droplet distribution. The subtracted electron images are shown in row (d). For 400 nm the photon energy
is so low that no electrons can be produced without naphthalene molecules,
hence image (a4) is missing.
127

7. Photoelectron Spectroscopy

3.0
0.08

Ion signal [mV]

2.5

0.06

2.0

0.04

1.5

0.02

1.0

0.00

0.5

−0.02

0.0
0

20

40

60
80
m/q [u/e]

100

120

140

Figure 7.6 TOF mass spectrum of naphthalene molecules solvated inside helium droplets recorded with a 800 nm pulse (red) at an intensity
of 4.6 × 1014 W/cm2 and with a 297 nm pulse (blue) with an intensity of
1 × 1012 W/cm2 . The inset shows a zoom between m/q = 40 u/e and
m/q = 140 u/e with the blue spectrum shifted 4 mass units to ease the
comparison.

Due to the large difference in the number of electrons detected for each
image, putting all images on the same colorscale is impossible and instead
each image is scaled to the maximum value detected on a single pixel in that
image. Comparing the images of row (a), when changing the wavelength from
295 nm to 287 nm, the shape of the background electrons does not change,
but the amount of electrons increases from 0.05 to 0.42 per laser shot. It was
not possible to tune the TOPAS to a higher wavelength in hope of reducing
the amount of background electrons.
In row (b) distinct electron energies are seen, similar to those observed
for isolated molecules in section 7.2, on top of the background from row
(a). Going from image (b1) to (b3), the amount of background electrons
is clearly decreased compared to the electrons from naphthalene molecules.
In row (c) the structure from the effusive portion is clearly visible in the
images, thus to observe the electrons from naphthalene inside helium droplets
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Figure 7.7 2D Electron images recorded for the target chamber alone [row
(a)], for inclusion of the effusive molecules from the doping chamber [row (b)],
and when the helium droplet beam is included [row (c)]. The wavelength
used for ionization is shown above the images and the laser polarization is
indicated in (a1). No electrons were detected from the target chamber alone
using 400 nm. Row (d): Electron image of row (c) minus row (b). All images
have been scaled to the maximum value and for the subtracted electron
images a zoom of the colorscale has been applied. All images are 301 pixels
by 301 pixels, which corresponds to 20 mm by 20 mm on the detector.
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a subtraction is needed. The images with the subtraction performed [row (d)]
all look quite similar, apart from the amount of electrons detected at each
wavelength. The best conditions were found for 290 nm where a broad ring
of electron velocities is visible. The signal-to-noise ratio is worse for 287 nm
and 295 nm. For each wavelength, two parameters influence the signal-tonoise ratio, namely the doping conditions and the number of background
electrons from the target chamber alone.
For 287 nm the number of background electrons produced was high, thus
in order to maintain a satisfactory number of electrons from molecules inside helium droplets, the doping was increased. In all the previous chapters
nonadiabatic alignment was used to determine the doping conditions, here
the doping conditions were determined with respect to the background electrons. No sign of dimers were observed in TOF measurements for the doping
conditions used, thus the contribution from multiply doped droplets is negligible. When the doping of the droplets is increased the fraction of unsolvated molecules increases as well, thus for 287 nm, the signal-to-noise ratio
of the subtracted electron image was limited by the effusive portion. For
295 nm there are fewer background electrons, but the TOPAS performance
was worse. At 295 nm it was substantially harder reach good experimental
conditions compared to the two other wavelengths. Because of the poor performance of the TOPAS at this wavelength the overall electron count rate
was lower. Since the TOPAS performed fine at 290 nm and the amount of
background electrons was not to high, 290 nm turned out to be a good compromise. For all other wavelengths the subtracted electron image (d1), (d3),
and (d4) uses a zoomed colorscale to enhance the contrast.
The amount of electrons detected from molecules inside helium droplets
using 400 nm is quite low compared to amount from effusive molecules. Between recording the data using light around 290 nm and 400 nm, the turbo
pump sitting across from the pick-up cell stopped working and the 400 nm
data was recorded without it, leading to a higher portion of electrons detected from the effusive molecules.
For all images an angular integration is performed to produce the radial
distribution. The distributions for 290 nm are shown in fig. 7.8 (A) when
the droplet beam is included (green), when only the effusive portion is included (red), and when the target chamber is isolated (black). In addition,
the radial distribution for the difference between including the droplet beam
and not is shown in blue, and the distribution for the difference between including the effusive portion and the target chamber only is shown in purple.
Focusing first on the purple distribution which consists of electrons recorded
from unsolvated naphthalene molecules. It should resemble the distribution
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recorded for the supersonic expansion of naphthalene molecules. Although
the vibronic structure is missing, the cutoff energy matches quite well. The
vibronic structure is not resolved because the molecules are at room temperature. The subtraction method reproduces the cutoff energy observed for
cold molecules, thus it should be possible to retrieve the electron distribution
from molecules inside helium droplets.
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Figure 7.8 Radial distributions obtained from the electron images in
fig. 7.7 using 290 nm. The distributions are shown for image (a2) (black),
(b2) (red), (c2) (green), (b2) minus (a2) (purple), and (d2) (blue). (B):
Radial distributions of the subtracted electron images [row (d)].
Turning to the distribution when the droplets are included (green), the
shoulder seen on the low side of the main peak is completely absent when
the subtraction has been performed (blue curve). A small feature is seen
near 180 pixels in the subtracted distribution which is ascribed to absorption
of an additional photon. The electron distributions from molecules inside
helium droplets are seen in fig. 7.8 (B) for the four wavelengths used. For all
wavelengths the distribution is peaked around 80 pixels which is very different
from the isolated molecules, where peaks between 30 pixels and 80 pixels were
observed depending on wavelength. The distribution for 400 nm show signs
of absorption one and even two additional photons. The difference between
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the three distributions for a wavelength around 290 nm does not appear
systematically, thus the difference is believed to be caused by the day to day
variations in the performance of the TOPAS.
Because the electrons from naphthalene molecules inside helium droplets
only can be extracted through background subtraction, the noise introduced
from the subtraction method prevents the use of Abel inversion techniques
to obtain the 3D electron distribution. To transform the x-axis to an energy
scale the energy calibration is applied directly to the radial distribution obtained from 2D electron images, as was done in chapter 6. This is not the
correct way of applying the calibrating of the detector, but the only plausible
way to transform the x-axis to an energy axis. Figure 7.9 shows the kinetic
energy distribution for the full energy range (A) and a zoom for energies below 1.8 eV (B). In the zoom the 4 vertical dashed lines represent the highest
electron energy detected for isolated molecules at the wavelength specified
in the legend of (A).
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Figure 7.9 (A): Kinetic energy distributions of photoelectrons recorded
from ionization of naphthalene molecules inside helium droplets. The energy
scale is obtained from 2D electron images, see text for details. (B): Kinetic
energy distributions below 1.8 eV (solid lines). The dashed lines represent the
highest photoelectron energy measured for isolated naphthalene molecules.
132

7.3. Naphthalene Molecules inside Helium Droplets

The peak of the electron distribution is close to 0.9 eV for all wavelengths
in contrast to the energies observed for the isolated molecules. The kinetic
energy of the photoelectron being independent of the initial kinetic energy
obtained from absorption of the photons suggests that the final energy of
the electron is determined by its interaction with the droplet. The peaks
identified as absorption of an additional photon are located at energies of
1 eV + Ep for all wavelengths, where Ep is the photon energy. The peaks
have a FWHM of about 2 eV, thus it is hard to conclude much from these.
The structure of the photoelectron kinetic energy distributions is discussed
in more detail later in this chapter.
The droplet size dependence on the photoelectron spectra was investigated using 290 nm light. The droplet size was varied by changing the nozzle
temperature between 10 K and 14 K, effectively changing the mean number
of helium atoms per droplet from approximately 3.0 × 104 to 7.3 × 103 [14].
Increasing the nozzle temperature further resulted in a drastic reduction
in the signal-to-noise ratio. The kinetic energy distributions for different
droplet sizes are shown in fig. 7.10 (A) and a zoom of the low kinetic energy
part is shown in (B). The photoelectron spectrum clearly depends on the
droplet size, shifting to higher energies for larger droplets.
An energy barrier for injection off free electrons into bulk liquid helium is
well known [150]. The height of the barrier is approximately 1 eV, which coincides with the lowest kinetic energy an electron can have inside helium before
forming a localized bubble state [151]. The existence of a barrier like this for
helium droplets have been reported, particularly for large droplets [152,153].
The photoelectron spectra reported here show similar characteristics as was
reported in reference [152,153]. The interpretation of the photoelectron spectra recorded from naphthalene molecules inside helium droplets is as follows.
The photoelectrons produced from naphthalene do not have enough energy
to escape the droplets, because they are trapped in a bubble state. As a
result, the electrons will not reveal any information about the ion they left
behind. This would explain why the maximum of the photoelectron distribution is at approximately 0.9 eV for all wavelengths used for droplets with
1.5 × 104 helium atoms. The photoelectrons detected at higher energies are
likely to stem from higher order processes as was seen for isolated molecules.
The peak of the photoelectron distribution is droplet size dependent in line
with the results of [152, 153]. The droplet size dependence originate from
the energy barrier of the bubble state depending on droplet size [154, 155].
No barrier was observed in the work of Loginov et al. [35], which will be discussed in conjunction with the results obtained on aniline molecules inside
helium droplets.
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Figure 7.10 (A): Kinetic energy distributions of photoelectrons recorded
from ionization of naphthalene molecules with 290 nm inside helium droplets
for three different droplet sizes. (B): Energy distributions for photoelectron
energies below 2.5 eV. The legend represent the mean number of helium
atoms per droplet, N̄.

7.4

Aniline Molecules inside Helium Droplets

Inspired by the work in the Drabbels group an experiment was done on
aniline to see if the results reported in [35] would be replicated using femtosecond pulses. Due to difficulties with the vacuum system the number
of background electrons had increased, which in turn limited the wavelength of the UV light to 295 nm. The ionization potential for aniline is
7.72 eV [111], thus two-photon ionization is possible. The photoelectrons
from aniline molecules inside helium droplets were acquired by the same
background subtraction method as was applied to naphthalene molecules.
In fig. 7.11 (A) the photoelectron spectrum is shown for naphthalene (red)
and aniline (blue) molecules inside helium droplets. (B) shows energies below
1.8 eV. The two spectra both peak around ∼ 0.8 eV and have a tail towards
higher energies. For aniline, a peak near 5 eV is clearly visible, whereas for
naphthalene it is quite weak. The energy matches well with absorption of an
additional photon. The shape of the high energy tail is different for the two
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molecules, suggesting that the tail is not caused by the droplet, but stems
from the molecule. A sketch of the photoelectron spectrum recorded from
aniline molecules inside helium droplets with almost the same wavelength
from reference [35] is shown in black in fig. 7.11 (B).

0.0

Figure 7.11 (A): Kinetic energy distributions of photoelectrons recorded
from ionization of naphthalene (red) and aniline (blue) molecules inside helium droplets with 295 nm light. (B): Distributions below energies of 1.8 eV
with a sketch of the photoelectron spectrum from reference [35] adopted
(black).
My results on aniline are very different from those observed in reference [35]. The droplet size used by Loginov et al. were only slightly smaller
than what is used here, N̄ = 1.1 × 104 compared to N̄ = 1.5 × 104 . As a
result, it is unlikely that such a small change in droplet size would completely change the photoelectron spectrum. The central wavelength of the
light used to ionize the molecule was almost the same in the two experiments, but here a femtosecond laser pulse was used to ionize the molecule
compared to a nanosecond laser pulse in the work of Loginov et al. [35]. The
nanosecond pulse ionizes in a 1+1 REMPI scheme, where the first photon
brings the aniline molecule to an excited state. If the excited state populated is heliophobic and the molecule is expelled from the droplet before
the second photon is absorbed, the photoelectron spectrum will look simi135
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lar to that of isolated molecules. The time scale for the molecule to leave
the helium droplet would be on the order of 100 ps if the Landau velocity
is assumed, leaving plenty of time during a 5 ns pulse. That would not be
the case for a femtosecond pulse, where the molecule would not have time
to leave the droplet. The authors of reference [35] do not discuss this hypothesis. The similarities between the photoelectron spectra recorded from
naphthalene and aniline suggest that electrons formed with energies below
1 eV are trapped inside helium droplets.

7.5

Conclusion

The experiments presented in this chapter have shown that it is possible
to record electrons from naphthalene molecules inside helium droplets using femtosecond laser pulses. For comparison photoelectron spectra were
recorded from isolated naphthalene molecules and they revealed a vibrational structure of the molecular ion left behind. These observation were
absent for molecules inside helium droplets. The photoelectron spectra from
molecules inside helium droplets recorded here exhibit no structure and are
independent of the photon energy used to ionize the molecule in contrast to
the isolated molecule case. For the wavelengths used here, 287 nm, 290 nm,
295 nm, and 400 nm the photoelectron spectrum from molecules in helium
droplets peaked just below 1 eV. The photoelectron spectra showed a droplet
size dependence with larger droplets producing photoelectrons at higher energies. These findings are in line with an energy barrier for electrons leaving
the droplet of approximately 1 eV as was observed in [152, 153].
Photoelectron spectra recorded from aniline in helium droplets showed
the same characteristics as for naphthalene, supporting the concept of an energy barrier for the photoelectrons to leave the droplet. These measurements
are in strong contrast to what was observed in [35], where a nanosecond laser
pulse was used in a 1+1 REMPI scheme. The possible discrepancy can be
explained by the aniline being expelled from the droplet upon absorption
of the first photon and for pulse durations longer than the escape time the
second photon could be absorbed outside the droplet. This hypothesis could
be tested in a variety ways in future experiments. One approach would
be to perform a pump-probe experiment and possibly observe a transition
from a photoelectron spectrum dominated by an energy barrier, to a spectrum resembling gas phase molecules. Secondly, the photon energy could be
increased to produce photoelectrons with energies much higher than 1 eV.
Additional future prospects are discussed in chapter 8.
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8

Conclusion and Outlook
The experiments presented in this thesis have explored the alignment of
molecules inside helium droplets and pursued possible applications for laser
aligned molecules. The final conclusions from these experiments are presented in this chapter and future experiments and improvements are discussed. The chapter is divided into three parts, each addressing one experiment.

Alignment of Molecules inside Helium Droplets
The nonadiabatic alignment experiments performed on DIB molecules solvated inside helium droplets demonstrated that it is possible to achieve a
comparable degree of alignment to gas phase isolated molecules when multiple synchronized kick pulses are employed. The deviation from the axial
recoil approximation was shown to be larger for DIB molecules inside helium droplets compared to the isolated molecules, which could explain the
discrepancy in the degree of alignment observed. If it were possible to more
precisely control the kick pulse synchronization, a higher degree of alignment
could likely be obtained. If there were no restriction on the synchronization
and the number of kick pulses that could be used, then in theory it should
be possible to control the angular momentum transferred to the molecule
inside the helium droplet. Since some or all of the angular momentum may
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be transferred to the surrounding helium atoms, it could be one route to
laser-controlled excitation of collective angular momentum states, possibly
even quantized vortices. The large amount of angular moment required to
form quantized vortices might not be accessible even with additional kick
pulses, but instead more extreme laser pulses could be employed [156–159].
With an optical centrifuge diatomic molecules have been excited to states
with J > 400 [157]. In Femtolab, Ph.D. student Anders Vestergaard Jørgensen has been constructing the setup for creating an optical centrifuge and
in the comming months it will be tested on molecules inside helium droplets.
The alignment dynamics of CS2 was shown in fig. 5.5 to deviate strongly
from those of heavier species. Extending studies of the alignment dynamics
to smaller molecules have proven difficult on the current droplet machine,
since the smaller molecules cannot be trapped by the liquid nitrogen traps
and too many molecules effuse into the interaction region. Over the past
couple of months postdoctoral Benjamin Shepperson has produced the first
experimental results of Coulomb explosion of singly doped molecules inside
helium droplets on a new helium droplet machine. The new droplet machine
has an improved design of the cold traps and the doping cell, thus studying
nonadiabatic alignment of molecules such as OCS and C2 H2 inside helium
droplets should be possible. CS2 showed near free rotation for the first few
picoseconds, thus smaller systems might show signs of rotational revivals.
With the algorithm developed by Underwood et al. it is possible to
retrieve the coherence between different J states from ion images of aligned
molecules [126]. Applying this algorithm to ion images recorded at different
times after a kick pulse for molecules inside helium droplets can be used to
follow the coherence as a function of time. Much more information could be
extracted in this way compared to the current measurements of the degree
of alignment represented by hcos2 θ2D i. The results reported here for DIB
molecules using four kick pulses showed signs of some coherence when the
kick pulses were applied in quick succession. Following the coherence as a
function of time would be very interesting for a future experiment.
In section 5.5 it was shown that the alignment dynamics could be followed as a function of time by monitoring the ion yield. This enables the
possibility of aligning large molecules without requiring a direct observable
for the molecular axis distribution. If it is possible to align molecules such
as naphthalene, anthracene, or tetracene inside helium droplets it would be
possible to follow the rotational dynamics by this technique. Turning to
much larger systems such as β-Carotene would be impossible in a supersonic
expansion, but the low vapor pressure needed to dope molecules into helium
droplets might prove a way to learn about these large systems and their
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interaction with a short kick pulse.

Photodissociation of I2 Molecules inside Helium
Droplets
In chapter 6 it was shown that I2 molecules can be photodissociated inside
helium droplets. The initial aim of following the two iodine atoms during the
dissociation process was complicated by what appears to be a repulsive force
between the iodine atoms and the helium droplet. As a result, it was not
possible to create iodine atoms that travel with a velocity close to the Landau
velocity. These results were surprising, but future experiments could provide
more information about the interaction between the iodine atoms and the
helium droplet.
In order to subtract I+ ions produced from ground state molecules it
was necessary to image the I+ ions produced from Coulomb explosion of
ground state molecules. As a result, the VMI voltages were not reduced
further to enhance the image resolution. In a future experiment the scaling
coefficient kscale could be determined at high VMI voltages initially, before
reducing them, which could be one way to enhance the resolution. The
enhanced resolution could make the distinction between iodine atoms dissociating through the 1 Π state and the B state easier. At higher photon
energies less of the B state is populated, thus the 1 Π state could be studied
in more detail, particularly the emission direction of the iodine atoms. The
enhanced resolution might also reveal differences in the velocity of ground
state (I) and excited state (I∗ ) iodine atoms, which is expected if the two
states interact differently with the helium droplet. With higher resolution,
the acceleration of the iodine atoms in the A state could be investigated in
more detail by varying the excitation wavelength. If the initial velocity of
the iodine atoms is low, the final velocity is expected to be along the polarization due to the acceleration, but if instead the initial velocity is large, the
acceleration is expected contribute less to the final velocity. By varying the
excitation wavelength one might observe a difference in emission direction of
the iodines dissociating through the A state.
The vibrational relaxation study showed a time-dependent effect on the
IHe+ ion yield in a TOF measurement. Recording TOF mass spectra for a
series of helium droplet sizes would be interesting, particularly if the helium
droplet size could be varied to cover a variety of sizes. The target density
of molecules inside helium droplets compared to the effusive molecules on
the current machine does not allow for much variation of the droplet size.
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8. Conclusion and Outlook

Initial experiments performed by Benjamin Shepperson on the new helium
droplet machine show a large variety of droplet sizes can accessed without
losing significant target density. A more thorough droplet size dependent
study of the photodissociation process would also be of great interest.

Photoelectron Spectroscopy of Molecules inside
Helium Droplets
The photoelectron experiments showed that it is possible to record photoelectrons from molecules inside helium droplets using femtosecond laser
pulses. The photoelectron spectra recorded from molecules inside helium
droplets proved very different from those recorded for isolated molecules.
This was unexpected based on previous studies [33–35]. The interpretation
of the photoelectron spectra recorded from molecules inside helium droplets
corresponds well with the existence of a barrier for the electron to leave the
droplet as was observed in other studies [152, 153]. This theory could be
tested in future experiments in a number of ways.
One such way would be to apply two femtosecond laser pulses in a pumpprobe experiment. The studies using nanosecond pulses to ionize molecules
and clusters inside helium droplets were all done via a 1+1 REMPI process
which showed no sign of a barrier [33–35]. If the dopant following absorption of one photon has time to leave the droplet before absorption of the
second photon, the electron barrier would not be observed. If instead two
femtosecond pulses were used, where the first pulse would serve to excite
the dopant and by varying the pump-probe delay the electron barrier might
disappear for long pump-probe delays since the dopant has time to leave the
droplet. The transition from the photoelectron spectrum being dominated
by the electron barrier to a spectrum resembling gas phase molecules would
be elegant and could in addition provide information about the escape time
of the dopant.
Another way to investigate the electron barrier of the helium droplet
would be to increase the photon energy even further. Laser pulses generated
through HHG could have photon energies that exceed the ionization potential of molecules, thus the energy barrier could be investigated by adjusting
the photon energy of the harmonics. A source of high harmonics will be
developed in Femtolab over the next few years, thus enabling this possibility. Increasing the photon energy would lead to more background electrons,
thus additional measures to prevent them should be taken. The scattering
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of photons could be minimized by inserting baffles. In addition, new VMI
electrodes have been purchased in order to get a better coating.
The new helium droplet machine could also allow for a more thorough
study of the dependence of the photoelectron spectrum on the helium droplet
size. The electron barrier is expected to vanish for small droplets [154, 155],
thus they might reveal vibrational structure of molecules.
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