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Résumé
This thesis present the setup of a newly established mid-infrared laser
source at Femtolab, Aarhus University. This new laser source is interesting in many regards as it opens the possibility for many experiments
previously unavailable. The new source can in particular help improve the
fundamental understanding of strong-field ionization of molecules and as
a result help produce better theoretical models.
The method used to generate these laser pulses is described in detail
and a new tool used to characterize the laser pulses was developed. The
result of this characterization is in excellent agreement with a simulation of
the laser setup and revealed that the laser pulses were shorter than initially
expected.
The investigated molecules were studied by recording the distribution
of the ions and electrons the appear as a result of the molecular ionization.
Mixed-field orientation was used to force the majority of the molecules to
point in a specific controllable direction. This allowed several strong-field
ionization effects to be measured as a function of the angle between the
ionizing laser pulse polarization and the molecular axis.
The linear molecule carbonyl sulfide was most thoroughly investigated
through several experiments. The molecule has previously been investigated using more traditional laser sources at more visible wavelengths.
These previous results revealed a large discrepancy between the theoretical predictions and the experimental measurements. Changing to the
mid-infrared laser source provides better agreement between the experiment and the foundation on which the theoretical models are built. The
new measurements can therefore be used by the theoreticians to develop
better models as the comparison to the experimental results are improved.
The measurements on carbonyl sulfide revealed properties that were previously hidden, and a new and improved ionization model is now in excellent
agreement with the experimentally measured results.
One of the initial aims of the new laser source was to record a molecular
movie. In such a movie the movement of the atoms inside a molecule is
determined, both spatially and temporally, with a great precision. This
would be an extremely helpful tool to understand various molecular process.
At the end of this thesis the initial attempts of recording such a movie is
described. The future use of the laser source will be focused on improving
these attempts and hopefully a molecular movie is recorded in the end.
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Dansk Resumé
Denne afhandling præsenterer opbygningen af en ny midt-infrarød laserkilde ved Femtolab, Aarhus Universitet. Denne nye laserkilde er interessant
i mange sammenhænge da den åbner muligheden for mange eksperimenter
der tidligere ikke kunne udføres. Den nye laser kilde kan især hjælpe med at
øge forståelsen for stærk-felts ionisering af molekyler, et felt der er i rivende
udvikling men som stadig mangler præcise teoretiske modeller. De eksperimenter der er udført i dette projekt har til måls at forsøge at forbedre
denne forståelse for stærk-felt ionisation og derved lede til endnu bedre
modeller.
Metoden til at danne disse midt-infrarøde laser pulser er beskrevet i
detalje og et nyt værktøj blev udviklet til at karakteriserer laser pulserne.
Disse målinger var i god overensstemmelse med en simulering af laserkilden
og viste at laser pulserne var endnu kortere end først antaget.
Molekylerne blev studeret ved at optage fordelinger af de ioner og elektroner der opstår når molekylerner ioniseres. Laserinduceret orientering
blev udnyttet i de fleste af eksperimenterne til at fastlåse størstedelen af
molekylerne til at pege i en bestemt kontrollerbar retning. Dette blev
udnyttet til at bestemme diverse stærk-felts effekter som en funktion af
vinklen mellem den ioniserende laser puls og molekyleaksen.
Det linære molekyle carbonyl sulfide blev undersøgt i størst detalje igennem flere eksperimenter. Molekylet er tidligere blevet undersøgt med mere
tradiotionelle laser kilder ved mere synlige bølgelængder. Her blev der
observeret en stor forskel mellem de teoretiske forudsigelser og de eksperimentelle målinger. Ved at skifte til den midt-infrarøde laser kilde er der
bedre overensstemmelse mellem de eksperimentelle målinger og det fundament de teoretiske modeller er bygget på. De nye målinger kan derfor
hjælpe teoretikerne med at udvikle bedre modeller da de lettere kan sammenligne med de eksperimentelle målinger.
Målingerne på carbonyl sulfide viste nye effekter der tidligere var skjult,
og udviklingen af en ny og forbedret ionisations model giver nu rigtig god
overensstemmelse mellem de målte og beregnede resultater.
Et af de oprindelig mål med den nye laserkilde var at optage en såkaldt
molekylær film. I sådan en film kan atomernes bevægelse inde i molekylet
bestemmes til store præcision både i tid og rum, hvilket er ekstremt brugbart til at øge forståelsen af molekylære processer. I slutningen af denne
afhandling er de indledende forsøg på at optage sådan en film beskrevet.
Den fremtidig brug af kilden vil være fokuseret på at gøre disse forsøg
endnu bedre, og forhåbentlig ende med en egentlig molekylær film.
vi
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Chapter

1

Introduction
This thesis is the culmination of my three years as a PhD student at Femtolab, Aarhus University. The aim and outline of my PhD project has
been clear from the beginning and except for minor deviations the plan
has been followed. At the beginning of my PhD Femtolab was expanded
and we got room for several new laser tables. A new ultrafast laser system
was purchased and installed in part to enable my project.
This laser system delivers pulses on the femtosecond time scale (1 femtosecond = 1 fs = 10−15 s) which is such a short duration compared to our
usual macroscopic time scales of seconds and minutes that it is hard to
grasp. One important aspect of the short duration is that femtosecond
laser pulses can be used to investigate ultrafast phenomena such as chemical reactions of molecules. Another important aspect is that the power
and intensity of such pulses become very high: After leaving the laser system the energy in a pulse is roughly 5 mJ. This is a very small amount of
energy and is roughly equal to the amount of energy required to lift a table
tennis ball (m=57 g) 1 cm off the ground. Because the pulses are so short
the energy is, however, concentrated in a very small amount of time and
the instantaneous peak power is on the order of 150 GW, about a factor
200 more than the average power of the Studstrup power plant north of
Aarhus!
This is an extremely high instantaneous power and by focusing the
pulses onto a tiny spot the peak intensities becomes so large that the
1
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Figure 1.1: Coherently adding many different frequency components in
phase (colored lines) results in an ultrashort pulse train (black line).

electrostatic force binding electrons to molecules is overwhelmed and the
molecules become ionized. This is a main topic of the thesis.
The generation of an ultrashort pulses is not a simple task as no electronic or physical trigger is fast enough to generate such a pulse. Instead
the properties of light are used. Light consist of electromagnetic waves
where the different colors correspond to different wavelengths, this is illustrated in Fig. 1.1 for 15 different colors. Adding several color fields together
leads to interference where the different waves either cancel out when not in
phase or add constructively when in phase. Both cases are seen in Fig. 1.1
as the black curve, which is the result of addition of all the colored curves.
As more colors are added the height of the constructive interference peak
is increased while the peak width decreases. The peak width corresponds
to the pulse duration and an ultrashort pulse can therefore be produced if
a large bandwidth of colors are made to constructively interfere. The new
laser is a Titanium-Sapphire (Ti:Sa) laser supporting wavelengths from
∼ 700 − 1000 nm and it can simultaneously operate more than a million
different colors that can all be forced to constructively interfere thereby
generating the ultrashort pulses.
2

Strong-field laser physics is currently experiencing a shift away from the
traditional Ti:Sa laser sources, which have dominated research for almost
20 years, towards mid-infrared (mid-IR) laser sources [1–5]. This shift is
motivated by many factors but of particular interest is the greatly increased
energy reached by electrons created by such a mid-infrared source. This
shift was recognized here in Femtolab and the initial goal of my project
was to establish a mid-IR source.
Another recent laser technology is carrier envelope phase (CEP) stabilized few-cycle pulses [6–9]. These pulses are fundamentally interesting as
they break the field symmetry along the laser polarization. Here in Femtolab laser-induced alignment [10] has long been a common denominator for
all our investigations. This technique allows for complete orientation control of particular molecules thereby breaking the symmetry of a molecular
sample. Combining this orientation control with the preferred direction
of ionization provided by few-cycle pulses enables many new interesting
experimental possibilities.
One intriguing possibility is to use such asymmetric laser fields to study
oriented molecules. Here orientation means that the permanent dipole moment of the molecules all point in the same direction. This can be achieved
by techniques developed in Femtolab [11]. In this situation both the ionizing field and the molecular target possesses asymmetry. Our investigation
for this situation is presented in chapter 7.
The pulses provided by the new Ti:Sa laser are 35 fs long which is
not few-cycle at its central wavelength of 800 nm. The initial goal of this
project was therefore to reduce the pulse duration. Figure 1.1 clearly
illustrates that the only way this can be done is by introducing even more
frequencies and forcing them to constructively interfere.
The theory behind the generation of the few-cycle mid-IR pulses is
found in chapter 3 and a detailed description of the setup and the characterization of the pulses is found in chapter 4.
I led this project and did all of the design and construction of the
optical setup as well as the simulation of the pulse propagation. I did,
however, receive a lot of guidance in particular from Lauge Christensen
and Jan Thøgersen whenever I was stuck on a problem. Kathrine Glerup
Bay joined our group as a master student around the time the setup was
complete and we worked closely together for the remainder of her masters
on characterizing the pulses and on the initial experiments.
The new few-cycle mid-IR laser source was used for four different experiments outlined below.
3
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Orientation-Dependent Ionization Yields
This work, presented in chapter 5, is a natural continuation of previous similar work in the group using 30 fs laser pulses at a wavelength of 800 nm
from a Ti:Sa laser [12]. In the experiment different molecules are strongfield ionized by the mid-IR few-cycle probe pulses as a function of the
relative orientation between the molecular axis and the probe pulse polarization axis and the ionization yield for each orientation is recorded.
Of particular interest is the investigation of carbonyl sulfide. This
molecule has been thoroughly investigated using different methods both in
our group [12–15] and elsewhere [16,17] and so far no clear agreement with
theory has been observed.
The work presented here using the mid-IR laser source and improved
theoretical models developed by Darko Dimitrovski and Lars Madsen provides new information on the ionization dynamics.
The measurements were primarily done by me but Lauge Christensen
and Kathrine Glerup Bay also contributed heavily. Lauge provided all the
knowledge of the vacuum setup and introduced both me and Kathrine to
this part of the setup.

Few-cycle Effects
Perhaps the most interesting property of the few-cycle pulses is the ability
to direct the most intense part of a field in either direction thereby breaking the symmetry along the polarization axis by varying the CEP [18, 19].
The experiments presented in chapter 6 and chapter 7 are our initial investigation into these few-cycle effects.
The experiment in chapter 6 is a one-pulse experiment. Argon and
carbonyl sulfide is ionized by the few-cycle, mid-IR pulses and the resulting
electron velocity images are recorded as a function of the carrier envelope
phase. A semi-classical model, initially developed by Kathrine Glerup
Bay [20], with minor improvement by me, was developed and compared to
the measurements.
The experimental work on argon was here equally done by Lauge Christensen, Kathrine Glerup Bay and myself, while I did the measurements on
carbonyl sulfide. It was Lauge who recognized the method of measuring
the phase with a f-2f interferometer, and he developed the software for that
analysis while I developed the data acquisition.
4

Laser-Induced Electron Diffraction
Laser-Induced Electron Diffraction (LIED) is a new tabletop method used
to provide atomic resolution imaging of the structural dynamics of molecules on a sub-femtosecond timescale [2, 4, 21–24]. The technique is based
on the strong-field tunnel ionization process. Here an electron is detached
and accelerated by the mid-IR field. Due to the long wavelength the electron gains enough momentum for the de Broglie wavelength to become
shorter than the intermolecular bond distances. Some electrons are forced
back to the parent ion where they scatter, resulting in a diffraction pattern.
For the molecules nitrogen, oxygen and acetylene it has been shown [2,4,24]
that the diffraction can be used to determine the bond distances. The time
of rescattering on the parent molecule can be finely tuned by changing the
wavelength and a series of measurements at different wavelengths can produce a molecular movie.
The intriguing prospects of the LIED technique are so promising that
is was seen as one of the initial applications of the new few-cycle, mid-IR
source and chapter 8 present the findings on our LIED attempt.

5
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2

Atoms and Molecules in Laser
Fields
The experiments presented in this thesis are all a result of the interaction
between matter and electric fields. All but a few observables presented are
a result of an optical pulse ionizing an atom or molecule, thereby allowing
us to observe the resulting electron or ion.
Traditionally photo ionization would only take place if the energy of a
photon in the field is greater than the binding energy of the electron,
~ω ≥ Ip ,

(2.1)

with ω being the angular frequency of the field. Ip is the ionization potential and any excess energy would end up as kinetic energy shared between
the ion and electron. This effect is known as the photoelectric effect and
was initially explained by Einstein in 1905.
In more recent times, since the advent of the intense laser, a new ionization regime has become available. In this regime the intensity of the
electric field is strong enough to ionize even when Eq. 2.1 is not fulfilled.
This regime is the Strong-Field Ionization (SFI) regime, and the following
section will introduce the core concepts.
7
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2.1

Ultrashort Pulses

Electromagnetic pulses with a duration shorter than 10−12 s are known as
ultrashort pulses. They are formed by phase locking several modes of a
laser oscillator as conceptually illustrated in Fig. 1.1. The electric field for
such a pulse is usually written as,
E(z, t) = E0 A(t)ei(ω0 t−β0 z+φ(t)) x̂,

(2.2)

where E0 is the peak electric field strength, A(t) is the carrier envelope
function, β0 is the central wave number, ω0 is the carrier angular frequency,
φ(t) is the carrier envelope phase and x̂ describes the polarization direction
of the laser field. The parameter φ is normally not of much interest since
any effect from the phase will average out if there are many cycles of the
electric field within the envelope, which is almost always the case. This
is, however, not true for the pulses investigated in this thesis and φ turns
out to become important. The carrier envelope phase is further described
in chapter 3 and the effects are thoroughly investigated in chapter 6 and
chapter 7.
The temporal envelope, A(t), of the pulse is determined by the laser
cavity and for a Ti:Sa type laser it turns out to be a Gaussian shape of the
form,


−4 ln(2)t2
√
A(t) = exp
,
(2.3)
2τ 2
where τ is the full width at half maximum duration (FWHM) of the intensity, I(t) ∝ A(t)2 . For current state of the art high power tabletop Ti:Sa
oscillators τ is usually on the order of 35 fs. The ultrashort duration of
these pulses leads to extremely high peak powers, even for very modest
average powers, and they are therefore suited for nonlinear effects as will
be discussed in chapter 3.
The shape of a pulse in the spectral domain is directly related to its
temporal shape as they are simply Fourier transformations of each other;
Z ∞
E(ω) =
E(t)e−iωt dt,
(2.4)
−∞
Z ∞
1
E(t) =
E(ω)e−iωt dω,
(2.5)
2π −∞
where ω is the angular frequency, ω = 2πν, with ν being the frequency. The
simple relation between the spectral and temporal domain is important
as it can be used to drastically reduce the calculation difficulty of some
8
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problems which will be utilized in the propagation simulation described in
section 3.5.
From the Fourier relations it is clear that ultrashort pulses must be
spectrally broad or they would violate the well-known time-energy uncertainty principle. In general the time-bandwidth product (TBWP) is given
as,
TBWP = ∆τ ∆ν ≥ K,
(2.6)
where ∆ν is the frequency FWHM, ∆τ is the duration FWHM and K is
a constant value that depends on the pulse shape. For Gaussian pulses,
as is exclusively used in this thesis, this value is K = 0.441. If the equal
sign is fulfilled the pulse is said to be transform limited (TL), which means
that all the different frequency components temporally coincide. This is
the same as requiring that dφ(t)
dt = 0. A constant phase, φ, corresponds to
a constant angular frequency that is equal to the central angular frequency.
This can be shown by calculating the instantaneous frequency,
ω(t) =

∂Φ
,
∂t

(2.7)

where Φ is the absolute phase of the field, Φ = ω0 t − β0 z + φ(t), which is
the exponent of Eq. 2.2. This calculation results in,
ω(t) = ω0 +

dφ(t)
.
dt

(2.8)

With dφ(t)
dt = 0 the result is ω(t) = ω0 .
Most pulses are, however, not TL but have a higher TBWP. An example
of this, is a pulse with φ(t) having a quadratic time dependence,
2

E(t) = E0 A(t)ei(ω0 t−αt ) x̂,

(2.9)

such a pulse will have an instantaneous frequency that depends linearly on
time, ω(t) = ω0 + 2at. For this specific φ(t) the leading part of the pulse
would be red shifted and the trailing part part would be blue shifted. The
pulse is said to be chirped, in this case linearly positively chirped as lower
frequencies appear before higher. An example of such a pulse is seen in
Fig. 2.1.
An ultrashort pulse can acquire a linear chirp in many ways. The simplest way is to propagate the pulse through an appropriate material. How
this works is described in section 3.1. Chirped pulses are a core concept
in this thesis. The aim of my project was to produce and utilize few-cycle
9
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E-field (Arb)

1.0
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−100

−50
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50
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Figure 2.1: Temporal evolution of a positively chirped pulse. Long wavelengths arrive before short wavelengths, resulting in an uncompressed pulse
with a pulse duration much longer than the transform limited duration
allowed by its spectral bandwidth. The chirp is the figure is greatly exaggerated for illustrative purposes.
pulse, this means that they must be as close to the transform limit as possible, and much effort has been put into minimizing the unavoidable chirp of
the pulses. An example of such unavoidable chirp is from the effect known
as Self-Phase Modulation (SPM). This effect is used to greatly increase
the spectral bandwidth of the pulses, thereby opening the possibility for
drastically reducing the pulse duration as seen from Eq. 2.6. The SPM effect does, however, also introduce a positive linear chirp similar to Eq. 2.9
which must be compensated. This will be explained in section 3.3, but first
the strong-field ionization regime will be explained.

2.2

Strong-Field Ionization

Ionization in general is the process where the electron in an atom/molecule
gains enough energy to escape the binding potential, resulting in an ion
and a free electron, as explained in the beginning of this chapter. As an
Q
example the electron in a hydrogen atom exist in a V = 4π
potential,
0r
where Q is the nucleus charge, 0 is the vacuum permittivity and r is the
radial distance from the nucleus. The shape of the hydrogen potential
is shown as the black dashed lines in Fig. 2.2. Solving the Schrödinger
10
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Figure 2.2: The three different ionization pathways in strong-field ionization of a hydrogen atom. The field free potential is plotted as the black
dashed line. (a) In the perturbative (multiphoton) regime the electron
absorbs N photons, promoting the electron to the continuum. (b) In the
tunneling regime the interaction with the electric field is so strong that the
potential is bend, allowing the electron to tunnel into the continuum. (c)
for even stronger fields the potential is distorted enough that the electron
is no longer bound to the nucleus resulting in above threshold ionization.

equation for this potential results in the bound state energies, and for the
ground state in hydrogen this ionization potential energy is Ip = 13.6 eV.
A bound electron would thus need to gain 13.6 eV of energy to escape
the attraction from the nucleus. The energy the electron gains in the
ionization process can be classically estimated by ignoring the interaction
between the electron and the nucleus and only including the interaction
with the electric field. Classically the electron will feel a force from the
field,
F = qE(t),

(2.10)

where q is the charge of the particle and E(t) is the electric field at time
t. When the electron moves in the field, there is a net amount of work on
11
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it, and it gains energy as,
Z
W =

F · dr.

(2.11)

This simple approach to estimating the kinetic energy of a liberated electron is used in section 6.1 where ionization due to a few-cycle pulse is
simulated.
In the case where one photon has sufficient energy to promote the
electron to the continuum, as in Eq. 2.1, the ionization rate is proportional
to the laser intensity [25]. For a single photon to ionize the ground state of
hydrogen the wavelength would need to be lower than λ ≤ 91 nm, which
is far into the UV.
If the photon energy is less than Ip ionization is still possible through
the simultaneous absorption of multiple photons. This is a part of the
strong-field ionization regime and is known as multiphoton ionization and
an example for hydrogen and 7 photons is shown in Fig. 2.2(a). In the
perturbative limit the ionization rate scales with the number of photons
required for ionization as Γ = I N , where N is the number of photons and I
is the intensity [25]. This limit is only valid for small N and is the "weak"
field limit of strong-field ionization.
For more intense electric fields the field is strong enough to distort the
potential well of the atom. This is illustrated in Fig. 2.2(b). The field
causes the potential to tip over, so instead of a well, the electron is bound
by a smaller potential barrier. This opens the possibility that the electron
may tunnel through that barrier into the continuum, and the rate for this
is strongly dependent on the thickness and height of the barrier. This area
of strong-field ionization is knows as the tunneling regime. The distorted
potential due to the electric field is said to be quasi-static, in the meaning
that its period is much longer than the typical orbital period of the electron.
With a quasi-static process the instantaneous electric field, E(t), can be
used to describe the distorted potential the electron feels. This potential
will then have the form,
V (r) = V0 (r) + F r,

(2.12)

where V0 is the field free binding potential (black dotted line in Fig. 2.2)
and F r is the potential energy the electron feels from the field.
The switch between the multiphoton and the tunneling regime is not
clear cut. To be in the tunneling regime one could say that the field has
to be sufficiently strong that the tunneling rate is greater than the multiphoton rate. An important property here is the oscillatory nature of the
12
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electric field. The field oscillates with a period of T = 2π
ω , so for tunneling
to be likely the tunneling time needs to be less than T /2, as the direction
of the field changes sign after half a period. To distinguish between the
two regimes the Keldysh parameter has been defined as [26],
s
p
ω0 2mIp
Ip
TT
=
=
,
(2.13)
γ=
T
eE0
2Up
where TT is the tunneling time, ω0 is the central angular frequency, m is
the electron mass, e is the electron charge, E0 is peak electric field and Up is
the ponderomotive energy, which we will return to shortly. For γ  1 the
electron has no time to tunnel and the ionization is multiphoton dominated.
For γ  1 the field is strong enough for tunneling to dominate.
The instantaneous tunneling probability for a low frequency laser can
be estimated up to a scaling factor by [27],
!
2(2Ip )3/2
W (E0 ) = exp −
,
(2.14)
3E0
with Ip and E0 in atomic units.
As the laser intensity is increased even further the barrier in the effective potential diminishes until a critical intensity, Ic , where the top of the
barrier is at the same height as the bound field free state. At intensities
higher than this the electron is classically free and is free to escape the
atom. This area of strong-field ionization is known as over the barrier
ionization, here the instantaneous ionization probability is unity and the
atom will ionize in approximately one orbital period. An example of this
is shown in Fig. 2.2(c).
In section 6.1 a semi-classic simulation of the ionization process is described using the ionization probability calculated from Eq. 2.14 and propagating the ionized electrons classically without including the interaction
between the electron and the ion.

2.3

Electron Recollision

The oscillating nature of the field results in an added complexity as the
electron may return to the vicinity of the ion after being ionized. This is
due to the change of direction of the field shortly after ionization. Once the
electron is free it will accelerate classically in the electric field according
to Eq. 2.10. Upon returning to the parent ion several things may happen.
13
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The electron may be recombined with the ion, releasing its acquired energy
as radiation. This is known as high harmonic generation (HHG) and is an
extremely active research area containing both attosecond physics [28] and
high energy spectroscopy [29]. An introduction to the field is provided
by Brabec and Krausz [7] and although the few-cycle, mid-IR pulses investigated in this thesis are also interesting for HHG [30] it is not further
discussed in this thesis.
The electron may also rescatter off the parent ion either elastically or
in-elastically. It is this rescattering case that have the prime interest in this
thesis and we will return to this when laser-induced electron diffraction is
discussed in chapter 8.
Many features of the rescattering process can be explained by the so
called three-step model [31, 32]. The first step in this model is the tunnel
ionization discussed in the previous section. Here the electron is brought
to the continuum and start with zero kinetic energy.
In the second step the electron classically moves in the oscillating electric field, and finally in the third step the electron recombines/rescatteres
with the ion.
The energy gained in the second step due to acceleration in the field,
can be estimated using a simple monochromatic laser field, E(t) = E0 sin(ωt)x̂.
Solving Eq. 2.10 for such a field and the initial condition, x(tb ) = 0, v(tb ) =
0 results in an electron velocity given by,
ẋ(t) = aω cos(ωt) − aω cos(ωtb ),

(2.15)

and a position given by,
x(t) = a sin(ωt) − a sin(ωtb ) − aω(t − tb ) cos(ωtb ),

(2.16)

eE0
here tb is the time of ionization or birth time, a = mω
2 is the amplitude of
the oscillations and ω is the angular frequency of the field. The velocity
consist of two parts. A constant term, the drift velocity, that only depends
on the ionization time and an oscillating term. The instantaneous kinetic
energy can be calculated as,


1
Ekin (t) = ma2 ω 2 cos2 (ωt) + cos2 (ωtb ) − 2 cos(ωt) cos(ωtb ) . (2.17)
2
Averaging this results over one optical cycle results in the average kinetic
energy of the electron,


1
2 2 1
2
hEkin i = ma ω
+ cos (ωtb ) ,
(2.18)
2
2


= Up 1 + 2 cos2 (ωtb ) ,
(2.19)
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where UP is the ponderomotive energy that was mentioned earlier and is
given as,
e2 E02
e2 E02 λ2
Up =
=
.
(2.20)
4mω 2
16π 2 mc2
The physical interpretation of the ponderomotive energy is now clear. It is
the cycle averaged quiver energy of the free electron in the oscillating field,
this value will come up several times throughout the thesis as it is directly
related to many of the energies that will be discussed. The drift kinetic
energy of the electron due to the birth time, 2Up cos2 (ωtb ), is an example.
Here the maximum energy a direct electron can gain after the oscillations
have died out is seen to be 2Up .
It is important to note that Up scales as λ2 , and changing to longer
wavelengths compared to the standard Ti:Sa 800 nm wavelength will drastically increase the ionized electron energies.
For some values of tb the electron may recollide/recombine with the
parent ion at a later time (tr ). This time for recollision/recombination
can be obtained by solving Eq. 2.16 for x(tr ) = 0. This was done numerically and the result linking the different birth times to the different
recollision/recombination times is shown in the upper part of Fig. 2.3. To
make the figure more general the phase property ωt has been introduced.
This way of writing the time removes the dependence on the field frequency
and one period corresponds to 360°.
From Fig. 2.3 it is clear that only certain birth times will result in recollision/recombination. For ωtb ≥ 90° the electron will never return to the
ion and simply flies away.
For 0° < ωtb < 90° the electron can return and the energy upon recollision/recombination can be calculated from Eq. 2.17.
This recollision/recombination kinetic energy have been calculated for the
different trajectories and is shown in the lower part of Fig. 2.3. The peak
energy is at 3.17Up for a birth time of 17 deg and a recombination time of
255 deg. This explains why the cutoff energy of a high harmonic spectra
is at 3.17Up + Ip . For all energies less than the maximum there are two
different trajectories resulting in the same energy. These are named long
and short trajectories due to the difference in travel time, ∆t = tr − tb and
are color coded in Fig. 2.3.
If the electron scatters of the parent-ion instead of recombining further
ionization may occur by collisions between the high-energy electrons and
the cation, an effect known as non-sequential ionization [31]. This effect
may be of particular importance for these long wavelength sources as will
be discussed in chapter 5 and it has been found that this non-sequential
15
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Figure 2.3: The upper part of the figure shows a cycle of an electric
field (solid black line), and lines connecting the birth and recombination
times. The colors correspond to different trajectories, red for the long
trajectories and blue for the short. The lower part of the figure shows the
resulting kinetic energy of the electron at the time of recombination. The
peak marked with the black dot is at 3.17Up , a birth time of 17 deg and a
recombination time of 255 deg.

ionization is dominated by long trajectories over short trajectories due to
a higher ionization probability [4]. In the case of elastic scattering the
electron may be further accelerated up to 10Up [1, 33]. This is important
for the design of the new detector used to measure the electrons. The
detector is briefly described in section 4.4 and the energy calibration is
found in section 6.2.
The discussion in this section is only valid for a linearly polarized laser
field. If the field is not linearly polarized the electron will not recollide
with the parent ion, but instead miss it. This can either be useful or a
problem depending on the experiment. In the experiments discussed in this
thesis the field is always linearly polarized, but some measurements could
have benefited from a circular or elliptical polarized source, for instance
when determining the degree of fragmentation as discussed in chapter 5.
A broadband quarter wave plate have recently been purchased in order to
16
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produce circular/elliptical polarized laser fields for future experiments.

2.4

Laser-Induced Alignment and Orientation

All experiments in this thesis, expect the initial few-cycle experiment described in chapter 6, employs laser-induced alignment or mixed-field orientation to either improve the experiments or in most cases simply permitting
it. In this section the theoretical background behind laser-induced alignment is briefly presented. The results in this thesis are all achieved with
adiabatic alignment and this is the case that will be covered here. For
non-adiabatic alignment the reader may instead refer to to Stapelfeldt and
Seideman [10].
Alignment in general is the process where one or more axes of a molecule
is confined to the laboratory frame. If one axis is confined it is known as
1D-alignment, and if all three axes are confined it is known as 3D alignment. In Fig. 2.4 this difference is shown for the benzonitrile molecules,
which were used in the experiment described in chapter 5. Figure 2.4(a)
shows randomly aligned molecules. With no external fields, this is the
normal distribution of molecules in a gas. In Fig. 2.4(b) the molecules
are aligned with the most polarizable axis (the C-CN axis for benzonitrile)
along the vertical direction. They are free to rotate around this axis but
this degree of freedom can be removed using an elliptically polarized pulse.
The second most polarizable axis will then be confined to the minor axis
of the electric field polarization ellipse. This will 3D align the molecules as
shown in Fig. 2.4(c). In all cases the direction of the nitrogen is not locked
but can point in either direction along the major polarization axis. This
symmetry can also be broken as will be described later in this chapter and
the molecules can be forced to point predominantly in one direction, in this
case they are said to be 1D and 3D oriented as illustrated in (d) and (e)
respectively. This will become particularly important for the experiments
presented in chapter 7.
The following subsections will explain the theoretical background and
the requirements for laser-induced alignment will become clear.

Molecule-Laser Interaction
The description presented here follows the work of Friedrich and Herschbach [34, 35] while Stapelfeldt and Seideman [10] provide a review of
both the theoretical and experimental effort in the early period of laserinduced alignment. The focus is mainly on linear molecules and linear
17
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Figure 2.4: Benzonitrile molecules illustrating the different types of alignment and orientation with respect to the detector (gray/green disc in the
background). (a) shows randomly oriented molecules. (b) displays 1D
aligned molecules with their most polarizable axis aligned in the vertical
direction. (c) shows 3D aligned molecules with their most polarizable axis
aligned in the vertical direction and their second most polarizable axis
aligned in the direction perpendicular to the detector. The second most
polarizable axis is in the plane of the molecule and perpendicular to the
most polarizable axis. (d) shows 1D oriented molecules while (e) shows 3D
oriented molecules.

polarized electric fields, as these reflect the experimental conditions for the
measurements on OCS.
Under the Born-Oppenheimer and rigid rotor approximations the Hamiltonian of a molecule is given by the sum of an electronic, a vibrational and
a rotational Hamiltonian. For laser-induced alignment the focus is on the
rotational Hamiltonian as the molecules are assumed to be cold and only
rotational states are exited. This assumption is fulfilled in the experiments
since the molecules are cooled from the supersonic expansion [36], to be
presented in section 4.4.
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The rotational Hamilton is given by,
Ĥrot =

Jˆy2
Jˆ2
Jˆx2
+
+ z ,
2Ixx 2Iyy
2Izz

(2.21)

where Jˆi is the total angular momentum of the molecule around the i-axis
and Iii is the moment of inertia along that same axis. The axes x, y and z
have been chosen along the principle axes of the molecule so the moment
of inertia is diagonal. For a linear molecule two of the three moment of
inertia are identical, Ixx + Iyy = I, and the eigenstates of the rotational
Hamiltonian are spherical harmonics represented by |JM i. Here J is the
angular momentum quantum number and M is the projection onto the
laboratory defined Z axis and the energy of the different rotational states
are given by,
~2
E=
J(J + 1).
(2.22)
2I
To describe the interaction between a laser pulse and a molecule, we
start with a linearly polarized electric field for a laser pulse,
E(t) = E0 A(t) cos(ω0 t)Ẑ.

(2.23)

Here Ẑ is the unit vector along the polarization axis defined in the laboratory frame. The interaction between the laser field from Eq. 2.23 and the
molecule can be written as [37],
1
V̂ (t) = −µ · E(t) − E † (t)αE(t),
2

(2.24)

where µ is the permanent electric dipole moment of the molecule and α is
the polarizability tensor of the molecule.
We can restrict the analysis to laser fields with slowly varying amplitudes and angular frequencies much higher than the rotational frequency of
the molecule, as this is true for the alignment pulses utilized in this thesis.
This restriction results in the first term in Eq. 2.24 to average out as the
carrier wave oscillates many time during the pulse duration. By further
restricting the analysis to molecules where α is diagonal in the principle
frame of the molecule, the matrix multiplication in Eq. 2.24 is reduced
to a sum, and averaging over an integer number of optical cycles, reduces
Eq. 2.24 to,
1X
V̂ (t) = −
αii |E0,i (t)|2 .
(2.25)
4
i
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Figure 2.5: Representing the electric field in the coordinate system of
the molecular frame. The polar angle θ is the angle between the field and
the molecular z-axis, and φ is the azimuthal between the x-axis and the
projection of the field onto the x, y-plane in the molecular frame.
Here the electric field has been replaced by the field amplitude along the
different molecular-fixed axes and an additional factor of 12 arises from
averaging over an integer number of cycles. Equation 2.25 indicates that it
is necessary to represent the electric field along the molecular coordinates.
This is done by changing to spherical coordinates as illustrated in Fig. 2.5.
Here θ is the polar angle between Ẑ and the molecular z-axis, and φ is
the azimuthal angle between the x-axis and the projection of Ẑ onto the
xy-plane in the molecular frame.
Expressing E(t) in the molecular-fixed coordinate system and inserting
into Eq. 2.25 yields,


1
V̂ (t) = − |E0 (t)|2 αzz cos2 (θ) + sin2 (θ)(αxx cos2 (φ) + αyy sin2 (φ)) .
4
(2.26)
For a linear molecule αxx = αyy = α⊥ and αzz = αk and Eq. 2.26 reduces
to,


1
V̂ (t) = − |E0 (t)|2 (αk − α⊥ ) cos2 (θ) + α⊥ .
(2.27)
4
The difference in polarizability is called the polarizability anisotropy, ∆α =
αk − α⊥ , which is positive or zero for all linear molecules [35]. This means
the interaction with the laser field will create a double potential well where
the lowest energy is obtained for θ = 0◦ or θ = 180◦ , this means that it
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Figure 2.6: The effective induced potential for OCS at a laser intensity
of 1 × 1012 W/cm2 resulting in alignment. The figure is adapted from
Holmegaard [38].
is favorable for the molecule to align its most polarizable axis along the
laser polarization axis and alignment is achieved. In Fig. 2.6 the effective
potential for OCS due to the interaction with a laser field with an intensity
of 1 × 1012 W/cm2 is shown. The double well potential is clearly seen.

Adiabatic Alignment
In this section we will consider a laser pulse resulting in the potential given
by Eq. 2.27 that is slowly turned on. Slow is in this cases compared to the
rotational period of the molecule. This means that the field-free rotational
|JM i states of the molecule adiabatically evolve into the eigenstates of the
Schrödinger equation given by,
Ĥ = Ĥrot + V̂ (t),

(2.28)

where Ĥrot is the field-free rotational Hamiltonian from Eq. 2.21.
The eigenstates that solve Eq. 2.28 are called pendulum states. M is
still a good quantum number for these states as V̂ (t) commutes with JˆZ .
This is, however, not the case for J and J˜ is used as the quantum number
instead where J˜ of a pendular state equals J of the field-free state that
it adiabatically corresponds to. This means that the order of the states
does not change when the states adiabatically evolve and the n’th field-free
state is transferred into the n’th pendular state. The lowest lying pendular states are bound states in the potential from Eq. 2.27 and therefore
aligned. These bound states come in pairs of closely separated states that
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are coupled by tunneling between the two minima in the potential and are
known as a tunneling doublet.
To obtain a high degree of alignment only the lowest lying bound states
should be populated. In practice this is ensured by cooling the molecules
to low temperatures which experimentally is achieved by a supersonic expansion of the molecules into vacuum by a pulsed high pressure valve.
Having cold molecules ensures that only the low lying field-free states
are populated. To ensure that this is also the case for the pendular states
requires that the potential from Eq. 2.27 is turned on adiabatically. This
can be achieved for a smooth pulse with a duration much longer than the
rotational period of the molecules. Experimentally an injection seeded
Nd:YAG laser is used for this purpose. The seed pulse ensures that the
pulse is smooth and the duration of 10 ns is much longer than the rotational
period of the molecules investigated in this thesis. The alignment laser is
described in greater detail in section 4.1. Alignment achieved via this
method is called adiabatic alignment [39, 40], and is the sole alignment
method used for the experiments presented in this thesis.
This description only accounts for 1D alignment, and the molecules
will be free to rotate around the most polarizable axis [10]. To achieve 3D
alignment an elliptically polarized laser field has to be used. In this case
the most polarizable axis of the molecule will align along the major axis
of the polarization ellipse and the second most polarizable axis will align
along the minor axis [41, 42]. The derivation of 3D alignment includes the
same steps as the derivation above but for an electric field in Eq. 2.23 with
a second dimension. This derivation will not be done here and the reader
may instead refer to Larsen [43] for the full derivation.

Measuring the Degree of Alignment
The degree of alignment is characterized by the θ parameter where θ is the
angle between the aligning laser polarization and the molecular axis. Perfectly aligned molecules have θ = 0 or π. In practice the number hcos2 θ2D i
is measured. hcos2 θ2D i is the angle between the laser polarization and the
two dimensional projection of the molecular axis onto the detector, where
the bracket represent averaging over a number of molecules. A perfectly
aligned molecular sample results in hcos2 θ2D i = 1 and a randomly aligned
molecular sample results in hcos2 θ2D i = 0.5.
Often hcos2 θ2D i is measured by Coulomb exploding the investigated
molecules, using an intense femtosecond pulse. In the axial recoil approximation [44] the recoil direction of the molecular ions reveals the molecular
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Figure 2.7: I+ velocity ion images from Coulomb exploded 1, 4diiodobenzene from the experiment presented in chapter 8. In (a) the
alignment laser was blocked (hcos2 θ2D i = 0.52) and in (b) the alignment
laser was polarized in the up/down direction hcos2 θ2D i = 0.94. In both
cases the Coulomb explosion pulse was polarized into the detector plane.

axis and hcos2 θ2D i can be measured by recording the velocity distribution
of the fragments. An example of such a Coulomb exploded velocity image
is seen in Fig. 2.7 for the 1, 4-diiodobenzene molecule used in the laserinduced electron diffraction experiments in chapter 8. The hcos2 θ2D i value
for the 1, 4-diiodobenzene molecules is measured for both the unaligned
case, where the YAG laser was blocked (Fig. 2.7(a), hcos2 θ2D i = 0.52) and
in the aligned case where the YAG laser was polarized vertically along the
detector plane (Fig. 2.7(b), hcos2 θ2D i = 0.94). In both cases the probe
pulse causing Coulomb explosion was polarized into the detector plane.

Mixed-Field Orientation
The alignment discussion in the previous sections only allows for the molecules to be confined along an axis, but there is no preferred pointing direction. For the alignment measurements shown in Fig. 2.7 this is not
important since 1, 4-diiodobenzene is symmetric. But for OCS, which is
the molecule that have been investigated the most in this thesis, many of
the experiments rely on our ability to orient the molecule to point predominantly in a specific direction. This up-down symmetry along the polariza23
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tion axis arises from the even shape of the potential in Eq. 2.27. The V̂ (t)
operator commutes with the parity operator and as a result the pendular
states are eigenstates of the parity operator. This means that the pendular
state wavefunctions must allow |ψ(x, y, z)|2 = |ψ(x, y, −z)|2 and as results
there is no preferred direction. To introduce orientation it is necessary to
break this symmetry in the potential.
The most common approach of breaking the symmetry is to introduce a
static field in combination with the alignment laser field. This approach is
called mixed-field orientation and was initially proposed by Friedrich and
Hershbach in 1999 [45, 46]. For a static electric field, Ez , the interaction
with the permanent electric dipole moment in Eq. 2.24 does not average
to 0, and Eq. 2.24 can be written as,
V̂total (t) = −µ · Ez + V̂ (t),

(2.29)

where V̂ (t) is the potential from Eq. 2.27. This addition of a static electric
field polarized in the same direction as the polarization of the laser pulse
breaks the alignment symmetry. For this to be possible the molecule is,
however, required to have a permanent electric dipole moment. If this
is the case one well in the potential in Fig. 2.6 becomes deeper than the
other and the tunneling doublet states are no longer eigenstates of the
parity operator. The difference in potential well depth is illustrated in
Fig. 2.8.
The tunneling doublet states have opposite parity and adding a static
electric field connects the almost degenerate energy levels. In a simple
two-state model this interaction with the static field introduces linear com˜ i and the higher |J˜ + 1M i pendular states, and
binations of the lower |JM
leads to the wavefunctions,
˜ i
ψ+ ∝ |J˜ + 1M i + |JM
˜ i.
ψ− ∝ |J˜ + 1M i − |JM

(2.30)
(2.31)

The opposite parity of the two mixed-field pendular states results in the ψ+
state localized at the θ = 0◦ minimum and the ψ− state localized at the θ =
180◦ minimum. This is illustrated in Fig. 2.8(b). The result is that both ψ+
and ψ− represent an orientated state, but these are opposite and will work
against each other, reducing the degree of net orientation. This is difficult
to avoid as a thermal distribution will populate both states. In order to
achieve a high degree of orientation experimentally, it is therefore critical to
state-select the molecules so the ψ+ state is predominately populated. This
24
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Figure 2.8: Comparison of the effective potential for carbonylsulfide
(OCS) resulting from a laser field alone (a) and the combination of a laser
field and a static electric field (b). A laser intensity of 1 × 1012 W/cm2
and an electric field of 15 kV/cm have been assumed. A sketch of the first
tunneling doublet (a) and their splitting, when the static field is included
(b) as well as the spheroidal wave functions (a) and linear combination
hereof (b), are shown to illustrate the mechanism responsible for mixedfield orientation. Figure adapted from Holmegaard [38].
can be done with an electrostatic deflector [13, 47], that will be described
in section 4.4.
An experimental measurements illustrating orientation of OCS for three
different orientation cases can be seen in Fig. 2.9. The detailed explanation
behind these measurements will be given in chapter 7.
The description of the mechanism behind orientation found in this section is somewhat simplified but illustrates the core ideas. A detailed description of the mechanism can be found in Friedrich and Herschbach [45,
46].
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Figure 2.9: VMI spectrometer images for S+ ions liberated from OCS
molecules oriented in three different ways. In (a) there is no preferred
orientation direction. In (b) the S end preferentially points upwards and
in (c) the S end preferentially points downwards. The heavily saturated
center is due to low energy S+ ions formed from dissociation via single
ionized OCS, while the ions further out are due to double ionized OCS
fragmenting into OC+ + S+ , repelling each other and resulting in a higher
S+ energy.
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Chapter

3

Generation of Few-Cycle
Mid-IR Pulses
The initial goal of this PhD project was to establish a new laser source
that could provide high power, few-cycle, mid-IR, CEP-stable pulses for
the experiments described in chapter 5–8. The strategy chosen to generate
these pulses strongly followed the procedure outlined in Schmidt et al. [48],
and the main author, Bruno Schmidt, has provided much needed advice
when I got stuck on a problem during the initial setup. In this chapter
the required background knowledge is provided, whereas the experimental
setup itself is explained in detail in the next chapter.
Equation 2.6 relates the spectral bandwidth and the pulse duration for
a Gaussian shaped pulse. From this equation it is clear that the main
obstacle for generating few-cycle pulses is the required spectral bandwidth.
In the beginning of my PhD a new Ti:Sa laser and a TOPAS-prime optical
parametric amplifier was installed, this combination delivers mid-IR pulses
with a duration of ' 40 fs and a central wavelength that has been selected
to 1.85 µm, this corresponds to a spectral bandwidth of ∆λ ' 126 nm.
The details of this system is provided in chapter 4. An optical cycle for
a λ0 = 1.85 µm pulse is T = 6.17 fs. For such a pulse to qualify as a
true few-cycle pulse the pulse duration should not exceed τ ≈ 12 fs. From
Eq. 2.6 the required spectral bandwidth is then easily calculated to be
∆λ ≥ 420 nm. In order to reach the few-cycle limit a dramatic increase in
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Figure 3.1: Electric field (blue) and envelope (red) for three different
pulses. (a) shows a pulse corresponding to the λ0 = 800 nm, τ = 35 fs,
output of the Spitfire ACE. (b) shows the λ0 = 1.85 µm, τ = 40 fs, output
from the TOPAS-Prime and (c) is the final λ0 = 1.85 µm, τ = 10 fs, field
shape that was aimed for.

spectral bandwidth is therefore required. In Fig. 3.1 the difference between
the initial pulses directly from the laser output and the desired end result
can be seen. Perhaps the most interesting property of a few-cycle pulse, as
shown in Fig. 3.1(c), is the ability to direct the most intense part of a field
in either polarization direction thereby breaking the symmetry along the
polarization axis. This is done by controlling the carrier envelope phase
(CEP). CEP is the phase offset between the peak of the envelope and the
peak of the field, in Fig. 3.2 an example of three variations of the pulse in
Fig. 3.1(c) with different CEPs are shown. Figure 3.2(a) shows the electric
field and envelope for a pulse with λ0 = 1850 nm, τ = 10 fs and CEP= 0,
the E-field is strongest in the positive direction. Figure 3.2(c) shows the
opposite case where the CEP value has been changed to π. The ratio
between the peaks is the same as for Fig. 3.2(a) but the direction has been
reversed. In Fig. 3.2(b) the CEP value is π/2, the maximum value of the
field now reaches the same value in either direction, but at different times.
This is important in cases where the field is strong enough for ionization
depletion to occur as only the front of the pulse will have atoms/molecules
to ionize.
The effect of CEP is only important for few-cycle pulses as only these
pulses have a sufficient difference in peak electric field strength along the
polarization direction. This is illustrated in Fig. 3.1(a,b) where the pulses
corresponding to the output of the Ti:Sa laser and the TOPAS is shown.
There are so many oscillations present under the envelope that no up/down
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Figure 3.2: Illustration of the influence of CEP on the electric field shape.
The electric field is plotted in blue for a λ0 = 1850 nm, 10 fs pulse at three
different CEP values. The pulse envelope is plotted as the red curve.
difference is seen in the peak field strength.
The mechanism behind the spectral broadening required for the pulses
to enter the few-cycle regime is known as Self-Phase Modulation (SPM)
and will be covered in section 3.3. There are, however, many competing
effects besides SPM and to fully understand the different mechanisms affecting the electric field as it propagates is a complex task as the different
effects are intertwined and affect each other. The theoretical approach
used was to model the propagation of these pulses based on the Generalized Nonlinear Schrödinger Equation (GNLSE) [49],


X ij+1 ∂ j A
∂A α
i ∂  2 
2
+ A−
βj
=
iγ
|A|
A
+
|A|
A
.
∂z
2
j!
∂T j
ω0 ∂T

(3.1)

j

Here A is still the envelope function of the electric field, z is the direction
in which the field propagates, α governs losses as the pulse propagates, the
term involving β is related to dispersion and will be covered in detail in
section 3.1, while the entire right hand side of Eq. 3.1 is related to nonlinear
effects. T is the time measured in a reference frame moving with the pulse
at the group velocity vg and is related to t through,
T =t−

z
.
vg

(3.2)
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This model was initially developed for pulse propagation in optical fibers [49,
sec. 2.4] for pulses with far greater duration and much smaller spectral
bandwidths than the pulses investigated here. It is, however, still appli2
cable for our pulses due to the vanishing Raman term, TR A ∂|A|
∂T , that is
originally added to the right hand side of Eq. 3.1 and where TR is the
so-called Raman response function. This term can be neglected due to the
low intensity of the pulses as they propagate. In an optical fiber the field
is confined to a mode of a few microns, whereas these pulse have beam
waists of several millimeters as they propagate. The beam is only focused
to a small spot size as it propagates through the hollow core fiber (HCF),
to be covered in section 4.3, where the medium is argon. Raman effects
originates from the vibrational modes of molecules and the effect in this
situation is still nonexistent.
The GNLSE is a partial differential equation and can in general not be
solved analytically and a numerical approach is necessary. Many different
methods have been developed for this purpose, but the split-step Fourier
method [50, 51] is the most common, and also the path chosen here. In
Agrawal [49, sec. 2.4] this method is described in detail, and the simulation
in this thesis is based on that section.
The simulation will be described in further detail in section 3.5, but
first some core concepts are needed.

3.1

Chromatic Dispersion

Equation 3.1 contained a term involving βj . In this section it is shown that
this term is just a Taylor expansion of the wave vector around the central
frequency.
For an electromagnetic wave interacting with a dielectric medium, the
response dependents on the optical angular frequency ω. This is known
as chromatic dispersion and originates from the fundamental frequencies
for the bound electron levels of the medium. Far from such a medium
resonance the refractive index, n(ω), is well described by the Sellmeier
equation,
m
X
Bj ωj2
n2 (ω) = 1 +
,
(3.3)
ωj2 − ω 2
J=1

where ωj and Bj is the frequency and strength of the j’th resonance and the
sum extends over all resonances that contribute to the frequency range of
interest. Values for ωj and Bj is normally found by fitting to experimental
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Figure 3.3: The refractive index for the two key optical materials used
in this project. The zero dispersion wavelength separating the normal
dispersion region (to the left) from the anomalous region (to the right) is
also shown as dashed lines. For fused silica the value is λZDW = 1.27 µm
and for CaF2 it is λZDW = 1.55 µm.
data with m = 3. An example of such experimental values that will be used
later for calcium fluoride (CaF2 ) is found in [52] and a plotted version of
the Sellmeier equation for fused silica (FS) and CaF2 is shown in Fig. 3.3.
Chromatic dispersion is critical for the propagation of ultrashort pulses
as the different spectral components of the pulse will travel with different
c
phase velocities, vp = n(ω)
, and the pulse will disperse in time. The effect
of dispersion is calculated by expanding the propagation constant β in a
Taylor series around the angular frequency where the pulse is centered ω0 ,
β(ω) =
with

1
n(ω)ω
= β0 + β1 (ω − ω0 ) + β2 (ω − ω0 )2 + ...,
c
2
 m 
d β
βm =
(m = 0, 1, 2, ...).
dω m ω=ω0

(3.4)
(3.5)

For this project the βm with m = 1, 2, 3 terms will have a big influence.
Looking first at β1 and β2 we have,


ng
1
dn
1
=
=
n+ω
,
(3.6)
β1 =
vg
c
c
dω
and,
β2 =

1
c



dn
d2 n
2
+ω 2 .
dω
dω

(3.7)
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Figure 3.4: Variation of β2 and β3 over the range of interest for fused
silica. Also shown is the zero-dispersion wavelength and a green dashed
line at the central wavelength used in the setup.
Here ng is known as the group index and vg the group velocity, which is the
velocity with which the envelope of the pulse propagates. β2 represents the
dispersion of the group velocity and it is known as group velocity dispersion
(GVD). This is the single most important parameter when attempting to
generate short pulses, and minimizing the GVD is the primary goal of the
experimental setup. In Fig. 3.4 β2 is shown for fused silica. Also shown is
the zero dispersion wavelength (λZDW ) which is found at β2 = 0. λZDW is
an important parameter in many aspects. It indicates the border between
normal dispersion, where red colors move faster than blue, and anomalous
dispersion where the opposite is the case. This is also known as positive
and negative chirp for normal and anomalous dispersion correspondingly.
λZDW is usually in the near IR region close to λ ≈ 1300 nm for many
standard optical materials.
In this project the fact that our mid-IR pulses are located in the anomalous regime, see Fig. 3.4, is used to drastically simplify the experimental
setup as the positive GVD introduced by the SPM effect, to be discussed in
section 3.3, can be compensated simply by propagating the pulse through
an appropriate amount of FS as demonstrated by Schmidt [48]. Also shown
in Fig. 3.4 is the next term in the Taylor expansion, β3 , which is known as
third-order dispersion (TOD) [53]. Including this term proves to also be
significant as demonstrated by Schmidt et al. [48]. TOD is given by,
β3 =
32

1
c

 2

d n
d3 n
3 2 +ω 3 ,
dω
dω

(3.8)
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and it turns out that all glasses exhibit positive TOD throughout their entire transmission range [48]. It is therefore not possible to compress a pulse
back to the TL after having propagated through a piece of optical material simply by propagating through a different material. The GVD can be
compensated but TOD will always accumulate. This is the main reason
why transmission optics should be avoided and it presents the main experimental challenge. Compensation of TOD is, however, possible through for
instance a GRISM [54], a prism with a diffraction grating etched into it.
Adding such a GRISM or a similar method to the setup is, however, not
a suitable solution as it removes the simplicity of the setup. In order to
maintain our short pulses we are therefore forced to very carefully consider
each piece of optics placed in the beam line and avoid transmissive optics
whenever possible.

Waveguide Dispersion
Material dispersion is not the only kind of dispersion in the setup. As a
pulse propagates through a waveguide, where the hollow core fiber used
in our setup is an example, it will experience waveguide dispersion. This
waveguide dispersion for a hollow capillary filled with a gas is given by [55],
β(ω) =

u2n,p c
ω
n(ω) − 2 ,
c
2a ω

(3.9)

where a is the inner radius of the capillary and un,p is the lowest root of
the Bessel function J0 (x) which is,
un,p = 2.4048.

(3.10)

From Eq. 3.9 one recognizes the standard wavenumber for propagation in a
material, ωc n(ω), and the remaining part is then the effect of the capillary,
which will be labeled, βc . βc is therefore given by,
βc = −

u2n,p c
.
2a2 ω

(3.11)

It is interesting to see the effect of just the capillary on the GVD and
TOD. These can be found by differentiating Eq. 3.11 according to Eq. 3.5
for m = 2, 3. The results are,
βc,2 = −

u2n,p c
,
a2 ω 3

(3.12)
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Figure 3.5: (a): Variation of βc,2 and βc,3 over the range of interest due to
waveguide dispersion for a waveguide with the same dimensions as used in
the setup. The dashed line indicate the central wavelength. (b): Variation
of βc,2 and βc,3 with inner diameter of the capillary. The dashed line is the
value of the current HCF.

3u2n,p c
.
(3.13)
a2 ω 4
is always negative whereas βc,3 is always posiβc,3 =

It is worth noting that βc,2
tive.
Propagating the pulse through the HCF will therefore start to compress
it in the time domain as the positive chirp from the SPM effect is compensated by the negative chirp introduced by the HCF itself. The effect
depends on the inner diameter of the capillary squared, and is quickly diminishes for large diameters. In our case a a = 200 µm capillary was used
and the resulting GVD and TOD values over the interesting spectral range
can be seen in Fig. 3.5(a).
Compared to the GVD and TOD values for propagating trough a dispersive media, as found in Fig. 3.4 for FS, it is clear that the waveguide
values are several orders of magnitude smaller. It is here important to
remember that the effect of interest is not GVD itself but the Group Delay
Dispersion (GDD) which is given as,
GDD = GVD · z,

(3.14)

where z is the distance propagated through the dispersive media. The
HCF has a length of L = 1.1 m which is also several orders of magnitude
larger than the typical optics thickness of ' 1 mm. GVD and TOD due
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to waveguide dispersion therefore ends up being comparable to dispersion
due to material propagation. Both GVD and TOD from waveguide dispersion act against achieving the shortest possible pulse duration. From an
experimental point of view it would thus be best to minimize these effect.
The most direct way of doing this is by increasing the HCF inner diameter,
this is also shown in Fig. 3.5(b). If (when) another HCF is to be installed
for a different setup, it may therefore be a good idea to spend some time
simulating other fiber combinations and determining the best solution for
the pulses used.

3.2

Nonlinear Material Response

For strong electric fields the material response becomes nonlinear, which
leads to several interesting effects, one of which is self-phase modulation.
We start with a materials response to an electric field. This is described
by its polarization P (t). For linear optics the polarization is proportional
to the magnitude of the field,
P (t) = 0 χ(1) E(t),

(3.15)

where χ(1) is the first order susceptibility of the material and 0 is the
vacuum permittivity.
At intense electric fields the electrons of the medium can no longer keep
up with the changing electric field and a nonlinear response is observed.
These nonlinearities are separated in orders by expanding the polarization
in orders of the electric field [56],
P (t) = 0 χ(1) E(t) + 0 χ(2) E 2 (t) + 0 χ(3) E 3 (t) + ...,

(3.16)

here the first term is recognized as the linear response and the effect of
this is seen as the frequency dependent refractive index of the medium
and the resulting chromatic dispersion as described in the previous section.
The second order term proportional to χ(2) only contributes to the total
polarization of the medium if the medium is anisotropic. An isotropic
material has a center of inversion and this term then has to be zero since
P2 = −P2 is only true for P2 = 0. An example for this is FS (SiO2 ), the
material the hollow core fiber is made of. SiO2 is a symmetric molecule
and χ(2) is therefore zero. This means that the lowest nonlinear term is
from χ(3) . This nonlinear term results in a field squared variation to the
refractive index and it can be written as,
n(ω, I) = n0 (ω) + n2 I(t),

(3.17)
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here n0 is the normal linear refractive index as described in section 3.1 and
n2 I(t) is the nonlinear contribution that is proportional to the instantaneous intensity I(t) and the material dependent nonlinear refractive index
n2 , which for Ar is n2 (Ar) = 9.73 × 10−24 m2 /W [57].

3.3

Self-Phase Modulation

Self-phase modulation originates from the Kerr effect and is a result of the
nonlinear refractive index written in Eq. 3.17. The effect of this nonlinear
refractive index can be seen by observing an ultrashort Gaussian pulse of
the form,
2
2
I(t) = I0 e−t /τ ,
(3.18)
propagating through a nonlinear medium with n2 > 0. As the pulse propagates the intensity in the medium will change as the pulse passes and this
results in a time varying refractive index,
dn(I)
dI(t)
−2n2 I0 t −t2 /τ 2
= n2
=
e
.
dt
dt
τ2

(3.19)

The variation in refractive index produces a shift in the instantaneous
phase,
2πL
n(I),
(3.20)
φ(t) = ω0 t − kz = ω0 t −
λ0
where ω0 and λ0 is the carrier frequency and wavelength and L is the
distance propagated in the medium. The instantaneous frequency is given
by the time variation of the phase,
ω(t) =

dφ(t)
4πLn2 I0 t −t2 /τ 2
= ω0 +
e
,
dt
λ0 τ 2

(3.21)

this leads to the generation of new frequencies, and in Fig. 3.6 this effect is
shown. A Gaussian pulse as shown in the top of the figure experiences an
instantaneous frequency shift that is opposite for the leading and trailing
part of the pulse. The leading part is red shifted and the trailing part is
blue shifted, and the pulse ends up positively chirped. Under the right conditions the effect of SPM will therefore symmetrically spectrally broaden
the pulse. In a real medium there will also be normal dispersion acting on
the pulse, either compressing or stretching it. For anomalous dispersion
the pulse will be compressed as it propagates since the blue part generated
at the trail will catch up with the red part at the front. As discussed in
section 3.1 this turns out to important for the case of a hollow waveguide
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Figure 3.6: A Gaussian pulse (top curve) propagating through a nonlinear
medium at a high intensity produces new frequencies (bottom curve) due
to SPM. The leading part of the pulse is shifted to lower frequencies and the
trailing part to higher frequencies. In the center of the pulse the frequency
shift is approximately linear.

where the GVD is always negative. From Fig. 3.6 it is clear that an initial negatively chirped pulse would severely reduce the SPM effect as the
pulse would first have to compensate for this before new frequencies are
formed. This is the reason any material introducing negative GVD should
be avoided before the HCF.
A simulation of the effect of SPM on the spectrum for a Gaussian pulse
propagating in a long capillary identical with the capillary used in the setup
and filled with 1.1 bar of Ar is shown in Fig. 3.7. Here an initially TL 40 fs
pulse is propagated through the length of the capillary. All parameters are
identical to the experimental condition described in section 4.3. The code
for this simulation will be the topic of section 3.5. For the result in Fig. 3.7
all effects besides SPM has been ignored.

3.4

Self-Steepening

Self-Steepening is an effect very similar in nature to SPM. The refractive
index of a material due to the nonlinear material response changes during
the pulse as the intensity increases or decreases. This distorts the pulse
because the peak of the pulse feels a higher refractive index than the edges,
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Figure 3.7: The temporal evolution of an initial transform limited Gaussian pulse propagated through a HCF filled with argon. To the right the
initial (blue) and final (red) spectral profile is shown. All properties for
the simulation is based on the experimental conditions, but only the SPM
effect has been included.

and therefore propagates slower [58]. This leads to the trailing edge of the
pulse catching up to the center and the pulse becomes steeper. An example
is shown in Fig. 3.8 where the effect of SPM and self steepening has been
included in the simulation of the propagation through the HCF.
The pulse distortion will unlike SPM lead to an asymmetric effect on
the pulse spectrum. This is clearly observed in Fig. 3.8. As discussed in
section 3.3 the SPM effect will lead to a blue shifted trailing edge and
a red shifted leading edge (for n2 > 0). Because self-steepening causes
the trailing part of the pulse to steepen the pulse will also become more
blue shifted. The overall spectral broadening of SPM and self-steepening
is thus a more blue shifted and broader spectrum. This can be observed by
comparing Fig. 3.7 to Fig. 3.8. From Fig. 3.8 it is also clear that the red
shifted part increases in intensity whereas the blue part decreases compared
to the SPM only case. This is a natural consequence of the additional blue
shift as the energy is distributed across a larger spectral range.
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Figure 3.8: The temporal (a) and spectral (b) evolution of an initial transform limited Gaussian pulse propagated through a HCF filled with argon.
All properties for the simulation is based on the experimental conditions,
but only the effects of SPM and self-steepening have been included. In (c)
and (d) the initial (blue) and final (red) temporal and spectral profiles are
found.
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3.5

Pulse Propagation Simulation

Understanding the key concepts of pulse propagation through the hollow
core fiber, allow for Eq. 3.1 to be examined in greater detail and use it to
construct a numerical simulation of the pulse propagation. The simulation
is based on Agrawal [49, sec. 2.4].
Equation 3.1 can be written in a more compact form as,

∂A 
= D̂ + N̂ A,
∂z

(3.22)

where D̂ is a differential operator accounting for loss and dispersion as the
pulse propagates, and N̂ is the nonlinear operator that accounts for the
nonlinear effects. Relative to Eq. 3.1, D̂ and N̂ are given by,
D̂ =

X ij+1
j

j!

βj

∂j
α
− ,
j
∂T
2



i 1 ∂  2 
N̂ = iγ |A|2 +
|A| A .
ω0 A ∂T

(3.23)

(3.24)

All the terms in these operators corresponds to the different physical effects
discussed in the previous sections. If we start with the two nonlinear terms,
the first one is given by,
SPM = γ |A|2 A,

(3.25)

which is another way of writing the SPM effect where γ is the nonlinear
parameter given by,
ω0 n 2
γ(ω0 ) =
,
(3.26)
cAeff
where n2 is the nonlinear refractive index described in section 3.2 and Aeff
is the effective area of the mode. For all simulation purposes this effective
area has been replaced with,
Aeff = πw02 ,

(3.27)

where w0 is the radius where the spatial intensity profile has dropped

∂
to 1/e2 of the peak value. The second nonlinear term, − ωγ0 ∂T
|A|2 A ,
directly corresponds to the self-steepening effect described in section 3.4.
The D̂ operator consist of the different dispersion terms described in
section 3.1 and the attenuation term (− α2 A) which is only relevant when
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Figure 3.9: Illustration of the fundamental idea behind the symmetrized
split-step Fourier method. Each material on the propagation path is divided into small steps of thickness h. Dispersion effects are calculated along
each step and nonlinear effects are calculated at the midplane of each step.
the pulse propagates through the HCF where waveguide losses may take
place.
The effects of dispersion and non-linearity are intertwined and act together as the pulse propagates. The idea of the split-step method is to
obtain an approximate solution by assuming the dispersive and non-linear
effects act independently. This is only a valid assumption if the propagation step, h, is sufficiently small. In order to simulate propagation of the
pulse each segment of the propagation is thus divided into smaller steps
and the effects of dispersion and non-linearity are included for each step.
Dispersion is calculated along each steps and the non-linearities from the
previous step is calculated at the border to the next step. This is illustrated
in Fig. 3.9. As a consequence of assuming that D̂ and N̂ act independently,
the field at the next step can be calculated from the field at the previous
step,
A(z + h, T ) ' exp(hD̂) exp(hN̂ )A(z, T ).
(3.28)
D̂ still appears as a difficult operator to calculate, but the difficulty can
be drastically reduced by evaluating it in Fourier space,
h
i
(3.29)
exp(hD̂)A(z, T ) = F −1 exp(hD̂(−iω))F [A(z, T )] ,
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where F is the Fourier transform and D̂(−iω) is easily obtained from
∂
Eq. 3.23 by replacing ∂T
by −iω, where ω is the frequency in the Fourier
domain. This reduces D̂(−iω) to just a phase factor for each wavelength
and the evaluation of Eq. 3.28 is simple. The accuracy of the split-step
Fourier method can be improved somewhat by changing the procedure
of propagation. Instead of evaluating the nonlinear term at the border
between each step, it is evaluated at the midpoint of the step. This is
equivalent to rewriting Eq. 3.28 to,


Z z+h



h
h
A(z + h, T ) ' exp
D̂ exp
N̂ (z 0 )dz 0 exp
D̂ A(z, T ).
2
2
z
(3.30)
This procedure is known as the symmetrized split-step Fourier method [59],
R z+h
and is the method employed in my simulations. The z N̂ (z 0 )dz 0 integral
can be approximated with exp(hN̂ ), or to higher accuracy by employing a
trapezoidal approximation [60],
Z
z

z+h

N̂ (z 0 )dz 0 '

h
(N̂ (z) − N̂ (z + h)).
2

(3.31)

This, however, seems counter intuitive as now the field A(z +h, T ) which is
needed in order to calculate N̂ (z+h) is unknown at the midpoint located at
z + h/2. The solution chosen here was to employ a 2nd order Runge-Kutta
method where the field is first propagated to the midpoint, z +h/2, and the
derivative of A with respect to z at this midpoint is then used to estimate
A(z +h, T ) so N̂ (z +h) can be evaluated. This seems unnecessarily difficult
when the same precision could be achieved by simply choosing smaller step
sizes, h. The overall computation time is, however, drastically reduced
due to the reduced amount of steps and a full simulation of the pulse
propagation through our setup takes less than a minutes on a standard
laptop.
The results of the simulation is not shown in this section but will be
presented as the different optical components are presented in chapter 4
and some of the results for the case of SPM and self-steepening were already
presented in Fig. 3.7 and Fig. 3.8.
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Chapter

4

Experimental Setup
In this chapter the experimental setup is described. All the experiments
presented in this thesis are built on the same foundation; they were all
conducted in Femtolab using the so-called Deflector Machine and the fewcycle, mid-IR pulses as a probe. The different components of the deflector
machine are described in section 4.4. The main focus is, however, on the
optical setup used for generation of the new few-cycle mid-IR pulses. In
Fig. 4.1 a schematic overview of the entire experimental setup is found.
In the following sections the different parts of this setup is explained in
detail. In section 4.1 the lasers used are introduced and in section 4.2 a
detailed description of the beam path in the TOPAS-Prime is provided. In
section 4.3 a description of the beam path and all important components
on the optical table is provided. The pulse characterization is divided
into two sections. In section 4.5 the SHG-FROG used to spectrally and
temporally characterize the pulses is described and in section 4.6 the f-2f
interferometer used to characterize the CEP-drift is explained.
The setup was primarily constructed by me but with the guidance of
Lauge Christensen and Jan Thøgersen, and at dire times Bruno Schmidt
also provided online support. Kathrine Glerup Bay joined our group
around the time the FROG was built and made large contributions both
to the FROG setup and the data acquisition program. It was Lauge who
recognized the f-2f effects and led both the construction and analysis of
this part of the setup. Finally Benjamin Shepperson and the workshop
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Figure 4.1: Schematic top-view of the experimental setup with focus
on the optical setup used to generate the few-cycle, mid-IR probe pulses.
TFP: Thin Film Polarizer, BD: Beam Dump, GTP: Glan-Taylor Polarizer,
HWP: Half Wave Plate, HCF: Hollow Core Fiber, Ge: Flat piece of Ge
placed at Brewster angle, CM: Curved Mirror, Wedges: Pair of fused silica
wedges, DM: Dichroic Mirror, FM: Removable Mirror, TFP: Thin Film
Polarizer, QWP: Quarter Wave Plate. All unlabeled pieces are protected
silver mirrors. Also depicted is the beam path for the laser pulses from
the Nd:YAG laser used to align the molecules and the molecular beam
machine consisting of three vacuum sections: The source chamber, the
deflector chamber and the target chamber. The coordinate system defines
the axes used throughout the thesis.
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guys (Tommy Kessler, Erik Pedersen and Jeppe Mikkelsen) provided a lot
of technical help both with 3D-drawings and by manufacturing various
needed electronic and mechanical parts.
The vacuum machine described in section 4.4 was already fully operational and only minor improvements were done here.

4.1

Laser System

In the very beginning of my PhD the lab layout was changed and our group
got space for several additional laser tables. This opened up for a whole
new setup, and a new ultrafast laser system was purchased and installed
in part to power the experiments presented in this thesis. The new laser
system consist of a Spectra-Physics Spitfire-ACE-35F regenerative chirped
pulse amplifier, a Spectra-Physics MaiTai SP seed laser and a SpectraPhysics Empower-45 pump laser. The MaiTai SP laser delivers ultrashort
pulses with a duration < 100 fs, at a central wavelength of 800 nm and a
repetition rate of 84 MHz, but with a spectral bandwidth supporting sub
35 fs pulses.
The seed pulses are amplified in the Spitfire ACE which is pumped
by the Empower-45. The Empower is a Q-switched Nd:YLF laser that
delivers 1 kHz pulses with a wavelength of 527 nm and a pulse energy of
20 mJ. The pumped and seeded Spitfire ACE delivers 35 fs pulses centered
around 800 nm, at a repetition rate of 1 kHz and with a pulse energy of
5 mJ.
The laser system is followed by a TOPAS-Prime optical parametric
amplifier and a NirUVis frequency mixer, both from Light Conversion.
The TOPAS-Prime uses difference frequency generation (DFG) between
the Spitfire ACE pump and a white light source to continuously cover the
wavelength range from 1140 nm to 2600 nm. The beam path in the TOPAS
is important for this project, and will be covered in greater detail in the
following section. The NirUVis is used to mix the three output beams from
the TOPAS to extend the wavelength range into the UV. With the NirUVis
the tunable range is from 240 nm to 2600 nm. The measured tuning curve
for our setup is shown in Fig. 4.2. The NirUVis is not of interest for this
project as only the mid-IR idler pulses from the TOPAS are used. The
NirUVis is therefore simply bypassed to eliminate the GVD introduced
here.
The laser used to achieve alignment in the experiments is a Q-switched
Nd:YAG laser, Spectra-Physics Quanta-Ray Pro-270. This laser has been
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Figure 4.2: Measured output pulse energies of the laser setup after the
TOPAS and the NirUVis. For this project only the idler part, red dots,
are of interest.
adapted to run at 20 Hz and delivers 10 ns pulses at a center wavelength of
1064 nm and pulse energies up to 1.5 J. For all experiments in this thesis
the laser was run with its amplification stage turned off, and the used pulse
energies were typically ' 170 mJ.
As described in section 2.4 a smooth turn on of the pulse is required in
order to achieve a high degree of alignment. To ensure this the Nd:YAG
laser is operated with an injection seed laser. This seed laser delivers a few
mW beam of continuous-wave 1064 nm radiation through the laser cavity.
When the Q-switch opens a large number of 1064 nm photons are already
present in the cavity and the Q-switched pulse builds up faster and with
greatly reduced timing jitter with respect to the Q-switch trigger. What is
even more important is the possibility of limiting the spectral bandwidth of
the Q-switched pulse by only supplying a narrowband seed beam. This way
the seed laser limits the bandwidth of the Nd:YAG laser and ensures that
near transform-limited pulses with a smooth turn on and no timing jitter
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Figure 4.3: Overview of the different triggers for the system. The time
value for each trigger is the approximate delay for that trigger by the delay
generator. The values here are for 20 Hz data acquisition. If the YAG
laser is not required the acquisition rate can be set to 200 Hz limited by
the camera and the valve.

is delivered, further ensuring that a high degree of alignment is reachable.
The femtosecond laser system delivers the master (1 kHz) trigger used
to control the rest of the equipment and the timing of the Nd:YAG alignment laser. An overview of the trigger setup is shown in Fig. 4.3. This
main trigger is initially delivered to a Stanford Research Systems Delay
Generator (SRS DG535) which generates the trigger for the flash lamps
pumping the Nd:YAG laser rods in the alignment laser. The flash lamp
trigger is delayed by approximately 49.8 ms with respect to the trigger from
the femtosecond system corresponding to the first femtosecond pulse. The
flash lamp trigger therefore arrives around 200 µs before the 51’st femtosecond pulse. The trigger for the alignment laser Q-switch is delayed by a few
tens of nanoseconds compared to the main trigger so the n’th time the Q
switch triggers it arrives 200 µs after the n − 1 flash lamp trigger arrived.
This method of synchronization makes it possible to synchronize a second
pulse (the YAG pulse) that has a long build up time to a master pulse (the
Spitfire ACE). All the slow build up is triggered from the previous pulse
and only the Q-switch that needs to be jitter free is triggered to the correct
pulse.
In the same way the delay generator delivers the trigger to the CCD
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camera recording the ion/electron images from the microchannel plate
(MCP) detector that will be described in section 4.4. Again this is triggered from the previous pulse as the camera has an opening time of around
1 µs and any timing jitter less than this is unimportant. With this method
an image for each laser shot is recorded. This enables covariance analysis
of the images, which (although not used in this thesis) has proved to be
an extremely useful tool.
The delay generator also provides a trigger for a second delay generator
(SRS DG535). This 2nd delay generator provides the necessary triggers for
the oscilloscope used to measure the different timings related to ions which
is extensively used in all experiments. It also delivers the trigger to the
molecular Even-Lavie valve, to be described in section 4.4, and to the
high voltage pulser that is also described in section 4.4. The oscilloscope
and the fast high voltage pulser require jitter free signals while the EvenLavie valve requires more build up time, but not jitter free signals. The
Even-Lavie valve is therefore triggered from the previous pulse, while the
oscilloscope and fast high voltage pulser is triggered from the current pulse.
For the experiments where the Nd:YAG laser is not needed the repetition
rate of the system can be increased to 200 Hz, limited by the Even-Lavie
valve and the camera.

4.2

TOPAS-Prime

After leaving the Spitfire ACE, the 5 W beam is initially divided on a
thin film polarizer. 1.6 W is transmitted through the polarizer and is
available for other experiments while the remaining 3.4 W is reflected into
the TOPAS-Prime. The TOPAS-Prime is an optical parametric amplifier
where new frequencies are generated through the method of difference frequency generation. This is an effect that can be observed for pulses propagating through a crystal lacking inversion symmetry. From section 3.2 this
means that the 2nd order susceptibility, χ(2) , is different from 0 and the
crystal exhibits a χ(2) -non-linearity. In order to achieve phase matching
the crystal is also required to be birefringent. Both Difference Frequency
Generation (DFG) and Sum Frequency Generation (SFG) can occur in
these crystals. In both cases two beams with different carrier frequencies
generate a new beam with either the sum or the difference carrier frequency.
Such a process is heavily dependent on phase matching and by tuning the
phase matching angle either SFG or DFG can be selected.
In the TOPAS, and the optical setup in general, the crystals used are
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Figure 4.4: Layout of TOPAS-Prime: 1-Input pump beam, 2-Crystal
two pump beam, 3-WLG pump beam, 4-Crystal one pump beam, 5-White
light beam, 6-Signal beam, 7-Pump beam separation from the idler and
signal beams. Figure adapted from TOPAS-Prime manual.
Beta Barium Borate, (β-BaB2 O4 – BBO) crystals. For DFG a strong
pump beam amplifies the lower-frequency signal beam while generating a
new even lower frequency idler beam. This is because photons from the
pump beam with the highest photon energy are divided into two photons,
one with the signal energy and the other with the remaining energy. In
general the photons conserves energy and momentum,
~ωp = ~ωs + ~ωi ,

(4.1)

pp = ps + pi ,

(4.2)

where ωp,s,i and pp,s,i are the angular frequency and the momentum for
the pump, signal and idler respectively. This way the signal is amplified
and the idler is generated.
The polarization of the generated idler depends on the phase matching
type. For the TOPAS the signal and the pump have opposite polarizations
and the idler has the same polarization as the pump (Type II phase matching). This becomes important after the TOPAS when the two beams have
to be separated, and is explained in section 4.3. But first the TOPASPrime layout in described in detail. This layout can be seen in Fig. 4.4.
Initially 3.4 W of pump beam from the Spitfire ACE enters through
the aperture and is split on a 95 % beam splitter BS1, 95 % goes to the
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second amplification crystal, NC2. This part is first delayed on mirrors
M7, M8 and M9 to overlap temporally with the signal beam. Lens L8 and
mirror M10 forms a telescope that reduces the pump beam size to reach
the intensity necessary for saturated amplification.
Going back to the beam splitter BS1, the remaining 5 % of the pump
beam is first passed through lens L1 and L2 to adjust the beam size, then
through two Brewster angled plates DP1-2. These plates can be rotated
in opposite directions slightly around the Brewster angle to fine adjust
the path length so this beam and the pump beam are exactly temporally
overlapped. The next piece of optics is the L3 lens, this lens has a double
purpose since it is placed before beam splitter BS2. It acts as a focusing
lens for the transmitted part and as the first step of a telescope in the
reflected part.
The reflected part from BS2, 80 %, is used as pump for the first nonlinear crystal, NC1. The beam is first focused in front of lens L5 by lens L3
and is then refocused after NC1 by L5. The transmitted part from BS2,
20 %, is used to generate white light, the beam is focused onto a sapphire
plate where white light generation takes place, we will return to this in
section 4.6 when discussing passive CEP stability. After generation, the
white light passes through lens L4, a dispersive plate (TD) and a dichroic
mirror DM1. The lens focuses the white light onto NC1, the dispersive
plate stretches the pulse in time and the dichroic mirror is used to overlap
the two beams on the nonlinear crystal. The two beams are purposely
intersected non-colinearly inside NC1. This design is chosen so the three
beams after NC1 are also non-collinear and therefore easily separable and
after NC1 both idler and pump is blocked with a beam dump and only the
signal is allowed to continue to the second amplification stage.
The signal beam is highly divergent after NC1 and the power amplification requires a collimated signal of appropriate size to match it with
the pump beam described in the beginning of this section. The collimation
and resizing is achieved through lens L6 and L7. Finally the signal beam is
passed through dichroic mirror DM2 and overlapped with the pump beam,
this time co-linearly so all three beams are collinear after NC2.
Finally the pump beam is separated from the signal and idler and sent
to a beam dump by reflecting off dichroic mirror DM3. This mirror is
removable if the pump beam is also needed.
The reason the inner inner workings of the TOPAS is described in
such detail is due to GVD and CEP-stability. From our knowledge about
SPM from section 3.3 it is clear that negative GVD strongly reduces SPM,
and should be avoided at all cost. The idler wavelength generated in the
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TOPAS has been chosen to 1850 nm, a wavelength where normal glass
possess significant negative dispersion as seen from Fig. 3.4. Minimizing
the amount of optics after the idler is generated is therefore critical and
in cases where a piece of optics is not avoidable, the material should be
considered. Returning to Fig. 4.4 it is now clear why this TOPAS design
is good for our purpose. The idler is generated as the very last step in
nonlinear crystal NC2, and not already in NC1. This means that the only
piece of optics the idler propagates through is the last dichroic mirror DM3
used to separate the pump beam. This mirror is currently machined from
a FS substrate and thus introduces negative GVD. Replacing this with
a CaF2 version would severely reduce the amount of GVD as CaF2 only
introduces −13 fs2 /mm compared to the −71 fs2 /mm from FS.
The pulse conditions are, however, sufficient to provide the required
spectral broadening and the DM3 mirror was left as it is for the measurements presented in this thesis. Replacing it may, however, still be
interesting due to the difference in TOD, which is 319 fs3 /mm for FS but
only 90 fs3 /mm for CaF2.

Origin of Passive CEP Stability
Figure 3.2 illustrated the importance of CEP for few-cycle pulses. A change
in CEP of π, corresponding to a time drift of 3 fs for a 1.85 µm center
wavelength pulse, will reverse the preferred ionization direction. Having
control over the CEP is therefore critical. This is, however, not a simple
task as the shot to shot CEP value is usually random. In a mode-locked
laser, like the Ti:Sa Spitfire ACE used here, the generated pulse train
from the oscillator will for instance posses CEP that changes from shot to
shot due to fluctuations in the laser oscillator parameters, and the CEP is
completely random. Two methods can be employed to change this. Either
active CEP stabilization [61–63] where the laser oscillator is directly phase
locked or the passive approach where an optical parametric amplifier is
used. The passive method is automatically employed in our setup, and is
explained below.
It has been known for some time that white-light seeded optical parametric amplifiers exhibit passive CEP stability [8, 63] regardless of the stability of the pump laser. This is explained thoroughly in Cerullo et al. [63]
for many different OPA designs, and the explanation below is based on
this.
In Fig. 4.5 a simplified overview of the TOPAS is shown. The signal was
generated by focusing part of the pump into a sapphire plate, generating
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Figure 4.5: Simplified illustration of the amplification scheme used in the
TOPAS-Prime leading to passive idler CEP stability. WLG: White Light
Generation, BS: Beam Splitter, BBO: nonlinear BBO crystal.
white light due to the SPM effect. The idler was then generated due to
difference frequency generation of the remaining pump and the signal. The
CEP of the pump is labeled by φp and can be random. The phase of the
signal and idler is correspondingly labeled φs and φi . SPM is a coherent
process and the generated signal acquires a carrier envelope phase of,
φs = φp −

π
,
2

(4.3)

which is shifted but locked to the phase of the pump.
The phase of the idler generated through difference frequency generation is given by,
π
(4.4)
φi = φp − φs − ,
2
inserting the phase of the signal then results in an idler phase of φi = 0.
The idler is therefore passively CEP stabilized because the random phase
of the pump is transferred to the signal and the two random phases cancel
when producing the idler.
In Fig. 4.6 a measurement of the CEP drift is shown. The phase is
measured during a 2 hour long measurement using the f-2f setup, to be explained in section 4.6. During this time the phase had drifted ≤ 500 mrad.
The drift could be reduced considerably by introducing a feedback loop
canceling the natural drift. Installing such an active stabilization is expected to reduce the CEP drift by at least a factor 2-3 according to similar
active stabilized setups [64] or measured by Light Conversion themselves1 .
Comparing passive only stabilization for this setup with the above mentioned similar setups is, however, considerably better than they found, and
1
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Figure 4.6: Passive CEP stability measured after the interaction region
during a two hour measurement. The blue line indicates the time where
the spectrum shown to the right was taken.
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an active stabilization may reduce the drift below their findings. One possible explanation for this is a reduction in pressure fluctuations due to the
shielding lids and walls surrounding the laser tables in our laboratory.
Having absolute control over the phase is, however, of such importance
that adding an active CEP stabilization feedback loop is high on the to
do list, but has not been done as of yet. In the next section the computer
controlled fused silica wedges are introduced, which are an obvious source
for this stabilization as will be explained.

4.3

Optical setup

The setup for generating few-cycle pulses follows the setup described in
Schmidt et al. [48], but with some major differences. A schematic overview
can be found in Fig. 4.1.
After leaving the TOPAS the signal and idler pulses are first split on
a Glan-Taylor calcite polarizer (Thorlabs GT15-A). The signal is vertically polarized while the idler is horizontally polarized, and the polarizer
is oriented so the idler is transmitted while the signal is dumped. After
the heavy focus on minimizing the GVD in the last section it may seem
strange that a 15 mm long piece of optics is allowed in the beam. This
turned out to be a solved by a lucky coincidence. The idler part of the
pulses propagates along the extra ordinary axis of the calcite crystals in
the polarizer and β2 due to the extraordinary refractive index of calcite is
only 6.4 fs2 /mm so even for a 15 mm crystal the added GVD is not critical.
In Fig. 4.7 the GVD and TOD for both the extraordinary and ordinary
axis in calcite is plotted. The GVD is almost completely flat over the entire
idler range and the TOD value is also very low, and since the polarizer is
placed before the spectrum is broadened, its negative effects are not critical.
The remaining idler beam from the polarizer is sent through a half-waveplate (HWP) where the polarization can be rotated. This is important in
combination with the Ge plate after the HCF, as will be explained shortly.
After the HWP the idler pulses are focused into the hollow core fiber
(HCF). The beam entering the HCF should have a beam waist in focus that
corresponds to the beam waist of the fundamental LP01 mode [49] of the
HCF as this will transmit most of the idler power and result in a Gaussian
beam after the HCF. In Marcatili and Schmeltzer [55] the different modes of
a capillary are described and from this the optimal spotsize at the entrance
can be calculated. As a rule of thumb the beamwaist at the entrance
should approximately be, w0 ' 0.65a, where a is the capillary radius. This
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Figure 4.7: Variation of GVD and TOD for propagation along both the
ordinary and the extraordinary axis of calcite. Note the large difference
in vertical-axes range. The dashed lines indicate the central wavelength of
the idler.

value agrees well with an early measurement where the 1.85 µm beam was
propagated through the a = 200 µm HCF and the beamwaist at the exit
of the HCF was measured to be 115 µm.
Whenever spotsizes/beamwaists are mentioned in this thesis it always
refers to the standard beamwaist definition where the spotsize w is the
radius where the intensity has decreased by a factor 1/e2 compared to the
peak value.
The lens required to reach a beamwaist of w0 = 115 µm is a f = 400 mm
CaF2 lens from Lattice Electro Optics anti-reflection (AR) coated for the
idler pulse. CaF2 was chosen for its low GVD as discussed in section 3.1.
The 1.1 m long HCF is placed in a plexiglass tube with 1 mm thick CaF2
windows AR coated for the idler at the entrance and exit. This allows the
tube and therefore the HCF to be filled with a gas. As discussed in section 3.3 the combination of a high peak intensity over a longer distance will
lead to significant spectral broadening of the pulses due to the SPM effect if
the gas has a nonlinear refractive index. The gas chosen in our case is argon
that has a nonlinear refractive index of n2 (P ) = P × 9.73 × 10−24 m2 /W,
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where P is the gauge pressure of the gas in bar [57]. The pressure was
optimized for the different measurements but always in the region of P '
1.1 bar relative to vacuum, this is also the value used for all simulations in
the thesis.
The pulse energy at the entrance of the HCF was typically around
290 µJ and the pulse energy after was typically 175 µJ, accounting for the 4
reflections on the windows to the HCF this results in a typical transmission
of T ' 63 %.
After exiting the HCF the beam will diverge as,
s
w(z) = w0


1+

z
zR

s

2
= w0

1+

z 2 λ20
,
π 2 w04

(4.5)

where w0 is the beam width in the HCF, z is the distance from the HCF
πw2
and zR = λ00 is the Rayleigh range. The beam therefore needs to be
collimated after the HCF. The initial plan was to do this with an off-axis
parabolic mirror since propagating such a spectrally broad pulse through
any dispersive medium, even CaF2 should be avoided if possible. It, however, proved impossible to obtain such a long focal length off-axis mirror
and a normal spherical mirror was used instead. This is also the solution
described in Schmidt et al. [48]. The focal length of this curved mirror
was chosen to allow the final spotsize in the target vacuum chamber to
be w0 ≤ 30 µm when focused by a f = 300 mm lens. A quick calculation
using,
w02 =

fλ
,
πw01

(4.6)

where w01 and w02 are the spotsize before and after the focusing lens,
reveals a required beam waist of w ≥ 6 mm. For this reason a long focal
length spherical mirror was chosen with a focal length of 1.5 m, which
should result in an uncollimated beam width of approximately 7.7 mm.
Directly after exiting the HCF and long before the collimating mirror
the beam is reflected off a 35 mm diameter germanium plate placed at
Brewster angle. This in combination with the HWP before the HCF gives
control over the pulse energy. This can be seen by calculating the reflection
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Figure 4.8: Reflection coefficients for s or p-polarized light going from air
to germanium as a function of angle of incidence. The dashed line indicates
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from the Fresnel equations,
r





n1
n2

 n1 cos θi − n2 1 −
r
Rs = 


n1 cos θi + n2 1 − nn12
 r


n1
n2

2

2 2
sin θi 

2 
sin θi

(4.7)

2

sin θi − n2 cos θi 
 n1 1 −
 ,
r
Rp = 



2
n1 1 − nn12 sin θi + n2 cos θi

(4.8)

where Rs and Rp is the reflection coefficient for s or p-polarized light, θi
is the angle of incidence and n1 , n2 is the refractive index of the initial
medium (Air, n1 = 1) and the 2nd medium (Ge, n2 = 4.06). Inserting
these values and plotting the reflection curves for the two polarizations
produces Fig. 4.8. Placing the piece of Ge in Brewster angle (76°) results
in complete extinction of the p-polarization. In combination with the HWP
before the HCF this therefore provides control over the pulse energy. The
drawback is the unavoidable 21 % loss of the s-polarized part and the fact
that the polarization is no longer easily controllable. This control can be
regained by placing a second HWP after the Ge-piece. This is something
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we have discussed back and forth, but for now has been avoided due to the
additional GVD and TOD this would add to the pulses.
Immediately after the Ge-piece the two fused silica wedges are placed
(FEMTOLASERS OA925). These are 40 mm × 30 mm with a minimum
thickness of 200 µm and a wedge angle of 2.8°. They are placed immediately
after each other to limit beam walk as one of the wedges is moved. The
wedges are placed as close as possible to the HCF exit while still ensuring
no nonlinear effects are taking place. This results in a small beam size at
the wedges, and the beam can therefore be placed closer to the thinnest
part of the wedge without being cut, ensuring the minimum amount of
GVD is introduced. One wedge is placed right at the limit of cutting
the beam at the thinnest edge and the other is placed on a motorized
stage (Newport ESP300) that allows the entire range of the wedge to pass
through the beam. This results in a wedge pair thickness that can be tuned
from around 400 µm to 2.35 mm. This correspond to an added GDD from
−30 fs2 to −175 fs2 that can be used to compensate the positive GVD from
the other sources, and the shortest pulses at the molecular beam overlap
inside the vacuum chamber can be found.
Experimentally this is done by simply scanning the wedge and measuring the molecular ion yield. The shortest pulses will simply result in the
largest yield.
The wedges serve a second purpose as well. In section 2.1 a short pulse
was described as s carrier wave oscillating within a pulse envelope. The
carrier wave moves with the phase velocity vp = c/n while the envelope
moves at the group velocity vg . The phase and group velocity in FS and
air is different so replacing the material of a short part of the beam path
with another will result in a different CEP value. This is exactly what is
achieved by moving the wedges, and in this way control over the CEP is
gained.
This is shown in Fig. 4.9 where the wedges were moved 4 mm forward,
thereby increasing the amount of glass in the beam path by 195 µm, and
then moved back to the starting position. The phase change is measured
with the f-2f program described in section 4.6 and is found to be ∆φ =
−5.08π.
Lauge Christensen wrote a program that simulated the effects of the
wedges on the pulses by calculating the difference in group and phase
velocity for the different pulse components and then propagating the pulses
through the wedges in fine steps. Essentially the same concept as for the
simulation described in section 3.5 but without the nonlinear steps, and
instead including the phase velocity of the carrier wave. The result of
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Figure 4.9: Demonstration of CEP control using the wedges. They were
scanned 4 mm forward before being scanned 4 mm back to the starting
position. The measured CEP change using all the fringes is in perfect
agreement with calculations.
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Figure 4.10: Simulated effect on a τ = 10 fs, λ0 = 1.85 µm TL pulse
propagating through 195 µm of FS. The resulting carrier envelope phase is
in total shifted −5.05π.

this simulation after propagating an additional 195 µm through the wedges
is shown in Fig. 4.10 for a 10 fs, 1.85 µm transform limited pulse. The
calculated difference in CEP from this simulation (−5.05π) is in perfect
agreement with the measured difference (−5.08π).
After the collimating mirror the beam is guided towards the vacuum
setup but an overlap between the alignment beam and the mid-IR probe
is first required. This is provided by a CaF2 dichroic mirror from Lattice
Electro Optics with a 50.8 mm diameter, a 3 mm thickness and one side
coated for high YAG pulse reflectance (R>99.5% at 1064 nm) and the other
for high mid-IR transmission (T>98% at 1850 nm). The beam from the
YAG laser is reflected while the idler is transmitted. This results in an
additional negative GVD in the idler and the required thickness of the FS
wedges is reduced.
In the YAG laser path before the overlap mirror a QWP and HWP
is placed. This allows complete polarization control over the YAG pulses
and they can be tuned to both linear and elliptical polarizations and the
direction of the polarization ellipse can be rotated. This is of particular
importance for the measurements discussed in chapter 5 and chapter 7.
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The final piece of optics before the pulses enter the interaction vacuum
chamber is the focusing lens. This is a f = 300 mm CaF2 lens AR-coated
for 1064 nm and is used to focus the YAG pulses and the mid-IR probe
pulses down to the required spot size at the interaction region. This is
a dispersive piece of optics so the setup could be improved if this were
to be replaced by an off-axis parabolic mirror instead. This would lead
to two improvements. No GVD or TOD would be added to the probe
pulses and a smaller focus could be obtained as chromatic aberrations
would be avoided. No f = 300 mm off-axis parabolic mirror were, however,
commercially available and the lens had to be used instead.
In combination with the 3 mm thick CaF2 window to the target chamber
this adds a substantial amount of negative GVD to the probe pulses. This
results in the wedges having to be at the very limit where the amount of
glass is at a minimum in order to achieve the shortest pulses.
This completes the path of the probe and alignment pulses as they have
now arrived at the interaction region inside the vacuum system. The nonlinear effects described in section 3.3 and the dispersion from the different
components as described in section 3.1 where included in the simulation
outlined in section 3.5. All components (except the thin HWP before the
HCF) were included but the amount of FS from the wedges were left as an
open parameter to be optimized. The parameters needed for the simulation is the initial electric idler field leaving the TOPAS, which was assumed
to be a transform limited Gaussian (τ = 40 fs) and the different refractive
indices and nonlinear refractive indices for the different materials.
The refractive indices were all found in an online data bank2 while the
nonlinear refractive indices where found in Bejot et al. [57]. For propagation after the HCF when the spectrum is extremely broad, dispersion
due to propagation through air has also been included. In Table 4.1 the
different steps are listed and in Fig. 4.11 the result of the simulation is
shown.
Looking at Fig. 4.11(a) where the temporal evolution is shown, it is
clear that the pulse intensity is slightly brighter immediately after the
wedges than at the final position. This indicates that even shorter pulses
can be found closer to the wedges but the reason these shorter pulses
cannot be reobtained at the interaction point is due to TOD and higher
order dispersion that cant be compensated by the wedges.
An interesting result of the simulation is the propagation through air
which turns out to contribute significantly to the final duration of the
2

www.refractiveindex.info
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Figure 4.11: In (a) and (b) the temporal and spectral evolution of the
pulses as they propagate through the setup is seen and in (c) and (d) the
initial and final temporal and spectral profiles of the pulses are given. The
white line indicates the position of the wedges. A zoom in on the evolution
here is found in Fig. 4.13.
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Step

Optics piece

Material

1
2
3
4
5
6
7
8
9
10
11
12

Polarizer
Lens
HCF window
HCF
HCF window
Air
Wedges
Air
Dichroic mirror
Air
Lens
Window

Calcite
CaF2
CaF2
Waveguide
CaF2
Air
FS
Air
CaF2
Air
CaF2
CaF2

Length (mm)
21.6
3
1
1100
1
300
0–2.5
4000
3
1000
2
3

Table 4.1: The different steps included in the simulation of the setup.

pulses. Without the additional propagation through air the optimal FS
amount from the wedges is found to be < 0, meaning that positive GVD
from SPM have already been compensated by propagation through the
remaining optics pieces. Adding the long distances of air after the HCF will,
however, result in an optimal wedge thickness of 1.1 mm when evaluating
at the interaction point. This combined wedge thickness of 1.1 mm is also
what is seen experimentally.
The result from the simulation is a temporal intensity FWHM of 10.1 fs
well within the few-cycle region (1.6 cycles). In section 4.5 the FROG is
introduced which provides the experimental measurements of the duration
and in figure Fig. 4.12 the measured result is compared to the simulated
result found in Fig. 4.11. No optimization is applied to either result. They
are just normalized and plotted on top of each other. The excellent agreement between theory and measurements is a strong indication that both
the FROG and the simulation is returning meaningful and trustworthy results. The greatest discrepancy between the two is the earlier cutoff seen
in the measured spectrum. The reason for this difference is believed to be
a result of the limitation of the spectrometer used in the FROG which has
a natural cutoff at 1100 nm (=2200 nm in the result of the measurements).
Returning to the evolution in Fig. 4.11(a,b) there appears to be some
unphysical instantaneous shifts especially for the time evolution, the greatest of which was marked with a white line. This white line is an indicator
of the position of the wedges, and the sudden shifts are simply a result of
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Figure 4.12: Comparison of the simulated and measured temporal and
spectral profile at the interaction point. The two results are only normalized and plotted, no optimization is performed.
the few locations were the pulse propagates through a piece of optics where
the GVD is much greater than for air. The sudden shifts are therefore not
unphysical but are simply not resolvable on the length scale of Fig. 4.11.
A zoom in around the wedges is found in Fig. 4.13 where the 1.1 mm thickness and location of the wedges is indicated by the white lines and arrow.

4.4

The Deflector Machine

The deflector machine is a large vacuum system consisting of three smaller
chambers; The source chamber, the deflector chamber and the target chamber, see Fig. 4.1. The source chamber is repeatedly injected with a high
pressure sample of the molecule or atom to be investigated. This will be
explained in more detail in the following section. This constant influx of
molecules sets a high requirement on the pumping if a sufficient vacuum
is to be maintained. The source chamber is therefore pumped by two
large pumps. A 1900 L/s turbo pump (Pfieffer TPU 2301 PC) backed by
a 80 m3 /h rotary vane pump (Pfeiffer DUO 65). With these large pumps
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Figure 4.13: A zoom in on the pulse evolution found in Fig. 4.11. The
white lines in the two figures span the same distance and indicates the
position of the wedges.

the pressure in the source chamber is around 1 × 10−6 mbar under normal
20 Hz operation.
The deflector and target chamber have a much lower pumping requirement as they are exposed to a much lower gas load. They are each pumped
by a 520 L/s turbo pump (Pfieffer TMU 521) and they share a 27.5 m3 /h
sliding-vane backing pump (Edwards E2M28). The pressure for these
chambers are usually in the low 10−9 mbar range under normal operation
but can be further reduced if needed by operating a liquid nitrogen cold
trap which freezes out the different background gasses (especially water).

The Molecular Beam
The different molecules or atoms used in the experiments come in the form
of a pulsed beam that propagates through the three chambers. An overview
of the molecular beam path through the chambers is shown in Fig. 4.14.
The molecular beam is produced by a high temperature, high-repetitionrate Even-Lavie valve [36]. The valve is usually operated with helium at
70 − 80 bar as a carrier gas. The sample to be investigated is then placed
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Figure 4.14: The inner parts of the deflector machine. (a): The molecular
beam is formed in the pulsed EL-valve, it passes trough skimmers before
passing the electrostatic deflector and the following capacitor plates until
it reaches the interaction point inside the VMI spectrometer in the target
chamber. (b): A cross section of the electrostatic deflector consisting of
a the rod electrode (dark green) and the grounded electrode (gray). The
contour displays the electric field strength for a rod electrode voltage of
10 kV. The figure is adapted from Nielsen [65].

on a piece of fiber glass filter paper and inserted into the reservoir in the
head of the valve. In the case of a gas target, for instance argon that is
investigated in chapter 6, the pressurized gas at ' 1 bar is simply used instead of the carrier gas. The sample reservoir is then heated until the vapor
pressure of the sample is a few mbar, limited by the formation of clusters.
The required temperature varies greatly, and for the experiments in this
thesis the entire available range, 30 °C – 250 °C, was used. The carrier gas
and the sample then undergoes supersonic expansion into the vacuum of
the source chamber. This cools the molecules to rotational temperatures
of ' 1 K [36].
The EL-valve is mounted on a large translatable flange sliding on an
O-ring. It is held in place by four bolts, and manipulating these bolts allows for control of the position in the XY plane. Before leaving the source
chamber the molecular beam is skimmed by a 3 mm skimmer (Beam dynamics Model 50.8) which in combination with the skimmer in the deflector
chamber defines the beam axis.
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The Electrostatic Deflector
After entering the deflector chamber the molecular beam is initially skimmed
again down to 1 mm (by a Beam Dynamics Model 2 skimmer) before propagating through the electrostatic deflector itself as shown in Fig. 4.14. This
deflector consist of a rod with a diameter of 3 mm mounted on top of a
trough with a 3.2 mm diameter. When the deflector is in operation the rod
is kept at a high potential with respect to the trough which is grounded.
This potential difference was 10 kV for all the experiments using the deflector in this thesis.
This electrode configuration is designed to generate a strong electric
field gradient in the Y -direction while minimizing the gradient in the Xdirection. A contour plot of the electric field in the deflector for a rod
potential of 10 kV is shown in Fig. 4.14(b).
The inhomogeneous electric field can be used to spatially separate rotational states [66]. In an operating deflector a molecule will experience a
Stark shift,
V̂Stark = −µ · E.
(4.9)
The force, F , on a molecule due to this Stark shift can be calculated as
the negative gradient of the Stark potential. Using the chain rule, this can
be written as,
F =−

∂V
∂E ∂V
∂E
=−
= µeff (E)
,
∂Y
∂Y ∂E
∂Y

(4.10)

where µeff (E) is the effective dipole moment. This effective dipole moment
is defined as the negative gradient of the potential of the molecular state
with respect to the electric field strength and depends on the electric field
strength. The end result is a force on the molecule in the Y -direction, perpendicular to the molecular beam direction. After propagating through the
150 mm long deflector the molecules will therefore have acquired different
velocities in the Y -direction depending on the effective dipole moment.
After the deflector the molecules travel 170 mm before reaching the
interaction region in the target chamber. Due to the different velocities
in the Y -direction the different states are therefore spatially separated in
the Y -direction. To estimate the degree of separation the effective dipole
moment needs to be known, an example of this is shown in Filsinger et
al. [47].
In general the molecular state with the highest effective dipole moment
is the ground state, which then experiences the largest deflection. These
ground state molecules are the coldest and will therefore align and orient
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the best as discussed in section 2.4. This was demonstrated experimentally
in Holmegaard et al. [67]. The deflector therefore plays an important role
in several of the experiments as a high degree of alignment produces better
data. It is, however, particularly important for the asymmetric ionization
yield measurements in chapter 7 where a strong degree of orientation is
absolutely necessary.
An experimental demonstration of the state selectivity from using the
deflector is found in Nielsen et al. [68]. Here a sample of carbonyl sulfide
was selected with 92 % of the molecules in the lowest rotational state. The
experiments described in chapter 5 and chapter 7 are done using deflected
molecules and in Fig. 5.7 a deflection profile for these experiments can be
found.
Between the deflector and the interaction center in the target chamber
two capacitor plates have been installed as shown in Fig. 4.14. These
prevent the molecules from entering a field free region between the end of
the deflector and the interaction region. If the molecules are in a field free
region the different M quantum states are degenerate and will mix due
to Majorana (spin-flip) transitions. The capacitor plates therefore helps
maintaining a molecule in the M -state it had after leaving the deflector.
A more detailed explanation of the effect of the capacitor plates on the
degree of orientation is found in Nielsen [65].

Data Acquisition
After exiting the capacitor plates leading from the the deflector to the
interaction region, the molecular beam finds itself inside a Velocity Map
Imaging (VMI) spectrometer [69] as illustrated in Fig. 4.14. A VMI spectrometer is a combination of three circular electrodes; The repeller, the
extractor and a ground electrode. Each plate has a circular hole in the
center where the molecular beam passes through. In Fig. 4.15 a drawing
of the VMI spectrometer designed for the new mid-IR source is displayed.
The VMI spectrometer is an adaptation of a similar high electron energy
VMI spectrometer from Dr. Arnaud Rouzée’s group in Berlin. Benjamin
Shepperson did the technical design of this VMI spectrometer while I did
the electrostatic simulations using SIMION. With this VMI spectrometer
it should be possible to record electrons with an energy up to ≈ 1 keV using
a repeller and extractor voltage of VRep = −20 kV and VExt = −17.2 kV.
Our current voltage supply can deliver a maximum negative voltage of
−4.9 kV, limiting the current range. The calibration for this new VMI
spectrometer is found in section 6.2.
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MCP/Phosphor screen
Extractor
Repeller

Interaction region

Figure 4.15: Illustration of the new VMI spectrometer configuration. The
molecular beam and the lasers interact between the repeller and extractor
plates. The distance between the repeller and extractor is 13.5 mm and the
distance from the extractor to the grounded plate is 29 mm. Finally the
distance between the ground plate and the surface of the MCP is 45 mm.

The interaction region of the molecular beam and the laser beams are
in the center between the repeller and the extractor electrodes. As the
lasers ionize/fragment the investigated molecules the formed electrons/ions
are affected by the potential on the electrodes. The voltages are chosen
so that the repeller voltage is larger than the extractor voltage, and the
electrons/ions will be forced through the hole in the extractor. The sign of
the applied voltages determines if electrons or ions are repelled towards the
MCP detector. With the correct voltages applied the VMI spectrometer
projects the charged particles onto the MCP detector, and the X and Y
charged-particle-velocity is directly mapped onto the detector - hence the
name. To gain a focused image the voltages are fine tuned before the
experiment.
The voltages can be increased or lowered depending on the velocities
of the particles. The ions have a much lower velocities than the electrons
and for this design they do not utilize the entire area of the MCP detector
but are only observed near the center region. For the VMI spectrometer to
function effectively the charged particles, electrons in particular, need to
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be shielded from outside magnetic fields. This is achieved by surrounding
the VMI spectrometer and the MCP by a cylindrical µ-metal shield. This
nickel-iron alloy has a very high permeability and magnetic fields are forced
around it.
The MCP is a El-Mul Technologies B050V, chevron MCP with an active diameter of 38 mm. The MCP acts as an electron multiplier, when
a particle hits the MCP it liberates an electron from the surface. This
electron is then accelerated by the voltage difference across the MCP (normally 1800 V). Consecutive collisions with the MCP walls liberate more
electrons and an electron cascade is formed. This amplifies the signal by
several orders of magnitude. Behind the MCP a El-Mul Technologies, ScintiMax P47 phosphor screen is placed. As the electrons are ejected from
the backside of the MCP they are further accelerated onto the phosphor
screen by a high voltage difference (typically 2400 V) between the back of
the MCP and the phosphor screen.The high energy of the electrons will
cause the phosphor screen to light up due to phosphoresence.
The phosphor screen image is recorded by a CCD camera (Allied Vision
Technologies, Prosilica GE680) and transferred to the computer. To greatly
reduce the diskspace required and to ease further analysis, the images are
immediately analyzed by the Labview software and only the coordinates for
each hit are saved. The details of this hit-detection procedure is described
in Viftrup [70].
The potential difference of the repeller and extractor in the VMI spectrometer generates a static electric field at the laser-molecule interaction
region. This static field is used in the experiments as the static field needed
to mixed-field orient the molecules as described in section 2.4. Using this
field, however, leads to some limitations. The field can not be rotated so
for molecules aligned perpendicular to the static electric field the dipole
interaction in Eq. 2.29 is zero, and there is no orientation. This effect can
be seen in chapter 7 where it is also explained in greater detail.
Instead of measuring the velocities of the formed charged particles
the VMI spectrometer can also be operated in the Time-Of-Flight (TOF)
mode. The charged particles are subjected to the electric forces from the
repeller/extractor combination and the acceleration experienced by the particles is proportional to the charge-to-mass ratio (q/m). The time needed
for
p the different particles to reach the detector is therefore proportional to
q/m if the particles are assumed to start with zero initial velocity. This is
often not the case and some broadening of the time is expected depending
on the molecular orientation during the Coulomb explosion. To measure
the TOF spectrum a fast oscilloscope (Lecroy WaveSurfer 42Xs-A) is used
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to measure the rapid voltage change over the MCP induced by a particle
impact on the MCP.
Time-Of-Flight (TOF) measurements are used throughout the thesis
and are of great importance when preparing an experiment. From a TOF
the pureness of the signal can be determined and any background can be
identified. It can also directly reveal if the laser intensity becomes to high
and the molecules are no longer singly ionized as a doubly charged ion
then appears in the TOF signal. For molecules that fragment, the time of
arrival at the MCP for the different fragments can be determined. This is
very important when measuring alignment as only a single fragment is of
interest here. The timing knowledge from the TOF can then be used to
trigger a fast high voltage pulser supplying the MCP. This way the MCP
only amplifies the signal from a specific ion instead of all the different
fragments. The window of amplification can be set as low as ' 90 ns
which is often sufficient to select a single fragment.
This completes the description of the deflector machine and the data
acquisition equipment. Both the machine and all the data acquisition was
already operating when I joined the group and my impact on this part of
the setup has been limited to smaller tweaks. One exception is the VMI
spectrometer which had to be replaced to accommodate the high energy
electrons generated from the new mid-IR source, as well as some software
upgrades to allow on the spot analysis of the few-cycle effects.

4.5

Pulse Characterization

The few-cycle pulses generated by the optical setup are so short that characterizing them is no simple task. In general an event that is faster than
the event to be measured is required to temporally resolve the event. This
is naturally a problem for ultrashort pulses since these are the shortest
events created. The only solution is to use the pulse to measure itself.
The simplest method of doing this is by splitting the pulsed beam to be
investigated into two arms, overlapping them in a nonlinear SHG crystal,
and scanning the delay of one of the arms as illustrated in Fig. 4.16.
When the two beams temporally overlap in an instantaneous responding nonlinear medium, such as a SHG crystal, a new pulse with twice
the frequency is formed due to sum frequency generation. This pulse is
only present when the beams temporally overlap, specifically the measured
signal is given as,
Z
∞

I(t)I(t − τ ) dt,

A(τ ) =

(4.11)

−∞
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Figure 4.16: Typical setup of an autocorrelator/SHG-FROG. The pulses
are split into two arms, one of which can be delayed. They are then
crossed in a nonlinear medium and the resulting SHG signal is measured.
BS: Beam splitter, BBO: Nonlinear medium, BD: Beam dump and PD:
photodiode.
where τ is the relative delay between the arms. Such a measurement will
result in a smeared out version of I(t) with any internal structure hidden.
To obtain the pulse duration a guess of the actual pulse shape is needed.
Such a setup is called an autocorrelator [71] and was the technique for
measuring ultrafast laser pulses from the 1960s to the 1980s.
This requirement of having to guess the actual pulse shape and its
inability to give any information of the detailed structure of the pulse
intensity vs time or the phase vs time is unsatisfactory in many regards.
A solution is the Frequency Resolved Optical Gating or FROG setup [72].
As the name suggest a FROG is similar to an autocorrelator as the pulse
is gated upon itself, the difference lies in the frequency resolution. There
are several ways to build a FROG but the simplest is based on exactly
the same setup as an autocorrelator, see Fig. 4.16, just with the intensity
measurement replaced with a spectral measurement. Such a setup is called
SHG-FROG, as it relies on second harmonic generation.
Measuring the spectrum instead of the intensity results in a measurement of the form,
Z ∞
2
SHG
IFROG (ω, τ ) =
E(t)E(t − τ )e−iωt dt ,
(4.12)
−∞

SHG (ω, τ ) is the SHG
where E(t − τ ) is the variable delayed beam and IFROG
FROG trace. From such a trace it is possible to completely characterize
any pulse. The field for a pulse can be written,
np
o
E(t) = Re
I(t)eiω0 t−iφ(t) ,
(4.13)
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where I(t) and φ(t) are the time-dependent intensity and phase of the
pulse, and ω0 is the carrier frequency. The SHG frog trace uses the spectral information to resolve the fast components and the temporal delay to
resolve the slow components. Thus the pulse is completely characterized,
and both I(t) and φ(t) is uniquely determined.
SHG-FROG is not the only possible FROG version, but it is the most
sensitive, and is the method chosen in our setup. It has a disadvantage
compared to FROGs based on third order non-linearities in the form of
symmetrical traces, which means there is an ambiguity in direction of time
and a positively and negatively chirped pulse will result in the same FROG
trace. An overview of FROG traces for differently chirped pulses and for
the SHG and a third order setup can be seen in Fig. 4.17. The ambiguity in
direction of time is easily solved by comparing with another measurement
with an added amount of known chirp. For instance by placing a piece of
FS in the beam path.
The algorithm used to retrieve I(t) and φ(t) from the SHG-FROG
traces is complicated and is only briefly explained here. For a more thorough explanation see Refs. [72–76].
The algorithm is an iterative process based on the Generalized Projection
method. A figure illustrating the procedure is shown in Fig. 4.18. If we first
imagine a space with all possible signal electric fields, for a given FROG
traces there is a number of E-fields that will produce such a FROG trace,
these are said to satisfy the data constraint. Similarly there is another set
that consist of signal fields expressed in a form that fits with the form for
that nonlinear interaction. In the SHG case these fields are of the form,
Esig (t, τ ) = E(t)E(t − τ ),

(4.14)

these fields are said to satisfy the mathematical constraint. It can then
be shown that there is only a single E-field that satisfies both of these
constraints. To find this point the Generalized Projections method is used.
An initial guess of the E-field is projected onto one of the spaces and the
closest point that satisfy that constraint is the new guess. Then this guess
is projected onto the other space and the closest point that fulfill that
constraint is the new guess. This cycle is repeated until the error between
the signal guess and the data constraint, known as the G-error, reaches
some minimal value. A good measurement has a G-error of less than 1%.
This was a very brief and non-detailed introduction to the algorithm.
It is, however, not required to completely understand the inner workings as
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Figure 4.17: FROG traces for various pulses. The top row shows intensity
I(t) (solid line) and phase φ(t) (dashed line). The second row shows the
corresponding spectrum S(ω − ω0 ) and spectral phase φ0 (ω − ω0 ). The
third row show instantaneous frequency vs time, ω(t), in blue and group
delay vs frequency, t(ω) in green. The fourth and fifth row show the
resulting FROG trace for the various pulses for the different geometries.
The direction of time points from the left to the right while the frequency
is increased going from the bottom to the top. SD is self-diffraction and
is a third order nonlinearity and the chirp of the pulse is directly given.
The SHG traces are completely symmetrical and have an ambiguity in the
direction of time. Figure adapted from Trebino et al. [72].
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Set of Esig (t, τ ) that satisfy
the nonlinear constraint:
Esig (t, τ ) ∝ E(t)E(t − τ )

Set of Esig (t, τ ) that
satisfy the data constraint:
I(ω, τ ) ∝
R
2
Esig (t, τ )e−iωt dt

Initial guess Esig (t, τ )

Figure 4.18: General idea behind the method of Generalized Projection.
An initial guess is bounced between two constraints and approaches the
true solution symbolized with a red dot.

the developers of the algorithm has it freely available on their homepage3
and after slight modifications to make it fit our data setup we reliably
retrieved electric fields and phases from the measured FROG traces.
The SHG-FROG built for our setup varies somewhat from the standard
setup shown in Fig. 4.16. We want to characterize few-cycle pulses and
any material in the path will severely stretch the pulse duration, ruining
the measurement. Another, dispersion-free, method to separate the beam
into two arms is needed.
This alternative setup is an improvement of the setup described in
Kozma et al. [77]. The basic idea is to separate the pulse into two arms
by reflecting of a mirror placed halfway in the beam, as illustrated in
Fig. 4.19. One of the arms passes the mirror and hits a 2nd mirror where
it is reflected back at a small angle before being guided onto the lens.
The other arm hits the splitting mirror and is guided to a retro-reflector
placed on a translation stage (Thorlabs model PT1/M-Z8) that works as
the variable delay. The precision of this stage is not really good enough
3

http://frog.gatech.edu/code.html
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Figure 4.19: Optical setup for the dispersion-compensated SHG-FROG.
The interferometer is used to calibrate the traversed distance. BBO: Nonlinear crystal, Spec: Spectrometer, HeNe: Helium-Neon laser, BS: Beam
splitter and PD: Photo diode.

to do a normal scan where a spectrum is measured for each step. The
method chosen instead was to do a single step with the stage but at the
lowest possible non-fluctuating speed. The spectrometer was then set to
acquire spectra as the stage moved.
In order to know how far the stage had moved for the different spectra an
Arduino controller was used to measure a Michelson Morley interferometer
photodiode signal. One arm in the interferometer was placed on the same
stage as the retro-reflector of the FROG and the photodiode measured
a small portion of the emerging interference pattern. By counting the
number of fringes and noting that the HeNe wavelength is 633 nm the
distance traveled could be calculated to great precision.
The setup could be greatly improved by granting control over the acquisition to the Arduino instead of the computer. The Arduino could
continuously measure the interferometer trace to a very high precision and
for each cycle or half cycle it could trigger the spectrometer. This would
result in more equally spaced spectra and a better and faster measurement
could be done.
The thickness of the BBO crystal used to generate the SHG-signal is an
important parameter and should be as short as possible or the crystal would
act as a spectral filter allowing only mixing between certain frequencies.
To see this note that the intensity of the SHG signal is given as [56, sec.
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2.3.1.1],
I(2ω, l) =

2ω 2 d2eff l2
n2ω n2ω c3 0



sin(∆βl/2)
∆βl/2

2

I 2 (ω),

(4.15)

where l is the length of the crystal and ∆β is the phase difference. The
intensity is maximized for the phase matched condition ∆β = 0. The phase
difference is due to the different wave velocities in the crystal as discussed
in section 3.1, and is therefore proportional to the fundamental spectral
bandwidth. ∆β = 0 is fulfilled for the central wavelength but not for the
wings. In order to keep the ∆βl product low, l must be correspondingly
small and the thin 10 µm crystal is used.
After the BBO crystal an iris is placed to remove the fundamental
and sum frequency signal of the two individual arms, leaving only the
mixed signal. This is then measured with an Avantes AvaSpec-ULS2048L
(600 − 1100 nm) spectrometer as described above.
For the extremely broadband pulses generated here it is critical to
calibrate the spectrometer before measuring as the efficiency is strongly
wavelength dependent. To calibrate the spectrometer a ribbon-filament
Eppley laboratory lamp was used. Here a tungsten filament is heated to
a specific temperature and the shape of the resulting black body radiation
is known. The expected black body spectrum and the measured spectrum
with the spectrometer is shown in Fig. 4.20. From the difference a calibration function was calculated and applied to all FROG measurements.
From Fig. 4.20 it is clear that the efficiency rapidly reaches 0 as the wavelength approaches 1100 nm. As a result the FROG has problems measuring
spectral intensity above ' 1050 nm, this gives a clear explanation of the
difference between the simulated and measured pulses in Fig. 4.12.
In Fig. 4.21(a) an example of a measured FROG trace is shown. The
trace is measured after the pulse had propagated through the HCF and significant spectral bandwidth is clearly seen. The FROG algorithm attempts
to reproduce this measurement, and the results can be seen in Fig. 4.21(b).
For a good measurements the measured FROG trace and the reproduced
trace are close to identical. The spectrum and temporal profile of the field
that generated the reconstructed trace is the final result of the FROG
algorithm and is shown in Fig. 4.21(c,d).
The duration and spectrum of the pulses at the interaction point is
the most interesting place to characterize the pulses. Naturally it is not
possible to perform the measurement inside the vacuum chamber, but it is
important that the measured pulses propagate through an identical amount
of material as the real pulses. To ensure this, the pulses were picked off by
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Figure 4.20: Comparison between the expected black-body spectrum
from a reference lamp and the measured spectrum with our spectrometer.
From the difference a calibration function is constructed which is applied
to all spectra measured with the FROG.
a flip mirror after the dichroic overlap mirror (see Fig. 4.19) and a replica
of the window to the vacuum chamber was placed in the beam path. The
lens used to focus onto the BBO was also a replica of the lens used to focus
the beam inside the target chamber. The result is a complete dispersion
compensated SHG-FROG and the result of a measurement of the final
pulses (that was also shown in Fig. 4.12) is found in Fig. 4.22.

4.6

Measuring the Phase

The method used to characterize the CEP of our pulses is known as f-2f
interferometry, and was first demonstrated in 2000 by Jones et al. [78]. The
basic idea is to exploit the fact that the spectrum for these pulses is broad
enough that spectral components spanning more than an octave are present.
After the HCF the pulses in the setup appear bright white even though the
center wavelength is 1.85 µm. The spectrum of the pulse therefore clearly
has components far into the visible region, and a frequency doubling of the
central region results in doubled frequencies (2f) that spectrally overlap
with the blue edges of the fundamental beam (f). These will interfere and
from the interference pattern the CEP is extracted.
Almost no intensity is left of the fundamental beam at these short
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Figure 4.21: Measured (a) and reconstructed (b) FROG trace for the
mid-IR pulses after propagating through the HCF. From the reconstructed
trace the resulting temporal profile (c) and spectrum (d) is extracted.
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Figure 4.22: Measured (a) and reconstructed (b) FROG trace for the
mid-IR pulses at the interaction point inside the target chamber. From
the reconstructed trace the resulting temporal profile (c) and spectrum (d)
is extracted.

80

4.6. Measuring the Phase
wavelengths, but very little is needed to observe an interference pattern,
and due to the passive CEP stabilization described in section 4.2 it is not
necessary to measure the CEP for every shot but a measurement every
couple of seconds is satisfactory. This allows for longer acquisition times,
further limiting the spectral power requirements.
Baltuška et al. derived the origin of the spectral interference pattern by
starting with the Fourier-transform link between the time– and frequencydomain electric field [79],
Z p
1
EL (t) =
I(ω) exp [i(φL (ω) − ωt + ϕ)] dω + c.c.,
(4.16)
2π
p
where I(ω) is the spectral intensity, φL (ω) is the spectral phase which
is frequency dependent and ϕ is the carrier envelope phase. The pulses
are here understood to span more than an octave due to broadening from
SPM which maintains the CEP. The broad spectrum is frequency doubled
in a χ(2) material, and the resulting spectrum is given as [79],
p
ESHG (ω) ∝ ISHG (ω) exp [i(φSHG (ω) + 2ϕ)] .
(4.17)
It is clear that this frequency doubled field carries twice the CEP of the
fundamental field. This is important when calculating the interference
between the fundamental and the SHG pulses time delayed by τ0 , which
can be written as [79],
S(ω) = (1 − a)I(ω) + aISHG (ω)
(4.18)
p
+ 2 a(1 − a)I(ω)ISHG (ω) × cos (φSHG (ω) − φ(ω) + ωτ0 + ϕ) ,
here the first line is the combined intensity of the two pulses with the coefficient a being the polarizer transmission for the polarization of the SHG
light. The interesting term is, however, the 2nd line where a cosine term
modulating the intensity appears. This cosine depends on the difference in
phase for the two pulses and on the CEP, and any change in the original
CEP will appear as a cosine modulation of the spectrum where I(ω) and
ISHG (ω) overlaps. These fringes moves around as the CEP is changed as
demonstrated in Fig. 4.9.
The precise fringe position depends on φSHG which depends on the
details in the nonlinear propagation inside the χ(2) material, making it
difficult to obtain. The measured CEP from the fringes is therefore only
a relative phase to the absolute CEP. To relate it to the real CEP, a
measurement on a CEP dependent observable has to be made to provide a
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Spec
BBO
Lens
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Probe / YAG
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Figure 4.23: The f-2f part of the setup shown in Fig. 4.1. BD: Beam
dump, DM: Dichroic mirror, BBO: Nonlinear crystal, Spec: Spectrometer.

starting position. An example of this is demonstrated in chapter 6 where
the phase dependent measurements are found.
In Fig. 4.1 the complete setup was illustrated and in Fig. 4.23 a figure
showing just the f-2f-interferometer is found. The setup is very simple.
The mid-IR probe beam is simply focused onto a 50 µm thick BBO crystal
that has been rotated 45° with respect to the probe polarization. This
ensures that the SHG beam formed in the crystal also has a polarization
component along the probe polarization and the two can interfere.
Before the non-linear crystal a dichroic mirror identical to the one used to
overlap the probe- and YAG pulse is inserted along with a lens to focus
the diverging beam into the BBO. The dichroic mirror protects the spectrometer from the high energy YAG pulses by reflecting them into a beam
dump. This mirror reflects in the region from ' 900 nm to ' 1200 nm so
the f-2f spectrum in this region will appear empty as seen in Fig. 4.6 or
Fig. 4.9.
I created the LabVIEW data acquisition program for the f-2f setup
while the program extracting the phase from the f-2f measurements was
written by Lauge Christensen.
The precision of the f-2f measurements could be improved by increasing the spacing between the fringes. For the measurements shown here the
spacing is quite small. This is due to the phase difference between the fundamental (f) and the SHG (2f) part of the wave. A larger phase difference
between the two parts results in a smaller spacing. Up until the interaction region great effort was put into minimizing this phase difference, but
both the exit window in the vacuum chamber and the lens used to focus
into the BBO is currently made from a FS substrate. Changing these to
similar CaF2 counterparts should therefore increase the fringe separation,
and improve the phase resolution.
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The problem is, however, not critical. For the current measurements
the fringes are separated by ' 8 nm but the spectrometer resolution is as
low as 0.25 nm due to the grating used in the spectrometer, resulting in a
π
phase resolution of ' 16
, which is sufficient for the current applications.

4.7

Conclusion

The optical setup has been shown to produce mid-IR pulses with a duration
of ' 10 fs and pulse energies up to 83 mJ, well within the few-cycle region.
The pulses have been characterized with a self-built dispersion compensated SHG-FROG and the results are found to be in excellent agreement
with simulations utilizing the symmetrized split-step Fourier method. Furthermore active control of the CEP of the pulses have been demonstrated
utilizing the wedges and the passive CEP drift has been measured over
two hours where a drift less than 500 mrad was observed. Several improvements have been suggested, the most significant being the introduction of
an active CEP stabilization.
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Chapter

5

Orientation-Dependent
Ionization Yield

This chapter describes the orientation-dependent ionization yield experiments conducted with the new mid-IR laser source. Different molecules
are strong-field ionized by the few-cycle, mid-IR probe pulses as a function of the relative orientation between the molecular axis and probe pulse
polarization axis. This work is a natural continuation of the work presented in Hansen [12] where similar measurements were performed using a
standard Ti:Sa 800 nm source. Here some discrepancies were found when
comparing to theoretical models and the aim of these experiments is to
further investigate this difference.

The measurements were primarily done by me but Lauge Christensen
and Kathrine Glerup Bay also contributed. Lauge provided the required
experimental expertize and introduced us to the vacuum and data acquisition setup while Kathrine and me did the dominant part of the actual
measurements. The data analysis found later in this chapter was done by
me, while all theoretical calculations were done by Darko Dimitrovski and
Lars Madsen.
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5.1

Motivation

As mentioned in chapter 1 the interaction between atoms or molecules and
strong laser fields is evolving from the use of 800 nm radiation from Ti:Sa
based laser system towards the use of more infrared (IR) light sources [1–5].
Most strong-field phenomena are triggered by the removal of an electron
from the atom or the molecule, i.e. by ionization. Thorough understanding
of this initial step is therefore critical. Precise ionization theories are,
however, still rare and especially polar molecules are challenging to describe
correctly [80].
According to the fundamental theories (MO-ADK [81], strong-field approximation [82]) the tunneling ionization rate for a molecule is maximized
when the electron is removed from the maximal density of the highest occupied molecular orbital (HOMO), which makes logical sense. Experimental findings are, however, not in agreements with this. Carbonyl sulfide
(OCS) is a great illustration of this. The molecule has been thoroughly
investigated using different methods both in our group [12–15] and elsewhere [16, 17] and so far no clear agreement with theory is observed. An
overview of this discrepancy is provided in Walt et al. [80].
Additional experiments are required in order to understand this discrepancy and this work is a large step in that direction. By changing to the
mid-IR regime the optical period becomes significantly longer compared
to the tunneling time and an experiments will results in a better test of
the validity of the quasi-static tunneling models often used to describe the
interaction between atoms or molecules and strong fields in this regime.
A second improvement compared to the previous measurements is to extend the experiment to larger molecules. In this chapter both a small (but
poorly understood) molecule (OCS) and several large molecules, benzonitrile (C6 H5 CN), naphthalene (C10 H8 ), anthracene (C14 H10 ) and tetracene
(C18 H12 ) have been investigated. The series of naphtalene, anthracene and
tetracene is particularly interesting from a theoretical point of view. These
molecules are all acenes and the only difference is the amount of fused benzene rings. Observing how the orientation-dependent ionization yields are
altered as the molecule size is increases could guide the way for new theory
developments. An overview of the different investigated molecules with
some characteristic parameters are shown in Table 5.1.
The aim of the work presented here is thus to explore the rate of single
ionization, induced by an intense, 10 fs duration, linearly polarized probe
pulse centered at 1.85 µm as a function of the angle between the probe polarization axis and the most polarizable axis of isolated molecules in the gas
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Molecule

Formula

Mr

Ip (eV)

OCS

60

11.18

C7 H5 N

103

9.73

Naphthalene

C10 H8

128

8.14

Anthracene

C14 H10

178

7.44

Tetracene

C18 H12

228

6.97

OCS
Benzonitril

Table 5.1: The different molecules investigated in the orientationdependent ionization yield experiment. Shown is their chemical formula
and structure, their molecular weight (Mr ) and their ionization potential
Ip .
phase. To define the molecular geometry with respect to the electric field of
the ionizing laser pulse the molecules are fixed-in-space through adiabatic
alignment induced by the 10 ns Nd:YAG laser described in section 4.1.

5.2

Experimental setup

The setup for this experiment is essentially the same as was described in
detail in chapter 4. In Fig. 5.1 the setup is schematically illustrated and
the angle θ is defined as the angle between the probe field polarization
axis and the YAG pulse polarization axis along which the molecular-axis
distribution is centered. The final pulse energy of the probe pulses is
up to 84 µJ and the YAG pulses had a pulse energy of 172 mJ for all
measurements.
To measure the spotsize needed to calculate the peak intensity, a mirror
was inserted between the final lens and the window to the vacuum chamber.
The probe and YAG beams were directed through a copy of the entrance
window to eliminate any difference this may cause before being overlapped
in a 10 µm pinhole in front of a photodiode (Thorlabs DET10N/M). This
photodiode is based on a InGaAs substrate and the detection range is
from 500 nm to 2600 nm which allows detection of both the probe- and the
YAG pulses. The photodiode and pinhole is placed on a xyz-tower which
is used to place the pinhole exactly at the focus. To prevent the beams
from burning the pinhole and the photodiode a neutral density filter is
placed before the lens, reducing the pulse-energy by a factor ' 105 . The
focus of the YAG pulse was moved to overlap with the focus of the probe
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Figure 5.1: Schematic top-view of the experimental setup with focus
on the optical setup used to generate the few-cycle, mid-IR probe pulses.
TFP: Thin Film Polarizer, BD: Beam Dump, GTP: Glan-Taylor Polarizer,
HWP: Half Wave Plate, HCF: Hollow Core Fiber, Ge-plate: Flat piece
of Ge placed at Brewster angle, CM: Curved Mirror, Wedges: Pair of
Fused Silica wedges, DM: Dichroic Mirror, TFP:Thin Film Polarizer, QWP:
Quarter Wave Plate. All unlabeled pieces are protected silver mirrors.
Also depicted is the beam path for the laser pulses, from a Nd:YAG laser,
used to align the molecules and the molecular beam machine consisting of
three vacuum sections: The source chamber, the deflector chamber and the
target chamber. The coordinate system defines the axes used throughout
the thesis and the insert shows the polarization axes of the probe and the
YAG laser beams and defines the angle θ between them.
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Figure 5.2: Beam profile of the probe beam at the focus in both the
vertical and the horizontal direction. The red dots are measurements and
the black lines are fits to Eq. 5.1. The measured spot size is wX = 33 µm
and wY = 35 µm.
pulse, which ensured the spatial overlap at the focus. The temporal overlap
between the probe- and the YAG pulses was ensured with a fast photodiode
with a rise time of 1 ns, this is sufficient due to the relative long duration
of the YAG pulses.
The xyz-tower is also used to determine the spotsize at focus simply
by scanning the stages and measuring the photodiode signal. An example
of this is shown in Fig. 5.2 where the probe beam has been measured in
the focus. The intensity of a Gaussian pulse is given by,


−2r2
I(r, t) = I0 (t) exp
,
(5.1)
w02
√
where r = X 2 + Y 2 is the radial distance from the center of the beam
and w0 is the spotsize measured from the center to the radial position
where the intensity has dropped to I0 /e2 . The temporal intensity profile
was already described in section 2.1 and is given by,


1
−4 ln(2)t2
2
I0 (t) = 0 c |E0 (t)| = I0 exp
,
(5.2)
2
τ2
where τ was the FWHM value of the temporal intensity profile.
A fit of Eq. 5.1 to the measured data is also shown in Fig. 5.2 and the
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values found are wX = 33 µm and wY = 35 µm, somewhat larger than
the expected ' 25 µm described in section 4.3. This is due to chromatic
aberration as a result of focusing the broadband probe with a lens instead
of a mirror.
With the two beams temporally and spatially overlapped and the two
important parameters τ and w0 determined, the peak intensity can be
calculated. An expression for this is derived by integrating Eq. 5.1 over X,
Y and t. The result is,
p
4 ln(2)Ep
Ipeak = 3/2
,
(5.3)
π wX wY τ
where Ep is the pulse energy. This is the formula used whenever a peak
intensity is stated throughout the thesis. The peak intensities varied a
lot between the measurements to follow the large difference in ionization
potential for the different molecules, see Table 5.1. The different intensities
are therefore given in the various molecule sections.
The orientation-dependent ionization yield can be measured in several
ways. In Hansen et al. [12] the molecules were ionized and the VMI spectrometer was set to record electrons. Simply recording the number of
electron counts on the MCP-phosphor screen is then a direct measurement
of the ionization yield. At the time of the measurements presented in this
chapter, the VMI spectrometer had not yet been upgraded to accommodate the new high energy electrons. The long wavelength of the new probe
source results in liberated electron energies much greater than the similar
liberated electron energies using a 800 nm source at the same intensity. As
the molecules were ionized with the new source a large fraction acquired
an energy too high for detection and they simply spilled over the edge of
detector.
Determining the ionization yield by measuring the amount of electrons
was therefore not an option for most of the time of this experiment (The
measurements on OCS was repeated after the new VMI spectrometer was
installed). The new probe beam does, however, have several other advantages compared to the old probe that enables other possibilities for
measuring the ionization yield.
In Lezius et al. [83, 84] it was shown that the fragmentation of molecules resulting from irradiation with intense laser pulses is reduced when
the wavelength is increased. Our long wavelength probe pulses may therefore enable fragmentation-free single ionization of molecules that would
otherwise fragment or further ionize at 800 nm. As a result the ionization
yield is measurable directly from the Time-Of-Flight (TOF) measurements
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Figure 5.3: Calibration of the motorized HWP controlling the YAG pulse
polarization. The signal is measured after a Glan-Taylor polarizer only
transmitting vertical polarized light.

by simply measuring the parent-ion signal. This is the method used for the
experiment presented here. In chapter 7 an experiment that, as a byproduct, also measured the orientation-dependent ionization yield was done on
OCS. This experiment was done with the new VMI spectrometer where all
electrons were captured and the results agree well with the TOF results,
confirming that the result from this method are directly comparable to the
electron yield method employed in previous measurements [12].
The orientation-dependent ionization yield for the different molecules
was measured at both a high intensity (just below the limit where double
ionization became significant) and at a low intensity (limited by the TOF
signal). The ionization yields for the high intensity measurements naturally
result in a yield far greater than the low intensity yield. To compare the
two, the different orientation-dependent yields were normalized to the yield
without the YAG laser present. This was also the method employed in
Hansen et al. [12].
The polarization of the probe beam was tested with a Glan-Taylor
polarizer and confirmed to be vertical. The polarization of the YAG beam
was calibrated in a similar manner. A Glan-Taylor polarizer only allowing
transmission of vertical polarized light was placed in the YAG laser path
and the power after the polarizer was measured with a photodiode as a
function of the HWP angle. The result linking the HWP position to the
direction of the YAG laser polarization axis is shown in Fig. 5.3.
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5.3

Carbonyl Sulfide (OCS)

The spotsize at the focus of the probe- and the YAG pulses was measured
as described in the previous section. The spotsize for the probe pulse was
found to be wX = 34 µm and wY = 38 µm and for the YAG pulse wX =
37 µm and wY = 37 µm was found. Normally a YAG pulse spotsize that is
somewhat larger than the probe spotsize is preferred as this ensures that
all the ionized molecules by the probe were laser-aligned. This was made
difficult due to the large probe spotsize caused by chromatic aberration
of the large spectral bandwidth of the probe pulse. Increasing the YAG
beam spotsize is not a good solution as that would affect the degree of
alignment. A compromise was made using these values and noting that
tunnel ionization is a strong nonlinear process so the central part of probe
beam strongly dominates the ionization. With these spotsize the peak
intensity of the YAG pulses was 7.5 × 1011 W/cm2 which was held constant
for all measurements.
OCS was probed using two probe peak intensities of 1.5 × 1014 W/cm2
and 2.6 × 1014 W/cm2 . In Fig. 5.4 TOF spectra obtained when OCS molecules are irradiated by the probe or both the probe and YAG pulse is shown.
The horizontal-axis is represented as the mass-to-charge ratio, m/q. Figure 5.4(a) and (b) is for the low intensity measurement, for probe pulse only
(a) and both probe and YAG pulses (b). The only significant ion species
observed is OCS+ at m/q = 60. At the high intensity measurements in
Fig. 5.4(c) and (d) small signals at m/q = 28 and 32 show that a minor
fraction (less than 7%) of the molecules undergo dissociative ionization.
The two TOF spectra illustrate the dominance of non-dissociative ionization at the moderate probe intensities of mid-IR laser pulses similar to that
reported previously by Stolow and coworkers for other molecules [83, 84].
This is further demonstrated by comparing the 1.5 × 1014 W/cm2 measurement to a previously (Before I started in the group) measured TOF
using a Ti:Sa 800 nm pulse at a similar peak intensity. This comparison
is shown in Fig. 5.5. The OCS+ peak reached different height for the two
measurements which can happen for instance due to a different overlap
with the molecular beam. The interesting parameter is, however, the fragmentation for a specific OCS+ yield and the Ti:Sa signal was scaled so the
two OCS+ peaks had the same height.
Significant reduction in fragmentation is observed. The mid-IR signal
is essentially fragmentation free while the Ti:Sa signal has clear S+ ,CO+
and OCS++ peaks. Water is also easier to ionize with the Ti:Sa than with
the mid-IR due to the slower oscillation of the field in the mid-IR case.
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Figure 5.4: Time-of-flight mass spectrum of OCS molecules. (a) and
(c) was measured with only the probe pulse present while (b) and (d) was
measured with both the probe pulse and YAG pulse present. The intensity
of the probe pulse is given in each panel in W/cm2 and the intensity of
the YAG pulse was 7.5 × 1011 W/cm2 .
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Figure 5.5: TOF measurements for aligned OCS ionized with either the
standard Ti:Sa 800 nm source or the current mid-IR source. Both measurements were done using comparable YAG pulse and probe pulse intensities.
The Ti:Sa measurement has been scaled so the OCS+ peak have the same
height as the mid-IR OCS+ peak. The mid-IR signal has been shifted
downwards by 3 mV and to the left by 3 u/e to allow for better comparison
between the two.
Whether the comparison in Fig. 5.5 is completely valid can be discussed.
The longer pulse duration of the Ti:Sa pulses (30 fs) will clearly have some
influence, but the figure at the very least provides a strong indication of
reduction in fragmentation. Such conditions would be advantageous for experiments where information about the nodal planes of orbitals or electrical
properties of molecules is probed by recording the emission direction of the
photoelectrons in the molecular frame [13, 85]. Similarly, the suppression
of fragmentation should be useful for laser-induced electron diffraction to
be discussed in chapter 8.
The TOF-spectra in Fig. 5.5 also reveals that the YAG pulse does not
cause any additional fragmentation of the molecules. In the orientationdependent studies presented below the OCS+ signal is therefore used as
the measure for the ionization yield.
To enable measurements of the orientation-dependent ionization yield
for the OCS molecules they are 1D adiabatically aligned with the YAG
pulses. Previous work in the group [68] have shown that the rotational
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state distribution of the OCS molecules in the direct molecular beam, i.e.
for the deflector turned-off, is described reasonably well by a Boltzmann
distribution with a temperature of 0.4 K.
The degree of alignment is probed by Coulomb exploding the molecule
as described in section 2.4. Here an intense ultrashort pulse strips many
electrons from the molecule. The molecule explodes due to Coulomb repulsion and the different ionic fragments are expelled along the direction
they possessed in the molecular frame.
A recording of the velocity distribution of the fragments projected onto the
detector plane (hcos2 θ2D i) can therefore be used to compute the degree of
alignment. In this experiment the probe beam delivers the Coulomb exploding pulse and at the time of the experiments the largest peak intensity
available was Ipeak = 2.7 × 1014 W/cm2 , only slightly more than the probe
intensity used in Fig. 5.5(c,d).
The low amount of fragmentation hinders the alignment measurement, but
some fragmentation is still present which was used to probe the degree of
alignment. To do this the MCP front electrode was gated with −600 V
provided by the fast pulser introduced in section 4.4. The gate was set
to only be present as the S+ fragments hits the detector, and only these
were recorded by the camera. The other voltages were 4.6 kV and 4.9 kV
for the extractor and the repeller in the VMI spectrometer, 1200 V for the
MCP back and 4.2 kV for the phosphor screen. The resulting S+ velocity
measurements are shown in Fig. 5.6. The three images are all dominated
by counts in the center, which are due to zero/low velocity ions. These low
energy counts are mostly a result of dissociation from single ionized OCS,
while the counts further out is due to double ionized OCS fragmenting
into OC+ + S+ fragments that repel each other and results in a higher S+
energy. In order to clearly see the high energy S+ ring the color scale has
been saturated at 5% of the peak value.
Figure 5.6(a) is measured for unaligned OCS (no YAG pulse present)
while Fig. 5.6(b) is for aligned OCS. The white rings indicate the high
energy S+ region and counts within this region was used to calculate the
degree of alignment, hcos2 θ2D i. The unaligned molecules have hcos2 θ2D i =
0.60 and the aligned molecules have hcos2 θ2D i = 0.83. The reason the unaligned value is not hcos2 θ2D i = 0.50 is due to the probe polarization.
Both the probe and the YAG pulse is for all measurements polarized along
the Y -direction, and ionization along this direction is therefore preferable.
The aligned value of hcos2 θ2D i = 0.83 is quite a lot lower than expected.
In Hansen et al. [12] the degree of alignment under similar conditions was
measured to be hcos2 θ2D i = 0.90 while a calculation using the experimen95
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S + ion signal
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Figure 5.6: Measured S+ momentum distribution images for OCS. (a) is
for unaligned molecules, (b) is for aligned molecules and (c) is for aligned
ground-state selected molecules. Both the probe laser and the YAG laser
is polarized along the Y -axis. The degree of alignment is calculated from
counts within the circles isolating the high energy S+ signal from the low
energy S+ signal. The color scale is saturated at 5% of the peak value to
enable the high energy S+ fragment to be visible.

tal parameters results in a calculated value of hcos2 θ2D i = 0.92.
We ascribe the lower experimental values to significant deviation from axial recoil in the Coulomb explosion process of OCS and partly to inefficient
Coulomb explosion. Even though the probe pulse was increased to the
highest possible intensity allowed by the current setup only a very small
fraction (less than 7%) of the molecules underwent Coulomb explosion and
produced recoiling S+ ions. The majority of the OCS molecules still ended
up as OCS+ ions due to the soft ionization mechanism of the mid-IR probe
pulse and the strong double bonds in OCS. As such the measurements only
confirm that the OCS molecules are tightly 1D aligned but they do not provide a quantitative determination of the actual degree of alignment. This
is further indicated by the measurements on 1, 4-diiodobenzene presented
in chapter 8. Here identical alignment parameters lead to a degree of
alignment of hcos2 θ2D i = 0.94, see Fig. 2.7, in agreements with previous
measurements.
The degree of alignment is improved somewhat by only probing groundstate selected molecules as shown in Fig. 5.6(c). Here the degree of alignment is measured to hcos2 θ2D i = 0.86 but for the same reasons as before
it is most likely closer to the calculated value of hcos2 θ2D i = 0.94.
OCS was state selected using the deflector as described in section 2.4.
Here it was explained that the different states would be spatially split at
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Figure 5.7: Vertical spatial profile of the molecular OCS beam measured
by moving the probe pulses along the vertical direction and recording the
OCS+ TOF signal with and without the deflector operating. The green
line indicates the chosen position for ground state selection.

the interaction point along the Y -direction. Scanning the position of the
probe pulse along this direction with and without the deflector operating
therefore reveals the location of the strongest deflected (ground-state) OCS
molecules, this measurement is shown in Fig. 5.7.
The used deflector voltage was 10 kV and a region with high contrast between the deflected and non-deflected molecules are clearly visible. A compromise is made on the amount of signal and the contrast ratio and the
green line indicates the chosen position. The purity of the sample was measured in Nielsen et al. [68] where it was shown that a sample of molecules
(the most deflected part of the molecular beam) could be selected with
more than 92 % percent in the rotational ground state.
The measurement of the orientation-dependent ionization yields were
done by rotating the YAG pulse polarization axis in steps of 2° from θ
= 0° to 180° for the two probe pulse intensities of 1.5 × 1014 W/cm2 and
2.6 × 1014 W/cm2 . At each angle the magnitude of the OCS+ signal was
recorded. To provide higher accuracy, as well as an estimate of the uncertainty, the measurement over the 180° interval was repeated multiple
times. The results obtained for the direct molecular beam are displayed
in Fig. 5.8, both as standard graphs (a) and as polar plots (b). The quantity plotted on the vertical-axis of panel (a) and (c) is the OCS+ signal,
97

5. Orientation-Dependent Ionization Yield
obtained with both the YAG- and the probe pulse present, divided by the
OCS+ signal recorded with the probe pulse alone. For both intensities the
ionization yield is minimized when the probe polarization coincides with
the molecular axis. At the high intensity the ionization yield peaks when
the probe polarization is perpendicular to the molecular axis. At the low
intensity the yield is almost constant from 45° to 135° but with a shallow
local minimum at θ = 0° and maxima at θ = 60° and 120°.
Similarly the results obtained for the ground-state selected molecules
are depicted in Fig. 5.8 (c) and (d). The increased degree of alignment
causes the observed features of panel (a) and (b) to become more pronounced. In particular, for the low intensity the local minimum at θ =
0° and the maxima at θ = 51° and 129° are now very clear. At the high
intensity the ionization yield has now almost the same value from 60° to
120° and an indication of a weak local minimum at θ = 0°.
An issue that needs clarification is whether the YAG pulse perturbs
the ionization mechanism of the OCS molecules and thereby possibly the
alignment dependence of the ionization yields. In the previous work [12]
this question was settled by conducting measurements on field-free aligned
molecules, obtained by nonadiabatic alignment. The alignment dependence of the ionization yields were the same for adiabatic and field-free
alignment with small differences being ascribed to small differences in the
degree of alignment for the two schemes.
Here the influence of the YAG pulse was tested in a different manner by
keeping the laser parameters identical – notably the intensity of the YAG
pulse – but reducing the degree of alignment strongly. In practice this was
implemented by lowering the backing pressure of the He carrier gas in the
supersonic expansion from 70 bar to 5 bar since this is known to increase
the rotational temperature of the molecular beam significantly and thereby
reduce the degree of adiabatic alignment [86]. The ionization yield as a
function of θ is displayed in Fig. 5.9 for the molecular beam formed after the
supersonic expansion at 5 bar. The data recorded at 70 bar, Fig. 5.8(a) and
(b), are kept as a reference. The difference between the 5 bar and 70 bar
data is striking; At both the low and the high intensity of the probe pulse
the alignment dependence is very strongly reduced for the 5 bar data. This
leads to the conclusion that the variation of the ionization yield recorded
for the 70 bar data is a result of how the molecules are turned in space
rather than some effect of the combined fields of the YAG and the probe
pulses on the ionization process.
A comparison to the results for OCS in Hansen et al. [12] is shown in
Fig. 5.10. The parameters for the quantum-state-selection and the adia98
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Figure 5.8: Ionization yield of adiabatically aligned OCS molecules as a
function of the angle between the polarization axis of the YAG and the
probe pulses. The ionization yield is measured at probe pulse intensities of
1.5 × 1014 W/cm2 (red dots) and 2.6 × 1014 W/cm2 (blue dots). For each
intensity the measurement was repeated multiple times and the dots show
the mean value for each angle while the error bars displays the standard
deviation on the mean value. Panel (a) and (b) are recorded for the direct
molecular beam and panel (c) and (d) for the deflected molecular beam.
The full curves are Legendre polynomial fits to guide the eye.
99

5. Orientation-Dependent Ionization Yield

Norm. OCS+ Signal (Arb.)

1.6

(a)

(b)

PHe = 5bar
PHe = 70bar

1.4

1.2

1.0

0.8

1.5 · 1014 W/cm2
0

45

90
θ (deg)

135

2.6 · 1014 W/cm2
180 0

45

90
θ (deg)

135

180

Figure 5.9: Ionization yield of OCS molecules as a function of the angle
between the YAG pulse and the probe pulse polarizations for a low rotational temperature (He expansion pressure of 70 bar – blue dots) and at
a high rotational temperature (He expansion pressure of 5 bar – red dots).
(a): Iprobe = 1.5 × 1014 W/cm2 , (b): Iprobe = 2.6 × 1014 W/cm2 .
batic alignment pulse were essentially identical to the ones used here so
the degree of alignment should be the same as here. The ionization pulses
were, however, centered at 800 nm and had a pulse duration of 30 fs. Two
intensities were used, 1.5 × 1014 W/cm2 and 1.8 × 1014 W/cm2 , but the results did not differ much.
The results obtained with the 800 nm pulses at 1.5 × 1014 W/cm2 are compared to the current work, Ipeak = 1.5 × 1014 W/cm2 in Fig. 5.10(a) and to
the data with Ipeak = 2.6 × 1014 W/cm2 in (b). It is seen that the former
results differ from the results obtained here. Notably, the local minimum
at θ = 0° and the maxima at θ = 50° and 130° are not present in the
800 nm results. These differences are discussed in section 5.6.

5.4

Benzonitrile

Benzonitrile (BN) was studied in much the same way as OCS. A BN sample
was inserted into the Even-Lavie valve, a He backing pressure of 80 bar
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Figure 5.10: Comparison of the alignment-dependent ionization yield of
OCS from this work using a laser pulse centered at 1850 nm with results
from Hansen et al. [12] using a laser pulse centered at 800 nm.

was supplied and the valve was operated at a temperature of 40 °C. The
deflector was not in operation for these measurements but the molecules
were adiabatically 3D-aligned using the YAG laser operated at a peak
intensity of 1.1 × 1012 W/cm2 .
BN is an asymmetric top molecule meaning a linear polarized alignment laser leaves the molecules free to rotate around the aligned C-CN
axis. Changing to an elliptical polarization, in our case with an ellipticity
of 3:1, maintains the alignment of the C-CN axis along the major polarization axis while at the same time restricting the molecular plane along the
polarization plane, 3D aligning the molecule [42, 85, 87].
It was not possible to measure the degree of alignment with the mid-IR
probe pulse as the intensity required for sufficiently coulomb exploding the
molecule was not available as can be seen from the measured TOF spectra
given in Fig. 5.11. The degree of alignment is instead assumed to at least
reach the same value, hcos2 θ2D i = 0.89, as was measured using a conventional Ti:Sa 800 nm probe but with an otherwise identical alignment setup,
just running at a lower pump intensity of IYAG = 8.4 × 1011 W/cm2 [85].
The ionization yield results for BN is shown in Fig. 5.12 and are obtained in a similar way as for OCS but with a minor difference; As for OCS,
the probe pulse does not fragment BN, the YAG pulse, however, leads to
heavy fragmentation as shown in Fig. 5.11(b,d).
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Figure 5.11: Time-of-flight mass spectrum of benzonitrile molecules. (a)
and (c) were measured with only the probe pulse present while (b) and
(d) where measured with both the probe pulse and the YAG pulse present.
The intensity of the probe pulse is given in each panel and the intensity of
the YAG pulse was 1.1 × 1012 W/cm2 .
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Figure 5.12: Comparison of the alignment-dependent ionization yield of
benzonitrile from this work using a laser pulse centered at 1850 nm with
results from Hansen et al. [12] using a laser pulse centered at 800 nm.
For the high intensity measurement some fragmentation is also observed
without the YAG pulse present, this is, however, almost negligible (BN++ :
3% and C6 H4+ : 7.7%) compared to the main BN+ peak (89.3%).
Due to the fragmentation the ionization yield can not be measured by
the BN+ strength. Instead the C+ value was recorded as a function of the
orientation. As a test the combined C(n+) (n = 1, 2, 3, 4) signal was also
recorded, but yielded the same result as just measuring the C+ signal.
The result in Fig. 5.12 appears opposite to the measurements presented
for OCS. The ionization yield peaks when the probe polarization is along
the molecular axis and reaches a minimum when it is perpendicular. The
two intensities investigated here appear to have no affect on the general
shape of the ionization yield, but there is a small difference in the modulation ratio,
Y (θ = 0°)
R=
,
(5.4)
Y (θ = 90°)
where Y is the ionization yield at θ = 0° and θ = 90°.
For the high intensity measurement a modulation ratio of R = 1.8 is
found, whereas for the low intensity R = 2.0 is found. The low intensity
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measurement agrees well with what has previously been measured using
800 nm pulses [12]. Both results are, however, very similar to the results
in Hansen et al. [12] and to the theoretical model presented here, further
proving that the orientation-dependent ionization yield of benzonitrile is
well understood.
It is interesting to note that that this modulation ratio of R ' 2 is
very large compared the ratio for the state selected measurements on OCS,
Fig. 5.8(c,d), resulting in R = 0.90 for the high intensity measurement and
R = 0.83 for the low intensity measurement.

5.5

Naphthalene, Anthracene and Tetracene

Naphthalene, Anthracene and Tetracene were studied in succession to reveal any difference in the orientation-dependent ionization yield as a function of the molecular size.
The experiemental process was the same for all three molecules and
similar to the procedure for benzonitrile. Between each measurement the
valve was thoroughly cleaned in an ultrasound ethanol bath to remove any
left over material from the previous sample. The molecules were inserted
into the Even-Lavie valve and a He backing pressure of 80 bar was applied. The valve temperature was adjusted to reach a satisfactory amount
of signal before the molecules were 3D-aligned using the same alignment
parameters as for benzonitrile.
All three molecules are asymmetric tops and can be 3D aligned using
elliptically polarized YAG pulses. The degree of alignment could not be
measured as no observable is available. The degree of alignment is therefore
conservatively estimated to be hcos2 θ2D i = 0.85, similar to benzonitrile.
This was also the estimate done in the previous measurements [12]. The
measurements on naphthalene in Hansen et al. [12] found that the molecule
would align with the long axis confined to the YAG pulse polarization axis
as expected since the long axis posses the largest polarizability. This is
also assumed to be true for anthracene and tetracene.
In Table 5.1 some molecular parameters were listed. For each benzene
ring added the molecular weight is increased by 50 and the ionization potential is reduced. The reduction is ionization potential has a large effect
on the peak intensity required for ionization. The three molecules are
therefore investigated at different probe intensities. These are found in
Table 5.2 along with the corresponding Keldysh parameters and ponderomotive energies.
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Molecule
OCS
Benzonitril
Naphthalene
Anthracene
Tetracene

Iprobe (×1014 W/cm2 )

Up (eV)

Keldysh (γ)

1.5, 2.6
1.0, 1.9
1.0, 2.1
0.57, 1.0
1.9

47, 84
32, 59
32, 66
18, 32
60

0.34, 0.26
0.39, 0.29
0.36, 0.25
0.45, 0.34
0.25

Table 5.2: Probe intensity, ponderomotive energy and Keldysh parameter
for the different molecules investigated.
The time-of-flight measurement for the low intensity naphthalene measurement and both anthracene measurements are found in Fig. 5.13 for
easy comparison. In Fig. 5.13(a) some fragmentation is observed (13%
Naph(2+) and 87% Naph+ ), indicating that the probe intensity should
have been reduced for the naphtalene measurements.
For the high intensity anthracene TOF in Fig. 5.13(b) a large degree of
fragmentation is observed with almost equal counts in the cation and the
dication channels. In Fig. 5.13(c) where the intensity has been substantially
lowered no fragment is observed and only the cation is visible.
The temperature required to detect each sample varied dramatically.
The valve was operated at a temperature of 60 °C for naphthalene, 180 °C
for anthracene and the maximum allowed valve temperature of 220 °C for
tetracene. In Fig. 5.14 the TOF mass-spectrum for the tetracene measurement is found and it is clear that this maximum temperature was not high
enough for any tetracene signal to be visible even with the large probe
intensity of 1.9 × 1014 W/cm2 . (It is, however, high enough to allow detection of pyridone that has not been operated in the Even- Lavie valve since
before I started my PhD.)
The missing tetracene signal is unfortunate and prevents us from drawing any molecular size related conclusions. In the outlook section it is
discussed how tetracene can be investigated in the future.
The orientation-dependent ionization yields for naphthalene and antracene
were, however, still measured and for naphthalene the result can be compared to the previous measurements by Hansen et al. [12]. These result
are found in Fig. 5.15 for naphthalene and in Fig. 5.16 for anthracene.
The modulation ratio for these measurements was R = 1.8(R = 1.6)
for the low(high) intensity naphthalene measurements and R = 1.7(R =
2.0) for the low(high) intensity anthracene measurements. In general a
modulation ratio of around a factor 2 is seen for these molecules. This
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Figure 5.13: Time-of-flight mass spectrum for naphthalene (a) and anthracene (b and c). In each figure the red probe only signal has been multiplied by a factor 5 and shifted slightly down to allow for better comparison
with the blue probe+YAG signal. The intensity of the probe pulse is given
in each panel and the intensity of the YAG pulse was for all measurements
1.1 × 1012 W/cm2 .
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Iprobe = 1.9 × 1014 W/cm2
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Figure 5.14: Time-of-flight mass spectrum attempt for tetracene. No
signal was found at the maximum temperature allowed by the Even-Lavie
valve.

is interesting from an experimental point of view. As mentioned earlier
it is not possible to measure the degree of alignment using the traditional
method for these molecules as no good observable is available. One solution
to this problem is to manufacture a modified molecule where one or more of
the hydrogen atoms are replaced with a good observable like iodine. This
is, however, not optimal as this naturally also modifies other properties
of the molecule as well as the difficulty in manufacturing such a custom
molecule. The measurements presented here reveal a better procedure
where the orientation-dependent ionization yield can be directly used as a
tool to probe the degree of alignment by measuring the modulation ration
(Eq. 5.4).
The ionization rate for a given molecule and probe field is a result of the
molecular orientation with respect to the field as demonstrated here. If the
rates for the different orientations are well known the degree of alignment
can then be calculated. This is only trivial for molecules with a simple
orientation-dependent ionization rate and a large modulation ratio. These
requirements are both fulfilled for the acenes as demonstrated here.
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Figure 5.15: Comparison of the orientation-dependent ionization yield
for naphthalene from this work using a laser centered at 1850 nm with
results from Hansen et al. [12] using a laser centered at 800 nm.

5.6

Comparison to Theoretical Calculations and
Discussion

The theoretical model is only briefly described here as the work is not
done by me, but by Lars Madsen and Darko Dimitrovski. In this section I
will present their findings and compare to the experimental measurements.
For a more thorough explanation of the theoretical models the reader is
referred to Dimitrovski and Madsen [88].
The model used to theoretically describe the orientation-dependent ionization yield is the latest version of the two-step model by Dimitrovski and
Madsen [88]. Initially developed [15] and upgraded [89, 90] over the years.
This model incorporates (i) the orientation-sensitive ionization yield,
(ii) the propagation of the classical three-dimensional ensemble of electron
trajectories in the combined field of the electron and the ion, and (iii) the
effect of the alignment distribution of the molecular axis.
As mentioned above, the orientation-dependent ionization yields for
OCS, BN and naphthalene were studied before [12]. Only in the case
of OCS did the theory not match the experiment fully. The theory in108
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Figure 5.16: The measured orientation-dependent ionization yield for
anthracene at two different probe intensities. (a): 0.57 × 1014 W/cm2 and
(b): 1.0 × 1014 W/cm2 .

cluded Stark-shifted ionization rates based on molecular Amonosov-DeloneKrainov rates [81]. Here, instead of these rates, the weak field asymptotic
theory (WFAT) [91] rates for OCS [92] are used.
The comparison of this theory with the experiment is given in Fig. 5.17.
The orientation-dependent ionization yields are normalized such that theory and experiment coincide along the molecular axis. Figure 5.17(a) and
(c) highlight the differences between the theory and experiment for the
two used probe intensities. First, a dip in the ionization yield (reflecting
the minimum in the ionization rate of OCS) at θ = 90◦ is present in the
experimental results for the low intensity but not for the high intensity,
while in theory a dip is present for both.
In contrast to the experiment, for the theory this dip is not a local, but
a global minimum. Secondly, there is a difference with respect to the peaks
in the ionization yields. These peaks are visible in the experimental results
only at low intensity, at approximately 45◦ and 135◦ , see Fig. 5.17(a). For
the high intensity there is a plateau between 50◦ and 130◦ . On the other
hand, peaks are present for both intensities in the theory, however, at angles closer the to the molecular axis. More importantly, for the theory the
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Figure 5.17: Comparison between theory and experiment for the ionization yield as a function of the angle between the polarization axis of
the laser pulse and the molecular axis. Panels (a) and (b) correspond to
the intensity of Iprobe = 1.5 × 1014 W/cm2 , whereas panels (c) and (d)
correspond to Iprobe = 2.6 × 1014 W/cm2 .

110

5.6. Comparison to Theoretical Calculations and Discussion

1.0
1.2
(a)

135°

1.1
0.8

Norm. OCS+ Signal (Arb.)

45°

180°

1.0

0°

225°

0.6
0.9

1.2

90°

(b)

315°
270°

0

0.4 (c)

45

90

135

Exp. result: 1.5 × 1014 W/cm2
Theory+saturation

180

90°

(d)
135°

1.1

1.0
0.2

0.9
0.0
0.0
0 0.2
45 0.4900.6 135
0.8 180
1.0
θ (deg)

45°

180°

0°

225°

315°
270°

Exp. result: 2.6 × 1014 W/cm2
Theory+saturation

Figure 5.18: Comparison between theory and experiment for the ionization yield as a function of the angle between the polarization axis of
the laser pulse and the molecular axis. Panels (a) and (b) correspond to
the intensity of Iprobe = 1.5 × 1014 W/cm2 , whereas panels (c) and (d)
correspond to Iprobe = 2.6 × 1014 W/cm2 .
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position of the peaks moves closer to the molecular axis with the increase
of intensity - this is not observed in the experiment.
The discrepancy between the theory and the experiment is mainly due
to the inadequacy of the available ionization rates for OCS at large field
strengths. In this regime there are many sources that could lead to such
discrepancy in the orientation-dependent ionization yield, some of them
coming from the aggregate multielectron effect, such as the orbital modification in strong fields [93], and some might be beyond the single-active
electron picture [94,95]. The saturation of the ionization yield is one of the
sources of discrepancy that can be modeled using the current approach. To
this end the empirical saturation rate [96] was used. This rate was amended
for OCS by putting the Stark-shifted ionization potential [13] in the exponential saturation factor (see [15, eq. 13]). This introduces the empirical
saturation parameter which has a value between 6 and 9 for atoms [96].
Compared to the case without saturation, the saturation factor suppresses the ionization rate at angles where the WFAT model had maximum ionization rates more than at angles of minimum ionization rates.
Performing numerical calculations with this saturated rate results in a
greatly improved agreement with the experimental results as evident from
Fig. 5.18 where a saturation value α = 9 was used. Specifically, the ratio
between the ionization yield perpendicular to parallel to the molecular axis
is matched almost fully to the experiment for both low and high intensity
Fig. 5.18(b,d). Moreover, for low intensity, the position of the peaks and
the dip, and the overall orientation-dependent ionization yield is in very
good agreement with the experimental result Fig. 5.18(a). The ionization
yield at high intensity, Fig. 5.18(c), is matched in all aspects except for the
plateau. The trend of movement of the peaks when increasing intensity is
also reproduced. In summary, the inclusion of saturation considerably improves the comparison with the experiment, however, as mentioned above,
we cannot exclude that inclusion of other effects will also improve the comparison with the experiment.
No new theoretical development were done for the other molecules investigated in the experiments (benzonitrile, naphthalene and anthracene)
as the previous model already captured the observed orientation-dependent
ionization yield almost perfectly [12]. The great agreement between the
new measurements presented here and the previous measurements [12] is
further confirmation of the validity of these models.
The theory developed for OCS presented in this section should also be
applied on the other molecules to see if the already excellent agreement
between measurement and theory for these molecules then vanishes as this
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would remove credibility from the new model. The inclusion of saturation is not expected to significantly change the shape of the theoretical
orientation-dependent ionization yield for the other molecules due to the
large difference in modulation ratio.
OCS had an modulation ratio of R ∼ 0.90 and this small difference between
θ = 0° and θ = 90° ionization yield is then heavily affected by the saturation factor as apparent from Fig. 5.17 and Fig. 5.18. The modulation ratio
for the other molecules is much greater and the effect is not expected to be
so pronounced. Furthermore, as mentioned above, many other effect may
also affect the theoretical model, and while the saturation effect seems to
be significant for OCS it may be negligible compared to these other effects
for the other molecules. These details remains to be investigated.

5.7

Conclusion and Outlook

The orientation-dependent ionization yield was measured for several molecules using few-cycle, mid-IR probe pulses. For the first time an excellent
agreement between theory and measurement is found for OCS for a peak
probe intensity of 1.5 × 1014 W/cm2 . This is a large improvement over
previous measurements at 800 nm and shows that models for strong-field
ionization in the quasi-static limit provide a much better description for
light sources at 1850 nm than at 800 nm. For the high intensity measurement at 2.6 × 1014 W/cm2 the experimental and theoretical results did not
fully agree for the probe field perpendicular to the internuclear axis. This
discrepancy is possibly due to orbital modification by the strong probe
field – an effect not accounted for in the theoretical modeling.
Several additional molecules, benzonitrile, naphtalene, anthracene and
tetracene were also investigated experimentally. The current setup did
not allow for detection of tetracene as the vapor pressure was too low.
Tetracene may, however, be investigated in the future by utilizing helium
nanodroplets as these have been demonstrated to be able to operate with
similar size molecules [97].
A large modulation ratio of the orientation-dependent ionization yield
between angles along the molecular axis and perpendicular to it was observed for all molecules except OCS. This could be useful for future measurements as a tool to determine the molecular axis of aligned molecules
or the actual degree of alignment.
The use of the longer wavelength compared to 800 nm results in a large
reduction in fragmentation. This could be advantageous for experiments
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where information about the nodal planes of orbitals or electrical properties of molecules is probed by recording the emission direction of the
photoelectrons in the molecular frame [13, 85]. Likewise, the suppression
of fragmentation should be useful for Laser-induced electron diffraction investigations.
An interesting experiment is to utilize circular polarized light pulses instead of linear polarized pulses. This would prevent ionized electrons from
re-scattering off the parent ion, an effect that may very well cause a substantial amount of the observed fragmentation due to non-sequential ionization. Direct fragmentation by the probe pulse may therefore be even
less pronounced than observed here.
The experimental acquisition setup could be improved by recording
at 40 Hz instead of the current 20 Hz limited by the Nd:YAG laser. The
probe pulses are operating at 1 kHz and recording at 40 Hz would provide a
YAG pulse free background measurement for each real measurement. This
would be useful for eliminating various fluctuations and would reduce the
uncertainty of some of the measurement at the low cost of additional data
storage.
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Chapter

6

Few-Cycle Investigations
Perhaps the most interesting property of the few-cycle pulses is the ability
to direct the most intense part of a field in either direction thereby breaking
the symmetry along the polarization axis by varying the CEP. In Fig. 3.2
this was illustrated for a λ0 = 1850 nm, 10 fs pulse at three different CEP
values. In our setup the wedges introduced in section 4.3 can be used to
continuously vary the CEP from 0 to 2π. Having control over the CEP
is important in almost all ionization processes using these short pulses as
the ionization rates are heavily responsive to even small changes in field
strength, as is demonstrated in section 6.1.
After few-cycle pulses became available at the end of the 20th century,
a huge effort was directed towards controlling the CEP. In 2005 the physics
Nobel Price was (partly) awarded to John Hall and Theodor Hänsch "for
their contributions to the development of laser-based precision spectroscopy,
including the optical frequency comb technique" which can be used to determine the carrier envelope offset and therefore to control the CEP [98, 99].
In Paulus et al. [18, 19] the difference in ionization yield due to the CEP
for few-cycle pulses was measured for atoms and pulses with up to 3-cycles
were observed to produce a clear difference in ionization.
In this chapter the CEP dependent ionization process for atoms (argon) and molecules (OCS) is investigated. In section 6.1 the simulation
is described, while section 6.4 contains the experimental results and the
comparison with the simulation.
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The experiment was initially performed as a test of the new few-cycle
source. Paulus et al. [18, 19] used a stereo ATI spectrometer to measure
the direction dependent electron yield from ionization of Xe due to the
few-cycle effect. Our plan was to simplify this setup by measuring both
directions at the same time with the VMI spectrometer, and simply count
the hits in the top half of the detector contra hits in the bottom half of
the detector as a function of the CEP.
Few-cycle ionization effects have so far only been investigated for atoms
and to differ from this we also included molecules (OCS). Some work is,
however, still required, particularly on the simulation part, which will become apparent during the chapter.
The experimental work was done in close collaboration with Lauge
Christensen and Kathrine Glerup Bay. The subsequent data analysis was
done by me along with all the simulations. The simulations are, however,
heavily based on work done by Kathrine during her masters and all core
concepts were already established.

6.1

Few-Cycle Ionization Simulation

In this section the simulation of the ionization is described. The core concepts of the simulation were developed by Kathrine Glerup Bay during
her masters [20], which I have expanded on. The model is semi-classical
as the ionization of the atoms/molecules were modeled quantum mechanically, but the subsequent propagation in the electric field was modeled
classically for an electron in an electric field according to Eq. 2.10. The
electron interaction with the ionized atom/molecule was not included in
the model, and the electron was simply seen as starting as a free zero velocity electron immediately after ionization. In section 2.2 the tunneling
ionization probability was introduced as,
!
2(2Ip )3/2
W (E0 ) = exp
,
(6.1)
3E0
where Ip is the ionization potential energy and E0 is the electric field
strength, both in atomic units. This equation has been used as the initial
step for a model of the tunnel ionization process under similar conditions
as the experimental results presented in section 6.4. In this section this
model is explained along with the simulated results.
The example presented here is for the ionization of argon with an Ip
of 15.76 eV ionized with a pulse modeled after what was measured in the
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Figure 6.1: Calculated ionization probability using the instantaneous
ionization formula, Eq. 6.1. The insert shows a zoom in around the red dot
at the electric field strength used in the calculations and the measurements
found in section 6.4.
laboratory; 11 fs duration, 1.85 µm center wavelength, spotsize of w =
36 µm, pulse energy of 53 µJ and linearly polarized (along the vertical Y direction). These corresponds to the values of the experiment described in
section 6.4. Calculating the Keldysh parameter, Eq. 2.13, for these values
results in γ = 0.32 and a ponderemotive energy of 78 eV. The ionization
is thus well within the tunnel regime and Eq. 6.1 is a good initial model.
In Fig. 6.1 the ionization probability calculated as a function of the
electric field strength is shown. The insert in the figure is a zoom in around
the field strengths available with our setup. The very step rise around the
field strength for our setup is apparent. A small increase in field strength
will dramatically increase the probability of ionization. This is seen in
Fig. 6.2 where the ionization probability has been calculated along the
few-cycle pulse. The figure includes results for 4 different CEPs, 0, π4 , π2
and 3π
4 . A strong variation in ionization probability is seen for the different
pulses even in cases where the electric field strength does not appear to be
much different. The different ionization times will lead to different final
momenta as the ionized electron is accelerated by the remaining electric
field. Integrating the force from the remaining electric field results in the
final momentum. This results in a final momentum for each ionization time,
these momenta are not unique but will be identical for several ionization
p2
times. The kinetic energy of the electron is calculated as, E = 2m
, where
p is the momentum, and for each ionization time an energy histogram
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is made. This histogram contains zeros everywhere except the bin that
coincides with the final kinetic energy of the electron ionized at that time,
which instead contains the probability for ionization at that time.
In Fig. 6.3 the final kinetic energy as function of ionization time is
shown along with the shape of the electric field and the ionization probability (not to scale). The energies have been sorted according to the sign
on the momentum in order to distinguish between the two electron emission directions. It is immediately clear that the strongest electric field (and
therefore ionization probability) is shifted a quarter cycle with respect to
the kinetic energy. An electron ionized at the peak of a pulse will end up
with zero kinetic energy as the remaining electric field cancels out. The
high energy electrons are a results of the few electrons ionized with low
probability when the field is weak but that then experiences a strong acceleration in the field. For this field electrons with kinetic energies close to
200 eV, Fig. 6.3(c), are produced. But with very low probability.
A histogram containing the different final electron energies weighted
by the probability of an ionization resulting in that energy is calculated
by summing the energy histograms for the different ionization times containing the probability for that specific ionization. The result of this is
shown in Fig. 6.4 and again the energies have been sorted according to
the momentum direction. The majority of the electrons end up with little
kinetic energy as expected but a substantial amount reaches high energies. A clear difference can be seen between the different CEPs especially
between Fig. 6.4(a) where a CEP= 0 (cosine-shape) field results in a symmetrical distribution and the CEP=π/2 (minus sine-shape) field resulting
in Fig. 6.4(c) with a clear dominant direction.
From the kinetic energy histograms an asymmetry ratio can be calculated as the ratio between the two directions. This Up/Total ratio is
labeled RU T and is defined as,
RU T =

NUp
NUp
=
,
NTotal
NUp + NDown

(6.2)

where NUp (NDown ) is the number of counts in the positive(Negative) direction. The Up/Total ratio will be used throughout the thesis, and for
the experimental results the directions corresponds to the vertical +Y direction (electrons moving up) and −Y direction (electrons moving down).
For the four CEP examples calculated here, the Up/Total ratio as a
function of the minimum energy included is shown in Fig. 6.5. In all cases
the center peaks in Fig. 6.4 has been ignored as this correspond to electrons
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Figure 6.5: The Up/Total ratio as a function of the energy interval. The
minimum kinetic energy was varied while the maximum was set at infinity.

going neither up nor down. This correspond to energies less than 1.45 eV
in either direction, determined by the binning size.
The mean energy of the electrons used in the calculation of the RU T values shown in Fig. 6.5 becomes larger as the minimum kinetic energy
is increased and the RU T -value for the different CEPs all approach unity.
This is a natural consequence of the kinetic energy distributions shown in
Fig. 6.4 as there is only high energy counts in the Up direction for the
CEPs chosen here. The symmetric case of CEP equal to 0 (or π) is the
exception as no preferred direction is seen here (see Fig. 6.4(a)). This is
also revealed in Fig. 6.5 where the CEP= 0 case is seen to be constant
with minor fluctuations due to numerical errors from the binning process.
The calculations shown here only included the first half CEP-cycle. The
remaining half would produce identical but flipped results compared to
these. Meaning the electrons would predominantly acquire kinetic energy
in the negative direction. But otherwise it would be the same.
This process of calculating RU T is then performed for all the different
CEPs corresponding to the different positions of the wedge. It turns out
that the reduction in pulse intensity from propagating through the wedges
can not simply be calculated from the increase in pulse duration due to
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Figure 6.6: Evolution of the electric field for a TL 11 fs, λ0 = 1850 nm
pulse after propagating through 953 µm of FS corresponding to the experimental measurement to be presented in section 6.4.
GVD [56, sec. 2.2.4],
s
τp = τi

1+




4 ln(2)GDD2
,
τi2

(6.3)

where τi is the TL pulse duration and τp is the duration after propagation
through a material with a group delay dispersion of GDD= GVD · L.
Equation 6.3 is not adequate as it only account for group velocity dispersion
and not the higher order terms. To get a better approximation of the CEP
change due to the propagation through the wedges the full dispersion was
included and calculated in steps of ≤ 2 µm.
Figure 6.6 shows the effect of dispersion on a 11 fs transform limited
pulse after propagation through 953 µm of fused silica corresponding to
the experimental measurement to be presented in section 6.4. The CEP in
each step through the wedge is then calculated from the temporal difference
between the maximum value of the envelope and the maximum value of
the electric field and noting that an optical period for a 1.85 µm center
wavelength wave is T = λc0 = 6.17 fs. The evolution of the CEP is shown
in Fig. 6.7. The duration of the pulses is increased by almost a factor
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Figure 6.7: The change in CEP as a function of the additional distance
propagated through the wedges is shown in (a) and the corresponding pulse
duration is shown in (b). The total distance of 953 µm of FS corresponds
to the experimental measurement to be presented in section 6.4.

2.5 due to the additional dispersion and the CEP changes by more than
25π. Figure 6.7(a) appears to be a straight line, but is in reality bending
slightly so that the amount of glass needed to increase the change in CEP
is growing as the pulse gets more distorted. This is again an affect due to
higher order dispersion.
The different steps of the pulse during the evolution due to the wedges
is then used as the different pulses for the steps in the Up/Total simulation
described above, and the result is seen in Fig. 6.8.
As a test of the simulation the procedure was also done for a λ0 =
800 nm, τ = 30 fs probe and the result can be seen in Fig. 6.9. Ignoring
the small random occurring peaks caused by numerical binning problems,
there are no oscillations visible, confirming that this is a few-cycle effect.
The simulated result for OCS was produced in exactly the same way as
for argon, but only the final result is presented here, which can be found
in the comparison to the experimental measurement in Fig. 6.22.
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Figure 6.8: The final result of the simulation of argon being ionized by
a few-cycle pulse where the CEP is gradually changed by increasing the
amount of fused silica being propagated through. This figure should be
compared to the measured result (Fig. 6.15) presented in section 6.4. This
comparison can be found in Fig. 6.18.

6.2

Experimental Setup

The setup used for these measurements is essentially identical to the description in section 4.3 and section 5.2. The main difference is that only
the few-cycle probe pulses are used for this experiment as no alignment
is needed. This allows the data acquisition to operate at 200 Hz greatly
reducing the required acquisition time.
The thin fused silica (FS) wedges described in section 4.3 are of particular importance for this experiment as they are used to continuously
vary the CEP of the pulses. The wedges were initially placed in the position resulting in the shortest pulses, which was the starting point. During
the measurements the combined wedge thickness was then increased up to
' 1000 µm in steps of ' 4 µm.
Both argon and OCS were investigated. To run argon in the EL valve
an argon backing pressure slightly over atmospheric pressure is used. This
results in plenty of signal and a high backing pressure is not required
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Figure 6.9: The result of the simulation on argon using many-cycle λ0 =
800 nm, τ = 30 fs probe pulses, but otherwise identical conditions as the
simulation shown in Fig. 6.8. The small random peaks are numerical errors
due to the binning.

since argon is an atom and there is no need for cooling since the atoms
are already predominantly in the ground state. OCS was operated in the
same way as explained in section 5.2 and the duration of the probe laser
was τ = 11 fs while the spotsize in the focus was wX = wY = 36 µm. The
measurement on argon was performed with a pulse energy of 53 µJ while
the measurement on OCS was withqa pulse energy of 35 µJ. From these
values the Keldysh parameter, γ =
,Up =

Ipeak
2c0 m ω02 ,
e2

Ipeak
2Up ,

and the ponderemotive energy

can be calculated, and the values are shown in Table 6.1.

The ionization asymmetry along the polarization axis of the probe pulse
was measured by recording the ionized electron velocity distribution with
the camera. For both measurements the VMI spectrometer was operated
at the maximum negative voltage available of VRep = 4900 V and VExt =
4600 V. In order to extract the energy information from the velocity map
images the VMI spectrometer, however, had to be calibrated.
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Target

Ip (eV)

wX , wY (µm)

τ (fs)

Ep (µJ)

Up (eV)

γ

Ar
OCS

15.76
11.18

36, 36
36, 36

11
11

53
35

71
53

0.33
0.32

Table 6.1: Experimental parameters for argon and OCS during the fewcycle investigations. Legend: Ip : Ionization potential, wi : spotsize in focus
along the i direction, τ : pulse duration, Ep : pulse energy, Up : ponderemotive energy, γ: Keldysh parameter.

6.3

Calibrating the VMI Spectrometer

An energy calibration of the MCP/VMI setup is required before the electron energies can be extracted. The extractor and repeller voltages have
to be at a specific ratio with respect to each other in order for the velocity
images to be focused. After installing the new VMI spectrometer this ratio
was found by slowly varying the extractor voltage for a constant repeller
voltage and simply looking for a focused image on the MCP while ionizing
argon with the probe laser. The ratio was determined to be,
VExt
= 0.93,
VRep

(6.4)

somewhat higher than the expected 0.86 ratio from the Simulink simulations. This indicates that the ionizing probe beam is not centered directly
in the center of the VMI spectrometer, which should be investigated. For
the measurements reported in this thesis this is, however, the ratio used
except otherwise stated.
The voltage supply used for the VMI spectrometer has a maximum
output of −4.9 kV negative voltage or 10 kV positive voltage while the
VMI spectrometer design itself should be able to withstand voltages above
20 kV. A better voltage supply will therefore quickly allow for detection
of even more energetic electrons. With the current voltage supply the
simulations revealed a maximum detectable electron energy of ' 200 eV
for VMI spectrometer voltages of VExt = −4214 V and VRep = −4900 V.
To test if the new VMI spectrometer performed according to the simulations, the pulsed Even-Lavie valve was loaded with argon at a low backing
pressure of ' 1 bar and sent into the interaction region of the VMI spectrometer where it was ionized by a pulsed 800 nm beam with a duration
of ' 100 fs and a pulse energy of ' 500 µJ. At this intensity above threshold ionization (ATI) occurs as described by Agostini et al. [100]. In ATI
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Figure 6.10: Electron momentum distribution images resulting from
above threshold ionization of argon measured at three different VMI spectrometer voltage combinations. (a): VRep = −1000 V and VExt = −940 V.
(b): VRep = −2000 V and VExt = −1880 V. (c): VRep = −3000 V and
VExt = −2820 V.
the electron can absorb additional photons above the amount required for
normal multiphoton ionization. Peaks separated by the photon energy,
~ω = 1.55 eV for 800 nm pulses, are therefore expected in the VMI spectrometer velocity images. An example of this is shown in Fig. 6.10 for
three different VMI spectrometer voltages. The ATI rings are clearly visible and the extend of the photoelectrons are seen to contract as the voltage
is increased.
The VMI spectrometer images are all projection of the three dimensional velocity distribution onto the 2D-detector. The rings are therefore
smeared out and traditionally an Abel inversion is employed to reconstruct
the full three dimensional distribution. In this particular case the energy
range is, however, so large and the peaks so clear that the pixel location for
each peak could easily be determined from a radial distribution calculated
from the electron distributions shown in Fig. 6.10. These radial distributions for the three images are shown in Fig. 6.11. The black dashed lines
in this figure are the pixel locations of the used ATI peaks. For the n’th
peak in the radial distributions the radius rn was determined and used in
a fit to equation,
En /[eV] = a · (rn /[pixel])2 + b,

(6.5)

where a and b are fitting parameters. The offset b is a result of the excess
energy from normal multiphoton ionization as well as ponderemotive potential due to the laser pulse. This offset should be the same for different
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Figure 6.11: Radial distributions of the VMI spectrometer images shown
in Fig. 6.10. The dotted lines indicate the pixel location of the ATI peaks
used to calibrate the VMI spectrometer.
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Figure 6.12: The ATI peaks from Fig. 6.10 and Fig. 6.11 each corresponding to the absorption of an additional 800 nm photon are plotted and fitted
to a f (r) = a · r2 + b function, allowing the energy scale to be calibrated.

VMI spectrometer voltages as the ionization itself does not change. The
result of the fit is shown in Fig. 6.12 for the three measured images. They
all share the same offset which indicates that the VMI spectrometer is
performing well. The a constants were determined to, a1 kV = 5.86 · 10−4 ,
a2 kV = 1.15 · 10−3 and a3 kV = 1.77 · 10−3 . These values agree nicely
with the different voltages as a2 kV ' 2a1 kV and a3 kV ' 3a1 kV which is
an excellent verification that the spectrometer performs as expected. This
verified relationship between the repeller voltage and the scaling coefficient,
a, allows for calibration at even higher repeller voltages (As long as the
extractor/repeller ratio is constant).
The images were not measured at higher voltages than those shown here as
the ATI rings would simply not be resolvable. The conversion to the VMI
spectrometer voltages used throughout the thesis, VRep = −4900 V and
VExt = −4600 V, is then simply done by taking the average of the offset
values (b) and multiplying the a1 kV -value with 4.9 to transform it to the
a4.9 kV -value. This curve is also shown in Fig. 6.12. The end calibration
results is,
E/[eV] = 0.0029 · (r/[pixel])2 + 0.89.
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Inserting the largest radius from the center available (r=227, determined
from the visible edge of the MCP) result in a maximum kinetic energy of
150 eV, this is quite a lot less than the expected value of 200 eV, which
is mainly related to the nonlinear aspect of the calibration. If the image
center is located even a few pixels away from the center of the MCP the
reduced maximum radius drastically reduces the maximum measurable
kinetic energy.
A better calibration for future measurements could be done by using
higher energetic photons where the peaks would be separated more and
would most likely cover more of the detector area. This would also allow
the measurement to be performed at the actual used voltages (or future
higher voltages) so extrapolation was not required.

6.4

Experimental Results and Discussion

Argon
In Fig. 6.13 the electron velocity distribution recorded for argon is shown.
The image is the result of stacking all the images recorded for the different
CEP measurements used to generate Fig. 6.15. Figure 6.13(a) is with
a linear color scale revealing that the vast majority of electrons have an
energy less than 40 eV in agreement with the simulation in section 6.1 and
in particular Fig. 6.4.
The dark spot seen at the top right area of the center is a damaged spot
on the MCP resulting from previous measurements. In Fig. 6.13(b) the
color scale is logarithmic and the energy range of the electrons is revealed.
The electrons along the probe polarization are seen to reach energies of
up to 100 eV indicated by the white circle. This energy should correspond
to 2Up as explained in section 2.3, and is substantially smaller than the
expected 2Up = 142 eV.
Figure 6.13(b) also reveals the size of the MCP relative to the velocity
distribution as a clear cutoff is seen at r = 227 pixel corresponding to
150 eV. The two dots seen along Y = 0 in Fig. 6.13(b) are not a result
of real electrons, but an experimental artifact from the VMI spectrometer
and should be ignored.
A zoom in on the image in Fig. 6.13(a) is shown in Fig. 6.14(a) where
the maximum energy along the horizontal and vertical axis is 50 eV in
either direction. Before the Up/Total ratio (RU T ) can be determined the
measured images are altered slightly. The hole in the MCP would lead to
a lower number of counts in the Up region than the true value. To limit
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Figure 6.13: Electron velocity distribution from strong-field ionized Ar
measured with the VMI spectrometer. (a) is with a linear color scale
and (b) is with a logarithmic color scale. The white circle indicates the
maximum energy gained by the electrons (100 eV).

this effect the hole is removed by replacing the right part of the measured
images with a mirror of the left part. This essentially removes half of the
measured counts, but this reduction in statistics is required for a correct
estimation of RU T . The result of the mirroring is shown in Fig. 6.14(b).
In Fig. 6.14(c) the mask used to remove the center counts is shown.
This is required to compare to the simulation described in the beginning
of the chapter. The width of this cut is 6 pixels to either side of the center
corresponding to removing counts with an energy less than 1 eV. This
corresponds to ignoring the zero energy bin in the simulated results shown
in section 6.1. In Fig. 6.14(d) the resulting image from the masking is seen.
The RU T ratio is now easily calculated by counting the electrons in each
region and utilizing Eq. 6.2.
The image processing was done for each image recorded during the
measurement and the Up/Total ratio was determined as a function of the
CEP. The result of this measurement on argon is shown in Fig. 6.15. A
clear oscillation is observed which directly proves that the pulses are in
the few-cycle limit. The amplitude of the oscillation is reduced during the
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Figure 6.14: In (a) the electron momentum distribution from ionization
of argon by the few-cycle probe is found. The maximum energy in both the
horizontal and the vertical direction is 50 eV. In (b) the hole in the MCP
detector is removed by mirroring the left half onto the right half. In (c) the
mask used to separate the image into an up half (positive Y -direction) and
a down half (negative Y -direction) is seen and in (d) the resulting image
from the masking is seen.
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Figure 6.15: The Up/Total ratio as a function of the additional CEP
introduced by the moving wedges measured for argon. The red dots are
measured points and the black curve is a fit to f (x) = a exp(−bx) sin(cx +
φ) + 0.5 to guide the eye. The blue dashed lines indicates the border used
to separate the measurements into a CEPU p and a CEPDown region to
generate Fig. 6.16.

scan as is expected as the pulse duration increases.
The two blue dashed lines in Fig. 6.15 separate the images with the
highest and lowest Up/Total values from the rest. The images corresponding to points above the top line are stacked to produce the CEPU p -image
shown in Fig. 6.16, and the images corresponding to the points below the
lower line are stacked to produce the CEPDown -image in Fig. 6.16.
No clear difference between the two images is immediately observed but
in both cases multiple arms can be seen (difficult to see on paper version). These originates from interference between electrons going directly
towards the detector and electrons that have been ionized by the field and
accelerated in the field before rescattering on the Ar ion. The interference
between such two different paths is the basics of holography and this effect is therefore known as electron holography [101–103]. While extremely
interesting, and potentially useful for extracting information, this has not
been further investigated during my PhD, primarily due to time concerns.
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Figure 6.16: Images corresponding to points above the top dotted line
in Fig. 6.15 are stacked and produce the CEPU p -image, while images corresponding to points below the lower dotted line are stacked and produce
the CEPDown -image.
The comparison between the two images in Fig. 6.16 is made easier
by plotting the difference between the two as shown in Fig. 6.17. As expected the CEPDown -image dominates in the negative Y -direction while
the CEPU p -image dominates the positive Y -direction. More interestingly
are the variations at low energies. The RU T ratio is seen to oscillate between red and blue close to the center. This oscillation appears to continue
along the Y -direction but slowly dying out. The origin of this oscillation
is also expected to be an electron holography effect but this has not been
verified.
The measured result for argon in Fig. 6.15 is compared to the simulated
result from Fig. 6.8 and the result is seen in Fig. 6.18. The measured result
is here shifted 40 µm to the left to correct for the difference in CEP as the
initial CEP value of the experimental trace was unknown.
The period of the oscillation is captured quite well by the simulation
but the reduction in amplitude is not. The measured data decays at a much
slower rate and does not reach nearly as high a difference in Up/Total ratio as the simulation. The reason for this is most likely the simplicity of
the simulation used here, which may greatly overestimate the ratio. The
simulation only accounts for the interaction with the field and not the at135
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Figure 6.17: Electron momentum distribution difference measured for
argon. The CEPDown -image in Fig. 6.16 has been subtracted from the
CEPU p -image from the same figure. The CEPDown image was scaled by a
factor 1.19 corresponding to the total counts in the CEPU p -image divided
by the total counts in the CEPDown -image.
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Figure 6.18: Comparison between the simulated and measured Up/Total
ratio evolution as a function of the CEP for the measurements on argon.
traction between the electron and the ion. A large improvement is expected
by changing to the more complex model described in the last chapter. In
particular the saturation effect which was shown to have a huge impact on
the ionization of OCS is also expected to have a big effect here.
Another critical effect missing from the simulation is focal volume averaging. All the electrons are in the simulation ionized by the peak probe
pulse. This pulse has a focussed Gaussian spatial profile so this is naturally not realistic. This spatial effect can be included by simulating the
ionization in shells around the focus with decreasing peak intensity. This
would result in a lower Up/Total amplitude and is expected to be a big
part of the explanation of the observed discrepancy between theory and
experiment.
A final concern with the simulation is the use of a 11 fs TL pulse to
determine the effect of the wedges. The real pulses are not transform
limited, or even Gaussian in either the spectral or temporal domain as was
demonstrated in Fig. 4.12. This could be corrected by replacing the TL
limited starting point of the simulation with the measured or simulated
pulse shape found in Fig. 4.12. Replacing the TL limited spectrum with
a more realistic one would, however, only affect the dispersion due to the
wedges. This directly translates into the oscillation period of the simulated
result in Fig. 6.8 and Fig. 6.18. There is already quite good agreement on
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Figure 6.19: Electron velocity distribution from strong-field ionized OCS
measured with the VMI spectrometer. (a) is with a linear color scale
and (b) is with a logarithmic color scale. The white circle indicates the
maximum energy gained by the electrons (80 eV).
the oscillation period between the measurement and the simulation, but
some difference, particularly at low amounts of additional FS is seen so
while this improvement would be interesting it would not explain the large
difference observed in amplitude and a better ionization model is therefore
the prime concern.

OCS
The data analysis and image manipulation (hole removal, masking of data
etc.) required to produce the results for OCS follows the exact same procedure as for argon. Only the important figures are therefore shown here.
Figure 6.19 shows the stacked images for all the measurements on OCS.
The electrons are seen to reach a lower maximum energy compared to the
argon case and only reach 80 eV compared to the 100 eV in the case of argon.
The ponderomotive energy for the OCS measurements was 53 eV compared
to 71 eV in the case of argon. In both cases the observed maximum energy
is therefore significantly less than the expected (2Up ), but the ratio, R =
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Figure 6.20: The Up/Total ratio as a function of the additional CEP
introduced by the moving wedges measured for OCS. The red dots are
measured points and the black curve is a fit to f (x) = a exp(−bx) sin(cx +
φ) + 0.5 to guide the eye. The blue dashed lines indicates the border used
to separate the measurements into a CEPU p and a CEPDown region to
generate Fig. 6.21.

Emax
2Up ,

between the observed and the expected are similar; 70% for argon
and 75% for OCS. This discrepancy could be explained by a poor energy
calibration of the VMI spectrometer but the results from the calibration
in section 6.3 were convincing and at this point the difference is unknown.
Figure 6.20 was generated by the same masking process as described
for argon and the resulting measurement of the Up/Total variation as a
function of the CEP is given here.
Again the two blue dashed lines separate the images with the highest
and lowest Up/Total values from the rest. The images corresponding to
points above the top line were stacked to produce the CEPU p -image shown
in Fig. 6.21, and the images corresponding to the points below the lower
line were stacked to produce the CEPDown -image in Fig. 6.21. Multiple
arms are again visible and appear even clearer here than in the case of
argon, these arms are again attributed to electron holography but not
investigated further.
In Fig. 6.22 the comparison between the measured and the simulated
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Figure 6.21: Images corresponding to point above the top dotted line in
Fig. 6.20 are stacked and produce the CEPU p -image, while images corresponding to points below the lower dotted line are stacked and produce
the CEPDown -image.
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Figure 6.22: Comparison between the simulated and measured Up/Total
ratio evolution as a function of the CEP for the measurements on OCS.
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variation in Up/Total ratio result is found. Again a great agreement with
the periodicity of the oscillations is seen, and again the amplitude is overestimated for the simulation. Both the simulated and the measured amplitude, however, agree that it should be smaller than the corresponding
amplitude for argon.
In Fig. 6.23 the CEPU p image from Fig. 6.21 is subtracted from the
CEPDown image to reveal any hidden features. Again the oscillating pattern along the vertical Y -direction appears as was also seen for argon and
this time it is even more apparent. The pattern is seen to continue all the
way throughout the electron velocity distribution. Electron holography
is again expected as the cause, but this has so far not been investigated
further.

6.5

Conclusion

The few-cycle nature of the our pulses was verified by measuring the CEPdependent Up/Total ratio using the new high-energy VMI spectrometer.
A clear oscillation was observed for both argon and OCS and the measurement on the molecule were shown to behave identical to the measurement
on argon.
A quasi-classical model was developed to simulate these measurements
and great agreement with the periodicity was found. The simulated amplitude of the oscillation was, however, not in agreement with the experimental result. The amplitude is severely overestimated by the simulation
and the exponential fall-off is also far greater in the simulated case. This
is explained by the simplicity of the model. The incorrect ionization rates
from the simple ionization model and the lack of focal volume averaging is
expected to be the two largest contributions to the discrepancy
Interesting electron holography effects were observed, both in the direct
images and by looking at minor difference by subtracting images from
each other. Some interesting information may be hidden here, but the
exploration of this holography effect was not pursued further, primarily
due to time limitations.
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Figure 6.23: Electron momentum distribution difference measured for
OCS. The CEPDown -image in Fig. 6.21 has been subtracted from the
CEPU p -image from the same figure. The CEPDown image was scaled by a
factor 0.88 corresponding to the total counts in the CEPU p -image divided
by the total counts in the CEPDown -image.
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Chapter

7

Asymmetries in Ionization
Yields of Oriented Molecules
During the discussion of the results presented in chapter 5 and chapter 6
Darko Dimitrovski came up with the idea for an additional experiment
that combines ideas from the two previous experiments.
By recording electron momentum distributions for different molecular
orientations and different probe CEPs, new information about the strongfield ionization process could be obtained. In this chapter the experimental
results and some preliminary theoretical calculations are shown. Some
preliminary conclusions are also drawn, but additional work is required
before this investigation is complete.
The measurements and the analysis was performed by me, while Darko
Dimitrovski and Lars Madsen did all the theoretical work.

7.1

Experimental setup

The setup for this experiment, again conducted on OCS molecules, is essentially identical to the setup described for the orientation-dependent ionization yield measurements found in chapter 5 and an overview of the setup is
given in Fig. 5.1. Here the angle θ is also defined as the angle between the
probe pulse polarization axis and the YAG pulse polarization along which
the molecular-axis distribution in centered.
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A difference between the experiment in chapter 5 and this experiment
is the measurements of electrons instead of ions. Similar to the experiment
in chapter chapter 5 the YAG polarization was rotated with the HWP and
for each step an electron momentum distribution was recorded with the
CCD camera.
The VMI spectrometer was not operated at the voltage ratio required
Ext
for a correct velocity map image, which was around VVRep
= 0.86, but was
V
Ext
instead set at VVRep
= 4000
4900 V = 0.82. As a result the recorded images are
not true electron momentum distributions but rather smeared out versions.
For this experiment we are, however, only interested in the Up/Total ratio
as defined in Eq. 6.2 as the ratio between electron counts on the top half
of the detector and the total electron counts on the detector. The final
electron position on the MCP does not change by operating at a slightly
wrong VMI spectrometer voltage ratio, and this modification does not
affect the results.
The reason the voltages were changed was to achieve a greater degree
of orientation. In section 2.4 orientation was explained as the effect of a
static electric field on already aligned molecules. The degree of orientation
is strongly dependent on the strength of the static electric field [11] given
by the voltage difference between the extractor and the repeller plate in
the VMI spectrometer.
For the new VMI spectrometer these plates are separated by 13.5 mm
and operating the VMI spectrometer at the correct voltage ratio would
result in a static electric field strength of only 222 V/cm for a repeller voltage of the maximum available −4.9 kV. As shown in Nielsen et al. [11] this
Nup
would result in a degree of orientation Ntotal
' 60-70%, where Nup is the
number of molecules where the S end points upwards and Ntotal is the total number of molecules. By operating the VMI spectrometer at the larger
repeller/extractor difference used here the static electric field strength is instead increased to 667 V/cm, somewhat higher than the maximum voltage
investigated in Nielsen et al. [11] (571 V/cm), resulting in a large degree
of orientation of ≥ 80% orientation selection.
OCS was selected as the molecule to be investigated due to its asymmetric nature and our experience operating it. The molecules were ground
state selected using the deflector operating at 10 kV and the subsequent
capacitor plates were operated at 500 V.
The degree of orientation was probed with the mid-IR probe pulse
with a pulse energy of 88 µJ, a spotsize of 36 µm × 36 µm and a duration
of 11 fs, resulting in a peak intensity of 3.3 × 1014 W/cm2 . The YAG laser
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Figure 7.1: Illustration of the orientation of OCS within the VMI spectrometer. The alignment direction of OCS is determined by the polarization axis of the aligning YAG laser. The static electric field pointing from
the repeller plate to the extractor plate (when measuring ions) breaks the
alignment symmetry and causes orientation by preferentially placing the
O-end of OCS towards the repeller where the positive voltage is highest.
Figure adapted from Holmegaard [38].
beam was operated under identical conditions as described in section 5.2,
wX = wY = 37 µm, τ = 10 ns and Ipeak = 7.5 × 1011 W/cm2 .
Figure 7.1 illustrates the orientation of OCS within the VMI spectrometer in the case of positive repeller and extractor voltages (Ion imaging). The
static field going from the repeller to the extractor breaks the alignmentsymmetry as the permanent dipole moment of OCS, pointing from O to S,
orients with the static field, so the S-end preferentially points towards the
detector.
The orientation effect is given as,
µ0 · Estat = µ0 Estat cos(β),

(7.1)

as was also described in Eq. 2.29. µ0 is the permanent dipole moment,
Estat is the static electric field and β is the angle between them. When
OCS is aligned parallel to the Y -axis the dipole static field interaction
becomes zero and the effect of orientation disappears. Similarly the effect
is greatest when OCS is aligned along the Z-axis but in this case the degree
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of orientation is unmeasurable as the S+ fragments of both orientations
would hit the same center on the detector.
For these reasons the degree of orientation was only measured for βvalues in the interval from 30° to 150° by recording the S+ ion fragments.
This β interval corresponds to a θ interval from −60° to 60° where θ is the
angle between the probe polarization and the YAG pulse polarization, see
Fig. 5.1.
The result of the degree of orientation measurement is shown in Fig. 7.2.
The center of the images is again seen to be heavily saturated due to low
energy S+ ions from dissociation of OCS+ while the counts at higher S+
momentum is due to repulsion between S+ and OC+ from fragmentation
of the dication.
The Up/Total ratio for each image was calculated by ignoring the center
pixels and only using the high energy S+ counts away from the center.
The Up/Total ratio is seen to vary between 20% and 80%, which is very
satisfactory.
The fit to the data points in Fig. 7.2 is a Sigmoid function of the form,
A
+C
1 + e−bθ
resulting in the following fit-parameters,
f (θ) =

A = 0.61

B = 0.14

,

C = 0.18,

(7.2)

(7.3)

which was used in the theoretical work to include the effect of non-perfect
orientation.

Electron Imaging
The polarity of the VMI spectrometer was changed to VExt = −4000 V
and VRep = −4900 V to enable electrons to be measured instead. This
naturally changes the orientation direction of OCS that then preferentially
has the O-end pointing towards the detector.
The aim of the measurements in this section was to measure the Up/Total
ratio as a function of θ for different CEPs. Since no active CEP stabilization is installed in the system it is necessary to continuously measure the
CEP with the f-2f interferometer as described in section 4.3 and ensure
that the CEP was constant during a measurement. Each measurement
consist of ≈ 30 θ-steps, with each step consisting of 2500 images. The
whole acquisition setup operates at 20 Hz limited by the repetition rate of
the YAG laser. Each measurement therefore requires a stable CEP over
146

7.1. Experimental setup

-48◦

-36◦

-24◦

-12◦

0◦

0.9

12◦

0.8

Up/Total Ratio

0.7

24◦

0.6
0.5

36◦

0.4
0.3

48◦

0.2
0.1
−60

−40

−20

0
20
θ (degree)

40

60

Figure 7.2: The degree of orientation was determined as a function of θ
from −60° to 60° by measuring S+ momentum distributions (See images
at different θ-values in the panels around the main plot). There is no
orientation when the molecule is perpendicular to the static electric field
from the VMI spectrometer (θ = 0◦ ). When the molecule is aligned along
the direction of the static electric field (θ = −90◦ or 90◦ ) the degree of
orientation is largest, but in this case the degree of orientation cannot be
determined as the S+ ions hit the center of the detector for both emission
directions.
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slightly more than an hour. As seen from Fig. 4.6 this should be possible without requiring active CEP stabilization, but any drift during the
measurements were observed by the f-2f interferometer.
The different CEPs for the measurements were adjusted by doing scans
similar to the scan presented in Fig. 6.20 between each measurement and
then selecting a wedge position resulting in either a maximum Up/Total
ratio, a minimum Up/Total ratio or close to an Up/Total ratio of 0.5. In
the following these three measurements are referred to as up (maximum
Up/Total ratio), down (minimum Up/Total ratio) and center (Up/Total
ratio = 0.50).
These three curves were measured for two different probe intensities
while the YAG laser intensity was kept constant at 7.5 × 1011 W/cm2 . The
high intensity measurements was at a peak probe intensity of 1.5 × 1014 W/cm2
while the low intensity measurement was at 1.2 × 1014 W/cm2 .

7.2

Results

In Fig. 7.3(a) the electron images for all three CEPs and all the different
orientations are stacked into a single image for the low intensity probe
measurement. Two holes are seen in the image. A big hole in the north
east corner of the center as was also seen in the previous measurements
(Fig. 6.14 et cetera) and a second hole that has now appeared directly
below the center, indicating a new damaged spot on the MCP.
Around the two holes a weak ring is seen. The origin of this ring will
later be shown to be an effect from the YAG laser. How the YAG pulse
influences this low energy part of the electron momentum distribution is
unknown and to better compare to the simulations all counts within this
region was ignored. In Fig. 7.3(b) the combined image after applying the
masking is seen.
Figure 7.3(c) and (d) shows the same as (a) and (b) but for the high
probe intensity measurement. In both Fig. 7.3(a) and Fig. 7.3(c) two
shapes are seen at the bottom of the images. These two blobs are the
same as was seen in for instance Fig. 6.13(b) and Fig. 6.19(b) where the
two blobs appeared along the center line. Again these two blobs should be
ignored as they are an artifact from the VMI spectrometer and does not
reflect real electron counts. The reason the blobs have moved downwards
here is due to the shift in laser beam position inside the VMI spectrometer
as required for ground state selection of OCS using the deflector. Both
blobs have been filtered out by the masking as seen in Fig. 7.3(b,d).
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Figure 7.3: Stacked electron velocity images for OCS. (a) and (c)
shows the stacked electron images for all the data points shown in
Fig. 7.4(a) and Fig. 7.4(b), respectively. (a) is for the low intensity probe (1.2 × 1014 W/cm2 ) and (c) is for the high intensity probe
(1.5 × 1014 W/cm2 ). (b) is the same image as (a) but after the application of the used masking. Similarly for (d) and (c).
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Figure 7.4: Asymmetry parameter, Up/Total, for the photoelectrons as
a function of the molecular orientation, θ. The CEPup -curve is for a CEP
value causing electrons to predominantly hit the top of the detector, while
the CEPdown -curve is for a CEP value causing the electrons to predominantly hit the lower part of the detector. The CEPcent -curve is for a CEP
between these two. A cosine function is fitted to the respective points to
guide the eye.
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Figure 7.4 shows the asymmetry parameter Up/Total for the electrons
as a function of θ measrued for two probe pulse intensities and three different CEP values. A very large variation in Up/Total ratio is observed,
much greater than for the CEP measurements in section 6.4. The three
different CEP values used are reflected in a vertical shift of the curves, that
otherwise appears very similar. Overall the red CEPup -curve lies higher
than the blue CEPdown -curve and the black CEPcent -curve. These two last
curves, however, appear very similar, with the blue curve slightly below
the black curve. This is due to a non-perfect choice of CEP for the series
of measurements. When the center CEP (CEPcent ) was chosen, the aim
was to reach an Up/Total value of 0.50 at θ = 0°. This was not the correct
procedure, instead the mean value between the CEPup Up/Total value and
the CEPdown Up/Total value should have been used. Due to the limited
resolution of the camera the center value was shifted slightly upward and
as a result the CEPdown and CEPcenter images were recorded at very similar CEPs. An example of this is found in Fig. 7.6 for the blocked YAG
laser measurement. The mean value should here be centered around 0.50
but the center is closer to an Up/Total ratio of 0.52.
The amplitude of the overall oscillation in Fig. 7.4 is slightly lower for
the high intensity measurements (A = 0.088) compared to the low intensity
measurement (A = 0.12). This is also expected as lowering the intensity
corresponds to only selecting the highest energy electrons for which the
effect is strongest.
Comparing Fig. 7.4 to the CEP measurements for OCS depicted in
Fig. 6.20 the amplitude of the CEP oscillation is found to be in good
agreement with the amplitude difference seen for the current measurement
between the red CEPup -curve and the blue CEPdown -curve. This indicates
that the overall oscillation is an orientation effect while the small shifts
along the Up/Total axis is related to their CEP difference. This is verified
by the theoretical calculations in the next section.
The difference between the CEPdown -curve and the CEPcent -curve appears almost negligible, but can be magnified by only including the highest
energy electrons. This is shown in Fig. 7.5 where a larger center portion
of the high intensity measurement shown in Fig. 7.3(c) is removed in the
masking process. The resulting image after application of the high-energy
mask is shown in Fig. 7.5(b) and the resulting Up/Total curve is shown
in Fig. 7.5(a). It is now more clear that the blue CEPdown -curve is at
lower values than the black CEPcent -curve. The amplitudes are also significantly greater (A = 0.17) again due to the selection of only the high
energy electrons.
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Figure 7.5: The data used for the high intensity measurement in
Fig. 7.4(b) have been filtered more aggressively and only the high energy
electrons seen in (b) is included in the calculation of the Up/Total curves
seen in (a).

Before interpreting these results it is important to test if the Up/Total
ratio has the same functional form vs. CEP independent of the molecular
orientation. This is done by measuring the Up/Total ratio corresponding
to two different molecular orientations (θ = 45° and θ = 135°) as well as
a measurement where the YAG laser beam was blocked corresponding to
randomly aligned molecules.
The result of this measurement is seen in Fig. 7.6. To ensure that
passive CEP drift was not an issue the YAG laser polarization was rotated
between each CEP step. For each CEP value three measurements were
therefore performed, one with the YAG pulses polarized at θ = 45°, one at
θ = 135° and one with the YAG pulses blocked before moving to the next
CEP value. The peaks are seen to overlap which confirms that orientation
does not affect the Up/Total ratio as a function of the CEP.
In Fig. 7.7 the combined images for each of the three YAG laser conditions (θ = 45°, θ = 135°, YAG laser blocked) are seen. The emission direction of the electrons is visibly changed as also expected from the results in
Fig. 7.4. The ring that is barely visible around the center in Fig. 7.7(a,b)
is seen to have disappeared in Fig. 7.7(c) where the YAG laser beam was
blocked. This confirms that the rings which was also observed in Fig. 7.3
is an ATI effect from the YAG laser.
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Figure 7.6: The Up/Total ratio calculated from electron VMI spectrometer images measured as a function of the CEP by scanning the wedges
for two different OCS orientations (θ = 45°, θ = 135°) and a measurement
with the YAG laser beam blocked. The dots are measured points and the
lines are cosine fits.
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Figure 7.7: Combined electron images for each of the three YAG laser
conditions used in Fig. 7.6. (a) is for an angle θ = 45° between the probe
and YAG laser polarization axis, (b) is for an angle θ = 135° and in (c) the
aligning YAG laser beam was blocked.

7.3

Theoretical Results and Discussion

The theoretical model is only briefly described here as the work is not done
by me, but by Lars Madsen and Darko Dimitrovski. The presentation of
the results was done by me, and the current interpretation of the results is a
joint effort between me, Darko, Lars and Henrik. All the results presented
here are, however, still preliminary.
The model used to calculate the final electron momentum distributions
is described in Dimitrovski and Madsen [88, 89]. A brief summary of the
effects included are contained in Eq. 7.4,
Z ∞
p(t0 , p0 ) = p0 −
dt0 F (t0 ) + pC (t0 , p0 ) + pID (t0 , p0 ),
(7.4)
t0

where p is the final electron momentum, t0 is the electron birth time and
p0 is the initial electron momentum (Gaussian distribution around 0 for
tunneling ionization).
The final momentum depends on the interaction with the field (F (t0 )),
the effect of the Coulomb interaction between the electron and the ionized
molecule (pC (t0 , p0 )) and the effect of the induced dipole (pID (t0 , p0 )).
If everything but the interaction with the field is ignored the model
reduces to the simpleman’s model used in chapter 6. The inclusion of the
other terms are, however, important as is immediately seen in Fig. 7.8
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where the ionization rate for electrons going in the upward direction divided by the total ionization rate is plotted as the black line for the two
different models; The simpleman’s model only taking the interaction with
the field into account [13] and an improved model based on the weak field
asymptotic theory (WFAT) [94] for OCS [92] leading to Eq. 7.4. This
advanced model is the same as was briefly introduced in section 5.6.
In both cases the rates are calculated for probe pulses with similar
properties as used in the experiment (12 fs, 1850 nm, 1.2 × 1014 W/cm2 ).
Also plotted is the Up/Total ratio from the calculated electron momentum
distributions from the two models. These are calculated for both a low
(1.2 × 1014 W/cm2 ) and a high (2.0 × 1014 W/cm2 ) peak intensity for the
advanced model in Fig. 7.8(b) and for the low intensity for the simpleman’s
model in Fig. 7.8(a).
The results of the advanced model are clearly a better representation
of the measured data seen in Fig. 7.4 as the simpleman’s model only provides a π/2 oscillation compared to the full π oscillation of the advanced
model. Some clear differences are, however, seen. The advanced model has
Up/Total maxima(minima) at 60°(120°) while the experimental results in
Fig. 7.4 show extremes at 45° and 135°. The discrepancy is most likely
related to the inadequacies of the available ionization rates for OCS at
large field strengths as discussed in section 5.6. The overall shape of the
advanced model, however, clearly reproduces the measured data and the
difference in maxima/minima location is not investigated further at this
current state.
In all cases the Up/Total ratio is seen to be proportional to the ionization rate for fields pointing in the up direction divided by the total
ionization rate (rateU T ). The ionization rate for fields pointing in the
down direction divided by the total ionization rate (rateDT ) is linked to
(rateU T ) by,
rateDT + rateU T = 1,
(7.5)
and as a consequence rateDT is anti-correlated to the Up/Total ratio.
From Fig. 7.8 the initial direction of the emitted electron due to tunnel
ionization can be correlated to the final direction of the electron observed
in the 2D images. This answers the question of which direction the electron
was initially emitted in when the final direction is known. In Holmegaard et
al. [13] this question was answered for circularly polarized light, where
it was proved that the initial electron direction was opposite the final
direction. Whether this is also the case for linearly polarized light has up
until now remained unexplored.
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Figure 7.8: Calculated results for two different theoretical models. (a)
is for a model only including interaction with the remaining probe field
and (b) is for a more advanced model based on the weak field asymptotic
(WFAT) model, Eq. 7.4. The red points correspond to the calculated
Up/Total ratios from the electron momentum distributions from the two
models and the black curves are ionization rates for fields pointing in the
up direction divided by the total ionization rate. The rates are in both
cases calculated for the low intensity values. A line at 0.50 is drawn to
ease separation of the up and down direction.
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The answer to which direction the electron takes after ionization with
the linearly polarized probe pulse is provided in Fig. 7.9. Here two specific
θ cases are illustrated. In (a) an illustration of the OCS orientation for
θ = 60° is found corresponding to the green area in (b) where the result
from Fig. 7.8(b) is plotted again. The rateU T ratio corresponding to the
ionization rate from fields pointing up divided by the total ionization rate is
plotted as the black curve in Fig. 7.9(b) while the rateDT ratio corresponding to the ionization rate from fields pointing in the down direction divided
by the total ionization rate is plotted as the blue curve in Fig. 7.9(d).
Ionization is dominated by fields pointing up for θ = 60° and by fields
pointing down for θ = 120°. The electron is negatively charged and is
therefore predominantly emitted in the down direction for θ = 60° and
in the up direction for θ = 120°. From either the calculated Up/Total
ratios in Fig. 7.9(b,d) or the measured result in Fig. 7.4 the final electrons
are seen to predominantly end up in the up direction for θ = 60° and in
the down direction for θ = 120°. This is illustrated as the green blobs of
electrons in Fig. 7.9(a,c). The inital and final electron direction is therefore
seen to be opposite.
Several other interesting conclusions can be drawn from the theoretical
model. The Up/Total ratio oscillation seen in Fig. 7.8(b) is for instance
not a few-cycle effect. This is clear from the results presented in Fig. 7.10
where the advanced model based on Eq. 7.4 has been used for a manycycle 800 nm pulse as well as the few-cycle mid-IR pulse at identical peak
intensities.
The oscillation is instead a consequence of the asymmetry in the OCS
HOMO orbital. The overall shape of the oscillation in Fig. 7.4 is clearly
very insensitive to the probe parameters and the shape should instead be
seen as an identifier for this molecule.
The few-cycle nature of the pulse does, however, also have an effect on
the Up/Total ratio as can be seen in Fig. 7.12 where different CEPs of the
same 12 fs pulse has been simulated. In Fig. 7.11 the different fields used
in the simulation can be seen. As in the experiment, Fig. 7.4, a change in
CEP is seen to shift the oscillation along the Up/Total axis. A cosine like
pulse (CEP=0) and a minus cosine like pulse (CEP=180°) are not shifted
while a sine like pulse (CEP=270°) is shifted to higher Up/Total ratios and
a minus sine like pulse (CEP=90°) is shifted to lower ratios.
A measurement like the one presented in Fig. 7.4 can therefore immediately reveal the absolute CEP of the pulse. An example is the pulse
resulting in the red up-curve in Fig. 7.4 which following this discussion can
be concluded to have a sine like absolute CEP.
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Figure 7.9: Illustration of the ionization process of oriented OCS by a
linearly polarized probe. In (a) the orientation of OCS is illustrated for
an angle θ = 60°. In (b) the ionization rate for fields pointing in the
up direction divided by the total ionization rate is plotted along with the
calculated Up/Total ratio from the final electron momentum distribution.
In (c) the orientation of OCS for θ = 120° is shown and in (d) the ionization
rate for fields pointing in the down direction divided by the total ionization
rate is found as the blue curve. The green area in (b) and (d) correspond to
θ = 60° and θ = 120° where ionization is dominated by fields pointing up
(θ = 60°) or down (θ = 120°). The electron is immediately after ionization
moving in the opposite direction of the field due to its negative charge as
illustrated in (a) and (c). The final electron direction is, however, opposite
of this as seen by the Up/Total ratio in (b) and (d) and illustrated in (a)
and (c).
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Figure 7.10: The Up/Total ratio from the calculated electron distributions from the WFAT model for two different ionizing pulses. The red dots
is for a 12 fs, 1850 nm probe pulse similar to the probe pulse used in the
experiment and the blue dots is for a many-cycle 30 fs, 800 nm probe pulse.
Both pulses have a peak intensity of 1.5 × 1014 W/cm2 .

7.4

Conclusion

The initial direction of an electron ionized from OCS by a strong laser field
has been determined to be opposite to their final direction measured by
the MCP/CCD setup. This is a result of the attraction between the free
electron and the cation, an effect that is included in the modified WFAT
model.
The symmetry breaking effect of the few-cycle pulses are revealed as
a shift along the Up/Total axis of the measurements. This information
can experimentally be used to determine the absolute CEP of a few-cycle
pulse.
The overall shape of the measurements on OCS were found, both experimentally and theoretically, to be very insensitive to the probe laser
parameters. Both a few-cycle, mid-IR pulse at different peak intensities
and a traditional 800 nm, many-cycle pulse reproduces the overall shape.
This orientation-dependent asymmetric result is therefore concluded to be
159

7. Asymmetries in Ionization Yields of Oriented Molecules

CEP=0◦

CEP=45◦

CEP=90◦

CEP=135◦

E-field (E0 )

1.0
1.0
0.5
0.8
0.0
−0.5
0.6
−1.0

CEP=180◦
CEP=225◦
CEP=270◦
CEP=315◦
1.0
0.4
0.5
0.0
0.2
−0.5
−1.0
0.0
0.0
−20 0 0.2
20 −20 00.4 20 −20 0.60
20 −20
0.8 0
20
1.0
Time (fs)

Figure 7.11: Evolution of the electric field as function of the CEP for a
τ = 12 fs, λ0 = 1850 nm pulse as used in the calculations in Fig. 7.12.
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Figure 7.12: The Up/Total ratio from the calculated electron momentum distributions from the improved WFAT model for 12 fs, 1850 nm,
2.0 × 1014 W/cm2 probe pulses at different carrier envelope phases.
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a direct effect of the HOMO orbital of OCS, and can be seen as a fingerprint of the molecule. We expect these measurements can lead to better
understanding of the strong-field ionization process, but additional work
is still needed.
The excellent agreement between the measured results and the calculated results from the modified WFAT theory already proves that this
theory captures many effects lost in the simpler theories.
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Chapter

8

Laser-Induced Electron
Diffraction
A so-called molecular movie where a molecular reaction is both spatially
and temporally resolved has been a long standing goal in physical chemistry [104,105]. Such a process takes place on a sub-Ångström spatial scale,
and is initiated on a few-femtosecond time scale. A method enabling such
spatio-temporal resolution would represent a new era in modern physics
and chemistry as previously unknown connections between molecular structure at critical transition points and barrier heights could suddenly be
probed. Some of these interesting processes are transition states [106],
rapid dynamics near a conical intersection [107] and proton migration and
isomerization [108].
Electron diffraction has long been used to probe the inner structure
of molecules [109–112]. In such a measurements an electron beam is accelerated to several kilovolts before impinging on a molecular gas sample.
Due to the high energy the bonding valence electrons appear transparent
and the impinging electrons penetrate into the core resulting in scattering
strongly dominated by the short-range atomic like potential. From the
resulting diffraction pattern the atomic positions are spatially resolved
with sub-Ångström precision. This method is, however, currently limited to hundreds of femtoseconds due to the strong Coulomb repulsion
of the electrons [4]. Current electron probe development therefore aims at
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improving the temporal resolution either by utilizing relativistic electron
bunches [113] or by reducing the space charge [114].
Another possibility is X-ray diffraction methods [115]. These are, however, only available at large-scale free-electron laser facilities and currently
suffer from spectrotemporal jitter [4].
These problems has initiated the development of new laboratory scale
tabletop dynamic imaging techniques such as chirp encoded recollisions [116],
photoelectron holography [117], femtosecond photoelectron diffraction [118],
Coulomb explosion imaging [119] and laser-assisted electron diffraction [120].
Laser-Induced Electron Diffraction (LIED) is one of these new tabletop
methods and is based on the strong-field ionization process [2,4,21–24]. As
described in section 2.3 an electron ionized at a specific time, tb , is accelerated by the field, and at the return time, tr , its energy may be sufficient
for the de Broglie wavelength to be lower than the intermolecular spacing, thereby resulting in a diffraction pattern, enabling the determination
of the atomic positions. The return time is directly related to the center
wavelength of the strong-field ionizing probe and a change in wavelength
results in a small time difference enabling the sub-femtosecond temporal
resolution.
The prospects with this novel technique were so promising that an
attempt using the mid-IR source was planned as one of the initial experiments and this chapter present the findings on our LIED attempt.
Several groups have already proven that the method works [2, 4, 24, 121],
at least for small molecules, and many more are currently attempting.
Our attempt differentiates itself by utilizing few-cycle pulses which reduces smearing of the diffraction pattern as ideally only a single electric
field peak during the pulse causes ionization. We also investigate far larger
molecules than have previously been attempted and hope to reduce the
noise by reaching a significantly greater degree of alignment compared to
the previous measurements.
During the end of my PhD I also visited Dr. Arnoud Rouzée’s group at
the Max Born institute in Berlin. Here a similar attempt in collaboration
with Prof. Dr. Jochen Küpper was just initiated. The setup here is
somewhat different than our current setup as they have access to a 1 kHz
Ti:Sa laser source with pulse energies of up to 35 mJ, of which 25 mJ is
used to pump a TOPAS resulting in mid-IR pulses, λ0 ' 1900 nm, τ = 50 fs,
with a pulse energy of up to 6 mJ. The plan with their setup is to field-free
align OCS, initially by a double kick setup, and in the end using a pulse
shaper, to reach a very high degree of alignment of hcos2 θ2D i ≥ 0.95. My
stay was during the optical– and deflector-setup phase and at my time of
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departure the first field-free aligned images of OCS was just obtained. I
therefore did not participate in any LIED measurements and no results
from that setup will be presented in this thesis. The focus is instead on
the attempt with the Aarhus setup.
This experiment was performed in close collaboration with Lauge Christensen where we each did equal work. Joss Wiese and Andrea Trabattoni
from Jochen Küppers group also joined the experiment for two days each.
The subsequent analysis was done by me.

8.1

Experimental Setup

The typical intra molecular distances are of the order of 100 pm (' 139 pm
and ' 213 pm for 1, 4-diiodobenzene which is investigated here), the kinetic
electron energy required for diffraction can be estimated by noting that the
de Broglie wavelength can be written as,
λ= p

hc
2Ekin m0 c2

,

(8.1)

where hc is 1240 eVnm using relevant units. The electron rest mass is
m0 c2 = 511 keV and the resulting required electron kinetic energy is ≈
150 eV. This is a high energy but it is well within the range of the possible
3.17Up with the current source that reaches Up ≤ 110 eV for optimal probe
laser conditions, τ = 10 fs, wX = wY = 36 µm and pulse energy ≤ 75 µJ,
and LIED should therefore in general be possible with the current setup.
The molecule investigated is 1, 4-diiodobenzene (DIIB), a benzene ring
with an Iodine atom on opposite sides. It has a molecular weight of 329.9
and the chemical formula C6 H4 I2 and can be seen in Fig. 8.1 along with the
orientation within the VMI spectrometer. The LIED experiment presented
below was performed with an orientation as presented in Fig. 8.1 while the
degree of alignment measurement was performed for the opposite case as
well where the probe laser was polarized along the horizontal Z-direction.
The reason DIIB was selected as the molecule to be investigated, was
due to the iodine atoms which are much larger than the remaining atoms
(molecular weight of 127 each). The simple idea was that scattering would
be dominated by the iodine atoms and the large complex molecule would
appear like a simple diatomic molecule, hopefully allowing for a clearer
interpretation of the results.
DIIB was inserted into the Even-Lavie valve and the He backing pressure was again set to 80 bar. The temperature of the valve was set to
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Probe
YAG

Figure 8.1: Orientation of 1, 4-diiodobenzene within the VMI spectrometer during the LIED experiment. Part of the experiment was done with
the opposite probe and YAG laser polarization so the molecule was instead
aligned along the detector plane. Figure adapted from Holmegaard [38].

80 °C for sufficient vapor pressure. The YAG laser was again used to align
the molecules and the conditions are identical to the previous conditions;
wX = wY = 37 µm, τ = 10 ns, Ep = 172 mJ resulting in a peak intensity
of 7.5 × 1011 W/cm2 .
As discussed in section 4.1 the probe laser polarization is not controllable after the Ge-plate. In order to change the probe polarization a
periscope was built and inserted instad of the first protected silver mirror
after the collimating mirror in Fig. 4.1.
In Fig. 8.2 time-of-flight measurements for the two DIIB configuration
can be seen. Several interesting features are revealed here. The difference
between the two configuration, particularly for I+ , is immediately apparent.
In Fig. 8.2(a,c) where the probe is polarized into the detector plane, the
I+ peak is divided into two peaks, while only appearing as a single peak in
Fig. 8.2(b,d). The peak is also much wider, indicating a large I+ velocity
distribution. This is a natural consequence of the probe orientation. Because the probe is perpendicular to the detector plane, some I+ fragment
are emitted away from the detector while others are emitted towards the
detector. This naturally results in different arrival times and causes the I+
peak to split into two peaks.
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Figure 8.2: Time-of-flight measurements for 1, 4-diiodobenzene in the
two different probe laser configurations. In (a) and (c) the probe laser is
polarized along the horizontal Z-axis and in (b) and (d) the probe laser is
polarized along the vertical Y -axis. (a) and (b) are the low probe intensity
measurements with Iprobe = 1.5 × 1014 W/cm2 while (c) and (d) are the
high intensity measurements with Iprobe = 2.9 × 1014 W/cm2 .

167

8. Laser-Induced Electron Diffraction
Looking at Fig. 8.2(a,c) it is clear that not much signal is gained by
increasing the intensity compared to the increase in background. For the
low intensity measurement in (a) almost no water is present while in (c)
it is the highest peak. At the same time the DIIB+ peak is only slightly
decreased while the different fragments are increased (particularly I+ ). The
story is somewhat different for the vertically aligned probe measurements
in Fig. 8.2(b,d). Here the DIIB+ signal is significantly increased along with
the different fragments, while the water signal is also greatly increased, but
is not the dominating signal. The cause for this difference between the two
polarization configurations is so far not established.
The degree of alignment for the two configurations was probed in the
same manner as discussed in the previous chapters. The probe was tuned
to the maximum available intensity of Iprobe = 2.9 × 1014 W/cm2 and was
polarized along either the vertical or the horizontal direction while in both
cases the aligning YAG pulses was polarized along the vertical Y -direction.
The result for the horizontal probe was already shown in Fig. 2.7 but
was shown again in Fig. 8.3 along with the result for the vertical polarized
probe. The two aligned images appear similar, but the degree of alignment
is slightly better for the vertical probe (Fig. 8.3(d), hcos2 θ2D i = 0.96) compared to the horizontal probe (Fig. 8.3(b), hcos2 θ2D i = 0.94).
The two images were the aligning YAG laser beam was blocked, Fig. 8.3(a,c),
however, appears quite different. In (a) the I+ ions appear completely randomly aligned (hcos2 θ2D i = 0.52) as expected, while (c) appears to still
be somewhat aligned (hcos2 θ2D i = 0.86).
This is a natural consequence of the orientation-dependent ionization
yield described in chapter 5. The ionization potential is not uniform for the
different molecular orientations and traditionally the ionization potential
energy, Ip , is reduced along the molecular axis. In Eq. 2.14 the strong ionization probability dependence on Ip is shown. Even a small difference in Ip
therefore result in a large difference in the amount of emitted electrons and
therefore the amount of I+ fragments. The vertical polarized probe laser
therefore acts as a selective ionization source, primarily ionizing the vertical aligned DIIB molecules in the otherwise random aligned distribution.
In the horizontal probe situation, this effect is also somewhat present as the
horizontal probe here primarily ionized DIIB molecules aligned along the
horizontal direction. The I+ fragments from these molecules will, however,
all hit directly in the center1 and will only result in a single large central
1

This may have been the cause of the new detector damage seen in Fig. 7.3, as this
LIED experiment was performed before the experiment in chapter 7.
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Figure 8.3: I+ ions from coulomb exploded 1, 4-diiodobenzene in two
different YAG/probe polarization configurations. In (a) and (b) the probe
laser is polarized along the horizontal Z-direction and in (c) and (d) it
is polarized along the vertical Y -direction. In (a) the alignment laser is
blocked (hcos2 θ2D i = 0.52) and in (b) the alignment laser is polarized
in the vertical direction hcos2 θ2D i = 0.94. In (c) the alignment laser is
again blocked (hcos2 θ2D i = 0.86) and in (d) the alignment laser is again
polarized in the vertical direction hcos2 θ2D i = 0.96.
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peak. In Fig. 8.3(c) this center pixel is removed to allow the remaining I+
distribution to be visible.
For the LIED measurements the VMI spectrometer was again operated with the maximum available voltage of VExt = −4600 V and VRep =
−4900 V to record the highest energy electrons. The probe intensity was
set at Iprobe = 1.5 × 1014 W/cm2 to limit the amount of electrons per laser
shot to ≤ 3 to minimize space charge effects. DIIB has a very low ionization
potential of 8.45 eV 2 and easily ionizes and fragments.

8.2

Data Analysis

Electron momentum distribution were measured with the VMI spectrometer. Following the Quantitive Rescattering (QRS) theory this photo electron momentum distribution D(p, θ) is related to the elastic molecular
differential cross-section (DCS) by [23, 122, 123],
D(p, θ) = W (pr )σ(pr , θr ),

(8.2)

where W (pr ) is the returning electron wave packet. The returning electron
scatters of the molecule at a time tr where the laser field is still present. It
therefore gains an additional momentum shift −A(tr ) = Ar from the laser
pulse.
For a probe laser polarized along the vertical Y -direction the relation
between the scattered electron momentum (pr ) and the detected electron
momentum (p) is given by,
pk = p cos θ = −Ar ± pr cos θr

(8.3)

p⊥ = k sin θ = pr sin θr ,

(8.4)

where + (-) refers to the electron returning to the target along the +Y (−Y )
direction. The momentum shift Ar corresponding to any pr is therefore
required and the method used here is the phenomenological relationship
Ar = pr /1.26 [123].
A log-scale image of the obtained electron momentum distribution is
shown in Fig. 8.4 along with a vector diagram relating the different momenta. The figure immediately illustrates some of the problems with the
current setup. While having plenty of counts to resolve the direct electrons
within the blue circle (30 eV) almost no counts are found for the rescattered
2
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Figure 8.4: An electron is released due to strong-field ionization at time
tb . Some values of tb results in direct electrons reaching energies within
the blue circle. At other tb the electron elastically rescatters and gains
additional energy from the remaining field, resulting in a larger momenta
within the magenta circle. The insert to the right is a zoom in on the arrows
in the image and defines the relation between the momentum acquired from
the field (-Ar ), the scattered momentum (pr ) and the observed momentum
(p).

electrons within the magenta circle. This was, however, already expected.
In Blaga et al. [2] at least 106 lasershots were recorded for each scattering
angle. In our setup all angles are recorded simultaneously due to the VMI
spectrometer so a rough estimation of the required acquisition time with
our 20 Hz setup is then ≥ 13 Hours. This is a long acquisition time but not
impossible. The measurement presented in Fig. 8.4 is, however, the result
of only about an hour worth of data collection, corresponding to around
72000 lasershots.
At the time of the experiment we ran into problems with the stability
of the YAG laser that started temporal drifting, resulting in strong alignment fluctuations. This made the LIED experiment unfeasible and the
measurements were postponed.
Several important conclusions can, however, be made by the available
data. The acquisition rate is the main limiting factor. Before another
attempt is made this has to be drastically improved. This is, however,
relatively simple to fix by changing the alignment laser source. The Spitfire
ACE described in section 4.1 is equipped with an output port for the
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uncompressed 800 nm pulses. These have a duration of 170 ps and a rep
rate of 1 kHz. The rep rate of the entire system can thus be improved by
at least a factor 10 (limited by the EL-valve and the camera) by changing
to alignment using these pulses instead.
This has several additional benefits; the timing of the pump/probe
pulses becomes simpler as they originate from the same laser source. Furthermore it is possible to utilize field-free alignment by compressing the
pulses to some hundreds of femtoseconds resulting in impulsive alignment
instead of adiabatic alignment. The effect of the YAG pulses in the current adiabatic alignment experiment is not known, and could be a problem, which this procedure would solve, but at the cost of a lower degree of
alignment. The change to using the uncompressed 170 ps pulses from the
Spitfire ACE for adiabatic alignment have already been started, and adiabatic alignment of 1, 4-diiodobenzene using this setup have already been
demonstrated for a different vacuum system.
Comparing to other groups this 200 Hz acquisition rate is still low.
Blaga et al. operated at 1 kHz [2], while Pullen et al. have a 160 kHzmidIR optical parametric chirped-pulse amplifier laser source available [4,124].
We, however, expect 200 Hz operation to be sufficient due to higher degree
of alignment and lower noise due to the few cycle nature of our pulses,
resulting in a less smeared out signal.
Looking at Fig. 8.4 the range of the current VMI spectrometer is also
a problem. The magenta ring illustrates the anticipated range of the scattered electrons. This range is barely measurable with the current VMI
spectrometer range, and with an improved acquisition rate the range of
the rescattered electrons may very well spill over the detector. Especially
if a higher probe energy is chosen. This is, however, easily fixed by acquiring a better VMI spectrometer voltage supply allowing for higher voltages.
The current VMI spectrometer design allows for voltages of up to 20 kV
and upgrading should be simple.
An improvement requiring much more work but that may prove to be
critical is discussed in Pullen et al. [4]. Here a full reaction microscope is
available allowing simultaneous detection of both ions and electrons. This
allows for a coincidence measurement where electrons are only detected
when a specific ionic fragment is also detected. In Pullen et al. [4] acetylene
(C2 H2 ) was investigated and only electrons in coincidence with the single
ionized fragment (C2 H2+ ) was used, and the remaining electron counts
were ignored in the analysis. A large difference between this gated electron
signal and the full electron signal was observed. A reaction microscope is
neither available nor planned in our laboratory, and this part of the analysis
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can not be performed, if this turns out to be critical remains to be seen.

8.3

Conclusion and Outlook

The initial attempt at laser-induced electron diffraction was not successful.
Problems with the YAG laser used to align the molecules prevented a
proper attempt. From the limited results acquired several conclusions are,
however, drawn which will help the next attempt.
The data acquisition rate requires a significant upgrade. The 20 Hz
acquisition rate is currently being upgraded to 200 Hz by changing from
alignment using the YAG laser to alignment using the uncompressed output
from the Spitfire ACE Ti:Sa laser. This may in time also allow for nonadiabatic field-free alignment.
The range of the VMI spectrometer also requires an upgrade to allow
for detection of higher energy electrons. At the current low probe intensity
measurements the scattered electrons are expected to reach the edge of the
detector. Increasing the range is, however, trivial as only a new VMI spectrometer voltage supply is needed, the VMI spectrometer itself is already
designed for higher voltages and should not present a problem.
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Chapter

9

Conclusion and Outlook
This final chapter lists the conclusions made throughout the thesis and
some suggestions for future progression are discussed.

Establishing the new Laser Source
A few-cycle, mid-IR laser source has been established and has been shown
to produce mid-IR pulses with a duration of ' 10 fs, well within the fewcycle region. The available pulse energy for this new source is 83 µJ. The
pulses were characterized with a self-built dispersion-compensated SHGFROG and the results were found to be in excellent agreement with simulations utilizing the symmetrized split-step Fourier method. Furthermore
external control of the CEP of the pulses have been demonstrated utilizing
the wedges. The passive CEP drift was measured for more than two hours
where a drift less than 500 mrad was observed. Several improvements to
the optical setup have been suggested, the most significant being the introduction of an active CEP stabilizing mechanism. This seems to be a
straightforward upgrade as the wedges and the f-2f setup are already in
place and only a software upgrade is needed.
A new VMI spectrometer was installed in the vacuum setup. This
spectrometer allows for detection of the high energy electrons produced
by the new laser source. The new spectrometer appears to be functioning
as expected but comparison to simulations reveal a difference in the oper175
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ating voltage ratio from the expected. This could indicate that the laser
beams are not centered inside the VMI spectrometer and this should be
investigated further.

The Orientation-Dependent Ionization Yield Measurements
For the first time the orientation-dependent ionization yield was measured
for several molecules using linearly polarized mid-IR probe pulses. Overall,
the comparison between the experiment and theory for OCS is much better
than in the previous study at 800 nm [12]. This is in part because the
present experiment provides cleaner conditions for the quasi-static limit
where the theory applies to. The remaining discrepancy between theory
and experiment reflects the inadequacy of the available ionization rates for
OCS at the large field strengths used in this experiment. The next studies
will focus on the measurement of more differential observables notably
the photoelectron kinetic energy and angular distributions. They should
enable more critical testing of theoretical models and thus lead to a better
understanding of strong-field ionization of molecules by intense mid-IR
laser pulses.
Several additional molecules (benzonitrile, naphthalene, anthracene and
tetracene) were also investigated experimentally. The experimental results
for these molecules were all in excellent agreement with previous experimental and theoretical results [12], and is further evidence that the theoretical
models apply well to these larger molecules.
The current setup did, however, not allow for detection of tetracene as the
vapor pressure was too low. Tetracene may, in the future, be investigated
by utilizing helium nanodroplets as these have been demonstrated to be
able to operate with similar size molecules [97].
A large modulation ratio of the orientation-dependent ionization yield
between angles parallel and perpendicular to the molecular axis was observed for all molecules except OCS. This could be useful for future experiments as a tool to determine the degree of alignment. This is particularly
interesting for the molecules that lack a good ionic observable making the
traditional Coulomb explosion method unfeasible. Example of such molecules are polycyclic aromatic hydrocarbons. In particuar, it could be interesting to record the alignment dynamics for increasingly larger systems,
i.e. naphthalene, anthracene, tetracene, pentacene etc.
The use of the longer wavelength compared to the 800 nm measurements results in a large reduction in fragmentation. This could be advantageous for experiments where information about the nodal planes of
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orbitals or electrical properties of molecules is probed by recording the
emission direction of the photoelectrons in the molecular frame [13, 85].
An interesting extension of the experiments is to utilize circularly polarized light pulses instead of the linearly polarized pulses. This would prevent
liberated electrons from re-scattering off the parent ion, an effect that may
very well cause a substantial amount of the observed fragmentation due to
non-sequential ionization.

The Few-Cycle Experiments
The few-cycle nature of the pulses was verified by measuring the CEPdependent Up/Total ratio using the new high-energy VMI spectrometer.
A clear oscillation was observed for both argon and for the first time also
for a molecular OCS sample. The measurement on the molecule were
shown to behave similarly to the measurement on argon.
A simple quasi-classical model was developed to simulate these measurements and excellent agreement concerning the periodicity of the Up/Total
oscillations was found. The simulated amplitude of the oscillation was,
however, not in agreement with the experimental result. The amplitude
is severely overestimated by the simulation and the exponential fall-off is
also far greater in the simulated case. This is explained by the simplicity of
the model. The incorrect ionization rates from the simple ionization model
and the lack of focal volume averaging is expected to be the two largest
contributions to the discrepancy. A better theoretical model is therefore
required.
Interesting electron holography effects were observed, both in the direct
images and by looking at minor difference by subtracting images from each
other. The modulation effects are most likely containing valuable information about the strong-field ionization process but was not explored further
in this thesis. This could be pursued both experimentally by investigating
additional molecules and theoretically utilizing the measurement already
acquired.
The asymmetry experiments on oriented OCS reveled many interesting
features. The dominating direction of the ionizing field along the polarization axis was extracted as a function of the molecular orientation and
the initial direction of an electron liberated from OCS by a strong laser
field was determined to be opposite to the final direction measured by
the MCP/CCD setup. This is a result of the attraction between the free
electron and the cation, an effect that is included in the modified WFAT
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model.
The symmetry-breaking effect of the few-cycle pulses were revealed as a
shift along the Up/Total axis of the measurements. Experimentally this
information can be used to determine the absolute CEP of a few-cycle
pulse.
The overall shape of the measurements on OCS were found, both experimentally and theoretically, to be very insensitive to the probe laser
parameters. Both a few-cycle, mid-IR pulse at different peak intensities
and a traditional 800 nm, many-cycle pulse reproduces the overall shape.
This orientation-dependent asymmetric result is therefore concluded to be
a direct effect of the HOMO orbital of OCS, and can be seen as a fingerprint of the molecule. We expect these measurements can lead to better
understanding of the strong-field ionization process, but additional work
is still required.

The Laser-Induced Electron Diffraction Experiment
The initial laser-induced electron diffraction attempt on 1, 4-diiodobenzene
molecules was not successful. The YAG laser used to align the molecules experienced a temporal drift leading to a fluctuating degree of alignment. A
LIED measurement with the current setup was already very time consuming due to the low repetition rate of the YAG laser and adding instabilities
into the setup made the experiment unfeasible in its current form.
Changes to the optical setup is already underway, where the YAG
pulses are replaced by 170 ps long pulses from the uncompressed output
of the Spitfire ACE. This allows the acquisition rate to be increased by a
factor 10 to 200 Hz limited by the pulsed valve and the camera. Recent
experiments in Femtolab have already demonstrated adiabatic alignment
of 1, 4-diiodobenzene molecules using these uncompressed pulses. A new
and improved attempt at LIED is therefore expected to take place within
the coming months.
The main limiting factor was the energy range of the VMI spectrometer
and the acquisition rate which was much too low. Both of these problems
are currently being solved, and a new attempt is expected to take place in
the near future.
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