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Abstract

In this dissertation the development of a novel type of streak-camera enabling multi-
dimensional electron spectroscopy implying energy, angular as well as time resolution is
presented. The new setup is based on a Velocity Map Imaging(VMI) spectrometer in
collinear geometry for electron spectroscopy and Terahertz streaking adding time resolu-
tion to the setup. A highly efficient detection scheme being operational at comparably bad
vacuum conditions allows for highest target densities up to 3 x 10?2/ m® making the setup
particularly suited for low photon flux laboratory sources. The detection efficiency is explic-
itly calculated. In the proof of principle experiment xenon 4d photoelectrons are streaked
and the ionizing and streaking pulses are characterized. Not only a successful streaking
experiment has been carried out but also the work is supported by electron-optical simu-
lations investigating the influence of the VMI DC-field on the streaking mechanism.






Zusammenfassung

In dieser Dissertation wird die Entwicklung einer neuartigen Schmierbild-Kamera
vorgestellt, die eine mehrdimensionale Elektronenspektroskopie erméglicht, die Energie-,
Winkel- und Zeitauflésung beinhaltet. Der neue Aufbau basiert auf einem Velocity Map
Imaging (VMI) Spektrometer in kollinearer Geometrie fiir die Elektronenspektroskopie und
Terahertz-Schmieren, die dem Setup Zeitauflosung hinzufiigt. Ein hocheffizientes Detek-
tionssystem, das bei vergleichsweise schlechten Vakuumbedingungen betrieben wird, er-
moglicht hochste Targetdichten von bis zu 3 x 1022/ m3, was das Setup besonders geeignet
fiir Laborquellen mit niedrigem Photonenfluss macht. Die Detektionseffizienz wird ex-
plizit berechnet. In dem Beweis des Prinzipexperiments werden Xenon-4d-Photoelektronen
geschmiert und die Ionisierungs- und Schmierenpulse charakterisiert. Nicht nur ein erfol-
greiches Schmierenexperiment wurde durchgefiihrt, sondern auch die Arbeit wird durch
elektronenoptische Simulationen unterstiitzt, die den Einfluss des VMI DC-Feldes auf den
Schmierenmechanismus untersuchen.
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Chapter 1

Introduction

The quest to learn about the dynamics of atoms and molecules occuring at fundamental
scales has been the driver of much research in the last decades. The challenge in these
studies is the ultrashort time scale down to attoseconds [1]| which requires an ultrafast
detection system. This is analogous to a camera capturing an image if a movement is
faster than the image acquisition time: the image will be blurred and single movement
steps will not be resolved. One needs a fast camera to resolve fast movements. In order to
deal with this efforts are made on a number of fronts. The most important development
in this regard is the realization of laser sources with few-femtosecond pulse duration.

The next important step is to set up techniques with which the process can be studied.
In order to perform the investigations in a controlled way the process is initiated by a
light pulse with sufficient energy. A typical technique used for this purpose is pump-
probe spectroscopy [2|. In this technique an ultra-short pulse is split into two parts. A
stronger part, the so-called pump pulse, is utilized to trigger a process and the other
weaker part, the so-called probe pulse, is used to monitor the change generated by the
pump pulse. The trick is to monitor the effect as a function of the time delay between
the pump and probe pulses. Among several other processes studied using this techniques
is photoemission or photoelectron spectroscopy (PES) where the electronic properties of a
material are investigated by measuring the energy distribution of electrons emitted from
a target [3]. The spectral resolution for photoelectrons achievable with this technique is
however limited by the spectral width of the pulses [4].

Femtosecond-pulsed lasers also provide high peak intensities and enable the utilization
of nonlinear processes for frequency conversion from XUV [5] to far-infrared radiation [6].
High Harmonic Generation has proven to be a well applied source of XUV [7| with pulse
duration reaching down to attoseconds [1]. Moreover optical rectification has proven to
be an efficient tool to fill the long-lasting THz gap due to the lack of THz-generation
techniques.

For the investigation of ultrashort processes, however, the knowledge of the pulse dura-
tion is very critical [8]. Without this information the measured data cannot be evaluated
correctly. Several methods have been employed for this purpose in the last years [9-11].

Light-based streaking has emerged as a novel tool with the advantage of being able
to measure the pulses down to attoseconds [1]. In this technique electrons are created in
the presence of a low-frequency field such that a momentum exchange occurs between the
electrons and the radiation’s electric field [12]. The electron distribution resembles the
ionizing pulse in time. The electron generated in the presence of an external field gets



accelerated or deccelerated according to the phase of the field at the time of electron’s
creation, this relationship between electron wavepacket and external field is then used for
diagnotics of the ionizing pulse [13]. Unlike the pump-probe technique, where a whole delay
scan has to be performed in order to extract the pulse parameters, in electron streaking
all the information can be attained in a single sweep, making it more robust [14]. Electron
streaking, using femtosecond lasers to streak the electrons generated by attosecond pulses,
has been used to study electron dynamics in real time in the last years [15-18|. By combing
the electron streaking with THz science, the studies of ultrafast processes has been carried
out using free electron lasers and laboratory sources of X-ray pulses with duration in few
femtosecond range [19,20].

Until now the majority of THz electron streaking experiments have relied on Time of
flight (TOF) spectroscopy, which provides well-resolved electron spectroscopy. However,
the initial angular distribution is not preserved due to a limited acceptance angle. On
the contrary Velocity Map Imaging (VMI) spectroscopy has opened up the possibility of
recording fully angle and energy resolved spectra of charged particles in a reasonable time
[21]. The method first implemented by Eppnik and Parker [22] in 1997 has been extensively
used in the last few years to study the dynamics of charged particles in photodissciation or
photoionization experiments [23-25]. The fundamental goal of this project is to carry out
the time, angle and energy resolved study of streaked electrons using velocity map imaging
spectroscopy. By combining THz streaking with velocity map imaging the robustness
of measuring electronic correlations can be enhanced significantly as a three-dimensional
electron distribution can be collected in one measurement. By adding more dimensions in
a single measurement a comprehensive investigation of the system under study is aimed.

Along with the interest in ultrashort and energy-resolved measurements, the efforts for
combining various techniques such that a more complete image of the system under study
can be attained in a single measurement has motivated much research. An example of this
is angle-resolved Time of flight spectroscopy with various TOF spectrometers at different
angles [26], adding time resolution to velocity map imaging spectroscopy [27]. In the work
presented here various technical concepts are combined in order enhance the efficiency of
the whole system for time, energy and angle resolved electron spectroscopy.

This work is divided into three parts: theory, experimental setup and experimental
results. Chapter 2 discusses the physical basis of the work and its components. Chapter
3 describes the setup used for the measurements. Chapter 4- 6 report on the important
results obtained in this work: chapter 4 deals with the characterization of the developed
radiation sources, chapter 5 outlines the results on the newly-implemented velocity map
imaging spectroscopy technique and chapter 6 describes the proof of principle streaking
experiment with this novel setup. The work is concluded in chapter 7 with an outlook on
possible future uses of the developed setup.
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Chapter 2

Theoretical Background

In this chapter the focus is on the theoretical basis of different processes encountered in the
project, starting with the indication of studied processes responsible for electron release
from an atom in section 2.1. The targets of interest for studying electronic correlation
are rare gases for which the ionization potential is some tens of electron volts (eV). The
overview of the electromagnetic (EM) spectrum in Fig. 2.1 shows that this energy range
lies in the eXtreme UltraViolet radiation(XUV) region.

The main light source used in this work is a commercial Ti-sapphire laser providing
a fundamental photon energy of 1.5 eV. For the purpose of frequency upconversion the
process of Higher Harmonic Generation(HHG) is implemented, the physical basis of this
technique is described in section 2.2. The ultimate goal of this project is to study the
interaction of electrons after they left the parent atom, The phenomenon is called Post
Collision Interaction (PCI). This process occurs at a time scale of few femtoseconds(fs) [1]
hence a time resolved observation is only possible when the ionizing pulse has a duration
smaller than the time span of the effect. To generate XUV pulses with few femtosecond
duration that can be used to study this interaction, the pump pulses for the HHG source
are compressed using the technique of self phase modulation, details of this phenomena
are narrated in subsection 2.2.3. Terahertz radiation(THz-radiation), the 0.1 - 10 THz
frequency range in the EM spectrum, is required for the streaking purpose (more details on
this requirement in section. 2.6), section 2.3 is dedicated to the explanation of phenomena
involved in the generation and detection of THz-radiation.

The angle-resolved measurement of electrons is an important goal of this project.
Section. 2.4 is dedicated to a description of angular distributions of electron emission.
The theory of energy and angle resolved detection of electrons using VMI spectrometer
with a brief note on the algorithms for the inversion of experimental images is described
in section. 2.5. The concept of the streak-camera is described in section 2.6 where both,
quantum and semiclassical model for the process are presented.

2.1 Mechanism of photo and Auger electrons release and

their correlations

The light interaction with matter causes the release of electrons depending on the photon
energy and the electron shell properties of the target. Here two different types of electron
emission processes are considered for the purpose of studying electronic correlations. These
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Figure 2.1: Overview of electromagnetic spectrum taken from [28|

are the direct photoionization and the Auger decay. Mechanisms of photoelectron and
Auger electron emission and their correlations are explained in the following.

Direct photoionization can be explained by considering a single photon interacting with
an atom such that its energy F,j, is higher than the ionization potential I P of a bound
electron

Epp, = hv > IP, (2.1)

where h is Planck constant and v is the frequency of the photon. The photon energy is
transferred to the electron and it is released into the continuum with a kinetic energy equal
to the difference of the photon energy and the ionization potential. This is a linear process
and a tool to determine the ionization potential of different elements after measuring the
photon and electron energies.

When a photon of rather higher energy interacts with an atom such that it creates
an inner shell hole, another electron from an outer shell may come in to fill the vacancy.
There are also other competing processes for example fluorescence through which the excess
energy can also be released. With a certain probability a third electron from an outer shell
gets ionized with an energy equal to the energy difference of the two shells, this is called
the Auger electron. The process is named as Auger decay and is depicted in Fig. 2.2. The
nomenclature used for an Auger electron consists of the names of the shells of the involved
electrons. For example in the name "KLM" the first letter K stands for the K-shell where
due to initial photo-ionization a hole is created. The second letter stands for the L-shell
from which the gap is filled and the third for the M shell from which the Auger electron is
emitted.

The kinetic energy of the Auger electron is given by the difference of the singly ionized
and the doubly ionized state. It is independent of the energy of the exciting photon. As the
mechanism of Auger decay involves multiple steps it is a secondary process. The spectral
width of the peaks corresponding to the Auger electrons (called Auger peaks in the text
further) is determined by the exponential decay associated with the lifetime of the inner
shell hole.

12
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Figure 2.2: Illustration of the Auger decay. In the first step, a highly energetic photon
creates an inner shell hole, another electron from a higher level comes in to fill the vacancy
and the energy is transferred to a third electron which is emitted with an energy equal to
the difference of the singly ionized and doubly ionized state.

Auger decay is also termed as double photoionization (DPI) where absorption of one
photon leads to the emission of two electrons [29] as expressed below,

YH+X se+ XM seted + X (2.2)

If the electrons do not interact with each other after emission then the Auger peaks
have a Lorentzian shape. However for the case when the Auger electron is more energetic
than the photo electron, and the difference in scattering angles for both electrons is small,
Auger electron over takes the photoelectron and a momentum exchange occurs between
the two electrons, so called PCI. It can be understood based on classical mechanics. The
change in momentum of the two electrons occurs at the moment of over take as shown in
Fig. 2.3.

The distance at which the PCI effect occurs depends on the difference of emission time
of the two electrons. The mechanism of the interaction can be explained as following: In
the final state there are three charged particles, the photo electron, the Auger electron, and
the ion. All of these are still influenced by each other due to the long range Coulomb force.
Due to the creation mechanism the Auger electron has a strong correlation with the photo-
electron created before [30]. One reason for this correlation is the intermediate inner shell
hole which is created with the emission of the photoelectron and is filled with the emission
of the subsequent Auger electron. This correlation can be expressed as the probability
amplitudes for creation and annihilation of this hole. Still in case where both electrons
have a large energy difference the possibility of further interaction can be neglected as both
electrons do not see each other after being released from the atom. However in case of
comparable energies three body Coulomb interaction and electronic correlation affect the
DPI process [31].

The photoelectron initially experiences the Coulomb interaction with a singly charged
ion, however as the Auger electron over takes this photoelectron, it comes uder the influence
of a doubly charged ion and its energy decreases. The Auger electron initially sees a
doubly charged ion as it crosses the photoelectron the ionic potential for Auger electron
gets shielded by the photoelectron and hence it gains energy. This change of energy leads
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Figure 2.3: Ilustration of post collision interaction phenomenon. The fast Auger elec-
tron overtakes the slow photoelectron at a distance r* from the ion. At this instance
both electrons exchange momentum. As a result the Auger electron gains energy and the
photoelectron loses energy.

distance from ion "r"

to the distortion of Auger peak making it broader and/or asymmetric, also the maximum
intensity changes. All these spectral changes depend on the energy difference as well as
the scattering angles of the particles with respect to the polarization axis of the ionizing
photons. Angular correlation of photo and Auger electron demands a coincidence detection
of both electrons and is not a subject of this work.
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2.2 High order harmonic generation (HHG)

For the frequency up conversion from the infrared-radiation to the XUV-radiation, the
technique of high harmonic generation (HHG) is used. This is a typical way of generating
spatially and temporally coherent radiation in the vacuum ultraviolet to soft X-ray range
with pulse durations down to attoseconds. The frequency of the generated radiation is
an odd multiple of the fundamental frequency. Targets used for the non-linear frequency
conversion are usually the noble gases [32-35]. A semi classical three step model is
suggested by Corkum [36] to describe the physics of the HHG process. This model describes
the microscopic effects and has found very good agreement with experiment.

2.2.1 Three step model

The model considers a single electron interacting with the laser pulse. The initial assump-
tion for the three step model is as follows:

Up >> 1P >> hw (2.3)

where hw is the photon energy, I P is the ionization potential and U, is the ponderomotive
energy of an electron oscillating in a strong field given by
e?E?

U, = mazw 2.4
P 4mew? (24)

e and m, are the charge and mass of the electron, F,,,; and w are the maximum amplitude
and frequency of the driving laser field. Eq. (2.4) is also called a low frequency-strong field
limit [8]. In addition the model necessitates that the driving laser is linearly polarized. This
model suggests that the HHG process comprised of three steps, these steps are described
in the following.

Step 1 - Tunnel ionization

According to this model when the light electric field is comparable to the atomic electric
field experienced by the weakest bound electron then the effective potential for the electrons
is a superposition of the light and atomic potential. The modification is such that the
electron can tunnel through the modified potential barrier, this is the first step in the
semi classical model. To achieve this deformed potential barrier for rare gas targets the
required intensity is around 10* W/cm? [36]. The rate of tunnel ionization depends on
the amplitude of the light electric field [37]. In this case the ionization or tunnelling rate
is derived by Ammosov et. al (known as ADK tunnelling rate) [37] given as

4V2IP3 421 P3 )
le()] Ble(®)]

where €(t) is the instantaneous electric field, P > 0 is the ionization potential of the atom,
n* = Z/v2IP is the effective principal quantum number, Z is the charge of the nucleus
and m is the projection of the angular momentum in the direction of laser polarization.
The constant A depends on the actual and effective quantum numbers. The derivation of
this expression assumes that the Keldysh parameter v = \/IP/2U, is smaller than unity.
It is obvious from Eq. 2.5 that the ionization rate has a sharp maximum at times when
the instantaneous field e(¢) is maximum.

[(t) = AIP( )2 =Iml =L (— (2.5)
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Step 2 - Electron acceleration

After the ionization the electron becomes quasi free. In the second step the electron
accelerates in the electric field of the laser and during this acceleration it acquires energy
from the laser electric field. The effect of the atomic potential is ignored as the oscillation
amplitude of the electron is much higher than the atomic diameter. This acceleration of
electrons can be fully described using classical mechanics. It turns out that after tunnel
ionization the velocity of the electron vanishes, therefore it starts with zero velocity in the
laser electric field. The electric field for a linearly polarized laser is defined as

E(t) = Eo(t)cos(wt + )T, (2.6)

where Ey(t) is the envelope of the field, 7 denotes the direction of polarization and ¢ is
the phase of the electric field. The electron’s acceleration in the laser’s electric field can
be described by the following set of equations:

a(t) = ¢Eo cos(wt + @),
u(t) = ;Ez (sin(wt + ¢) — sin(wty + ), (2.7)
x(t) = TZECSZ (cos(wtg + @) — cos(wt + ¢)) — ¢Eo (t — to)sin(wty + @),

here ty is the time of release for the electron. The quantum nature of the electron allows
to assume that it is released at all possible ty simultaneously, for each point in time there
is a probability amplitude for release depending on the amplitude of the electric field at
that time. Depending on %y an electron will follow a specific trajectory and will acquire a
particular amount of energy during acceleration in the laser electric field.

Step 3 - Electron recombination and photon emission

As the oscillating electric field changes its sign there is a significant probability for the
electron to recombine with the parent ion with a simultaneous emission of a photon. For
this it is necessary that the laser is linearly polarized since only then an electron can
recombine with its parent ion. This is the third step in this semi classical model. The energy
of the emitted photon is equal to the sum of ionization potential and the kinetic energy
gained by the electron from the laser field. The three steps are depicted in Fig. 2.4. Due to
the quantization of energy acquired by the electron from the laser field and the condition
U, >> IP, the photon frequency equals to higher order multiples of the fundamental
frequency. The maximum energy an electron can gain is equal to 3.17 U, [36], this leads
to a condition for the maximum photon energy achievable in HHG given by

Ecut_gff = hwcut—off = 3.17Up + IP. (2.8)

Hence the cut-off will be different for different target gases with varying ionization poten-
tials. In order to achieve higher photon energy, it is better to use a target gas with higher
ionization potential. Moreover it is advantageous to have a higher laser intensity and hence
higher energy gained by the ejected electron in the laser field. According to this model the
harmonic generation is periodic in time and occurs twice every laser cycle where the electric
field experiences a sign change. Due to this periodicity in time, in frequency domain this

16
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Figure 2.4: The three-step model description of HHG. In the first step an electron escapes
the tunnel barrier formed by the superposition of light and atomic electric field, in the
second step it accelerates in the light field and in the third step it recombines with the
parent ion emitting the sum of gained energy and the ionization potential as a high energetic
photon. The figure is adapted from [38§|

means that only odd high harmonics of the fundamental frequency are emitted. A typical
high harmonic spectrum is shown in Fig. 2.5.

Perturbative
region

Plateau

|H ||HHH‘utff
1.

Harmonic order

Figure 2.5: A typical high harmonics spectrum showing the pertubative region following
by plateau and ending at strong cut-off.
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The spectrum can be divided into three distinguishable regions namely an exponentially
decaying region for lower order harmonics known as perturbation region where the intensity
drops exponentially and the photon energy is below the ionization potential of the target,
followed by a region of harmonics with equal intensity known as plateau and a strong cut

off.

2.2.2 Macroscopic effects description

The semi classical model explains very well the microscopic effects however not the macro-
scopic effect including phase matching and effects emerging upon propagation like ab-
sorption, dispersion, nonlinear interaction with the medium like self focusing or plasma
generation. The description of these effects requires to consider multiple atoms.

Fundamentally higher harmonic generation is a coherent process meaning at any point
in space and time the phase of a harmonic can be determined from the properties of the
generating laser. Due to this characteristic the harmonic intensity can increase quadrat-
ically with the number of sources (atoms of target) if they radiate in phase with each
other, this is called the phase matching condition. For fulfilling this condition the driving
laser and the generated harmonics should have the same phase velocity. For the following
discussion the concepts are adopted from [39-42].

The approach applied to describe the propagation effects is solving the Maxwell equa-
tions for the driving laser as well as some gth order harmonic [39]. The formalism can be
simplified by assuming that the medium is isotropic, non magnetic, neutral and dielectric.
Moreover for the electromagnetic field a slowly varying envelope approximation is consid-
ered. For a linearly polarized fundamental and harmonic field the propagation equations
with paraxial approximation are then given as [39]

OFE(7,t)

ALE(7,t) + zz'kl(?,t)T =0,
(2.9)
and AL E,(7,t) + Qikq(7,t)aEq(gj’t) - —i“j P texpli(ghy — kq)2).

In the above equations F; and E, denote the amplitudes of the envelopes of fundamen-
tal and ' harmonic field propagating with wave vectors k; and kq respectively, in the
medium. For the fundamental field no depletion term is included owing to the low conver-
sion efficiency of the higher harmonics. Due to the high intensity of the fundamental the
polarization of the medium has a nonlinear relation with the incident electromagnetic field,
this nonlinear polarization serves as a source term for the harmonic field. This nonlinear
polarization is given as

P (7, t) = na(z,t) d (7, 1), (2.10)

where ng4(z,t) is the atomic density and dq(7,t) is the gth harmonic component of the
total atomic dipole moment that contains contributions from all active electrons [39]. For
these equations a constant group velocity for laser and harmonic pulse is assumed owing
due the fact that low atomic densities are used for higher harmonic generation. After this
formulation of the propagation of laser and harmonic pulses the main propagation effects
can be described one by one.

Absorption also plays an important role as the harmonic photons have sufficient energy
to ionize the rare gas used as the generating medium. A quantitative analysis of this
phenomenon can be carried out by taking into account the refractive index of the medium
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at the wavelength of the ¢gth harmonic, in particular the imaginary part of the qth harmonic
wave vector namely
Arfa(A
Tk, — "0NS200)0 ”“2”‘1 (2.11)
q

where ); is the wavelength of the fundamental radiation, fa()\,) is the imaginary part of
the atomic scattering factor at harmonic wavelength )\, and o is the photoionization cross
section. An absorption length can be defined as the length over which a freely propagating
field is attenuated to half of its maximum. From the above expression this length is given
as Laps = 1/nq0y.

The most important aspect encountered during propagation is the phase matching,
namely matching the phase velocities of the laser and harmonic fields. In order to achieve
a coherent growth of the harmonic field it is essential to avoid the destructive interference
of the field corresponding to harmonics generated at successive longitudinal positions. A
general phase matching condition can be stated as [43]

k, = gk + Vo, (2.12)

where ¢, is the inherent dipole phase of the harmonic. Various factors causing a phase
mismatch are discussed in the following.

The electron achieves a dipole phase due to its acceleration in the laser field. This
phase depends on the time the electron has for acceleration before it returns to its parent
ion, hence this phase term can be approximated as ¢, ~ —U,7 ~ —I;0l where 7 is the time
electron is subject to the laser field, I; is the laser intensity and the @ is the slope that
depends on the electron’s return time. Electrons acquire different dipole phases across the
transversal beam profile of the laser as well as when they make long or short trajectories.
Where an electron’s trajectory depends on its time of release and the phase of the laser
field at this point in time.

Focussing of Gaussian beams leads to variation of phase while propagating through the
focus. This longitudinal phase change is termed as Gouy-phase. On the optical axis this
phase dispersion is given as ¢gouy = tan~'(z/zr) where z denotes the longitudinal axis
and zp is the Rayleigh length of the beam. For the wave vector the approximation for this

geometrical phase reads
q

Ak, ~ —gz (2.13)
where z is a unit vector along the optical axis. For a given propagation distance in the
gaseous medium the geometrical phase mismatch can be reduced by using a longer focusing
length and hence increasing the Rayleigh length.

Polarization of the neutral atoms of the target medium may also cause a phase disper-

sion, the quantification of this factor is given as 39|

Akgiom ~ na(wal)\% +1g fl(Aq)%)z, (2.14)
where o is the static polarizability and fi(\,) is the real part of atomic scattering factor,
ro is the classical electron radius. The influence of atomic dispersion can be however
neglected for low density targets used in the present work. The final factor that needs to
be considered for phase matching is the influence of free electrons which also affect the
propagation of the fundamental beam. This factor has a noticeable effect when a larger
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number of atoms get ionized. The mathematical form of phase dispersion due to free
electrons is given as

1
Akejee = roAgne(—q + g)z R —ToqNNeZ, (2.15)

where n. is the density of free electrons. Collecting all the factors together the phase
matching condition is given as

kq =gk, — OVI, + Akgeg + AKgrom + Kejee- (216)

For the purpose of achieving phase matching in the experiment the parameters optimized
are gas density and the laser intensity moreover the focusing parameters and relative
position of the laser focus and target is optimized. The criterion is always the maximization
of the output energy of the desired harmonic order.

2.2.3 Pulse compression via self phase modulation (SPM)

In this project the pump pulses for the harmonic source are compressed to reach shorter
XUV pulses as the pulse duration of the pump pulse determines the pulse duration for
the XUV pulse. This is due to the fact that high harmonic generation starts at a critical
intensity.

For this purpose self phase modulation in a gas filled hollow core fiber is used which is
a technique discovered and in use for quite some time [44-46].

When a short pulsed laser propagates through an optical fiber the high intensity and
the confinement to very small transverse dimensions lead to nonlinear effects. In particular
the refractive index experienced by the laser pulse becomes a linear function of the intensity.
Hence the refractive index is higher at the position of the peak intensity and decreases on
either side of it. This change of refractive index is given as

n(\ 1) = no(A) + nal (%), (2.17)

where ng is the nonlinear refractive index indicating the coupling between the pulse inten-
sity and the material response, the phenomenon is usually referred to as Kerr effect. This
nonlinear refractive index then changes the phase of the laser pulse, hence the pulse gets
modulated by itself therefore the name "self phase modulation". The phase change is given
as

b = 277(-”21@)[” (218)

where A is the wavelength of the laser and L is the physical length of the fiber. The time
dependence of the the phase leads to chirping of the pulse which is proportional to ¢, /0t
that is an instantaneous frequency variation inside the pulse. Now for ultrashort pulses
with duration of femtoseconds and very high peak power, the instantaneous frequency can
wiggle around in a range of many terahertz. The resulting frequency spectrum is given as

1
Cor

o0
Flw) / P(t)0 5 i) gile—wolt gy (2.19)
—0o0
where P(t) is the power contained in the pulse in watts and ¢, is the term given in
Eq. 2.18. Hence due to the nonlinear phase change induced by the intensity dependent
refractive index new frequency components arise in the spectrum of an ultrashort pulse and
a spectral broadening is achieved. However the pulse becomes chirped. After compensating
the chirp using chirped mirrors the resulting pulse gets shorter than the fundamental pulse
by a factor of up to 4 (40 fs to 10 fs) [47].
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2.3 THz-radiation - generation and detection

The part of the electromagnetic spectrum in the THz range from 0.1 - 10 THz remained
unexplored for many years due to lack of possible generation techniques. Out of the
different techniques discovered in recent years, optical rectification has emerged as most
efficient, this technique has significant advantages over other techniques when an ultra short
pulsed laser is used as pump. The generation of THz-radiation using optical rectification
was first achieved by Auston [48], this scheme is extensively used and improved till date
[49-55].

2.3.1 Optical rectification

The basic process of Optical rectification (OR) discovered in 1962 [56] is the basis for
THz-radiation generation in non-linear materials with less inversion symmetry [54]. OR
refers to the generation of a DC polarization inside a material upon interaction with an
oscillating electric field. The electric polarization of a material is related to the applied
electric field through the following relation [57]

P = y(B)E, (2.20)

where x(E) is the electric susceptibility of the material also named as the response function.
As the amplitude of the applied electric field increases the relation becomes nonlinear as
higher order terms become significant, hence

P=0xW+xPE+xOE2)E, (2.21)

where x(™ is an nth order nonlinear susceptibility described by a tensor of rank n +1 with
3" components. The OR process is connected to the second order term x(?) which is a
third rank tensor with 27 components. The symmetry properties of the material decide
which components of the susceptibility tensor are non-zero. In a centro-symmetric medium,
@ is identically zero and no difference frequency generation occurs. In certain crystalline
dielectrics, however, it is non-zero making them possible candidates for THz generation.

Now if the driving electric field is provided by an ultrashort laser pulse that provides
a rather broad spectral bandwidth causing the mixing of different frequency components,
this leads to the emission of electromagnetic radiation in the THz range [58|. For electric
field Eycoswt the term responsible for OR is given as

E3 E?
270 + 6X2700082wt (2.22)

PPl = exPE? = ey
The first term in the above equation refers to the DC polarization indicating the optical
rectification of the incident optical electric field by the nonlinear electric susceptibility of
the material. The second term is responsible for second harmonic generation of the incident
frequency and is not relevant here. For two different frequencies the relation 2.22 is given

as
2

E,
Pl = ex?E\Ey = 6X270[COS(UJ1 — wa)t + cos(wi + w2)t] (2.23)

The difference frequency term contributes to the THz-radiation generation, the sum fre-
quency term corresponds to second harmonic generation and can be ignored as the phase
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Material deff[pm/V] 1Y% nrp. arp:lem™] FOM[pm?/V ?|
GaAs 65.6 4.18 3.61 0.5 87.9
GaP 24.6 3.57  3.34 1.9 18.2
Zn'Te 68.5 3.31  3.17 1.3 180
LiTaO3 161 222 642 46 882
LiNbO3 168 223 5.16 16 1170

Table 2.1: Table showing the relevant material parameters for THz generation.

matching conditions are not fulfilled for it here. For a THz-radiation generation at a
frequency Q the polarization is given as [59]

P(Q) = ex?E1 (w)Ey(w + Q)

(2.24)
x Q.d(Q).Ey(w)E2(w + ),

where d(Q) = ex? is the nonlinear coefficient of the material. For an ultra short pulse
ranges from 0 to laser bandwidth.

2.3.2 Material selection

The material selection for THz-radiation generation requires the consideration of different
aspects. As OR is a non-linear process, a large non-linear coefficient is desirable. For
higher conversion efficiency the absorption of THz-radiation inside the crystal should be
minimum. A higher demage threshold of the generation material is preferred so that
high pump intensities can be utilized. Ideally the refractive index for optical and THz
wavelength should not be too different so a collinear set-up could be realized. The relevant
parameters for different materials used for THz generation are listed in table. 2.1, the
values are taken from [60]. In the first column the effective nonlinear coefficients are listed,
the second column gives the group refractive index at the pump wavelength of 800 nm. The
third column lists the refractive indices at 1 THz. The fourth column tells the absorption
coefficients again at 1 THz and the last column gives the figure of merit for given materials,
which is defined as )
FOM = %, (2.25)
NpumpNTHz
where dcry is the effective nonlinear coefficient, n,yump and nrp. are the refractive
indices in the for the pump and the THz wavelengths. LiNbOj has a large non-linear
coefficient, although it has a large discrepancy in the refractive indices for optical and
THz it is still a prominent candidate for THz generation. LiNbOj also has a high band
gap of 3.8 eV making two photon absorption impossible when pumping at 800 nm. Two-
photon absorption leads to high absorption of THz inside the generation crystal. The large
refractive index discrepancy for infrared(IR) and THz-radiation presents some challenges.
However some specific experimental arrangements (discussed in Subsec. 2.3.4) lead to high-
est conversion efficiencies at the given pump wavelength. LiNbOj also suffers from strong
photorefraction, in order to suppress this it is doped with MgO which also prevents the
crystal from damage at high pump irradiation [61].
There are some organic crystals like DAST [62] and BNA [63] also used as generation
crystals however due to their degradation over time their use in long lasting experiments
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is still a question, moreover DAST requires a pumping wavelength in the mid-infrared
making it impossible to pump it directly with Ti-sapphire laser.

2.3.3 THz generation in Lithium Niobate

The main process of optical rectification in LiNbQOg is impulsive stimulated Raman scatter-
ing [64]|. Hereby, the fs laser pulse induces lattice vibrations which lead to the generation
of THz phonon-polariton waves. The following discussion follows the description given
in [19,65].

The largest component of the nonlinear susceptibility tensor is 333 giving the largest
component for the nonlinear coefficient dsz = % X§33(Q). The reason for a particularly high
non-linear coefficient in this crystal is the presence of an ionic resonance in the THz range
giving a frequency dependent x;(€2) as

9 .
(@) = xioll — 1 + 2, (226)

wj w;

where x;0 = 23.36, v = 0.34 THz and w;/27 is 7.6 THz. And the overall non-linear
coefficient is given as

55(0) = L0uee( @AQNIR) + 50ieexi Qe (Q:(). (2:27)

where the coefficients (Jeee and diee) are the electronic and mixed ionic terms equal to
0.761 pm/V and 0.421 (pm/V) [66]. x(€2) is a constant equal to 3.674 in the THz range.
The dispersion and the absorption of the THz-radiation inside the generation crystal de-
termine the possible efficiency of the generation process. For this purpose the refractive
index n(Q2) and the absorption amplitude «(2) at the THz frequency  are derived from
the dielectric function e(€2) through the relations [67]

n(Q) = Rev/e, and

2.28
a() = (2rQ)Im(Ve). (2.28)
The dielectric function is estimated using an oscillator model as [67]
w?
Q) =¢, A; : . 2.29

The formula for the efficiency for difference frequency mixing by long plane waves, neglect-
ing the pump absorption and taking into account the THz absorption, reads ( [68] with a
correction mentioned in [69]),

sinh?(app.L/4)
(arn-L/4)

(2.30)

2w?d?, LI,
Nnra. = eff 3€Xp(—OéTHZL/2).

€0NZympNVTH=C

where w is the angular difference frequency , d.sy is the effective nonlinear coefficient, I
is the pump intensity, €y is the vacuum permittivity, ¢ is the speed of light in vacuum, L
is the length of the nonlinear crystal, apg, is the absorption coefficient for THz-radiation,
Npump and nrp, are the refractive indices of the material at IR and THz-wavelengths.
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Two extreme cases can be taken into account. For the case of negligible absorption the
expression for the efficiency reduces to

2w2d2 L2
Nru: = ——5————= (arg.L << 1),
eonpumpnTHzc

whereas for the case of a very strong absorption, the formula reads

8w2d§ffl
NTHz = 3 3 5 (OéTHZL >> 1).
CONpumpNTH2C Oy,

It is obvious that for the case of strong absorption the efficiency is independent of the
length of the crystal. For the practical purpose the consequence is that it is useless to
use a crystal length greater than the penetration depth of THz-radiation. Only those THz
photons can successfully contribute to the THz emission that are produced within a region
L= a}}{ .of the exit surface of the crystal.

2.3.4 Pulse front tilt - requirements and implementation

LiNbOs3 offers the highest conversion efficiency however the challenge associated with it is
the large discrepancy in refractive index for infrared and THz-radiation leading to unwanted
consequences. First of all optical and THz-radiation travel with different velocities inside
the crystal causing the loss of phase matching hence decreasing the conversion efficiency.
On the other hand the THz-radiation travels away from the pump radiation with an angle

©. such that
gr

n
cos®, = MR (2.31)
NThz

resulting in the emergence of radiation from the crystal in a cone with opening angle equal
to O, and it is very challenging to collect them as depicted in Fig. 2.6.
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Figure 2.6: Cheronkov radiation emitted as a cone with opening angle ©¢ because the
group velocity of the pump radiation is greater than the phase velocity of the emitted
radiation. Kyymp and krp, are the wave vectors for pump and THz-radiation respectively.
Figure adapted from [70].

Moreover generation of THz-radiation at a given wavelength requires a spot size for the
pump beam considerably smaller than the wavelength for THz-radiation and can not be
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scaled up to achieve higher output due to distructive intereference of radiations generated
at different lateral positions along the pulse.

The tilted pulse front technique provides a solution to all of these problems as proposed
in [71]. The THz-radiation generation process in Lithium niobate using tilted pulse front
has been extensively studied experimentally [67,72-75] as well as theoretically [76,77]. By
tilting the pulse front with respect to the propagation direction the phase velocity of the
THz-radiation is matched with the group velocity of the pump radiation. This tilting angle

is given as
vin
cos® = —LHz, (2.32)
VNIR

where vlr}hHZ is the phase velocity of THz-radiation and V?VTIR is the group velocity of
pump beam. Once phase matching is achieved, THz-radiation is emitted as plane waves
perpendicular to the pulse front.

In order to tilt the pulse front a diffractive element like a grating can be used. The
resulting tilt angle depends on the orientation of the grating with respect to the incoming
beam as shown in Fig. 2.7.

Grating

Figure 2.7: A tilt of the pulse front introduced both by the orientation of the grating and
diffraction angle 4 of it. The outgoing beam travels an additional optical path a+b causing
the pulse front of the beam to deviate from the phase front. (Figure adapted from [65].)

The resulting tilt angle is given as

Ao

t = — =
any dcosfy dA

(2.33)
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where A is the wavelength of pump beam and d is the grating period and 6, is the diffrac-
tion angle. As the grating disperses the spectral components spatially, a recollection of
all component is done using an imaging optics (a converging lens) which introduces a
demagnification M and hence a modification of the tilt angle given as
/ d@d
t = M\——. 2.34
any/ = M (234
The final factor affecting the tilt angle is the refractive index alteration when the beam
enters the crystal. Hence the final tilt angle © inside the crystal can be calculated as
M  db,
tan® = —A—, 2.35
M, A (2.35)
where ng is the group refractive index of LiNbOj3 for the 800 nm pump beam. For the given
values of ngy = 2.25, A\ = 800 nm, d = 500 nm for 2000 lines/ mm, M = 2 the tilt angle is
© = 63°and the corresponding angles for incoming and outgoing beams are #; = 44°and
04 = 66°. With these parameters an optimal conversion efficiency can be achieved |[78].

2.3.5 Electro-optical sampling

Electro-optical sampling(EOS) is a special technique used to characterize the electric field
of a THz field in the time domain and hence measures its amplitude as well as its phase [79].
It is the most efficient technique [80,81] that can be used for a broad frequency range [57].
It is based on the Pockels effect. For the following discussion of the physical basis of this
process, the concepts are borrowed from [57,65,68,79,82,83|.

For an isotropic material the induced polarization is linearly related to the incident
electric field through a scalar susceptibility (Eq. 2.20) and is parallel to the electric field.
On the other hand an anisotropic material has a direction-dependent susceptibility and
hence is represented by a tensor. The relationship between electric field and material
polarization for such a case is

P = EOXijEj- (236)

The choice of the coordinate system with respect to the crystal lattice determines the
coefficients of the tensor. Through a linear orthogonal transformation of the co-ordinate
system the tensor matrix can be diagonalized, The new co-ordinate system is referred to
as principal axes system. In this system the x;; are given as

x1 0 0
Xij = 0 X22 0 . (2.37)
0 0 Xxs3

A Dbirefringent behaviour is observed if not all x;; are equal resulting in different in-
dices of refraction n. and ng for polarizations parallel (extraordinary) and perpendicu-
lar(ordinary) to the axis of anisotropy, that is the axis along which the isotropy is broken.
The dielectric permittivity e;; is related to the susceptibility x;; through the relation

hence equation 2.36 can be re-written for electric displacement field D;; as

Dij =Y &;E (2.39)
j
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using the same argument for permittivity as for susceptibility it can be stated that for
an anisotropic medium the polarization of outgoing beam get modified except the case
where the polarization is parallel to one of the optical axes of the crystal. For any other
direction of polarization, the electric field vector get decomposed into an extraordinary
and an ordinary component which propagate with different velocities through the crystal.
The difference of velocities leads to a phase shift between the two orthogonal components,
consequently a change of polarization occurs after propagation through the crystal.

In order to quantify this change of polarization for high electric field of the incident
beam here also higher order terms needs to be considered such that

P=e(xV+xPE+xOFE?+ )E =¢xE. (2.40)

The refractive index with applied field n can be related to the refractive index ng without
field as

n?=e=1+ X

=14+ YD+ yPE 4+ O E2 4
n? =nd+ XPE+ ..

= (ng + An)?

~ ng + 2ngAn

(2.41)

The last expression above is the mathematical form of the Pockels effect giving the change
of refractive index.

Assuming a constant THz field in time Ej(w ~ 0) the polarization component can be
expressed as

PP =23 ey (w = w + 0) B} (w) By (w ~ 0), (2.42)
g,k

hence the X(Q) signal is linear with respect to the optical probe field F;(w) as well as the
THz field Ei(w ~ 0). Conversely the electric field amplitude can be deduced from the
measured field induced birefringence.

Now from 2.39 the electric field component F; can be expressed as

Ei =) miD;, (2.43)
J
where 7;;(= e;j ) is the impermeability tensor. The electro-optical tensor ri;k 1s related to
nij by
77ij = ZrijkEk- (244)
k

1n;j is a real and symmetric tensor that means 7;; = 7n;; and hence it consists of only six
distinct terms. Therefore it can be recast using a single index h that runs from 1 to 6.

U Zrthk (2.45)
K

The change of refractive index in response to the THz electric field Ej can be written
as

3
1
(Aﬁ)h = Zrthk (2.46)
k=1
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where k = 1,2,3 denotes the direction of the applied field and 7y is the simplified notation
of the electro-optical tensor, whereas the index h runs from 1 to 6.

The most sensitive crystal for low frequency THz detection is Zinc Telluride (ZnTe)
[84,85]. The electro-optic tensor of ZnTe has only one independent entry [79]

0 0 O
0 0 O
0 0 O
Thi = 00 (2.47)
0 41 0
L 0 0 T41 |

A THz field changes the refractive index in a certain direction. Hence the index ellipsoid
gets modified in size and orientation. An initially linearly polarized beam will get ellipti-
cally polarized after propagation through the crystal. The intensity difference AI of the
corresponding polarization components for the case 7137“41ETHZ << 1 can be calculated

from

B L
Al(a, ¢) = Ip%(cosasin&b + 2sinacos2¢) (2.48)
c

where I, is the intensity of probe beam, ¢ is the angle between the optical probe beam
polarization and the [110] axis of ZnTe, w is the frequency of the probe pulse, and L is the
crystal thickness and « is the angle between the polarization of THz beam and the [110]
axis of the crystal [65]. The maximum value of the trigonometric functions in Eq. 2.48 is
achieved when (o = 0°and ¢ = 0°r 90°) . Numerical values for the electro-optic coefficient
and the refractive index of ZnTe are r4; = 4.04 pm/V and ny = 2.854 [86]. For 800 nm
wavelength the frequency is given as w = 2.36 x 10'® Hz for the probe beam. The THz
electric field can be calculated using

1.36 Alnaz (2.49)

Erp=[MV/m] = Llmm] Ip

this formula can be used for small intensity changes (Al,.; << Ip). Hence electro-optical
sampling can be used for mapping the THz electric field and also the maximum electric
field can be estimated for fields upto 4 MV /m with the here used 0.3 mm thick ZnTe
crystal. For the measurement of even higher fields either the over rotation of the signal
has to be included in the analysis or a thinner crystal should be used to reduce the phase
retardation [65]. The full temporal waveform of the THz can be constructed by varying
the time delay between the probe and THz beams.

2.4 Angular distribution of electron

The spatial distribution of electrons created by polarized light depends on its kinetic energy
and the single or multipohoton transition selection rules.

The angular dependence of the electron distribution ionized by a linearly polarized light
is described by the following expression [87]:

1(©) =) Bon Pan(©), (2.50)

28



where n is the number of involved photons, B2, is the asymmetry parameter, P, is the
Legendre polynomial used to describe the angular distribution of electrons and © is defined
as cos(®) = p.é where p = p/p is the direction of electron momentum and é is the
direction of polarization of the radiation [88]. The presence of angle dependent terms in
Eq. 2.50 shows that photoionization does not produce a homogeneous distribution over all
angles [89].

1
For single photon interaction the second order Legendre polynomial is P, = 5(3COS2@—

1) and the limits for 3, are given as
—1< By >2 (2.51)

For By = —1 the maxima of the angular distribution follow the direction perpendicular
to the light polarization. For B2 = 0 the electrons are distributed homogeneously over
all angles and there is no maxima of angular distribution and for fo = 2 the maxima of
electron angular distribution follow the direction of light polarization and most of them
travel along the direction of polarization.

2.5 VMI spectroscopy

First introduced by Chandler [90] and greatly improved by Eppink and Parker [22] VMI
spectroscopy is a rather young but already a competitive spectroscopy technique.

Generally in a VMI spectrometer the original 3-Dimensional (3D)electron distribution
(named as Newton’s sphere) is projected on a 2-dimensional (2D) position sensitive detector
with the help of an imaging electric field. The electric field is generated by applying electric
potentials on two out of three plates whereas the third plate is grounded. This electric
field is constant in time and inhomogeneous in space so to form a lens, the electric field
contours are shown in Fig. 2.8. A VMI focuses the electrons such that all electrons with
same velocity are focused to one single radial distance from the center of a 2D detector as
shown in Fig. 2.9.

In the following the understanding of the physical basis of VMI is presented in steps
based on the occurance of events. The concepts are taken from [22,23,91-93|.

2.5.1 Newton sphere formation

It is necessary to consider the initial distribution of electrons formed as a results of pho-
toionization. Typically a light beam with sufficient photon energy interacts with a target
and causes electrons from different shells to be released. The total energy of the system is
distributed between the final products as kinetic and internal energy.

Now electrons fly in different directions and after accumulation of several electrons a
spherical distribution in velocity space is formed which is the so called Newton spheres for
the process. The radius of these spheres depend on the initial kinetic energies of electrons.
Typically the laser polarization axis serves as the axis of symmetry and directionality in
the process as depicted in Fig. 2.10 where polarization axis is x-axis, The surface pattern
of the Newton sphere indicates the angular distribution of electron with respect to the
symmetry axis leading to inhomogeneous distribution (as mentioned in section. 2.4) as
shown on the right side of Fig. 2.10.
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Figure 2.8: Depiction of inhomogeneous electric field distribution in a VMI lens, the red
lines are some of the electric field contours, the electron trajectories for 20 eV, 40 eV, 60 eV
and 80 eV are depicted in blue, yellow, red and black colour respectively.
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Figure 2.9: Ilustration of basic principle of VMI. An ionizing radiation interacts with
a target (provided through the gas needle in present case) and creates a distribution of
electrons. The distribution is projected to a 2D PSD. All electrons with same velocity are
mapped to a certain radial distance r from the detector center, where r is proportional to
the initial velocity.
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Figure 2.10: Formation of a newton sphere in cartesian and spherical coordinates. Electrons
with a certain energy appear on a sphere of a specific radius. Here x-axis is the polarization
axis and the symmetry axis for electron distribution. A surface pattern appear after
accumulation of several events (shown on the right side). Most of the surface intensity is
at the poles which is a typical cos?@ distribution.

2.5.2 Projection onto a two dimensional screen

An ionizing beam interacts with target atoms in between the two electrodes, see Fig. 2.9,
and forms multiple Newton spheres of electrons. A VMI spectrometer basically consists of
three electrodes provided with potentials to produce an inhomogeneous electric field affect-
ing the trajectories of the electrons up to the detector. The potentials on the electrodes
are adjusted so that the whole assembly behaves as a lens for the electron’s velocity. This
means the VMI field bends the electron trajectories such that all the electrons with the
same velocity are focused to the same point on a 2D-detector, placed far away from the
electrodes assembly, regardless of the initial spatial position. With this arrangement the
original 3-dimensional distribution is squashed onto the 2D-detector where it appears as a
partially filled circle (due to the angular distribution section. 2.4) as depicted in Fig. 2.11.

It is critical for the accurate capture of the Newton spheres that nothing disturbs the
electron velocity during its flight towards the detector. Only then the 2D-image can be
related to the original 3d-distribution.
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Figure 2.11: Imaging of a Newton sphere. The laser propagation direction is chosen such
that the polarization vector remains parallel to the detector. Figure reproduced from [23].

In this way one measurement provides information about velocities over all angles.

2.5.3 Assigning a kinetic energy to a measured electron distribution

For the measured electron distributions the radius is related to the initial kinetic energy
of the particles and the angle with respect to the symmetry axis corresponds to the initial
ejection angle with respect to the polarization axis. In order to assign a kinetic energy
value for electrons their radial distance of flight is measured at the detector(given that
the detector is set to a fixed distance from interaction point: radial distance depends on
electron’s initial kinetic energy). The higher the kinetic energy the larger is the distance
covered by the electron, consequently it hits the detector further away from the center.
The electric fields and the geometry of the electrodes determine the time-of-flight toward
the detector.

A very simple analytical model is established for the VMI spectrometer with three
electrodes described in the following, see Fig. 2.12, where a single electron trajectory in
the VMI setup is shown. R is the electrode with repelling voltage, F is the electrode
with extractor or focusing voltage and G is the grounded electrodes. For the detection of
electrons the electrodes are provided with negative voltages and the ratio of the repelling
and focusing voltages needs to be optimized in order to achieve better focusing conditions
of electrons of the same energy and hence higher resolution of the whole setup. A higher
VMI field focuses the electrons closer to the center of the detector. The distance of the
electron impinging point from the detector center is

r = vt, (2.52)

where v and t are the electron’s radial velocity and time of flight, respectively. Now the
electron’s flight to the detector can be divided into two parts depending on the fields it
experiences as

t=t,+1tg (2.53)
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Figure 2.12: Electon trajectories inside velocity map imaging spectrometer. s corresponds
to the distance covered by an electron in regions with electric field whereas d is the distance
covered in field free region where Fo > F4

where t4 is the time of flight in an electric field and ¢4 is the time for a field-free flight.
Using basic formulas of classical mechanics and electromagnetism the following relation
between the radius of the measured electron distribution and electron’s kinetic energy is
achieved

r=aVE. (2.54)

Here a is a constant which depends on the VMI configuration and the distance of the
detector from the electrode assembly. An electron with higher energy will be detected at
a larger distance from the detector center as shown is Fig. 2.12.

Compared to the conventional time of flight spectroscopy VMI spectroscopy has several
advantages. The main advantage is that VMI preserves the original angular distribution
of the electrons and measures electron velocity and angular distribution simultaneously.
Moreover no variation of the experimental setup is required in case the linear polarization
of the ionizing radiation gets rotated. Another feature associated with VMI spectroscopy
is that by changing the polarity of the applied voltages and connecting the detector to an
oscilloscope the setup can be used as a ion time of flight spectrometer.

2.5.4 Image inversion Algorithms

Some general dynamic information, for example the initial kinetic energy or the ejection
angle can be extracted by a simple inspection of the primary images obtained from the
VMI. However, these images are in fact projections of the initial 3D-distribution onto a
2D-screen. In order to extract all the information potentially avaible in this data, one
needs to consider techniques to reconstruct the 3D velocity distribution for the charged
particles created in the experiment.

When a linearly polarized ionizing radiation is used a cylindrical symmetry is present
in the generated electron distribution and most of the electrons are ejected with cylindri-
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cal symmetry about this polarization axis, as shown in Fig. 2.11, following the cos?(0)
distribution (refer to section. 2.4).

When the symmetry axis is set parallel to the detector then an inversion method
can be used to reconstruct the 3D-distribution giving the momentum vector associated
with the electrons. Only under this condition the 2D-projection on the detector contains
enough information to reconstuct the full 3D-distribution. A mathematical procedure like
an inverse Abel transform [94] can recover the 3D-momentum distribution from the 2D-
projection.

The data presented in this theses are reconstructed using two image inversion methods.
The first approach is the one proposed by Vrakking [95] which produces a 2D-slice out of
the initial 3D-distribution after processing the 2D-image. The other approach is the polar
onion peeling method proposed by Robert [96] which is proved to be more efficient for our
datasets. Both methods are briefly described in the following.

Vrakking inversion code

This method is based on the fact that there is a close relationship between the 3D angular
and velocity distribution and the measured 2D angular and radial distribution. Here the
inversion problem is treated as a single 2D to 2D problem with one radial and one angular
distribution. An iterative procedure is developed that gives a converged 3D velocity and
angular distribution.

The main advantage of this iterative procedure is the fact that the noise in the inver-
sion, which is usually projected onto the symmetry axis of the 3D velocity and angular
distribution, is projected toward the center of the image, where it generally does not inter-
fere with the observation of important features in the image. The formalism is described
in Appendix. A.

Polar onion peeling (POP)

This code is a combination of onion peeling using polar coordinate [97] and a basis set
expansion in polar coordinates [98]. The formalism is explained in Appendix. A. The
method is computationally faster than Vrakking code.
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Figure 2.13: The principle of electron streaking by the electric field associated with a light
pulse. Figure adapted from [101].

2.6 THz streak camera

In a conventional streak camera [99] a light pulse hits a photocathode and generates an
electron bunch with a temporal distribution identical to the light pulse itself. These elec-
trons travel perpendicular to a time dependent electric field after which they are detected
by a position sensitive detector. Electrons are deflected by the electric field by different
amounts depending on the phase of the electric field at the time they interact with the
field. In this way the time and phase information is imprinted on a spatial axis [13|. From
the spatial image of the streaked electrons and the slope of the electric field, it is possible
to extract the temporal structure of the ionizing pulse. Here, the time resolution depends
on the speed of the electronics generating the time-varying electric field and the ultimate
limit is the spread of the electron transit times due to a spread in their initial momenta,
the best resolution reported by this technique is 200 fs [100].

This resolution obtained with the conventional streaking technique is not enough for
characterizing few femtosecond long light pulses. For that purpose, a new idea is imple-
mented where the electric field of another light pulse is used to deflect the electrons as
shown in Fig. 2.13.

Both semiclassical and quantum mechanical formalism give equivalent results. In the
following the quantum and semi classical description of the light field driven streak is given
with ideas taken from [1,11-13,20,83,102-104].

2.6.1 Quantum mechanical model

For the quantum mechanical description of the streaking effect the fundamental principle
of wave particle duality is used [11|. For the formulas stated here atomic units are used
where e = m, = h = 1 where e is electron’s charge, m, is electron’s mass and % is Planck’s
constant. The ionization of an atom by an X-ray field is considered and the single active
electron approximation is applied that is all electron-electron interactions in the atom are
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neglected. Implementing the first-order perturbation theory, for times large enough for the
X-ray field to vanish, the amplitude of the transition probability a., from the ground state
to the final continuum state |v > with momentum v, is given by

+oo

Gy = —i / dtdyEx (t)expli(W + IP)], (2.55)
—00

where W = v2/2 is the energy of the final continuum state, Ex () is the electric field of

the X-ray pulse, dy is the element of the dipole transition matrix from the ground to the

|v > state and IP is the ionization potential of the atom.

Eq. 2.55 relates the electron’s wave packet to the X-ray spectrum that promotes it in
the continuum. It shows that the electron spectrum a, is directly related to the X-ray field
spectrum, both in phase and amplitude.

The two spectra might have different amplitudes given that |dy| depends on v. The
ionization cross-section is well known in general, therefore one can correct for this depen-
dence.

The phase difference between the two spectra is neglected because of the negligible
phase dependence of |dy| on v as the bandwidth of X-ray pulse is not too large. With
these considerations, the electron wave packet can be viewed as a replica of the X-ray
field. Hence the characterization of the electron wave packet provides all the information
on the temporal structure of the X-ray field, given that the response of the atom used as
a converter is known.

Now the influence of the low frequency THz field can be taken into account. For this
purpose the influence of the ionic potential on the electron dynamics after ionization can
be left out given that hwx >> IP. The free electron interacts with the THz field and its
energy starts changing. At a certain time ¢ the electron’s energy is given as

2
t
w(t) = Y1, (2.56)
where v is the electron’s momentum in the THz field and is equal to the vector sum
of the electron momentum without THz field and the vector potential of the THz field
vy =V + Arp.(t). Inserting this in Eq. 2.56 one gets

ATy, (t)

WT(t) = WQ + (VATHz(t) + Tz) (257)
The term in the bracket is the result of the interaction with the field whereas Wy is the
electron’s energy before interacting with the THz field. This modified energy expression
needs to be inserted in Eq. 2.55 in order to calculate the transition amplitude due to inter-
action with the THz field. Once both the X-ray and THz pulse have passed the transition
amplitude ay(7)for a delay 7 between the pulses (obtained by solving the Schrodinger
equation) is given as

+o0o
Ay, (T) = —i/ dtexp[igb(t)]dvT(t).EX(t — 7)exp[i(W + IP)t]. (2.58)

—00

The term ¢(t) is the phase accumulated by the electron wave packet during the interaction
with the THz field and reads

(o) 2 /
o(t) = —/: (VAT (') + ATHTZ(t))dt’, (2.59)
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where the integration runs from the time of ionization ¢ when the electron starts interacting
with the THz field. Eq. 2.58 and Eq. 2.59 give the temporal phase modulation induced
by the THz field on the electron packet generated by the X-ray field.

For a linearly polarized THz field Arp.(t) = —(Erp.(t)/wrm.)sin(wrg,t) with a
slowly varying envelope, that is Erp, &~ constant, the term ¢(t) can be written as

+oo 2 / /
o(t) = —/t (E;T#Zli)sin%wTHzt') — VEuFfTih;Z(t)sin(wTHZt')cosé?)dt' (2.60)
~ ¢1(t) + ¢2(t) + ¢3(1) (2.61)

where 6 is the observation angle, the angle between the electron’s final velocity vector and
the polarization of the THz field. The three components of the phase are

P1(t) = — /t o Up(t)dt,
V/SWU,(t)

$a(t) = o cosfcos(wrp:t), (2.62)
(153(75) :%Sin(QwTHzt).

Here U,(t) = EZ, (t)/4w2;, is the ponderemotive potential of the field, the potential
changes slowly in time as the envelope of the THz field evolves. The other two terms ¢o(t)
and ¢3(t) vary very fast due to the dependence on the frequency of the THz field and its
second harmonic respectively. For the majority of the experiments W >> U, therefore the
main contribution to the phase ¢(t) is ¢2(¢) which depends on the observation angle and the
phase of the THz field wrp.t. This ¢o(t) defines the temporal evolution of phase associated
with the electron wave packet which is embedded in a continuum with momentum vp.

Let us consider that the ionizing X-ray pulse is a Gaussian with a linear chirp ¢;. Then
it can be defined as

E,(t) = Eqzexp[—a(t — to)?]expli(w, (t — to) + ¢ (t — to)?)], (2.63)

where Eg, is the amplitude of the X-ray field, the parameter a is = 1/4/272 where 7, is the
rms pulse duration of the X-ray pulse. The spectral intensity I, = |FE;(w)|? can be obtained
by a Fourier transformation of the above expression, giving the following dependence

a(w — wy)?

2(a? + ¢?) ) (2.64)

I, (w) = exp[—

a? —i—cl2

indicating that the spectral width of the X-ray pulse is o, =

In order to compute the photoelectron spectrum we need to Eczake the square of the
transition amplitude from the bound state to the continumm state with momentum vy in
the presence of the THz field that is S(w) = |ay,|?. Inserting the phase from Eq. 2.62 and
X-ray field from Eq. 2.63 into Eq. 2.58 the spectrum is given as

. “+o00 ) 2
Sw)=|—i / _ dtexpligt)]dv, n Bosexpl—a(t —to)7] (2.65)

expli(wa(t — to) + ci(t — to)?)]expli(W + Ip)t[?
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This integral can be solved with some assumptions. The probability of ionization is taken
to be unity: vp(t) = 1. As W >> U, ¢(t) can be replaced by ¢2(t). The final assumption
is that the pulse duration of the X-ray pulse is much shorter than the period of the THz
field. Thus ¢3(t) can be written as

WU, (t 2t
¢a(t) ~ 71)()0059(1 - WTL) (2.66)
WTHz 2
Numerically solving the integral in Eq. 2.65 for electrons parallel to the THz field’s polar-
ization gives the following dependence:

a(w — wp)?

S(w) = exp[— 2(a? + (¢ + 5/2)?)

! (2.67)

Here s = 06W/0t is the streaking speed, the rate of change of electron’s energy due to
streaking, this is the spectrum for maximum streaking that is for the zero transition of
vector potential. Eq. 2.67 tells that the rms width of the spectral envelope of streaked

electrons is
2 + 9 2
Ost = \/a + (oo ' (2.68)
a

The sign + corresponds to the electrons propagation in the direction of the THz field and
opposite to it. Inserting the value of a in terms of the temporal duration of the X-ray pulse
7 and its spectral width o, o can be rewritten as

02 =02 +12(s% + 4cs). (2.69)
This result shows that the spectral width of the electron spectrum changes in the presence
of the THz field because of the duration of the ionizing pulse and a linear chirp associated
with it. Also this result relates the width of the photoelectron spectrum to the temporal
pulse duration of the X-ray pulse. If it is assumed that in the absence of the THz field the
spectrum of the photoelectrons mimics the spectrum of the X-ray pulse o9 = o, the rms
length of the X-ray pulse can be expressed as

[ 2 2
Ost — 0p
= = 2.70
T 52 + 4cs ( )

This final expression can be used for the temporal diagnostics of short X-ray pulses.

2.6.2 Semi classical model

When an electron is ionized in the presence of an external field it interacts with the fields
in terms of momentum exchange. The following formulism is based on the concepts given
in [1], [102], [11]. The frequency of the ionizing field is much higher than the frequency
of the streaking field. This fact allows a separate analysis of ionization and streaking
processes. The semiclassical model of the streaking process divides it into two steps. In
the first step a highly energetic X-ray photon pulls out an electron. The initial energy of

this electron is given as
2

Wo = %0 =wy — IP, (2.71)
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where vg is the initial velocity of the electron and wx is the energy of the X-ray field in
atomic units. Before considering the next step in the process two assumptions are made.
The first assumption is that IP >> wrpy,, that is the THz field is not strong enough
to affect the bound state of the electrons inside the atom. The second assumption is
wy >> I P that is the ionic field does not affect the ejected electron any more. With these
conditions the velocity of an electron, emitted in the direction of the THz field, can be
written as

v(t) = _ATHz(t) + (1)0 + ATHz(t = tz)) (2.72)

Here vy is the initial velocity at the time of ionization ¢t = t;, whereas Ay (t) is the vector
potential of THz field. In Eq. 2.72 the first term on the right hand side corresponds to a
quiver oscillation that is averaged to zero once the THz pulse ends : App.(t) = 0. This
leads to the conclusion that the final velocity of the electron stays constant after the THz
pulse has passed and it depends on the THz field at the very moment of ionization t;

vy =g + ATHz(ti)- (2.73)

This change in velocity indicates the energy exchange between the electron and the THz
field. Depending on the time of the ionization the electons interact with the THz field at
different phases, leading to different kinetic energies. This fact allows the calculation of
the X-ray pulse arrival time with respect to the THz pulse by measuring the central energy
of the photoelectron spectrum. Assuming a linearly polarized THz field with electric field
vector

ETHz(t) = EOTHZ(t)COS(WTHzt + QD), (2.74)

and vector potential given as

Arp.(t;) = /00 Erp.(t)dt. (2.75)

ti

For a THz field with slowly varying envelope the vector potential at the time of ionization

can be expressed as

E
ATHz(tz‘) = — wflfz Sin(wTHzt@' + QD). (2.76)
z

The argument of the sine function can be rewritten as wrp,t; + ¢ = ¢; where ¢; is the
phase of the THz field at the time of ionization. Taking this into consideration and using
Eq. 2.73 for the final kinetic energy of an electron after streaking Wy, = v]% /2 one gets
the result

Whin = Wo + 2Upc0826?sin2q§,~ +(1- (2Up/W0)sin298in2q§,~)\/8W0Upcosé?sin¢i, (2.77)

where W)y is the initial kinetic energy of electron, 6 is the angle between the final velocity
of the electron with the polarization axis and U, is the ponderemotive energy as given
by Eq. 2.4. This result shows that the final kinetic energy of the electron after streaking
depends on the phase of the THz field ¢; at the time of ionization. Moreover the streaking
is an angle dependent effect, depending on the the orientation of electron’s initial velocity
vector with respect to the THz light polarization it will get a certain shift in energy plus
a certain deflection from its original direction see Fig. 2.14.
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Figure 2.14: Streaking effect on photoelectrons generated at a given phase ¢;. The dashed
circle is the initial momentum distribution in the xy plane and the solid circle represents
the distribution after deflection by the streaking field. pg is the initial momentum vector,
dp is the change of the momentum and p; is the final momentum vector having an angle
0 with respect to the polarization axis. Figure adapted from [102]

For the case of a final velocity along the polarization axis FEq. 2.77 reduces to
Wiino = Wo + 2Upsin*¢; + /8WoU,sing;. (2.78)
For most of the experiments U, << Wy is valid, thus Eq. 2.78 simplifies to

ka,o = WO + \/SWQUpSin(bi. (2.79)

The X-ray pulse with a certain temporal duration creates electrons at different points
in time. Each electron has its own ionization time ¢; and hence sees a different phase
of the THz field ¢;. The final energy spectrum of the electrons contains information of
temporal structure of X-ray pulse. To be more precise the final spectrum is a convolution
of the energy with the streaking field and the temporal profile of the X-ray pulse. Now for
deconvolving the rms width of the photoelectron spectrum has to be taken into account.
With a linear energy chirp in the X-ray pulse, the rms spectral width of the streaked

electron spectrum is

02 = 08 + 72(s% & 4es). (2.80)

The contribution from the linear chirp depends on the direction of the photoelectron ve-
locity with respect to the streaking field: it can either broaden or narrow the spectral
width.

To better understand this it is necessary to consider the streaking process once again
with respect to the slope of the streaking field as shown in Fig. (2.15). The same initial
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Figure 2.15: Depiction of the streaking process. The photo electron spectrum becomes
broader due to streaking but the amount of broadening depends on the slope of the streak-
ing field. Figure adapted from [83]

chirp is translated in opposite ways depending on the slope of the streaking field. The
solution to the problem is to measure the electrons propagating parallel to and opposite to
the streaking fields simultaneously, which is conveniently done in a VMI spectrometer with
a 4w steradians acceptance angle. By carefully measuring the spectral width of the electron
spectra for electrons propagating parallel or anti-parallel with respect to the THz field one
can achieve A% = 0%, — 02 = 72(s?+4cs), where +(—) corresponds to measurement along
(opposite to) the THz field. The pulse duration is then calculated as

Ac? + Ac?
Tp = ”BT' (2.81)

When both X-ray and THz pulses are generated from same laser no jitter occurs between
them and hence a more reliable measurement can be performed.

If the semiclassical and quantum models are compared to each other one finds that
both models give equivalent expressions for the energy change for a streaked electron. The
comparison also tells that the semiclassical model shows that the final kinetic energy of
the electron is defined by the phase of the THz field at the time of ionization and quantum
model shows that the phase accumulated by the electron wave packet during the process
is temporally modulated by the THz field.

2.6.3 Unique advantage of using velocity map imaging

Velocity map imaging spectroscopy of electrons created by attosecond pulses and streaked
by the femtosecond infra-red laser is in use for some time [17,18,105|. Now if we consider
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Figure 2.16: Illustration of the streaking effect. Electrons generated by an XUV pulse are
streaked by a THz pulse and the effect can be directly observed on a position sensitive
detector using VMI spectroscopy.

the image obtained on the VMI detector in momentum space with the x-axis being the
polarization axis then the momentum of a streaked electron is given as

p=(p, — At)) +p, (2.82)

Which indicates that the x component of momentum gets the shift as shown in Fig. 2.14.
The dashed circle of radius pg is the electron momentum distribution in the xy plane
produced by the X-ray pulse with no THz field present. The solid circle represents the drift
momentum distribution in the presence of the THz field. By using the VMI spectroscopy
both energy and angular shift as a result of streaking can be measured as a complete
picture of the electron’s momentum is measured.
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Chapter 3

Experimental setups

In this chapter the setups of different segments of the work are described with a main focus
on the working principle of major components. Sec. 3.1 is dedicated to the Ti-Sapphire
laser system. Section 3.2 summarizes the radiation sources, including concise accounts of
the setup of a source for higher order harmonic generation (HHG) with the hollow fiber
compressor and the experimental part where THz- radiation is generated. Section 3.3
explains the electro-optical sampling setup. The streaking setup is described in section 3.4
with detailed description of the VMI spectrometer and the position sensitive detector used
to detect the electrons.

3.1 Femtosecond pulsed laser system

The Ti-Sapphire laser invented by [106] has rapidly become commercially available. This is
the working horse for most of the laboratories now-a-days. A Ti-Sapphire laser system from
Amplitude Technologies with an oscillator from Femtolasers(Synergy) is used in this project.
The different components of the system are represented in Fig. 3.1. The active medium
in the oscillator is the Ti-Sapphire crystal and it is pumped by a frequency doubled diode
laser at 532 nm (Verdi V-5, Coherent). The basic working principle of the laser system
is chirped pulse amplification [107] depicted in Fig. 3.2. The oscillator provides pulses
with a bandwidth of 90 nm with a pulse energy of 5 nJ at 75 MHz rate. These pulses are
first stretched in time by using a grating. This grating stretches the pulses by a factor of
1000. The stretching is necessary in pursuance of keeping the intensity under the damage
threshold of the amplifying medium. The stretched pulses then enter the regenerative
amplifier where they propagate for several round-trips in a z-shaped cavity. 1000 pulses
per second are amplified in a titanium sapphire crystal such that the repetition rate is
reduced to 1 kHz from the initial 75 MHz produced in the oscillator. Each pulse is coupled
out by a Pockels cell after it has reached its maximum energy. Every 40th pulse is then sent
to a different amplification system and used for different experiments. The remaining 975
pulses are further amplified, therefore they propagate 5 times though another Ti-Sapphire
crystal, this is called multi-pass amplification. Both amplification crystals are pumped by
a diode laser in the green spectral range (DM30-527, Photonics Industries). Afterwards
the pulses are re-compressed by a pair of gratings to obtain a pulse duration of 35-40 fs.
Each pulse has an energy of about 2.5 - 3 mJ.
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Figure 3.1: Different parts of laser system.

Figure 3.2: The principle of chirped pulse amplification.



3.2 Radiation sources

A 72/28 beam splitter is used to divide the pulse energy coming from the laser compressor
for the HHG setup and THz-radiation generation setup. The major reflected part is used
for higher harmonic generation and the minor transmitted part is used for generating THz-
radiation. In the following the setups for generating both types of radiation are described.

3.2.1 HHG setup

This part of the beam is stabilized using an Aligna TEM stabilization unit, this is neces-
sary for the sustainability of the source. For this purpose two mirrors in the beam path
are equipped with two-axis piezo actuators each. Furthermore, the small transmission of
another mirror is used for the precise determination of position and angle of the beam
by means of PSD’s (position-sensitive devices). The stabilization is controlled via special
software and hardware.

The setup is sketched in Fig. 3.3. Starting from the top-right a combination of hollow
core fiber and chirped mirrors is used to compress the pulses. For this purpose the beam
is focused into a one meter long hollow core fiber filled with neon at a pressure in the
range of 0.8-1.35 bar using a one inch spherical lens of focal length 3 m (not shown in the
sketch). The length of the fiber and the focal length for focusing are determined on the
basis of initial pulse energy and desired compression factor. The self phase modulation
occurring inside the fiber (see section 2.2.3) introduces a negative chirp in the pulse along
with broadening of the spectrum. A set of three chirped mirrors is used to compensate for
this chirp (part a - ¢ in Fig. 3.3.). Each chirped mirror introduces about -120 fs? group
delay dispersion (GDD). For an accurate chirp compensation a little too much negative
GDD is applied and to compensate this two fused silica glass wedges are used. The wedges
are 30 x 20 mm in size and have thicknesses in the range of 0.2 to 1.25 mm and the wedge
angle is 2°. To avoid losses due to reflection both sides are coated with one broadband
transmission coating.

For the transportation of these pulses, with broad spectrum, further broadband silver
mirrors from the company Layertec with a broadband reflection coating are used (part 1 -
3 in Fig. 3.3). After the chirp compensation the divergent beam is first collimated using
a concave mirror with a focal length of 3 m. After collimation there is more folding of
the beam until it reaches the focusing mirror with a focal length of 1.5 m. Between the
focusing mirror and the target another motorized mirror is used at the smallest possible
incidence angle to get possible beam path alteration in a +10 mm range for manipulating
the focus position relative to the target and achieve phase matching (the mirror labeled
as 3 with a two sided arrow in Fig. 3.3). The focused beam interacts with the gas target
consisting of a thin wall stainless steel tube, with inner diameter of 3 mm, closed from one
end and filled with neon at a pressure around 100 mbar. The tube is fixed in the center of
a separate chamber using a Swagelok holder. The focused laser has sufficient intensity to
provide an entrance and an outlet hole in the tube. Thus, the smallest possible openings
are formed. In order to monitor the focus position, the transmission of one silver mirror
is focused with a lens of 750 mm focal length and is detected by a charge coupled device
(CCD) camera to attain a copy of the focus (beam monitoring setup in Fig. 3.3.).

The generated harmonic beam propagates collinearly with the infrared beam through
a mirror with a central hole of 2 mm diameter, this mirror serves as the first filter for
infrared by reflecting back the divergent laser beam and letting the XUV beam though
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the hole. In addition, aluminium or zirconium filters are used to filter out the rest of the
infrared beam.

The spectral characterization of the harmonics is done using a spectrometer. A blaze
grating with 600 lines per mm at a blaze angle of 2°is used for this purpose. The beam
propagates through a vertical slit in front of the grating so that a spatial splitting of the
harmonics up to about 77th order at a distance of about 300 mm from the grating can
be done. The detector consists of a multi-channel plate(MCP) and a phosphor screen
with 25 mm active area. The screen is imaged over a mirror with a lens on a CCD
camera(characterization segment in Fig. 3.3.). The grating and the slit are taken out of
the beam path during the experiment.
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Figure 3.3: Higher Harmonic generation setup. Figure adapted from [108]
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Figure 3.4: Individual and overall reflectivities of gradient and focusing multilayer mirrors.

The XUV beam, before it travels to the experiment, is incident on a gradient mirror
at an angle of 5°which is used to select one single harmonic order. A gradient mirror
is coated with a differential coating of Molybdenum and Silicon with smooth gradient,
reflecting different harmonic orders depending on the position where the beam hits the
mirror. In order to use this feature of the mirror the vertical motion of the mirror is
motorized. By changing the mirror height relative to the incident beam the spectral range
can be set between 85.5 and 98 eV. After this the beam is imaged into the target using
another Mo/Si focusing mirror with a focal length of 750 mm. One important aspect to
be mentioned is that the incidence and outgoing angle for the focusing mirror is 20°due to
the experimental setup requirements, which gives an astigmatic focusing. The reflectivity
curves of gradient and focusing mirror as well as the overall reflectivity are plotted in
Fig. 3.4. It is evident from the plot that the gradient mirror narrows down the reflected
bandwidth making selection of single harmonic possible.

The absorption length of the here produced harmonics is in millimeter range at atmo-
spheric conditions. Therefore the setup from generation to interaction with the target(also
the characterization setup) is kept under vacuum.
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Figure 3.5: THz-radiation generation setup

3.2.2 THz-radiation source

The transmitted portion from the beam splitter is used for THz-radiation generation. In
order to achieve a beam path length close to that of XUV beam, the infra-red beam passes
through a delay line of about 12 m. For this purpose, the beam is folded several times
with a small incidence angle at a distance of about two meters back and forth using zero
degree 2" mirrors. The beam transport up to the source contains a total of 16 mirrors
including 45° and 0° incidence angle mirrors. To prevent the beam from disturbance due
to air major part of the delay line is covered in metal boxes.

The setup is schematically depicted in Fig. 3.5. Before setting up the source the
incoming beam size is measured precisely using the knife edge scan technique and found
to be w, = 9.5 mm and w, — 12 mm at the position of the source. At first, a Galilean
telescope with a plane convex lens of focal length 1 m and plane concave lens of 0.2 m
is implemented to get a demagnification factor of 5 followed by the delay unit. This unit
is used to alter the beam path for THz pulses with respect to the IR/XUV beam for the
electro-optical sampling/streaking experiment. The unit consists of a long delay stage with
a delay range of £150 ps with two 1" mirrors aligned at right angles to each other fixed on
the stage plate. The next optic in the beam path is the crucial blazed grating with 2000
lines per mm. The alignment of the grating deviates from Littrow configuration by 9.5°to
get best possible pulse front tilt for phase matching inside the LiNbO3 crystal. The 0"
order of the grating is used for alignment purposes. It is deflected towards a 2" 45° mirror,
the reflection of the mirror is directed to a white screen to monitor the beam position. The
leakage of the mirror is focused by a 75 mm lens on a CCD camera to observe angular
deviations (beam monitoring part in Fig. 3.5.)
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The first order is imaged by an achromatic lens of focal length 75 mm onto the crystal
with a further demagnification of factor 2, the beam size at the crystal then is w, =
1 mm and w, = 1.3 mm, full width at half maximum in horizontal and vertical directions
respectively. A A/2 plate is inserted in the beam path before the crystal to rotate the
polarization of the pump beam to s-polarization.

The pulse energy, after all losses, reaching the crystal is 0.55 mJ. Taking the pulse
duration of 40 fs this gives an intensity of 0.65 TW /cm? which is slightly below the damage
threshold given as 0.7 TW/cm?. The angle between the input and output surface of the
crystal is 63°so that the THz-radiation is perpendicular to the crystal surface.

For the purpose of the optimization of the source it is necessary to introduce a significant
number of degrees of freedom. The grating and crystal can be finely rotatable and movable
in horizontal direction (using rotation and linear stages) in order to fix the pulse front tilt.
The crystal position can also be changed along the beam path using another linear stage
to vary the spot size on the crystal as well as the pulse front tilt. In order to alter the
distance between telescope lenses the plane concave lens is placed on a linear stage. The
achromatic lens can be moved along the beam path to change the imaging likewise the
pulse front tilt.

The THz-radiation is transported using copper mirrors with a diameter of 5 cm . As
the THz-radiation is highly divergent, a collimation optics is needed to be installed shortly
after generating crystal. For this purpose two different lenses are tested at a distance
less than 10 cm from the crystal, one made of Teflon and the other made of Zeonex with
approximately same focal length. A periscope is used to bring the beam to experimental
chamber height and switching the polarization from perpendicular to parallel to match
with the polarization of XUV beam. For focusing the beam into the target a combination
of two lenses (made of Zeonex480R) with a focal length of 50 mm each is used that gives
an effective focal length of 34 mm together. The test focusing is however done with a
Zeonex480R lens of focal length 100 mm.

Measurement of THz beam parameters

Two different pyro-electric detectors are used to measure the pulse energy of the generated
THz-radiation after blocking the infra-red using a 0.7 mm thick black polymer plate. The
transmission of this filter is measured to be 90%. One of the detectors has a circular chip
with a radius of 5 mm. In addition a 2 x 2 mm pyro-electric detector (LME 301, Infratec) is
utilized. For both detectors the original signal is amplified by a charge sensitive preamplifier
module (CR 110, Fast ComTec). In order to map the beam profile a combination of the
pyro-electric detector with a module consisting of four motors and a picoscope controllable
from a Labview program is used.

3.3 Electro optical sampling setup

The electro-optical sampling (EOS)is carried out in the experimental chamber as close to
the interaction region as possible. This measurement not only insured the spatial and tem-
poral overlap of THz and Infrared(IR) beam (which propagates co-linearly with the XUV
beam) but also characterize the THz pulse in time and spectral domain. The arrangement
used for this purpose is depicted in Fig. 3.6.

The infrared beam is used as a probe beam to detect the electo-optical effect generated
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Figure 3.6: Setup for EOS. The THz and IR beams are focused into the ZnTe crystal. The
polarization change induced by the THz beam is detected by polarizing beam splitter and
two photodiodes.

by the THz beam(see section 2.3.5). The IR beam is the one coming on the XUV beam
path, therefore it has the same timing as the XUV beam except the correction from air to
vacuum as EOS is carried out under atmospheric conditions. Both THz and IR beam are
deflected using a 2" silver mirror towards the EOS crystal, namely a ZnTe crystal with a
thickness of 3 mm. After this the probe beam is transported to detection set-up. Here first
a A\/2 plate and then a \/4 plate is inserted to get a balanced detection or more precisely
to get equal contributions for two orthogonal polarization components. Then follows a
polarizing beam splitter to separate two polarizations and two photodiodes to measure
the two signals. In order to detect the change caused by the THz field the difference
signal of the two photodiodes is measured. As the probe beam is divergent and travels a
long distance from the EOS crystal to the photo-diode a focusing lens is used before the
polarizing beam splitter so that the beam parts can reliably placed on the photo-diodes.
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Figure 3.7: Setup for streaking. The THz and XUV beams are focused at the interaction
point. The copper mirror and Zeonex lens are equiped with central holes for the in-coupling
of the XUV beam. The target gas is supplied by a thin gas needle.

3.4 Streaking setup

For the purpose of electron streaking both XUV and THz beam are overlapped at the
interaction point in the experiment, the setup is shown in Fig. 3.7.

The THz beam is reflected over a 2" copper mirror and is focused by a lens made of
Zeonex-480R, with a focal length of 100 mm.

For the in-coupling of the XUV beam a 3 mm central hole is drilled in the copper mirror
at 45°. The lens is provided with a central hole of diameter 2 mm for the same purpose.
The target gas is supplied via a thin needle.

The setup used for electron detection is described in the following section.

3.4.1 Velocity map imaging spectrometer with static voltage

The design used in this project is similar to the one proposed by Eppik and Parker [22]
with only two modifications. One modification is the in-coupling of the excitation pulse
and second is the target gas feeding. The beam propagation direction is along the detector
normal, this arrangement is chosen to make the in-coupling of the invisible THz beam more
convenient. The velocity map imaging detector consists of an assembly of three electrodes
and a gas needle motorized in three dimensions shown in Fig. 2.9. The electrodes are
made of aluminium with 5 mm thickness. The diameter of the repeller plate, the first
electrode, is 155 mm with a central hole of diameter 22 mm. The extractor plate, the
second electrode, has a diameter of 160 mm with a central hole diameter of 40 mm. The
third electrode labelled as ground has a diameter of 200 mm with a central hole with a
diameter of 40 mm. An exchangeable entrance port is added to the repeller plate with the
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possibility to glue a thin plate with pinhole for beam in-coupling, the purpose is to test
different sizes of the hole such that both beams can be brought to the interaction point
without getting distortion of electric field. The distance between the repeller and extractor
electrode is set to 18 mm and the distance between the extractor and ground electrode
is set to 25 mm. The electrodes are connected together with rods made out of PEEK
and the spacer are also made of PEEK, this is necessary to prevent the possibility of any
electrical connection between the electrodes. The electrode surfaces are finely polished and
examined using interferometric microscopy with a rms roughness values below 0.5 microns,
this is essential to avoid any field emission due to sharp edges and have a homogeneous
electric field. The distance between the interaction plane and the detector is as large as
28.5 ¢m This large distance is desired to optimize the resolution of the electron signal on
the detector.

The gas nozzle is chosen such that it causes no distortion to the electric field between
the repeller and the extractor. For this purpose a thin aluminium capillary with an inner
diameter of 0.2 mm and an outer diameter of 0.3 mm is inserted inside a 1/16" aluminium
capillary with an inner diameter of 0.5 mm and a length of 100 mm. It is first glued with
adhesive conductive silver glue and afterwards is cut by a focused laser to the length of
15 mm to prevent any cloacking of the thin nozzle. The mounting of the capillary on the
motorized stage assembly is done by pieces made of PEEK. The motorization of motion
of the gas nozzle is necessary because the its position highly affects the circularity as well
as the resolution of the acquired electron rings on the detector. In order to maintain a
homogeneous field distribution an appropriate voltage is applied to the gas needle.

For the detection of electrons with energies as high as 80 eV at a high detection efficiency
voltages as high as -10 kV and -8 kV are applied to repeller and extractor plates, respectively.
High voltages are necessary as the detection efficiency depends on the kinetic energies
electrons acquire from the DC field(see Sec. 5.4 ). Special care needs to be taken to work
with such high voltages. The commercial voltage supplies (from iseg Spezialelektronik
GmbH) are used with the desired voltage range. The advantage of using this supply is
the possibility to read the applied voltage on the display with a step of 1 Volt. In order
to prevent any short cut additional 1 mm thick silicon insulation is used for the Kapton
insulated cables used for connecting the voltage feed-throughs to the electrodes.

3.4.2 Position sensitive detector

A higher energy resolution is a prerequisite for a meaningful study of photoproducts, for
this reason the position sensitve detector (PSD) must have a very high spatial resolution.

In order to achieve a good count rate and be able to do long scans in a reasonable
time a high detection efficiency is essential. Usually micro-channel plates (MCP) are used.
However the MCP’s with increasing sizes are extremely fragile and expensive and the
quantum efficiency depending on the material used and acceleration voltage applied is as
low as 50%.

A detector with a rather special design manufactured by Proxitronics is used in this
project that can serve the required purposes it is schematically drawn in Fig. 3.8.

The first part of the detector is a phosphorous screen with a diameter of 150 mm and it
will be called primary phosphor screen hereafter. The primary phosphor screen is coated
with P43 (PrCeF) with a decay time between 1 to 10 pus. On the front of the primary
phosphor screen a 5 - 50 nm thick aluminium coating is evaporated this coating shields the
background light. In addition an absorption layer is deposited over the aluminum coating
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which collects the wide band light while blocking the unwanted reflections. The electrons
lose 3 keV energy while transmitting through these layers [109]. The spectral sensitivity
of the first phosphor screen is calculated from the table given in the user manual of the
detector [109] and it is 0.72 W/mA. In order to convert the spectral sensitivity S to
photons/electron one needs to consider number of photons per unit time, with wavelength
equal to emission wavelength of the phosphorous screen, generating a power of 7.S” W and
the number of electrons per unit time creating a current of 1 mA, this leads to the following

conversion
SX)\emission

= 6.24x10Pxhxc’

where A¢pission 18 the emission wavelength of the phosphorous screen, h and ¢ are the
Planck’s constant and the speed of light respectively.

This screen is coupled via a fiber optic taper to a photocathode. This is the bell shaped
part in Fig. 3.8. The fiber taper is made of a hexagonally packed glass fiber bundle and
reduces the diameter from 150 mm to 40 mm and guides the photons generated due to
the electron impact on the primary phosphor screen. The use of a taper has advantages
over the use of a lens for imaging the phosphor screen. The fiber taper transports the
light more efficiently than with an optical lens imaging. The aluminium coating on the
primary phosphor screen reflects the light that is generated in the phosphor layer into the
taper, this increases the brightness for electron events with more than 4 keV by up to
100%. The efficiency of the fiber taper for 1:1 coupling is 70% (the number is taken from
the documentation provided at the time of purchase) and due to reduction of diameter
from 150 mm to 40 mm it becomes 5%.

The next component in the detection system is a photocathode made of Quartz (Type
S20). The photons hitting the photocathode generate electrons due to the photoelectric
effect. The spectral sensitivity of the cathode for the wavelength of 545 nm is given as
45 mA /W [109]. The following formula relates the spectral sensitivity of the photocathode
Sto its quantum efficiency [109)],

Nph (3.1)

Q%) = 124 *)\b(’i?:;él/W)’

(3.2)

hence for the used photocathode the quantum efficiency is 10.2% at this wavelength. The
photocathode can be used with the supplied pulse generator to be activated for a certain
time. The potential of the photocathode Upy, is 12V (off) and -180V (on) [109]. The gate
time can be either provided by the trigger or by eight firmly pre-programmed pulse lengths.
The delay between trigger input and switching of the cathode is 130 ns, the maximum pulse
repetition frequency is 14 kHz. The jitter supplied by the manufacturer is max. 1 ns, the
rising time (10% to 90%) is 15 ns.

The photocathode is followed by two Chevron-shaped MCP’s of type BV4063 QZ-V.
The potential of the first multi-channel plate is 0 V, for the second plate the static voltage
can be applied from the pulse voltage supply generator (Type IG 100N) in ten steps
between 1000V and 1800V. The electrons generated by the photocathode are amplified by
the MCP’s. The amplification factor of this arrangement is 1000 per MCP at a voltage of
1800 V. The efficiency of this stack is 60% [110].

The last part is another phosphor screen labelled as secondary phosphor screen herafter.
The phosphor screen is also provided with a conductive layer on the side facing the MCP.
The potential of this layer is 6 kV. The detection efficiency of this secondary phosphor
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Figure 3.8: Schematic representation of different components of position sensitive detector.
The voltages applied during operation are also given

screen is given as 0.6 W/mA for an applied voltage of 6 kV [109]; The combination of
photocathode, MCP’s and secondary phosphor screen is called the image intensifier. The
amplified electrons ultimately produce the visible image on the secondary phosphor screen.
The final resolution limit of the whole system is 24 line pairs per mm [111].

Two different cameras are tested to record the events occurring on the detector a Q
cam (1392 x 1040 pixels) from Qimaging and a digital Basler camera (type acA1920-40 pm
with 1920 x 1200 pixels).

For a high detection efficiency, for each electron that hits the primary Phosphor layer,
a luminous spot should appear on the secondary phosphor layer. The product of the
individual detection probabilities of the components involved must be as close to unity as
possible.
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Chapter 4

Characterization of radiation sources

In this chapter the specific properties of the radiation sources developed in this project are
summarized.

4.1 Soft X-ray radiation generation and characterization

This section summarizes the performance of the hollow fiber compressor HFC and the
HHG source. As the compressed pulses from the HFC are used to drive the HHG source,
the performance critically depends on the successful operation of the HFC.

4.1.1 Operation of the hollow fiber for pulse compression

Several parameters affect the pulse compression achieved by a hollow fiber compressor.
Starting from the optimization of the pulse compression inside the laser system to achieve
the shortest possible chirp-free pulses, the average pulse duration used for this work is
around 40 fs. This is critical for the self phase modulation (SPM) occurring inside the
hollow fiber which requires a minimum critical intensity. The peak intensity is above
10'4W /cm? (the value is taken from the Ph D thesis of Roman Branaath [108]) to make
SPM possible .

Another parameter is the gas pressure in the hollow fiber. Depending on the average
output power of the laser, different pressures are needed in the fiber to attain the optimum
broadening. During this work the gas pressure applied is in the range of 800 - 1350 mbar
depending on the laser output, a higher average power from the laser demands a lower neon
pressure in the fiber. Both fiber pressure and the beam in-coupling into the fiber affect
the output mode of the fiber. For an efficient HHG process it is necessary that maximum
power is contained in the central part of the fundamental EM11 mode.

For the current setup the maximum average power coupled into the hollow fiber is
2.2 W with the output power in the central mode equal to 0.9 to 1 W, giving a 50% useful
transmission. The loss can be partly explained by the light scattered by the fiber cladding.
The spectra for input and output beams are shown in Fig. 4.1.
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Figure 4.1: The input and output spectra for the Hollow fiber compressor. The broadening
is evident.

The original spectrum is broadened. The FWHM for the shown input is 28.64+ 0.1 nm.
The central wavelengths are 800 nm and 745 nm for the original and the broadened spec-
trum, respectively. The positive chirp introduced by the fiber is compensated by the
negative chirp of chirped mirrors. The calibration of the resulting pulse duration for a
certain output spectrum is done in the master work of Brannath [47] by measuring the
pulse duration using SPIDER (Spectral Phase Interferometry for Direct Electric field Re-
construction) for different width of the HFC output spectrum. If that is considered still
valid pulses of duration down to 10 fs can be reached for the spectrum given in Fig. 4.1
leading to the conclusion that a compression factor of 4 (from 40 fs to 10 fs) can be attained
with this setup.

4.1.2 XUV source optimization

The output of the HHG source is monitored using the spectrometer setup. A spectrum
taken without any filter is shown in Fig. 4.2. The labelling of the harmonic orders is done
with reference to the HHG spectrum measured after transmission through an aluminium
filter. The aluminium filter allows energies below 73 eV to be transmitted as shown in
Fig. 4.2. The focusing mirror directing the XUV beam to the experiment has maximum
reflectivity for the 57th harmonic as shown in Fig. 3.4, thus the harmonic order of interest
is the 57th. In the shown spectrum the cut-off occurs at the 67th harmonic order. It is
important that the required harmonic order is within the plateau region in order to have
sufficient flux for the experiment.

The first parameter to be optimized is the laser intensity at the target. The intensity
affects the flux of higher harmonics as well as the the position of the cut-off. The factors
affecting the intensity that can be manipulated are the chirp and the focus size. The chirp
introduced by the HFC is minimized by matching the amount of glass (giving positive
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chirp) with the chirped mirrors(giving negative chirp)(see Fig. 3.3). The focus size for
maximum output is achieved by changing the size of the aperture (aperture in Fig. 3.3).

The second parameter critical for HHG source performance is the phase matching which
is affected by the pump intensity as well as the target density. As the interaction length is
fixed to 3 mm the gas density is mainly varied by changing the target gas pressure. In this
work the target gas is neon and the applied target pressure ranges between 85 - 120 mbar.
This gas pressure also affects the re-absorption of the generated harmonics, hence the gas
pressure is optimized for the maximum output.
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Figure 4.2: A spectrum of experimentally generated higher harmonics with no filter in blue
and with Aluminium filter in red [112]

Multiple iterations of the optimization of all parameters are carried out until a maxi-
mum output in terms of flux and highest cut-off energy for higher harmonics is achieved.

4.1.3 Focus size and divergence estimation

The beam profile of the XUV beam and the Rayleigh length is critical particularly for
this setup, as shown in Fig. 2.9. The beam size at the interaction point tells how close to
the center of the beam the gas nozzle can be brought. Considering this the beam profile
at the interaction point in the experimental chamber is investigated by imaging the XUV
beam on a CCD-camera with phosphor (Type P43) coated chip. A scan along the optical
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axis over a range of +15 mm is carried out. The focus size is estimated by fitting a two-
dimensional Gaussian. The FWHM for both transversal directions are w, = 18 £ 1 um
in horizontal direction and w, = 290 & 11 pm in vertical direction. The Rayleigh length
is estimated to be 2, =197 & 7 mm with half angle divergence of 0.18 4 0.01 mrad and z,
= 744 + 60 mm with half angle divergence of 0.78 + 0.19 mrad. An astigmatic behaviour
is observed due to a rather large angle of incidence of 20°0on the imaging multilayer mirror.
The beam profile at the focus is depicted in Fig. 4.3.
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Figure 4.3: a:HHG beam profile at interaction point, Profile plots for b: Horizontal, c:
Vertical directions.

The beam is slightly tilted in vertically direction. This tilt originates from the source
itself and depends on the beam in-coupling inside the hollow fiber. As the target gas
nozzle is inserted transversely [see section 3.4| a small width in the horizontal direction is
beneficial in order to confine the interaction region. The interaction point is 4 mm in front
of the focus due to system design however it is well inside the Rayleigh length.
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4.1.4 Photon flux and conversion efficiency measurement

Assuming a pulse energy of 0.9 mJ and a pulse duration of 10 fs the maximum intensity
reaching the HHG target is up to 5 x 10'* W /cm?, this is an optimistic estimate as the pulse
energy reduces after propagation from the HFC to the target(see Fig. 3.3). Using a silicon
XUV photodiode(Type: SPD-1UVHCM, Technoexan LTD) the photon flux of the 57th
harmonic order in the experimental chamber is measured to be 1.1 x 10  photons/pulse
after blocking the IR with two zirconium filters of thickness 200 um each and 50% transmis-
sion each. The gradient and focusing multilayer mirrors give an overall reflectivity of 40%
(see Fig. 3.4) this corresponds to 11x 10 4 photons/pulse for 91.4 eV photons. This gives
an energy conversion efficiency of 4.5 x 107 which is slightly higher than the efficiency
achieved at setups developed with similar laser parameters [113,114].

4.2 THz radiation generation and characterization

The THz source is characterized in terms of pulse energy, beam profile and beam divergence
close to the source. The beam profile and pulse energy are also measured close to the
interaction plane in order to investigate the possible influence of propagation in air and
through a 3 mm thick in-coupling window made of TOPAS. Moreover it is important for
the investigation of the focusing quality of the Zeonex lens with a 2 mm hole in the center.
The THz beam is loosely collimated using a Zeonex lens with a focal length of 87.5 mm
generating an intermediate focus at a distance of about 70 cm from the lens. Copper
mirrors with 50 mm clear surface and a 99.99% reflectivity for THz radiation are used for
transporting the beam from the source through air to the experiment. The total distance
from the source to the interaction point is approximately 2.5 m.

4.2.1 Conversion efficiency

Due to the intense infra-red pump radiation hitting the crystal and getting scattered in
random directions, a measurement of the pulse energy close to the crystal would have been
highly misleading. For this reason the pulse energy is measured after the collimating lens by
focusing the radiation using an off-axis parabolic mirror with a focal length of 100 mm. The
collimation lens is made of Zeonex480R, which offers the minimum absorption coefficient
of 0.015 mm~! at 1 THz and a medium high refractive index of 1.5 [115]. The calibrated
detector gave a signal of 471 mV corresponding to a pulse energy of 584 nJ. The calibaration
factor of 1.24 nJ/mV is established by comparing the pyrodetector signal with THz-streaked
signal in the work of Brannath [108]. However this number underestimates the actual pulse
energy as the focus size, measured later, at this point is bigger than the detector size. With
the knowledge of the absorption coefficient and the thickness of the collimation lens that is
10 mm the loss is 14%. Additionally there is an 8% loss due to reflection. Thus, the THz
source provides about 712 nJ pulse energy. Compared to pump pulse energy of 550 uJ it
corresponds to a conversion efficiency of 0.13%, which is comparable to the one achieved
with other setups with similar pump parameters like in [78].

4.2.2 Beam transmission

After transporting the THz beam to the interaction point, the measured pulse energy in
the focus is 320 nJ, Considering the pulse energy of 712 nJ delivered by the source this
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corresponds to a beam line transmission of 45%. The transmission losses are quantified
backward in the following:

The reflection and transmission losses at the focusing lens adds upto 22%. This means
energy reaching the focusing lens is 410 nJ. The same reflection losses are associated with
vacuum in-coupling window made of TOPAS, which also has a refractive index of 1.5 at 1
THz, the transmission loss through 3 mm window is just 4%, taking 90% transmission [115].
Adding this 12% the pulse energy reaching the window is approximately 467 nJ. The loss
due to absorption in air is discussed in Sec. 4.2.6.

4.2.3 Beam quality estimation

For analysing the beam quality of the THz-radiation it is focused using a Zeonex480R
lens with a focal length of 100 mm and the beam size at several positions behind the lens
is measured applying a 2D-scan of the pyroelectric detector. The divergence of the THz
beam is estimated from this focus scan. An image of THz-radiation test focus acquired by
this arrangement inside the experimental chamber is shown in Fig. 4.4.

In order to estimate the beam waist and Rayleigh length the measured FWHM at
different positions along the optical axis are fitted according to

w(z) = wo/ T+ (2/20)? (4.1)

where 2 is the Rayleigh length given as Zp = 7w3/\ with wp as the 1/e? radius and \
as the wavelength of the radiation. It is important to mention that the obtained numbers
do not correspond to the the source instead they only represent the used beam imaging
system. The purpose of this characterization is to estimate the behaviour of the focused
THz beam in the experiment. The fit for both transversal directions is depicted in Fig. 4.5.
The fit results are given in Table 4.1. Where the first column gives the 1/e? radius for the
focus. The position of the focus is determined with respect to distance from surface of the
focusing lens. The values of the divergence in horizontal and vertical directions are more

direction  1/e? beam radius (mm) position of focus (mm) Rayleigh length (mm) divergence angle(degrees)

vertical 1.67 £ 0.5 88.9 + 2 7.6 £ 0.6 2.4
horizontal 1.7 £ 0.6 90 + 2.6 8.2 + 0.6 2.7

Table 4.1: Experimentally extracted parameters for THz-radiation

close to each other as compared to for example the work of [83] where an elliptical pumping
spot was used. In contrast in the present work the pump spot is rather symmetric but
much smaller than the cited work hence reducing the absorption of THz-radiation inside
the generation crystal and giving comparable divergence in the transverse directions. The
beam waist at the focus is also very similar in both directions. After the intermediate
focus the beam opens up. However the beam size is again measured close to the vacuum
in-coupling window to make sure no clipping occurs and the full beam is transported to
the interaction point. For the EOS and streaking experiment however a different focusing
is used as mentioned in Sec. 3.2.2, using the effective focal length of 34 mm a focus spot
with a FWHM of 0.7 mm in both direction is achieved.

4.2.4 Polarization rotation

The polarization of the pump beam(for THz generation) is turned perpendicular to the
optical table for efficient generation of THz-radiation before the generation crystal(see
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Sec. 3.2.2) and hence the THz-radiation is emitted with the same polarization from the
crystal.

The XUV radiation is polarized along the direction parallel to the table. The polariza-
tion of the THz radiation is critical for the accurate measurement of derived parameters
from the observed streaking, it should be parallel to the polarization of XUV beam in order
to attain maximum streaking.

A periscope is installed to rotate the polarization of THz-radiation so that both, THz
and XUV beam, are polarized parallel to the optical table. For the verification of the
correct rotation of the polarization a home made wire-grid polarizer is brought in the
beam path while measuring the signal on the pyro detector. It consists of an array of thin
metal wires with a period of 3 mm. If the THz field is parallel to the wires, the electrons
on the wire can move freely along the wire direction leading to strong reflection of the
incident THz beam. Here the measured attenuation was 60%. As the polarizer is not
perfect the signal is not attenuated completely. Whereas in the direction perpendicular to
the wire the movement of the electrons is highly restricted so that for this orientation of
the polarizer most of the THz intensity is transmitted. The measured signal was same as
the initial signal, leading to the conclusion that the THz-radiation is polarized in this case
parallel to the optical table after the periscope.

4.2.5 Infrared beam travelling with THz

In this work it is observed that a visible IR beam travels with the generated THz-radiation.
It is challenging to figure out the source of this light in the crystal due to the intense pump-
radiation. LiNbOg3 has a large refractive index discrepancy for IR and THz, for this reason
it is very hard to realize that both beams leave the crystal with same angle and travel the
same path. Stray light from the crystal is emitted in random directions, however this part
of the light was observed to follow a similar path as the THz-radiation. This radiation
even reaches the experiment. However using a fast photodiode the time difference between
the two beams was measured to be almost 400 ps. Due to the spread of energy over a large
time window it is safe to assume that the intensity of this wierd light is not high enough
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Figure 4.6: Electo-optical signal for different time delays between THz and IR beam.

to influence the experimental results.

Coming back to the time difference between the THz- radiation and this additional
radiation it can not be explained by the reflections of the pump beam inside the crystal
which would cause a time delay in the orders of a few ps. One possible explanation of
this light is the back conversion of THz-radiation to IR. A detailed study of this stray
light in terms of pulse energy and divergence may indicate the real source and with careful
adjustment hopefully this radiation can be used as a convenient tool for guiding, the
otherwise invisible, THz-radiation towards the experiment in the future.

4.2.6 Electro-optical sampling

The temporal and spectral properties of the THz pulses are investigated by electro-optic
sampling(EOS). In this project EOS serves three purposes:

* achievement of temporal overlap of two beams,
* temporally and spectrally resolving the THz radiation, and
+ measurement of the field strength of the THz radiation.

Fig. 4.6 depicts a delay scan of the measured signal for different time delays between the
THz and the IR pulse showing the single-cycle behaviour of the THz pulses by the single
main peak. This main peak is followed by a long oscillation. From the comparison of
measured peak height of the signal and the background signal with no THz-radiation one
can calculate the electric field strength according to Eq. 2.49. The maximum balanced
detection signal acquired is I,;q, = 0.81), . Taking into account Fresnel reflection losses for
the intensity the THz radiation at the surface of the EOS-crystal of 28%, the corresponding
field strength is 5 MV /m. Howeover it is known that EOS underestimates the THz field
strength mainly due to saturation effects in the ZnTe crystal [83].
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The spectrum of the THz radiation is obtained from a fast Fourier transform (FFT)
of the temporal amplitude (Fig. 4.6) and is shown in shown in Fig. 4.7a. The central
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(a) Spectrum of THz-radiation, obtained through
fast Fourier transform of EOS signal depicted in
Fig. 4.6, with absorption dips marked with black
lines

(b) Absorption dip positions

Figure 4.7: Spectrum of THz radiation with specified absorption dips

frequency is 0.6 THz. Some additional peaks are observed at 1.3 THz and 1.8 THz, these
can be taken as the harmonics of the THz beam as mentioned in [83].

THz-radiation absorption in air

The water absorption dips marked with black lines in Fig. 4.7are caused by absorption
by water present in air [116]. This absorption loss increases with relative humidity, prop-
agation distance as well as the frequency of the THz-radiation. The positions of these
absorption dips as measured in THz time dependent absorption spectroscopy for air with
comparable relative humidity in [116] and [117] in the order of increasing frequency are
listed in the table in Fiq. 4.7. Due to a long propagation distance in air, these dips are
rather stronger as compared to Fig. 4.11 of [108] where the same source used. The reason
is that in the present case the THz-radiation travels twice the distance compared to [108].
By adding the areas of the absorption dips and comparing it with the area under the whole
spectrum the loss due to absorption amounts to 20%. Adding this loss the pulse energy is
584 nJ. which is same as the energy after the collimation lens.
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Chapter 5

VMI spectrometer

A VMI spectrometer with several new features is implemented for electron spectroscopy.
The purpose is to investigate the final energy and angular distribution of electrons created
as a result of the interaction of the XUV beam with an atomic gas. As the electron signal
detected by a VMI spectrometer is distributed over the whole 47 steradians angular range
the extraction of the spectral information e.g. an energy spectrum requires the inversion
of measured 2D images to a three-dimensional distribution. These special features of VMI
setup implemented in this work in order to be efficiently used with the laser based XUV
source are discussed in the following in detail.

5.1 VMI spectrometer with collinear geometry

Typically a VMI setup is oriented such that the beam propagates parallel to the detector
[21,23,91,92,118-121]. In this work, a VMI spectrometer with collinear geometry, that
is the beams propagate along the VMI axis, is successfully implemented. For a VMI
spectrometer the critical prerequisite is that the electron distribution is symmetric along
an axis parallel to the two dimensional detector, only then the measured two dimensional
data can be inverted to a three dimensional distribution and meaningful information can
be extracted. For dipole excitation the symmetry of electron distribution is governed
by the polarization axis of the exciting radiation. Hence the experimental arrangement
should be such that the polarization axis of the exciting radiation is oriented parallel to
the detector surface. The advantage of the collinear geometry is that this setup can be
used for any orientation of linear polarization. This is shown in Fig. 5.1 for any orientation
of linear polarization the polarization will still be parallel to the detector and hence the
3D-momentum information will be preserved.

The disadvantage of this arrangement is that it can not be used with circularly po-
larized light which produces an asymmetric electron distribution along the optical axis.
The preferred direction for electron ejection will be towards the detector to which the
beam is travelling and less electrons are ejected in opposite direction making the inversion
unreliable.

The second advantage is that the light beam is visible on the detector and hence the
alignment is more convenient, otherwise, this also can be a disadvantage in the sense that
if a detector is exposed to an intense beam for some time its detection efficiency degrades
[122]. In our work we made sure that the beam was blocked with a thin beam blocker
made of copper after the VMI assembly to not hit the detector during the measurement.
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Non-collinear Collinear

Figure 5.1: Setup schemes for VMI’s in collinear and non colinear geometry. The non
collinear geometry can not be used for certain orientations of linear polarization. Whereas
with our collinear case any orientation of linear polarization can be used.

As the slow electron signal appears at the center of the detector it can be blocked if the
beam is appearing in the center of the electron signal. However, in our cases the beam hits
slightly above the slow electron signal (due to the experiment’s geometry) and the signal
blocked by the beam blocker is not significant as shown in Fig. 5.2.

A further advantage of this arrangement is a convenient in-coupling of the XUV and
THz beams for the streaking experiment.

To obtain optimal imaging conditions for the VMI, the central repeller aperture is
exchangeable since this affects the local electric field close to the interaction point. The
effect of the different sizes of this in-coupling pinhole on the final radial position of neon
2p electrons signal with initial energy of 70 eV is depicted in Fig. 5.3. An ensemble of
1000 electrons are taken for each size of the pinhole. The smallest pinhole size of 2.4 mm
gives a radial position 42 £+ 1.64 mm, the 4 mm pinhole gives 41.8 + 0.53 mm and the
5 mm pinhole gives 41.5 £ 0.52 mm. The radial position of the electron signal changes
slightly due to the change of the local electric field at the interaction point. The resolution
seems to get better with a bigger pinhole mainly due to a better focusing conditions.
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Figure 5.2: A raw VMI image for neon accomulated over 100000 shots, the signal blocked
by beam blocker is marked.
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Figure 5.3: Effect of the repeller aperture size on the imaging properties of the VMI. Shown
are three different aperture sizes 2.4 mm: solid line, 4 mm: dots, 5 mm: dashed.

5.2 Simulation of new design

Before operating the VMI spectrometer it is simulated with a 3D geometry in an ion-optics
simulation software SIMION. Light optics can be modelled by physical optics-benches
giving the possibility to place light sources, lens or detectors. An ion-optics bench consists
of similar elements for charged particles. Using SIMION a 3D-optic bench is virtually
modelled and can be investigated internally. Here a 3D- electron-optics bench is designed

71



2000 — T T T T T T T T T ]
= Sim. R2
1600+ —— Linear fit _
NE 1200 | .
E
& 800} 1
400 - 1

oL .
0 10 20 30 40 50 60 70 80 90
Initial energy (eV)

Figure 5.4: Initial kinetic energy E versus radius square of electron ring’s radius R, simu-
lated data using SIMION

that resembled the actual VMI setup. Referring back to Fig. 2.9 the voltage applied to the
repeller electrode is Vg, for extractor electrode it is Vg. With decreasing Vg the rings on
the detector expand towards the detector edges, hence the resolution gets better. However
the detection efficiency of the PSD decreases the signal strength drops as the acceleration
voltage is lowered(see Fig. 5.9). Experimentally the best compromise between resolution
and signal strength is found at the repeller voltage of 8000 V. Hence for simulations this
acceleration voltage is considered.

An important feature of a VMI spectrometer is the linear relationship between an
electron’s initial transversal momentum and the radial distance of the blobs on the detector.
This relationship can be verified by checking the dependence of the initial kinetic energy F
and the square of the electron rings’s radius R?. For the current spectrometer the simulated
E-R? plot for an optimum Voltage setting is shown in Fig. 5.4. It is necessary to verify
this relationship for the reliable calibration of the VMI spectrometer. The other critical
parameter for the VMI spectrometer is the radial and hence the energy resolution. In order
to extract the energy resolution from the radial resolution the following relationship for
relative resolution is used

AFE AR

—_— =2— (5.1)

E R

which is derived from the relation R? o E. Using this the simulated relative resolution
curve for 8000 V Vg with optimum Vg of 6356 V and for gas nozzle voltage at 7690 V is
shown in Fig. 5.5. For this simulation an interaction region of radius 400 pm is considered,
the energy range is 5 - 90 eV and for each energy 1000 electron trajectories are considered.
For electrons with kinetic energy above 25 eV energy the relative resolution stays less than
5% or on average less than 1.2 eV. Here the spatial resolution of the detector is not taken
into account, which will reduce the resolution further. For slow electrons the resolution
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Figure 5.5: Simulated relative resolving power of VMI at optimum repeller voltage

gets worse mainly due to the accumulation close to the detector center.

5.3 Transverse Insertion of gas nozzle

For linear photoionization processes the ionization takes place all along the beam path
which means that the interaction region is not confined along the optical axis causing the
destruction of focusing of the electron signal by the VMI setup on the detector. This
can be solved by using a localized gas inlet very close to the interaction region between
the electrodes. With this arrangement electrons are born at the same potential. For this
reason a thin gas nozzle is inserted transversely between the extractor and repeller electrode
(Fig. 2.9). As the gas nozzle is placed in the space of a field gradient, it has to be supplied
with the according potential and aligned exactly parallel to the equipotential lines, such
that it does not distort the field gradient. This arrangement not only allows for a high
target density but also confines the interaction length along the optical axis as the nozzle
can be approached closely to the optical axis.

The spatial position of the gas nozzle is critical for the homogeneity of the electric
field between the repeller and the extractor electrodes and hence a displacement from
the optimal position will lead to a distortion of the expected circular ring structures on
the detector, hence reducing the resolution. After optimizing the nozzle position in all
three directions manually different strategies are used for fine adjustment under vacuum
conditions. In order to optimize the horizontal position a knife edge scan of the beam by
the gas nozzle is carried out such that the nozzle cuts the beam in two halves. The beam
size at the interaction point is 400 pm FWHM in vertical direction and 18 ym FWHM
in horizontal direction. As the nozzle’s outer diameter is just 290 pm FWHM it does not
block the beam completely. Then the nozzle is first set to a position such that the full
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Figure 5.6: Surface electron signal when the gas needle is crossing the HHG beam

beam is visible on the detector.

For the optimization of the vertical position of the nozzle with respect to the beam the
nozzle is moved inside and the voltages are switched on to see the surface electron signal
on the detector. The vertical position is optimized after applying nominal voltages and
making the surface electron signal symmetric in vertical direction, as can be be seen in
Fig. 5.6.

The position of the nozzle in the z-direction (which is the propagation direction of the
beam as well as the direction of the DC field of the VMI) determines the required voltage
to be applied on the gas nozzle. The VMI spectrometer resolution also gets affected by
the position of the nozzle in the z-direction at most. For the current configuration of the
VMI the nominal position of the gas nozzle is 4.5 mm from the repeller. After adjusting
this distance carefully, the voltage on the gas nozzle is optimized to obtain electron rings
with optimum sharpness and circularity. The effect of a detuned nozzle voltage is visible
in the images shown in Fig. 5.7. With Vi and Vg set to 10 kV and 8 kV respectively the
gas nozzle voltage is varied to get sharp and symmetric rings on the detector. Starting
from the nominal voltage of 9470 V it is found that at a voltage of 9355 V at the gas
nozzle the rings get symmetric. A deviation of +0.16% already deforms the ring. The
amount of acceptable voltage detuning depends on the electric field magnitude at the nozzle
position which decreases with decreasing absolute value of voltages making the acceptable
voltage for gas needle more restricted. A deformed electron signal hinders the possibility to
acquire reasonable spectral information after Abel inversion where a perfect circular signal
is required.
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Figure 5.7: The image on the right is with nozzle set to a voltage less than optimum: a
deformation of the signal on the right side is visible. The central image is with optimum
voltage having a sharp ring shaped signal which is nicely circular. The image on the left
is with more than optimum voltage where the ring is deformed to an ellipse.

The main feature of the gas nozzle is to supply the sample gas under investigation at
a desirable high partial pressure in the interaction region. Hence, the throughput of the
gas nozzle has been simulated using a Direct Simulation Monte Carlo (DSMC) simulation
software DS2V, specifically used for simulating two dimensional axially symmetric gas flow.
For this purpose the geometrical design of the gas nozzle is sketched in the software and an
input pressure is given. The value of this input pressure is estimated by using the backing
pressure in the vacuum chamber, and comparing the size of the vacuum chamber and the
gas inlet. The program gives various choices for the gas to be used. Once all the parameters
are given, the program calculates the two dimensional spatial distribution of particles at
the exit of the gas nozzle taking into account the fluid dynamics and the mean free path.
The conversion equations for fluid dynamics are satisfied here. Taking xenon as the gas of
interest with a backing pressure of 1E-4 mbar in the chamber, which gives a initial pressure
of 0.4 bar at start of the tubing before the gas nozzle the simulation results for the used
gas nozzle are shown in Fig. 5.8. At the tip of the nozzle the resulting particle density
is 1.75x 10?2 /m? corresponding to a pressure of 0.58 mbar. As the minimum distance
between the gas needle and the beam has to be 0.4 mm due to the surface electron signal,
the gas density at this position is of interest since the nozzle can not be moved closer to
the interaction region. A plot showing the drop of the number density of gas atoms per
cubic meter is shown on the right side in Fig. 5.8b. At the distance of 0.4 mm the number
density drops by a factor of 2.4, the absolute density at the working point is 3 x 102! /m?
that is the local pressure in the interaction region is upto 10~ mbar.

In a conventional VMI setup the gas is supplied through a skimmed atomic (or molec-
ular) beam. Although in that scheme the gas is used at a position of well defined initial
velocity, the drawback is that a higher backing pressure of gas is necessary to be applied in
order to achieve reasonable gas density at the interaction point. Our scheme of transver-
sal insertion of gas nozzle is superior to that as the distance between the gas nozzle and
the beam is just 0.4 mm enabling the use of orders of magnitude higher target densities.
An improvement of conventional gas inlet was implemented by Ghafur et. al. in [21]
by using a gas injection integrated in the repeller plate but that scheme is much more
complicated and hard to implement especially in the simulations where a discretization of
the gas nozzle is required in order to model it correctly. Whereas with our scheme with
transversally inserted gas nozzle, both simulations and experimental work is less tedious
and gives same photon absorption probability. Hence this scheme is specially suitable for
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Figure 5.8: a: False color map of gas flow from gas nozzle, b: Number density of gas atoms
as a function of distance from the gas nozzle

weak light sources for example the laser based HHG sources. With the presented setup a
count rate as high as 20 counts per shot with xenon is achieved.

5.4 High efficiency electron imaging detector

As described in Sec. 3.4.2 a novel PSD with a special design is used in this project. The
commercial PSD has a cascade of signal amplification components and hence offers a
quantum efficiency of close to 1, giving a measurable signal for almost each incident electron.
The calculation of this quantum efficiency and its influence on the resultant signal to noise
ratio is explained in the following.

The large size of the detector (diameter 150 mm) gives the possibility to detect electrons
with energies upto 200 eV with optimum efficiency. Moreover, this size of the detector also
ensures improved energy resolution by projecting Newton spheres of increasing diameter
at distinct radial positions and less fitting of high-KE distributions to the detector size is
required [123].

Referring back to Fig. 3.8, the electrons created in light-matter interaction at first
encounter a phosphor screen where a part of their energy is converted to photons, the
rest of the energy is converted into heat. This conversion depends on the kinetic energy
the electrons gained during their acceleration in the VMI field hence the photon yield is
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Figure 5.9: Number of blobs detected as a function of applied repeller voltage

expected to be directly proportional to the voltages applied to the electrodes of the VMI. As
depicted in Fig. 5.9, the measured number of blobs show a increase with increasing voltage
Vr up to 8.5 kV, above this voltage a stabilization of detection efficiency value is observed.
The drawback of this detection scheme is that only those electron are transmitted which
have already acquired a kinetic energy above 3 keV (see Sec. 3.4.2). This directly puts a
limit on the applicable acceleration voltage Vi which is above 4 kV as depicted in Fig. 5.9.
Here we calculate the detection efficiency for an acceleration voltage of 10 kV. After the
energy loss due to transmission through coating layers(Refer to Sec. 3.4.2) the electron has
an energy of 7keV . At this energy the efficiency for the phosphor screen is 0.72 W/mA | this
value is estimated from the table given in [109] for varying electron acceleration potentials.
Using Eq. 3.1 this number is converted to number of photons/electron. Each electron
impinging on the phosphor screen may be converted into about 317 photons on average.
The taper coupling the phosphor screen to the photocathode has a transmission of 5%
reducing the number of photons to 16 photons/electron. The photocathode has a quantum
efficiency of 10.2%. Hence the average number of electrons delivered by the photocathode
is 1.6 per one initial electron. In this way the MCP-stack gets 1.6 electrons/initial electron
to be amplified. In a conventional detection system comprising of a MCP assembly followed
by a single phosphor, the number of electrons amplified per incident electron is well below
1 [110]. The reason behind this that for a conventional MCP the Open Area Ratio(OAR)
is 60% and not each electron hitting the MCP gets amplified, instead the amplification
process follows a probability distribution. For the double MCP stack in chevron shape
the efficiency can be taken as 60% based on the data presented in [110, 124, 125] leading
to delivery of 0.96 electron per one initial electron. Giving a quantum efficiency of 96%.
Which is a factor of 1.6 higher than the one offered by a chevron shaped double MCP
stack-+ phosphor.

The numerical aperture of the objective imaging the phosphor screen is 0.44 giving the
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collection efficiency of 5%. In the end the efficiency of the Basler camera at 545 nm is 50%.
A higher quantum efficiency of an imaging system gives a higher signal to noise ratio
[126]. An analysis of the Pulse Height Distribution (PHD) for this detector is carried out
in the following. A PHD is a histogram for the brightness of a blob appearing on the
output phosphor screen. PHD illustrates how well the differentiation of signal and noise is
possible with the given detector. PHD generated from stacks of 502 images attained with
Vir = 8 kV is shown in Fig. 5.10a where 10 counts/image are recorded. For comparison the
PHD for a conventional two stage MCP + phosphor detector imaged with digital Basler
camera(type acA1920-16 pm) is depicted in Fig. 5.10b for the same number of images with
20 counts per image. For the purpose of comparison same binning and same range of mean
gray values is used. The ratio of the peak and valley for current detector at this voltage is
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(a) VMI detector at 8 kV with Basler camera (b) Typical two stage MCP with 1kV /plate

Figure 5.10: PHD for a. current detector. and b. Typical MCP taken from [124]

3.7:1. It is also found that for current detector the peak shifts to higher gray values with
increasing Vi making it more efficient than typical imaging detector. The pulse height
resolution is given as

FWHM
—q
where FWHM is the width of the distribution at half maximum and A is the difference of
mean gray value for peak and noise. For the used detector it is 120% at 8 kV acceleration
voltage giving a reasonable separation between the noise and the signal for this detector
making the acquisition of noise free data possible, this feature is utilized in Blob analysis
in Subsec.5.5.2. For the typical detector it is not possible to extract these numbers.

(5.2)

pulse height resolution =

5.5 Operation of the VMI spectrometer

The XUV beam with photon energy of 91.4 eV interacts with the target gas supplied
through the thin gas nozzle.

One of the goals of the experiment is to apply the highest possible target density and
measure the electron streaking in order to investigate the interaction of one electron with
its environment. As a first step a voltage breakdown test is performed. For this purpose
the detector is replaced by a blind flange, the voltages are switched on setting the Vz to
10 kV, Vg to 8 kV and the nozzle voltage set to 9.355 kV. The gas pressure is increased
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slowly in order to check for the breakdown of the voltage. The pressure reached without
any voltages breakdown are 1.4 x 1073 mbar for neon and 1 x 10~% mbar for xenon.

The gas pressure used for neon in this work is 5.7 x 10~ mbar considering the calibra-
tion factor the estimated target density is then 3 x 10%? /m?3.

5.5.1 Image inversion

VMI spectroscopy has the advantage that both spectral and angular information can be
extracted from a single measured image. However, in order to extract this information of
electrons from a raw VMI image the 2D image has to be transformed to a 3D distribution.
As mentioned in Sec. 2.5.4 in this work the Vrakking code [95] and the POP code [96] are
used to transform the measured images. An example raw VMI image accumulated over
960,000 shots with neon and the corresponding transformed image are depicted in Fig. 5.11.
The Vrakking code seems to retain the angular distribution however it exhibits a very bad
signal to noise ratio and it does not show the 2s ring. in contrast the POP code gives
a meaningful inverted image. The image inverted using the Vrakking code shows some

(a) Inversion using Vrakking iteration code (b) Inversion using POP code

Figure 5.11: Left:Left half is raw image right half is the Vrakking code inversion and right:
left half raw image and right half transformed using POP technique. For the purpose of
visibility different gray value scaling is used for both images.

signal free area along the central vertical line. The image inversion using POP gives a
much better result retaining the angular distribution as well as all involved photoelectron
rings.

The VMI-setup can be used to extract angular information, as well. As discussed
before, the Photoelectron Angular Distribution(PAD) follows a well defined distribution
with respect to the polarization axis of the ionizing beam, by extracting the value of -
parameter one can determine this polarization state. An extensive study of PADs is not the
scope of this work, therefore only one example for neon data is presented. At an excitation
energy of 91.4 eV the possible photoelectron rings correspond to electrons originating from
neon 2p and 2s states. The spin orbit spiting of 0.1 eV of the 2p-state can not be resolved.
The image obtained on the detector is the sum of contributions from photoelectrons from
the two shells. For extraction of information of the angular distribution the measured PAD
with respect to the polarization axis is fitted according to Eq. 2.50.

The fit and the polar plot for neon 2p are shown in Fig. 5.12. The beta parameter for
2p is estimated to be 1.06 £+ 0.04 which is quit close to the expected value of 1.1 [127].
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Similarly the beta parameter for neon 2s is found to be 0.79 £ 0.05 which is slightly away
from expected value of 0.60 [127] most probably the reason is the very low signal to noise
ratio which makes the fitting worse. The left right asymmetry is 3.6% the possible reason
for this is an asymmetric efficiency of detector. In order to deal with this a contrast
matching on both sides of electron momentum maps can be applied.

5.5.2 Blob analysis

The resolution of the PSD is limited to 24 lines/mm as stated in the manual [111], in
order to overcome this limit the technique of blob analysis is used. A blob is a region of
connected pixels with Gaussian like intensity originating from a single event /particle hitting
the detector. The principal idea is to identify these regions in an image and determine the
center for each blob, which can be identified with a high precision. A threshold intensity
value is set to remove the noise. All blobs with intensity above the given threshold are
replaced by a single pixel blob. The motive behind implementing the blob analysis protocol
is to improve the resolution by making the signal blobs more distinct, at sufficient signal to
noise ration (SNR), sub-pixel resolution can be achieved. In the following the advantage of
the blob analysis routine is demonstrated by comparing evaluated data with and without
applied blob analysis. For this purpose data measured with neon is used. A camera image
accumulated for 10,000 shots and the respective spectrum (achieved after image inversion
using POP algorithm) without blob analysis is depicted in Fig.5.13a and Fig. 5.13b.
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Figure 5.13: (a) A raw camera image, (b) spectrum from camera image, (c)Blob plot, (d)
spectrum from blob plot.

For blob analysis, or more precisely to replace each blob belonging to the signal by a
single pixel(which can be smaller than the pixel in the original image), the first step is to
separate the noise from signal. This is done by estimating the threshold for the intensity
for a blob to be considered as signal blob. Once this threshold is given the algorithm starts
separating the signal blobs. For the purpose of accumulation of data with signal blobs
a Region Of Interest (ROI) is selected on the live image of the camera. The algorithm
spreads this ROI over an image of size 1024 x 1024 pixels. A blob image and respective
spectrum ( obtained after image inversion using POP algorithm) is presented in Fig. 5.13c
and Fig. 5.13d.

The energy resolution for the camera image is 6.8% at 70 V. For blob plot it is 4.6%
at same energy value. There is a factor of 1.5 improvement with Blob analysis. The
performance of a blob analysis depends on the successful differentiation of the image that
is separating the signal blobs from noise blobs. The improvement of resolution confirms
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that this approach can be applied successfully with the novel detector. In order to measure
the experimentally achieved resolution the above mentioned number must be de-convoluted
with the excitation bandwidth of 1.4 eV (extracted from the plot given in Fig. 3.4). The
resulting numbers are 6.5% without and 4% with blob analysis. The blob analysis gives a
relative resolution close to the simulated value of 3%. Hence the Blob analysis protocol is
successfully implemented to beat the limiting detector resolution.

5.6 Zero kinetic energy electrons

A large number of electrons are detected in the center of the detector. These are very slow
electrons also known as zero kinetic energy electrons. In order to estimate the minimum
resolvable energy value it is important to have the knowledge of the range energy for these
very slow electrons. Referring back to the Fig. 5.13c the central spot covers upto 3 eV+
1eV.
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Chapter 6

THz streaking using VMI
spectroscopy - simulations and
experiment

In this chapter two final aspects of the project are presented. In the first part the results
of a 3D-simulation of the THz streaking observation using a collinear VMI spectrometer
are summarized. In the second part the findings of the proof of principle THz streaking
experiment are listed.

6.1 Electron-optical simulations of THz streaking

6.1.1 The case of small VMI electric fields

The DC field from the VMI is parallel to the electron propagation in this work as depicted
in Fig. 2.16. In order to investigate the influence of this DC field on the streaking dy-
namics, a simulation is carried out in SIMION. The time dependence for the THz-field is
implemented with the help of an embedded script where a transient field is introduced for
the particles after their creation. The properties of the THz field are modelled according to
the experimentally measured values. These are the focal spot of 1 x 1 mm?, the oscillation
frequency is taken as 0.6 THz and the period of 1.6 ps and the pulse duration is taken
as 900 fs. The geometry used for the simulation is depicted in Fig. 6.1. The y-axis is
designated as polarization axis and the electron travel along this axis initially. The streak-
ing field is introduced between two thin sheets A and B as shown in Fig. 6.1 and is also
polarized along y-axis.
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(a) Geometry of the simulated setup (b) Trajectories of the simulated electrons

Figure 6.1: Depiction of geometry used for electro-optical simulations. a. The 3D dimon-
stration of VMI electrodes R:repeller, E: extractor and G: ground and electrodes used to
implement time dependent streaking field at interaction point A and B, b. A cut along yz
plane of the setup showing the electrodes and trajectories of simulated electrons.

For the validation of the simulation, the shift of the electron signal for typical THz-field
strengths with a typical small DC field is compared to the theoretically calculated values
based on the analytical formula in Eq. 2.79(see Fig. 6.2) where no dc field is included.
For this simulation trajectories of 500 electrons are considered. It is obvious that the
theoretical and the simulated values of the energy shift match well within the accuracy

limits represented by the error bars. This assures that the simulated setup can be reliably
used for further investigations.
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Figure 6.2: Simulated and calculated electron final kinetic energy as a function of THz-field
strength.
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In order to investigate the possible effect of the VMI field on the streaking process,
in a first step, the experimentally available range of the VMI voltages is considered. The
simulation result is depicted in Fig. 6.3. For this simulation the initial energy of electrons
is taken as 70 eV, the THz field strength is taken as 10 MV /m and for each value of Vg the
respective energy calibration is taken into account. For better statistics here trajectories
of 10000 electrons are taken into account.
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Figure 6.3: Simulated and calculated electron final kinetic energy as a function of typical
VMI repeller voltage Vi

The final kinetic energy of the electron varies only slightly with the VMI field due to
a change of the local field and the mean value of the electron’s final kinetic energy stays
below the analytical one (obtained from Eq. 2.79). However no particular trend is obvious
and the variation is below 1 €V that is below minimum resolvable energy (see Sec. 5.2)it
can be concluded that measured streaking dynamics is not significantly affected by the

VMI DC field in this range of the VMI dc field.

6.1.2 The case of comparable THz and static VMI DC fields

Next step is to investigate the case where THz and DC fields are of comparable strengths.
The typical DC field is in the order of some hundreds of kV/m in the case where the THz
field strength matches this field no significant streaking is observable.

The developed VMI spectrometer is capable of being used for highly energetic electrons
specially if even higher voltages are used. However the question is, when the magnitude of
the DC field matches the magnitude of the streaking field if the trajectories of the streaked
electrons get influenced by the DC field.

After the validation of the simulations for conventional DC field with typical THz
field strengths the rather higher amplitudes of DC field coming from the VMI setup are
considered such that the DC field matches the typical THz field. The purpose of this
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Figure 6.4: Simulated electron final kienetic energy as a function of VMI field comparable
to streaking field

simulations is to see the effect of the high DC field on the trajectory of a streaked electron,
it is to be figured out if the momentum consideration is enough to exploit the electron
dynamics or at some point the individual electron’s trajectory needs to be considered. For
electrons with an initial energy of 70 €V and a THz field strength of 5 MV /m the variation
of the final electron kinetic energy with the VMI DC field is depicted in Fig. 6.4. Here also
trajectories of 10000 electrons are considered. For comparison again the calculated value
based on Eq. 2.79 with no dc field consideration ismarked with red dots. The simulated
values stays below the expected value. The variation does not show any trend however it
is in the range well below the resolution of the VMI. Hence it can be concluded that the
developed VMI spectrometer is also suited for studying the dynamics of highly energetic
electrons.

6.1.3 Effect of the signal to noise ratio

The Signal to Noise Ratio (SNR) plays a crucial role in imaging spectroscopy. A lower
SNR hinders the resolution and hence makes the extraction of valuable information from
an image challenging. Considering this the influence of the SNR on the possibility of
observing streaking phenomena with the collinear VMI spectrometer is simulated.
Referring to Eq. 2.79 the amount of streaking an electron of certain energy experiences
depends on the phase of the THz field at the time of electron creation. In order to sim-
ulate the complete waveform of the THz field the phase of the field is varied in steps of
7/4 between 0 and 27w. The position of the blobs on the detector generated by streaked
electrons changes accordingly. The number of electron trajectories is varied to investigate
the influence of SNR. For this simulations the initial electron energy is assumed to be
70 eV, the maximum THz field strength is taken as 0.6 MV /m and Vg is set to 6000 V. A
rather small field strength is considered to investigate the possibility of observing streak-
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ing with weak field. Moreover the THz-field strength is based on the initial estimation of
the field strength present at the interaction point. Vg is taken as 6000 Volts to give the
better resolutions. Experimentally the SNR at this Vi is worse. Moreover the particles
are assumed to fly within a cone of 20°around the polarization axis to have the maximum
streaking. The outcome of the simulation is depicted in Fig. 6.5 where the position of the
vertex point of the electron’s signal as a function of time delay between the THz and the
XUV pulses is plotted. No inverse Abel inversion is applied due to rather low SNR.
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Figure 6.5: The variation of precision with SNR and its effect on the visibility of the
streaking effect. The plots shown correspond to 100, 200, 300, 400, 500 and 600 particles
flying in a cone of 20°around polarization axis.
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It is obvious that with increasing SNR the visibility of the streaking effect is improving.
For 100 particles the streaking effect is hard to be observed under these settings. The
visibility will increase with higher streaking field strength and SNR. However, if Vg is
increased to improve the SNR the resolution gets worse in particular for slow electrons.
For this simulation it can be concluded that for a streaking field strength of 0.6 MV /m the
minimum number of electrons to be collected in a range of 20% around the polarization
axis should be above 150.

6.2 Proof of principle experiment

For the purpose of electron streaking both, XUV and THz beam are spatially and tempo-
rally overlapped in a gas target. In the present work xenon is used as the target in order
to obtain a high count rate for the momentum maps to be measured. This is critical, as a
laboratory based XUV source is used and in order to extract the desired parameters a high
SNR is a prerequisite. Using xenon a count rate of upto 20 counts per shot is achieved
due to the rather high cross section of the 4d state caused by a shape resonance around
100 eV [127].

In the presence of the THz pulse the electron signal on the detector oscillates along
the polarization axis of the THz-field. The amount of oscillation depends on the THz-field
strength. As the change of momentum is linearly related to the streaking field and the
momentum is linearly mapped onto a radius at the detector the same amount of streaking
is observed for electrons with different energies detected at different radial distances from
the detector center. The two dimensional momentum map can be converted to a one
dimensional energy axis, applying the POP image inversion, to find out the kinetic energy
dependence of streaking.

The streaking effect as observed in the experiment is shown in Fig. 6.6 where the shift
of the electron signal is depicted in arbitrary units in dependence of the XUV-THz-delay.

Figure 6.6: Electron momentum map as the THz pulse overlaps with the XUV pulse. The
shift of the electron signal along the horizontal polarization axis is clearly visible.

For the purpose of analysing the spectrum the POP code is modified such that the
image is cut into two halves perpendicular to the polarization axis. Both parts are inverted
separately and afterwards are combined together. The streaking trace obtained from this
analysis for electrons going parallel and opposite to the to the THz field are shown in
Fig. 6.7. Where the bright line around 23 €V corresponds to the 4d doublet and the less
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intense line around 32 eV corresponds to Auger electrons. The shift of the signal due to
streaking is obvious.
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Figure 6.7: The streaking trace delay scan for a. acceleration(right hand side of VMI)
direction, b. deacceleration(left hand side of VMI)

6.2.1 Extraction of XUV-pulse parameters

For the extraction of the XUV pulse parameters the behaviour of the spectrum at the zero
crossing of the THz electric field has to be examined. As discussed in Sec. 2.6.2 streaking
causes the broadening of the spectrum at this point in time. The spectra for electrons
ejected parallel and opposite to the THz field at this time delay are depicted in Fig. 6.8.
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Figure 6.8: The xenon spectrum with and without THz field. a. For electrons detected
going parallel to the THz field. b. for electron going opposite to the THz field

In order to estimate the broadening introduced by streaking Gaussian fit is applied
to the 4d-doublet. For the direction parallel to the THz field (this the right hand side
for momentum maps given in in Fig. 6.6 the FWHM corresponding to the unstreaked and
streaked spectra are 1.43 eV and 2.34 eV respectively. Whereas for the electrons detected on
the left hand side the corresponding FWHM are 1.31 eV and 1.54 V. Using Ao? = 02, —03
the broadenings Aoy are 1.85 eV and 0.81 eV respectively. The measured streaking speed
from Fig. 6.7 is 154+ 6 meV /fs. Using these numbers the pulse duration of the XUV pulse is
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calculated using Eq. 2.81 as 94.84+ 7 fs. The effect of the Gouy phase can not be neglected
due to tight focusing. The focus spot is estimated to have a FWHM of 0.7 mm. In order to
estimate the influence of the Guoy phase quantitatively we can use the following approach
suggested in [101|. For estimating the interaction length one can consider the distance
between the gas nozzle and the XUV beam which is approximated to be 0.4 mm in our
case. The Rayleigh length for the given spot size is around 5.3 mm. Hence the phase shift
can be calculated using ¢(z) = tan~!(z/zg) and it is 8.5°. The shift in time applicable
for a streaking experiment can then be calculated from At = ¢(z) T/360°. Taking the
period T' = 1.6 ps the time shift is found to be 37.8+ 3 fs. Deconvolving the estimated
pulse duration with the time shift the final estimation is 87 + 10 fs. This is a rather higher
number as compared to the expected value of less than 40 fs which is the pulse duration
of pump laser. Pulse duration measured for this source in other work [108] where TOF
spectrometer is used and the streaking strength was measured to be up to 37 meV /fs is
41.4 + 5.2 fs. The difference is due to the low energy resolution of the VMI spectrometer
and the low streaking speed. A higher field strength and hence a higher streaking speed is
required to measure the pulse duration accurately.

6.2.2 Extraction of THz field parameters from the streaking trace

The electron streaking can not only yield information about the pulse parameters of the
XUV pulse but also about the properties of the THz pulse. The electron momentum
directly maps the THz vector potential and a time derivation of the vector potential gives
the THz electric field. A comparison between EOS and streaking can be drawn by matching
the extracted numbers for the THz field strength. The streaking technique is somewhat
superior to EOS in the sense that no crystal is involved which imposes limitations like
saturation and/or dispersion.

The THz vector potential can be derived by plotting the shift of the electron momentum
map as a function of delay. For the present experiment this is shown in Fig. 6.9. From
this plot a maximum value for the vector potential of

Apmae = 2.7x107Vs/m (6.1)

can be deduced. Taking the time derivative of the vector potential gives the THz
electric field as shown in Fig. 6.10. Here, the maximum amplitude of the THz electric field
extracted from streaking is 5.5 MV /m. If compared to the field strength expected from
the pulse energy and focus size using the following formula

21
Ernar = o (6.2)
. . . e s Epulse . .
where c is speed of light, €( is the permittivity of free space and I = yr— the maximum
TTH~

intensity with E,,s. the pulse energy, A the area of the focus and 77 the pulse duration
of THz-radiation. Taking E,s equal to 320 nJ, A equal to 1.5 mm? and pulse duration of
900 fs the field strength is 13 MV /m. Comparing the values of field strength achieved from
streaking and energy and focus size it is found that streaking yields a much smaller value.
The possible reasons are possible overestimation of pulse energy or likewise underestimation
of focus size. Moreover the calibration used for pulse energy can also be questioned.

If the shape of the waveform attained through EOS and streaking are compared, it is
obvious that a more balanced signal (same amplitude in positive and negative directions)
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Figure 6.9: The extracted vector potential for the THz mapped by plotting the shift of the
electron momentum map as a function of delay
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Figure 6.10: The electric field of the THz pulse inferred by calculating the derivative of
the vector potential.
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is achieved in the case of streaking. One argument supporting this behaviour can be a
different Guoy phase, that is the phase of the THz pulse changes while travelling through
the focus as observed in the Ph D works [83,108]. Moreover the spectrum of the THz-
radiation can also be extracted by taking the Fourier transform of the electric field transient.
It is depicted in Fig. 6.11. The central frequency here also is 0.66 THz as for the spectrum
extracted from EOS, however due to a shorter time window the absorption dips observed
in the spectrum from EOS are not visible in the spectrum from streaking.
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Figure 6.11: The spectrum of the THz pulse extracted from the streaking measurment.
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Chapter 7

Conclusion and outlook

The project has demonstrated the first proof of principle experiment of a THz streak
camera based on a collinear VMI spectrometer. The collinear geometry used for the VMI
spectrometer has been implemented for the first time, to our knowledge, and it offers
significant advantages over the non-collinear geometry, especially the freedom of rotating
the linear polarization to any transversal orientation.

As for the HHG source the photon flux for one of the best output of the HHG source is
measured giving a energy conversion efficiency upto 9.45 x 10~Y.implementation of pulse
compression using HFC is implemented however the expected compression factor of 4 is
not confirmed in the pulse duration measurement. In order to figure out where exactly the
problem is an independent measurement of the pulse length should be carried out in the
best case directly before the HHG target in order to investigate the actual achieved pulse
compression and possible chirping of the pulse along the beam path.

A THz source with a conversion efficiency upto 0.13% is implemented. The efficiency
of the source can be enhanced upto an order of magnitude by cooling the crystal in or-
der to decrease the re-absorption of the THz-radiation inside the generation crystal [128].
Although the beam propagates about 2.5 m in air the absorption estimated from the spec-
trum measured at the experiment is found be only 20%. It is important to have a better
calibration of the pulse energy measurement using pyro detector in order to minimize the
discrepancy in the field strength estimation via pulse energy and streaking.

A VMI spectrometer with dc field parallel to the electron propagation is successfully
commissioned. With the successful implementation of the blob analysis protocol energy
resolution of 4% for 70 eV electron is accomplished which is found to be close to the
simulated value of 3%. Moreover with the use of a transversely inserted gas nozzle the
use of higher target densities is made possible. The simulation based on DSMC program
suggest that a backing pressure of 1074 mbar in the experimental chamber will give a target
density of upto 3 x 10?2 /m? for neon. This is particularly important for studies targeted
at the electron interaction with other atoms around it the so called interaction with bath.

The detection efficiency of the used high efficient detector is calculated and found to
be a factor of 1.6 better than the conventional MCP + phosphor imaging detector. Which
makes this setup highly suitable for weak light sources with low photon flux. A count rate
of up to 20 counts per shot is achieved for xenon.

The VMI spectrometer part of the setup has been simulated in SIMION. In particular
the effect of the DC VMI electric field on the streaked electrons has been investigated be-
cause of the special design of the setup for comparable field strengths of THz and VMI fields.
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It is found that the DC field does not influence the streaking phenomenon significantly and
the setup can be successfully used for highly energetic electrons.

The pulse duration of the XUV pulse is estimated to be 86.7 £10 fs. Which is about
a factor of 2 worse than the expected value of 40 fs, if the pulse duration of only the laser
is considered and the influence of the HFC is not taken into account. By improving the
VMI resolution and the field strength at the interaction point the time resolution can be
enhanced to make the setup a suitable candidate for time-resolved studies at femtosecond
time scales; this work has provided the first working example with this purpose.

This experiment opens up plenty of possibilities for future measurements. The setup
can be used for studies of effects like PCI including a full momentum map of the generated
electrons.

The VMI spectrometer also offers the possibility of observing the influence of variable
polarization and can be used for polarization-dependent studies. A rotation of a linear
polarization does not requires any modification of the setup.

The setup can be used for multidimensional angular THz-streaking with a circularly-
polarized THz beam. The idea is taken from the attosecond metrology [129] where a
reaction microscope is used to measure the angular momentum offset as a result of a delay
between the electron’s exit and the maximum of external electric field. In our scenario the
rotating polarization of the THz beam is strong enough to deflect the electron in the radial
spatial direction. With the spatial resolution provided by the VMI spectroscopy the time
of electron creation is then mapped to the final angle of momentum vector in the plane
of polarization. this offset of electron signal can be measured to reveal information on
the time difference between the maximum of THz field and the creation of electron. This
arrangment can be used to study interfernce effects as suggested in [130].
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Appendix A

VMI image inversion Algorithms

The mathematical formalism of iterative and Polar onion peeling inversion codes is given.

A.1 Vrakking inversion

The rings appearing on the detector in a VMI experiment are due to accumulation of elec-
trons ejected perpendicular to the detector axis. For these electrons the detected position
varies only very slowly with the azimuthal angle ¢, see Fig. A.1. Therefore the detected
image can be considered as a slice through the 3D velocity and angular distribution perpen-
dicular to the detector axis. This assumption is the basis of this iterative procedure. The
3D velocity and angular distribution can be written as a product of a velocity distribution
and a velocity dependent angular distribution as

P(vg,vy,v,) = P(v,0,¢) = Pi(v)Pa(v,0), (A1)

where the fact is utilized that in the experiment there exists a cylindrical symmetry and
therefore there is no dependence on the azimuthal angle ¢. This symmetry axis is the axis
of polarization of the laser, in our case it is the the x-axis, whereas the z-axis is the detector
axis and the y-axis is the axis perpendicular to the symmetry axis in the VMI image as
shown in the Fig. A.1. The polar angle 6 represents the angle between the velocity vector
of the ejected particle and the positive (x>0) part of the symmetry axis. Generally the
limits for this angle are from 0 to 7. However, to account for the fact that the upper (y>0)
and lower (y<0) part of an experimental image represent two independent measurements
for the same velocity and angular distribution, which can be individually analyzed and
then compared, we consider that 6 varies from 0 to « for y >0, and from 7 to 2z for y<0.
The normalization of the 3D-distribution reads

o / / Py (v)v? Py(v, 0)sinfdfdv = 1. (A.2)

Similar to the 3D velocity and angular distribution, the 2D experimental image can be
written as the product of a radial distribution Q1 ¢zp(R) and a radially dependent angular
distribution Q2 ezp(R, @):

Qexp(x7 y) = Qexp(R7 Oé) = Ql,ea}p(R) * QQ,emp(Ry Oé), (A3)
and the normalization of the 2D image implies that
//leexp(R) * Q2,exp(R, a)dadR = 1. (A.4)
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P(v,, v,, v,)

Figure A.1: Depiction of the co-ordinate system for VMI image inversion through an
iteration code. The 3D velocity and angualar distribution is P (v, vy,v,), and the Q(R, o)
is the measured 2D radial and angular distribution.

Here « varies from 0 to 7 for y >0, and from 7 to 27 for y<0. Now Qi eyp(R) and
Q2,exp(R, @) are used to estimate and iteratively correct P;(v) and Pa(v,6). The ansatz
used for this purpose is given by

Pl,i:O(U) == Ql,ezp(R)/Qﬂ'R and (A5)
P2,i:0(va 9) = Q2,ezp(Ra a = 9) (A6)

where 7 is the iteration index. The radius R and velocity v are related through R = squt.
Where sg is a constant which depends on the electric field geometry and is close to unity.
Using this ansatz a 2D image is calculated from which a new 2D radial and angular distri-
bution Q1 ,i=0(R) * Q2,i—0(R, ) can be extracted. Then an iterative procedure is carried
out where a calculated 2D radial and angular distribution Q1 ;(R)*Q2,(R, a) is compared
with the experimental 2D radial and angular distribution Q1 ezp(R)*Q2,exp(R, ) and based
on the differences found in the experimental and calculated distribution - corrections are
applied to the 3D velocity and angular distribution following the relations

Pl,i(U) = P17Z'_1(U) —C1 [Ql,z‘—l(R) — QLeng(R)]/Q?TR and (A7)
Pg,i(l), 9) = Pg,ifl(v, 9) — 62[Q27Z’,1(R, o = 9) — Q2,e:vp(R, o = 9)] (A8)

The parameters c¢; and ¢y determine the amount of correction applied to the 3D velocity
and angular distribution. Typically it is assumed that ¢; = 2.0 and c2 = 1.0 to achieve a
convergence in a reasonable number of iterations. As in an experiment a positive number
of particles gives a meaningful image the negative values of P ;(v) and P5;(v, ) are set
to zero. In this method an acceptable level of convergence is achieved in about 10-20
iterations.
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A.2 Polar onion peeling

Considering the linear polarization of the laser the electron 3D radial distribution function
f(r,0,¢) is cylindrically symmetric around the x-axis, as shown in Fig. A.2. In velocity
map imaging, f(r,0,¢) is mapped onto the 2D plane parallel to x-axis, producing the
measured distribution Q(R,«). For electrons emitted with a certain kinetic energy, a
radial distribution described by a delta function §(r), the image Q(R, «) has also signal at
radii smaller than the radius defined by the velocity of the electrons that is at R < r. The
origin of this signal is the ¢-dependence of the electron cloud, which may be calculated and
subtracted from Q(R, «) for all R < r leaving only the radial delta function 6(r) at R = r.
The resultant distribution is then equivalent to a slice through 3D-distribution f(r,6,¢ = 0)
and from this the full 3D distribution can be recovered because of the cylindrical symmetry
around the x-axis of f(r,0, ).

Cartesian to Polar

/
N

NNV
L~

N
|
\

v

Figure A.2: Projection of a 3D sphere onto a 2D plane and conversion from Cartesian
pixels to Polar pixels.

For broad radial distributions with signals at different radii, the 2D projection Q(R, )
can be expressed as the sum of the individual 2D projections ¢(r; R, «v) for all  components
of the full 3D distribution f(r,0, @)

Q(R,a) = /Ormax q(r; R, a)dr, (A.9)

where R < r and the semicolon denotes that the 2D projections are given at specific radii r.
Similar to the case of the radial delta function, f(r,6,¢ = 0) can be recovered by removing
the contributions of ¢ for R < r, starting at r = 7,4, and incrementally decreasing in
steps of dr until » = 0 is reached. At each r, ¢(r; R, «) is subtracted from Q(R, «), which
in turn peels the ¢-contributions at each r.

Conversion of Cartesian to Polar pixels is done by mapping the camera pixel array onto
a polar array. The signal in one single polar pixel is calculated by rotating it by a about
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its pivot. Its fractional overlap with the four close by Cartesian pixels and their respective
signal intensity is then used to define the polar pixel’s intensity. The resulting raw polar
image Q(R, «) is then a triangular array because the number of angles o at which pixels
can be defined scales linearly with R. From this polar image one can simply read off the
radial distribution along the R-axis and the angular distribution by comparing the signal
levels along the angular axis.

This image Q(R, «) is the sum over all » components as given by Eq. A.9. For the case
where there is no signal at radii larger than the detector, the outermost ring contains no
contribution from ¢ and the substitution

q(r; R, o) = h(r,0), (A.10)

at r = R is valid. Starting at the outermost radius, h(r, ) is fitted to the well known
angular distribution

Nmazx

I(r,0) = N(r) Y Bu(r)Palcos(0)], (A.11)

where P, [cos(6)] is the n'® order Legendre polynomial, N(r) is an intensity factor and £,
is the anisotropy parameter. The integer n depends on the physics of the process just that
Nmaz = 2 for single photon processes and n.,q. = 4 for double photon processes. The
Legendre polynomials are used as the angular distribution of electrons can be described
by these polynomials(as discussed in section.2.4). From N(r) and [, the distribution
qfit(Tmaz; R, a) is calculated which is then subtracted from Q(R,a) for all R < 7,4, such
that

QT(R7 Oé) - Q(R7 Oé) - qfit(rmax; R, a)- (A12)

Now Qf(R,a) is a modified image containing Q(R,«) for R < 7y,4z. The process is
incrementally repeated for r = 7,4, — dr until » = 0 is reached. Finally QT(R,a) is a
2D-image of all residuals from the subtraction. The 2D slice f(r,6,¢ = 0) is constructed
by using Eq. A.10 at each increment.

In order to calculate qfi(rmas; R, ) in a robust way, basis functions are used to fit the
experimental 2D data. The basis functions are the idealized radial distribution functions
b,(R) produced by angular integration of perfectly isotropic images. To relate it with the
experimental image the basis functions are generated by simulating images at a given 7 onto
a Cartesian grid, transforming to the polar form and integrating over angle o. The basis
set B(r, R) is generated from basis functions at all possible r, and B(r, R) is consequently
a 2D triangular array. All basis functions are normalized such that the intensity at r = R
is unity. B(r, R) is constructed once using a stand alone program and then supplied to the
reconstruction routine. The size of B(r, R) is determined by the size of the imaging device
in terms of pixels. During the POP routine the relevant basis function b,(R) is retrieved
from the B(r, R) basis set. An idealized perfectly isotropic polar image gijeqi(r; R, ) is
then constructed from b,(R) using

Qideal(r; R, a) = IO(T’ R)br (R)a (A'13)

where p(r, R) is the ratio of the number of polar pixels at r to R and accounts for the fact
that the number of polar pixels changes with respect to R that is the polar image is a 2D
triangular array. The idealized image g (7; R, ) with experimentally observed anisotropy
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and intensity is then generated through
R
qfit(r; R, @) = Gidear (r; R, )N (r) ) B(r) Pal——cos(a)], (A.14)

where the parameters N(r) and (3,,(r) have been obtained from the fitting of the outer ring
h(r,0) to the Eq. A.11, the factor R/r accounts for the transformation of the coordinate
system from r,, 8 and ¢ to R and «.
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