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Abstract

In the hunt for smaller features in biological and technological applications
there is a need for knowledge of structures and dynamics on this small
size scale. At this time the state-of-the-arts machines to investigate atomic
and molecular systems are Cold Target Recoil-Ion Momentum Spectroscopy
(COLTRIMS), also known as reaction-microscopes. With such an apparatus
one can look at the many-particle quantum-dynamics occuring when atomic
and molecular systems are exposed to time-dependent external electromag-
netic �elds.

In this report we focus on an improvement to the optical setup that guides
few-cycle laser pulses into an COLTRIMS chamber. In the following chapters
the design, implementation and characterization of a broadband polarizer is
described to control the intensity and polarization of the laserlight that is
entering the COLTRIMS chamber.

The basic design of this broadband polarizer consists of an halfwave plate
followed by two germanium plates of which the laserlight will re�ect at Brew-
ster's angle. The germanium plates at Brewster's angle function as a polarizer
as they only re�ect s-polarized light. The halfwave plate can then be used
to completely control the intensity by rotating its axis. Calculations are per-
formed to analyze and characterize the behaviour of the light that bounces
o� the germanium plates with use of the Fresnel equations to describe the
re�ection of the plates. From this data the phase shift function is derived for
re�ection of the germanium plates as a function of angular frequency and for
di�erent incident angles around Brewster's angle. Via calculating the GDD
the pulses collect in the setup, the �nal pulse broadening of this setup can
be calculated, which is found to vary immensely with incident angle.

After the broadband polarizer had been built, experimental data was
gathered from the setup to compare to the calculated data. The re�ectivity
of the germanium plates was measured to be around 0,65, which is consistent
with the theory and calculations. The best incident angle was determined to
be 77, 838◦, which is θBrewster−0, 5◦, as the output pulse duration is shortest
there and stable in a range of approximately 1 degree. With measurements
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on the half-wave plates it was found that the intensity and the polarization
of the setup could be completely controlled by the broadband polarizer.

The linear polarization the broadband polarizer ensures, promotes the
occurance of inelastic scattering processes in which we're interested to study
with the COLTRIMS setup. The control over the intensity gives a certain
measure of control over these processes.



Acknowledgements

This report is a summary of my work during my external internship, which
is a part of the �rst year of the Master Applied Physics at the Eindhoven
University of Technology. This external internship is to be done outside of
the university and it's the student's choice whether this 'outside' is chosen
to be a company, institution or foreign university.

For me, this choice was made readily to be a research group at a foreign
university as I quite enjoyed my previous experience in a research group in
Eindhoven on a Bachelor's internship and was looking forward to experience
how di�erent this would be in a di�erent country. Combined with the fact
that I always wanted to visit and travel Australia, my number of options was
comfortably decreasing. Only a research area left to choose.

During my Bachelor's degree I discovered my interest in research area is
divided: my attention kept changing between two research groups in Eind-
hoven and as a had two internships to go, I decided to do one in each research
area. So, for my Bachelor's degree I did an internship in the Functional Ma-
terials track and for my Master's internship I was looking for research related
to the Coherence & Quantum Technology (CQT) research group. This made
me decide to choose for an internship at the Center for Quantum Dynamics
(CQD) at Gri�th University, Brisbane, Australia with Edgar Vredenbregt
(CQT) as my supervisor.

The Center for Quantum Dynamics is a research group at Gri�th Uni-
versity, Nathan Campus. The experimental part of CQD is led by associate
professors Robert Sang and Igor Litvinyuk and professor Igor Kielpinski.
When I arrived, regrettably the laser was in 'downtime' and it took quite
some time to get the setup working again. However, during this process I
really was forced to learn how to operate and maintain the system. As I was
repeatedly told here: 'you �rst need to break it and get it working again,
before you know how it works'.

During my project here I worked on Han's setup for the COLTRIMS
system, an apparatus to look at atomic and molecular reactions; an exciting
�eld of research. As the laser system wasn't stable enough during my stay to

iii



iv

perform actual measurements with this system, I focussed on building and
characterizing an improvement for this setup to control the intensity and
polarization of the light that goes into the COLTRIMS chamber. As I had
no experience in working in a laserlab and with all the theory I frankly was
thankful for the time I had the �rst weeks to get familiar with everything.

I would like to end with thanking everyone involved in my internship here
in Australia. First, my main supervisor Robert Sang for giving me such a
great opportunity to do my internship at CQD; I had a wonderful time here
and I learned loads. Then, as my project was directly related to his setup
and he introduced me to everything in the lab, Han; thanks for all the help
during my project. And of course: thanks Dane and William for all the help
with the laser system and sharing your knowledge.

During the weekly groupmeetings I learned about really doing experi-
mental research: Robert, Igor and Dave always would have lively discussions
about directions, priorities and changes. So I learned about making impor-
tant choices and keeping balance in all research perfomed by the group. And
of course I would like to thank all the guys in the lab who made my stay
there fun: Sylvi, James, Rohan, Ben, Omair, Xiaohong, Amna, Josh, Matt,
Adam, Erik, Geo� and of course Nisha, who helped me with everything in-
volved arranging my stay here. And �nally, last but not least, the few-cycle
laser system I worked with in the lab: I learned heaps of patience from you..



Contents

1 Introduction 1

1.1 COLTRIMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Report Outline . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 A few-cycle pulsed laser system 7

2.1 Mode-locking . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.1 Kerr-lens mode-locking . . . . . . . . . . . . . . . . . . 8
2.1.2 Self-Phase Modulation . . . . . . . . . . . . . . . . . . 9

2.2 Dispersion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.1 Chirped-Mirror Ampli�cation . . . . . . . . . . . . . . 10

2.3 State-of-the-art Laser System . . . . . . . . . . . . . . . . . . 11
2.3.1 Mode-locked oscillator . . . . . . . . . . . . . . . . . . 12
2.3.2 Ampli�cation . . . . . . . . . . . . . . . . . . . . . . . 12
2.3.3 Compressor . . . . . . . . . . . . . . . . . . . . . . . . 12

3 Theory 15

3.1 The Maxwell Equations . . . . . . . . . . . . . . . . . . . . . 15
3.2 The Fresnel Equations . . . . . . . . . . . . . . . . . . . . . . 19

3.2.1 Brewster's Angle . . . . . . . . . . . . . . . . . . . . . 21
3.3 Dispersion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4 Pulse Broadening . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.5 Half-wave plate . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4 Experimental setup 27

4.1 Broadband Polarizer . . . . . . . . . . . . . . . . . . . . . . . 27
4.2 Measuring pulse duration . . . . . . . . . . . . . . . . . . . . . 29
4.3 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

5 Calculations 35

5.1 Amplitude Re�ection & Transmission Coe�cients . . . . . . . 35

v



vi CONTENTS

5.2 Induced Phase Shift . . . . . . . . . . . . . . . . . . . . . . . 36
5.3 Dispersion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
5.4 Pulse Broadening . . . . . . . . . . . . . . . . . . . . . . . . . 40

6 Results & Discussion 45

6.1 Re�ectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
6.2 Pulse duration . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
6.3 Half-wave plate . . . . . . . . . . . . . . . . . . . . . . . . . . 49

7 Conclusions and outlook 53

A Graphs 57

A.1 Graphs induced phase shift . . . . . . . . . . . . . . . . . . . . 57

Bibliography 57



Chapter 1

Introduction

The knowledge of electrondynamics is important for very di�erent and maybe
some unexpected �elds; not only atomic physics and solid state physics, but
also the �eld of biomolecular imaging. In all those �elds the important pro-
cess are governed by the motion and dynamics of electrons; on a molecular
scale electrons are responsible for the bonds between atoms, on an atomic
scale the electronic motion of electrons inside atoms is responsible for the
emission of light. A better understanding of these processes could lead to
improvements in devices in all of those connected �elds. [1]

With this important link between very fundamental physics and eventual
possible biological and technological applications, it is important to realize
the characteristic time and length scales for such fundamental processes. Fig-
ure 1.1 shows the relation between this time and length scale for atomic and
molecular processes. In order to visualize and investigate dynamical pro-
cesses on this timescale, a high temporal resolution probe is necessary. The
state-of-the-arts machines at this time to investigate atomic and molecular
systems are Cold Target Recoil-Ion Momentum Spectroscopy (COLTRIMS),
also known as reaction-microscopes. With such an apparatus one can look
at the many-particle quantum-dynamics occuring when atomic and molec-
ular systems are exposed to time-dependent external electromagnetic �elds.
Recoil-ion and electron momentum spectroscopy is a rapidly developing tech-
nique that allows one to measure the vector momenta of several ions and
electrons resulting from atomic or molecular fragmentation. [2]
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2 Chapter 1 Introduction

Figure 1.1: Characteristic time and length scales for molecular and atomic pro-
cesses. [1]

1.1 COLTRIMS

The working principle of a COLTRIMS setup is visualized in Figure 1.2.
This schematic picture shows a femtosecond laser beam coincide with a cold
molecular beam in the center of the COLTRIMS chamber. The fragments,
ions and electrons, created by this interaction are guided to the detectors
on both sides of the COLTRIMS chamber by applied electric and magnetic
�elds. Recoil-ions created in the interaction are accelerated by the electric
extraction �eld onto the position sensitive detector. Then, from the obtained
position and time-of-�ight information of each detected ion, the trajectory
can be reconstructed and the initial momentum vector can be calculated un-
ambiguously.

The time-of-�ight has to be measured with respect to a trigger signal
which uniquely de�nes the time of interaction of a projectile with a sin-
gle target atom. To do so either a pulsed beam of projectiles has to be
used or single projectiles of a continuous beam have to be detected with a
time-sensitive detector, e.g. after the collision. The time-of-�ight spectrum
contains two important pieces of information. First, di�erent ion species can
be distinguished because they appear as well separated peaks in the time-
of-�ight spectrum due to the dependence of the �ight-time on the mass to
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charge ratio. Second, the shapes of these individual peaks contain informa-
tion about the initial ion momentum. [2]

Because the intensity of the laser pulses coiciding with the molecular is
very high, the Coulomb barrier of bound electrons in the molecules can be
overcome, resulting in optical �eld ionization. An overview of possible con-
sequences of optical �eld ionization is shown in Figure 1.3. This overview is
based on the single active electron approximation, which assumes only one
electron activively participates in the ionization of the atom or molecule by
the laser �eld. The other electrons in the approximation are seen to create a
screening potential of the nucleus. The ionized electron, either by tunneling
or above-the-barrier ionization, is then guided by the linear �eld response in
the laser electric �eld. This electric �eld accelerates the electron away from
the parent ion, until it changes sign, then accelerating the electron back to
the parent ion. The overview of possible processes can be seen in Figure 1.3.
[1]

In the case that the laser beam isn't perfectly linearly polarized, the ion-
ized electron will not recollide with the parent ion again and will continue
as a free electron with a non-zero kinectic energy. This process is called
above-threshold ionization. However, when the laser is linearly polarized,
the ionized electron will recollide with the parent ion, upon which several
processes can happen, visualized by processes (ii), (iii) and (iv) in Figure
1.3. Process (ii) shows energetic photon emission upon the electron recom-
bining into its ground state. As the frequency of the emitted photon is a
harmonic of the frequency of the laser �eld, this process is called high-order
harmonic generation. Process (iii) shows the detachment of another electron
upon recollision of the ionized electron, this is called non-sequential dou-
ble ionization, implying there is a time delay between the ionization of the
two electrons. Then in process (iv) the parent ion also absorbes energy, but
in this case this amount of energy is less than the binding energy, exciting
an innershell electron. This last process is the most important process for
research with a COLTRIMS setup, as inelastic electron scattering from a
molecule might induce structural dynamics in the molecule.

1.2 Aim

The aim of this project is to design a broadband polarizer, implement it in
the existing COLTRIMS optical setup and characterize it with theoretical
calculations, which can be checked by experiments on the complete setup.
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Figure 1.2: Schematic picture of a COLTRIMS setup. A femtosecond laser hits
a cold molecular beam within the COLTRIMS detector. The applied magnetic and
electric �eld guide the ions and electrons from the reaction in the center of the
chamber to both detectors.

Figure 1.3: Schematic overview of possible processes after optical �eld ionization
of an electron. [1]
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This broadband polarizer has to be build, as the intensity of the pulses is
very high and their spectrum too broad for a regular polarizer. The intensity
of the lightpulses coming into the COLTRIMS setup is controlled by an iris
in front of the COLTRIMS chamber. However, the intensity going into the
chamber cannot be controlled completely by this iris, as the beam has an
intensity pro�le that is dependent on the distance to the center of the beam.
Mostly, this intensity dependence is assumed to be Gaussian. Another dis-
advantage of the iris controlling the intensity of the beam is the fact that the
iris changes the size of the beamspot going into the chamber, complicating
the interaction with the molecular beam in the COLTRIMS apparatus. By
blocking part of the beam, the iris will also introduce a small phase shift,
changing the polarization of the beam, which is another unwanted e�ect as
the beam going into the COLTRIMS chamber should be perfectly linearly po-
larized. Therefore, the aim is to build an optical setup before the COLTRIMS
chamber which can control the intensity of the beam, without changing the
size of the beamspot, and the polarization of the laserlight. This control
of the polarization is necessary because the interesting inelastic scattering
processes only can occur in the case the laser light is perfectly linearly polar-
ized. The broadband polarizer should also have a minimal pulse broadening,
as the pulse duration in the COLTRIMS setup should be as short as possible.

The idea is thus to build a broadband polarizer in front of the COLTRIMS
chamber, as the intensity of the laser pulses will be very high and their fre-
quency spectrum very broad. The preliminary design of this broadband
polarizer consists of an halfwave plate followed by two germanium plates
on which the incoming laserbeam will bounce o� at Brewster's angle. The
polarization of the laserbeam is thus controlled by the re�ection of the two
germanium plates at Brewster's angle, as this only leaves the s-polarized part
of the re�ection. The choice for germanium is mainly due to its high re�ec-
tivity and its characteristics in the used frequency spectrum. The intensity
of the light can be controlled by the halfwave plate by changing the angle
between the axis of the halfwave plate and the polarization of the incoming
light.

1.3 Report Outline

As the aim of this report is stated, there �rst is some need for knowlegde on
the lasersystem. The theory and experimental setup of the femtosecond laser
system are discussed in Chapter 2. Then Chapter 3 will discuss the theory
used for the calculations of characterizing the broadband polarizer. Chap-
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ter 4 will elaborate on the experimental setup and design of this broadband
polarizer and discuss which parameters can be experimentally veri�ed and
how this can be done. Chapter 5 will present the calculations performed to
theoretically describe the broadband polarizer. The results of the measure-
ments will be presented in Chapter 6, where they will also be compared to the
theoretical calculations. Chapter 7 will then show a summary of activities,
overall conclusions and recommendations for future work.



Chapter 2

A few-cycle pulsed laser system

In the last decades pulsed laser systems have evolved and been greatly im-
proved. Pulse lengths have become much shorter and the intensities of the
system much higher, both by orders of magnitudes. All these developments
started with the technique of laser mode-locking. [3, 4] In this chapter the
developments that led to the current state-of-the-art systems are discussed,
followed by a description of the system used in this project.

2.1 Mode-locking

The phenomenon of laser mode-locking is based on the principle of super-
position of waves. Inside the laser cavity a large amount of longitudinal
phase-locked laser modes exist alongside and most of the time all those dif-
ferent modes cancel each other by superposition. This means there is a net
laser �eld of zero. On some brief moments of time however, all those di�erent
modes do not cancel, but add up coherently. For these moments very short
light pulses will leave the laser cavity along the longitudinal axis. Because
these brief moments occur regularly, the laser produces a regular train of
light pulses. The phenomenon of laser mode-locking is visualized in Figure
2.1. It can be seen that an increase in the number of locked modes leads to
shorter pulses.

Mode-locking of a laser can be achieved in two distinct ways: active and
passive mode-locking. Active methods use an external signal to induce mod-
ulation of the light in the laser cavity, while passive methods make use of
some kind of material in the laser cavity which causes self-modulation of the
light. In the 1980's laser pulses shorter than 100 fs were reached with pas-
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8 Chapter 2 A few-cycle pulsed laser system

Figure 2.1: Visualization of the pulse length of a mode-locked laser, which is
dependent on the roundtrip time in the cavity and the number of modes. [3]

sive mode-locking, but were limited by the response time of the absorption
process. Another step towards shorter pulses was made with the discovery
of the optical Kerr-e�ect. [4]

2.1.1 Kerr-lens mode-locking

The optical Kerr e�ect describes a change in refractive index of materials
dependent on the intensity of the incoming light. This non-linear e�ect is
only visible for high intensity electromagnetic �elds, such as laser beams. [5]
The refractive index of a material then becomes:

n = n1 + n2(I) (2.1)

where n1 is the linear refractive index of the material and n2(I) the intensity-
dependent non-linear refractive index due to the optical Kerr e�ect. The
consequence of the optical Kerr e�ect is that parts of the laser beam with
high intensities su�er less loss than those with lower intensities. Applying
this e�ect to a Gaussian laser beam with high enough intensity, the middle
part with highest intensity will experience a higher refractive index than the
outer part of the beam with lower intensity, those thus experiencing a rela-
tively lower refractive index. So, the middle part of the beam will be more
focussed than the outer part of the beam. This e�ect is called self-focussing.
[6] [7]

By introducing an aperture in the laser cavity, the cavity modes without
self-focussing will be (partially) blocked. This will thus create extra energy
loss for the cavity modes without self-focussing. In this way the introduced
aperture will work like a high-intensity pass �lter. This use of the self-
focussing e�ect is called Kerr-lens mode-locking and is visualized in Figure
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2.2. Kerr-lens mode-locking is the current state-of-the-art in passive mode-
locking of laser systems.

Figure 2.2: Principle of Kerr-lens mode-locing. Because of the non-linearity of
the medium, the incident beam will self-focus. When an aperture is introduced
after the non-linear medium, the non self-focussing cavity modes will have an extra
energy loss compared to the self-focussing ones. [8]

2.1.2 Self-Phase Modulation

The e�ect of self-focussing due to the optical Kerr e�ect can be seen in high-
intensity laser systems. The mode-locked laser produces a train of very short
pulses of very high intensity. In the case these pulses travel through a non-
linear optical medium, all wavelengths in these pulses, which have a broad
spectrum, will experience a slightly di�erent index of refraction. So, every
part of the pulse will experience a di�erent refractive index, and thus a time-
dependent phase shift of the pulse is generated. This phase shift changes the
frequencies of which the pulse is constituted of in the �rst place. This e�ect
is called self-phase modulation and is a result of the optical Kerr e�ect [9].

2.2 Dispersion

As stated before in this chapter, a laser pulse consists of many di�erent fre-
quencies and thus has a broad spectrum. When this pulse travels through
any medium, all the di�erent frequencies will travel at their own di�erent
speed through this medium. This basic e�ect is called group delay disper-
sion (GDD) and causes the pulse to broaden temporally when travelling
through a medium. As this is an undesirable e�ect several techniques have
been developed to compress the pulse again.

One way to achieve compressing of the pulse is to compensate the GDD
of the medium with negative GDD using a pair of prisms. [10] When a pair
of prisms is placed in the laser cavity and the incident laser beam hits the
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prisms at Brewster's angle, the transmission of a linearly polarized pulse is
maximized, while the rest of the beam is re�ected or adsorbed. Then the
negative GDD of the pair of prisms can compensate the positive GDD due
to the self-phase modulation of the medium, producing stable and ultrashort
laser pulses.

Another way to compensate the positive GDD of self-phase modulation
is by placing 'chirped' mirrors in the laser setup. Those chirped mirrors are
made of a dielectric material and can also introduce negative GDD to the
laser pulse. This is due to the fact that the re�ection depth of the dielectric
mirror is di�erent for each frequency of the pulse, which is visualized in
Figure 2.3.

Figure 2.3: Schematic representation of a chirped mirror. The re�ection depth is
di�erent for each frequency, thus temporally compressing the pulse. [3]

2.2.1 Chirped-Mirror Ampli�cation

The interplay between the Kerr-e�ect, self-phase modulation and the nega-
tive GDD of prisms and chirped mirrors can be optimized to build laser cav-
ities that produce sub-10 fs laserpulses with high intensities. Because there
currently are no oscillator cavities that can produce those pulses with high
intensity, a process called chirped-pulse-ampli�cation is used. [3, 11, 12, 9]

In this process the laser pulse leaving the laser cavity is �rst stretched
temporally with a dispersive medium to be able to increase the intensity of
the pulse. This is done by sending the laser pulse multiple times through
a gain medium. Without the initial temporally stretching of the pulse, the
intensity of the gained pulse would damage the gain medium. After passing
throught the gain medium, the gained pulse travels through a pair of prisms
at Brewster's angle to temporally compress the pulse again.
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However, this process will not lead to pulses of a few femtoseconds. For
this purpose the pulses are sent through a hollow optical �ber �lled with a
gas after they have been temporally compressed by the pair of prisms. The
gas in this �ber introduces self-phase modulation of the laser pulses, which
will broaden the frequency of the pulse even more, while leaving the pulse
duration similar. Last, the pulse travels through a set of chirped mirrors,
which will temporally compress the pulse by introducing negative GDD. The
process of chirped-mirror ampli�cation is illustrated in Figure 2.4.

Figure 2.4: The process of chirped-mirror ampli�cation. Initially the laser pulse
is stretched by a dispersive medium. After this it travels through a gain medium
multiple times to increase the intensity (ampli�er). Then the pulse is compressed
by travelling through a pair of prisms at Brewster's angle. Additional the pulse will
be send through a hollow �ber to be stretched again, to be compressed again by a
set of chirped mirrors (not displayed). [3]

2.3 State-of-the-art Laser System

The few-cycle laser system that is used for the experiments during this project
is a Femtoposer Compact Pro CE-Phase from the Australian Attosecond
Science Facility. In the following section the main parts of this system are
discussed; the mode-locked oscillator, the ampli�cation stage and the com-
pressor stage. A picture of this setup can be seen in Figure 2.5.
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2.3.1 Mode-locked oscillator

The oscillator of the laser system is the part where the light pulses are cre-
ated, in this system by a Ti:S crystal (sapphire crystal doped with titanium
ions) and a Kerr-lens mode-locking system. This section produces sub-7 fs
pulses at a repetition rate of ~80 MHz around a central wavelength of ~780nm
over a ~240 nm bandwidth. The Ti:S crystral is optically pumped by a laser
producing 532nm light. [13]

The mode-locking of the laser system is initiated by changing the Ti:S
crystal position relatively to the pump laser and the stability range of the
cavity is moved. Then the end-mirror in the cavity is moved back and forth
to introduce a perturbation to initiate the formation of pulses. In the mode-
locked regime the cavity has an output power around 200 mW with a wide
spectral range, whereas the output power in continuous-wave (CW) regime
is around 400 mW.

2.3.2 Ampli�cation

As discussed in one of the previous sections, the pulse leaving the oscillator
is �rst stretched by passing it through a dispersive medium. In this system
this is achieved by passing the pulse repeatedly through a piece of glass,
introducing positive GDD. In this stage the pulse is stretched from the fs
regime to the ps regime. The ampli�cation of the pulse then is achieved by
passing the pulse through another Ti:S crystal, cooled to 243 K to maximize
the gain. A Pockels cell is used to divide the pulse train from the oscillator
to a 1 kHz pulse train to avoid doing damage to the crystal. The pulse train
passes the Ti:S crystal a total of nine times, after which the pulse output
power is around 1 mJ.

2.3.3 Compressor

The compressor stage of the laser system consists of two di�erent parts:
the prism compressor and the hollow �ber compressor. After the pulse has
passed through the ampli�er stage, it �rst travels through the prism com-
pressor. This will introduce a negative GDD to the pulse, reducing the pulse
duration to 28 fs. The prism pair can be turned to alter the amount of GDD
given to the pulse.

The pulse is then sent through the hollow �ber �lled with neon, which
will broaden the spectrum of the pulse. The spectrum of the pulse needs
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to be broadened, because the spectrum of the pulse leaving the prisms has
a limited spectral range that cannot support a few-cycle pulse. The hollow
�ber core is attached to a vacuumpump to empty the �ber every day and
�lled with new neon, to make sure no impurities arise in the hollow �ber.

Finally, the pulses are compressed to the few-cycle regime by passing
through a set of chirped mirrors. The amount of single and double bounces
can be altered to change the amount of negative GDD. Mostly the setup
is used with nine bounces on the mirrors, which will introduce a negative
GDD of 400 fs2 . However, this is more than the positive GDD the pulse
has gathered leaving the hollow �ber, but is added as a precaution for the
pulse travelling through air to the experiments, collecting more positive GDD
along the way. Near the experiments the pulse duration is optimized using
a pair of wedges of fused silica, by adding more or less positive GDD.
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Figure 2.5: Picture of the femtosecond laser system used during the experiments
for this report. The oscillator, stretcher, ampli�er and compressor (consisting of
two stages) are shown and the text boxes indicate the main output parameter values
for each section. The chirped mirrors after the �ber compressor are not shown in
this picture. [13]



Chapter 3

Theory

This chapter will discuss the theory used for the calculations of characterizing
the broadband polarizer. First is discussed what happens with an electro-
magnetic wave at an interface, as parts of the EM-wave are re�ected and
transmitted. With some appropriate boundary conditions applied to the
EM-wave at the interface the Fresnel equations are derived, which describe
the transmitted and re�ected parts of the EM-wave as a function of the angle
of incidence. From these equations, the induced phase shift by the germa-
nium plates can be derived, which in its turn will lead to the pulse broadening
upon re�ection. Last, there is some theory on the intensity a half-wave plate
placed under di�erent angles.

3.1 The Maxwell Equations

To describe the e�ects that occur in the case an EM-wave bounces of an inter-
face, the Maxwell Equations have to be considered. The Maxwell Equations
in a linear and homogeneous medium like air are the following [14]

∇ · E = 0 (3.1)

∇ ·B = 0 (3.2)

∇× E = −δB
δt

(3.3)

∇×B = µε
δE

δt
(3.4)

15
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However, these equations are only valid when there is no free charge
density ρfree and free current density Jfree on one of both media at the
interface. In the case of an interface with a (semi)conductor, these equations
thus aren't valid. Equations 3.1 and 3.4 have to be adjusted with extra terms
following from the free charge density and free current density respectively.
If assumed that the free current density is proportional to the electric �eld,
those equations become [14]

∇ · E =
1

ε
ρfree (3.5)

∇×B = µε
δE

δt
+ µσE (3.6)

However, any initial free charge density will dissipate over the surface
of the material, with an characteristic time described by ε and σ. We will
assume the system is in a state where all the initial free charge density has
already dissipated, so Equation 3.5 will change back to equation 3.1. Then,
from Equations 3.1,3.2,3.3 and 3.6 in integral form, boundary conditions can
be derived for EM-waves at an interface

ε1E
⊥
1 − ε2E⊥2 = σfree (3.7)

B⊥1 = B⊥2 (3.8)

E
‖
1 = E

‖
2 (3.9)

1

µ1

B
‖
1 −

1

µ2

B
‖
2 = Kfree × n̂ (3.10)

where the subscripts 1 and 2 indicate respectively the electric and mag-
netic �eld just before and after the interface between two media, σfree the
free surface charge, Kfree the free surface current and n̂ a unit vector perpen-
dicular to the surface, pointing from medium 2 into medium 1. We assume
that the free surface current is zero in the semiconductor, as it is for Ohmic
conductors. [14, 15] The boundary conditions of Equations 3.7 and 3.10 are
visualized in Figure 3.1.

To be able to see which EM-waves are solutions of the Maxwell equations
in (conducting) matter, we apply the curl to Equation 3.3 and 3.6, so we
obtain wave equations for the electric and magnetic �elds
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Figure 3.1: Visualization of boundary condition EM wave at interface described
by A, Formula 3.7 and B, Formula 3.10. [14]

∇2E = µε
δ2E

δt2
+ µσ

δE

δt
(3.11)

∇2B = µε
δ2B

δt2
+ µσ

δB

δt
(3.12)

These equations permit plane-wave solutions with complex wave vectors,
which eventually will result in a complex index of refraction of the material.
Now we will look at what happens with an incident planar monochromatic
lightwave at the interface of two media. This incident lightwave can be
described by the electric and magnetic �eld components which are perpen-
dicular

Ei = E0i exp[i(k̃i · r− ωt)] (3.13)

Bi = B0i exp[i(k̃i · r− ωt)] =
n1

c
(

ˆ̃
ki × Ei) (3.14)

Where E0i is the amplitude of the electric �eld, which we assume to be
constant over time, thus we assume the wave to be linearly polarized. k̃i is
the propagation vector (or wave vector) of the incoming lightwave, pointing
in the direction of propagation, ω the frequency of the light and n1 the index
of refraction of the �rst medium. When this EM-wave hits the interface
between two media, this will give rise to a re�ected and a transmitted wave,
which is visualized in Figure 3.2. The re�ected and transmitted waves can
be described by

Er = E0r exp[i(k̃r · r− ωt)] (3.15)

Br =
n1

c
(

ˆ̃
kr × Er) (3.16)
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Et = E0t exp[i(k̃t · r− ωt)] (3.17)

Bt =
n2

c
(

ˆ̃
kt × Et) (3.18)

Figure 3.2: Visualization of the incident, re�ected and transmitted wave at an
interface between two media. [14]

First we assume that those waves; incident, re�ected and transmitted all
have the same frequency ω, which is determined by the light source, and
thus are monochromatic. Secondly, we assume the �rst medium is air, a non-
conducting medium, and the second medium is a (semi)conductor, so only
the transmitted wave has a complex wave vector, leading to an attenuated
transmitted wave in the semiconductor.

Now, the EM-�eld in medium 1 must be joined to the EM-�eld in medium
2: Ei + Er and Bi + Br must be joined to Et and Bt. This can only occur
when the spatial terms are equal, since the frequency terms already are equal.
At the interface this leads to

k̃i · r = k̃r · r = k̃t · r (3.19)

Or viewed in the plane of incidence

k̃i sin θi = k̃r sin θr = k̃t sin θt (3.20)

where θi is the angle of incidence measured with respect to the normal,
θr the angle of re�ection and θt the angle of refraction. This can also be seen
in Figure 3.2. As the frequency of all these wave is the same, and the speed
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of the wave in the �rst medium is constant, the angle of incidence must be
equal to the angle of re�ection in the plane of incidence, also known as the
Law of Re�ection

θi = θr (3.21)

For the transmitted angle we can derive the Law of Refraction, or Snell's
Law

sin θt
sin θi

=
n1

n2

(3.22)

Now, the relationship that exists among the phases of the incident, re-
�ected and transmitted light at the boundary are clear. Now, we can look
at the interdependence of the amplitudes of these EM-waves.

3.2 The Fresnel Equations

To be able to look at the amplitudes of the EM-waves at the interface between
two media, we will separate its electric and magnetic �elds into components
that are parallel and perpendicular to the plane of incidence. With these
components a wave with any polarization can be constructed.

First we will look at the case where the electric �eld is perpendicular
to the plane of incidence and thus that the magnetic �eld is parallel to it.
This situation is visualized in Figure 3.3. From the boundary condition in
Equation 3.9 we know that the tangential components of the electric �eld
are continuous at the interface

E0i + E0r = E0t (3.23)

as the cosines cancel at the interface at any time and point. Also, the
tangential component of B/µ is continuous at the surface, which follows from
Equation 3.10

− Bi

µi
cos θi +

Br

µi
cos θr = −Bt

µt
cos θt (3.24)

When we combine this Equation with the Law of Re�ection and the
expressions for the magnetic �eld as a function of the electric �eld, as can be
seen in Equations 3.15-3.18 we can rewrite

ni
µi

(E0i − E0r) cos θi =
nt
µt
E0t cos θt (3.25)
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Figure 3.3: Visualization of an EM-wave incident on the planar surface separating
two media in the case that the electric �eld E is perpendicular to the plane of
incidence and the magnetic �eld B is parallel to it. [16]

which will result in

(
E0r

E0i

)⊥ =
ni

µi
cos θi − ñt

µt
cos θt

ni

µi
cos θi + ñt

µt
cos θt

(3.26)

and

(
E0t

E0i

)⊥ =
2ni

µi
cos θi

ni

µi
cos θi + ñt

µt
cos θt

(3.27)

In the same way we can derive equations for the case that the electric �eld
is parallel to the plane of incidence, which results in the Fresnel Equations
[16, 17]. When we combine these equations with Snell's Law, they become
easy-to-use amplitude re�ection and transmission coe�cients

r̃⊥ = r̃s ≡ (
E0r

E0i

)⊥ =
cos θi −

√
( ñt

µt
)2 − sin2 θi

cos θi +
√

( ñt

µt
)2 − sin2 θi

(3.28)

t̃⊥ = t̃s ≡ (
E0t

E0i

)⊥ =
2ni

µi
cos θi

cos θi +
√

( ñt

µt
)2 − sin2 θi

(3.29)
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r̃‖ = r̃p ≡ (
E0r

E0i

)‖ =
( ñt

µt
)2 cos θi −

√
( ñt

µt
)2 − sin2 θi

( ñt

µt
)2 cos θi +

√
( ñt

µt
)2 − sin2 θi

(3.30)

t̃‖ = t̃p ≡ (
E0t

E0i

)‖ =
2ni

µi
cos θi

( ñt

µt
)2 cos θi +

√
( ñt

µt
)2 − sin2 θi

(3.31)

From these amplitude re�ection and transmission coe�cients, the re�ec-
tivity and transmittivity can be calculated, which are physical parameters
which can be measured in a setup. [16]

R⊥/‖ = r̃s/p · r̃s/p (3.32)

T⊥/‖ = t̃s/p · t̃s/p (3.33)

where r̃ and t̃ are the complex conjugates of r̃ and t̃ respectively. From the
amplitude re�ection coe�cients we can also calculate the phase shift upon
re�ection by [16]

φreflection = arg(rs/p) (3.34)

3.2.1 Brewster's Angle

As can be seen from Equations 3.28-3.31 the amplitude re�ection and trans-
mission coe�cients are dependent on the angle of incidence. Figure 3.4 shows
a plot of the transmitted and re�ected amplitudes as function of the incident
angle for light incident on glass from air (nglass > nair) for the case of po-
larization in the plane of incidence. For a certain incident angle called the
Brewster angle, the re�ected amplitude is zero. This means that for the
Brewster angle only s-polarized light will re�ect from the surface. We can
derive what the Brewster angle is from Equation 3.30 for the amplitude re-
�ection coe�cient for p-polarized light, which should be zero if the incident
angle is equal to Brewster's angle. From this equation we get an expression
for Brewster's angle [14, 16]

tan θB =
ñ2

n1

(3.35)
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Figure 3.4: Plot of transmitted and re�ected amplitudes as function of the incident
angle. A negative number corresponds to the fact that the wave is 180◦out of phase
with the incident beam. The amplitude itself is the absolute value. [14]

3.3 Dispersion

Now we know how to describe EM-pulses we can look at what happens to
these pulses in an experimental setup. Along the way in the setup, these
pulses will collect dispersion. Dispersion is the e�ect that di�erent wave-
lengths travel at di�erent speeds in so-called dispersive media. This e�ect
occurs due to the fact that these materials have a di�erent refractive index
for di�erent wavelengths. [14]

So, because waves of di�erent frequency travel at di�erent speeds in a
dispersive medium, a pulse that is built on a range of frequencies will change
its shape as it is travelling through a dispersive medium. Each sinusoidal
component travels at the ordinary wave velocity, also called phase velocity

vp =
ω

k
(3.36)

whereas the envelope of the pulse, so the whole pulse 'package' travels at
the group velocity

vg =
dω

dk
(3.37)

We will represent the dispersion in an optical system with an phase delay
factor as a function of frequency Φ(ω). For a general form we will expand
this phase shift factor Φ(ω) as a Taylor series around a carrier frequency ω0

Φ(ω) = Φ(ω0) + Φ
′
(ω0)(ω − ω0) +

1

2!
Φ

′′
(ω0)(ω − ω0)

2 + ... (3.38)
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From this expansion we can identify the phase velocity at the carrier
frequency [18]

vp(ω0) ≡
ω0

Φ(ω0)
(3.39)

the group velocity at the carrier frequency

vg(ω0) ≡
1

Φ′(ω0)
(3.40)

and the group delay dispersion (or GDD) at the carrier frequency

GDD(ω0) ≡ Φ
′′
(ω0) (3.41)

The GDD causes short pulses of light to spread in time as a result of
di�erent frequency components of the pulse travelling at di�erent velocities.
Positive GDD leads to a positive chirp on the pulse, resulting from the fact
that it is increasing in frequency over time. In the same way, negative GDD
leads to a negative or downchirp, resulting in the frequency of the pulse
decreasing over time. The results of GDD however, whether positive of neg-
ative, ultimately leads to temporal spreading of the pulse.

3.4 Pulse Broadening

From the dispersion an EM-pulse gets from travelling through a setup, the
actual pulse broadening can be estimated by assuming a certain pulse shape.
In this report we assume the pulse to have a Gaussian shape with carrier
frequency ω0

Ein(t) = exp(−2 ln(2)t2

τ 20
− iω0t) (3.42)

and where τ0 is the initial pulse duration at FWHM. We assume that the
initial pulse has no frequency chirp. To describe the e�ects of dispersion of
this pulse best, we have to transform this pulse to the frequency domain. In
the frequency domain we will apply a certain dispersion factor to describe
the e�ects of dispersion and then we will transform the pulse back to the
time domain. After this process we will be given a certain broadening factor
for Gaussian pulses. [18, 19, 20]

So, �rst the initial pulse is transformed to the frequency domain via the
Fourier transform
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Ein(ω) =
1

2π

ˆ
exp(−2 ln(2)t2

τ 20
− iω0t) · exp(iωt)dt (3.43)

=
1

2π

ˆ
exp(−at2 − bt)dt (3.44)

=
1

2π

√
π

a
exp(

b2

4a
) =

1

2π

√
π

a
exp(
−(ω − ω0)

2

4a
) (3.45)

where a = 2 ln 2
τ02

. Now the output pulse spectrum after collecting dis-

persion will be equal to the input spectrum multiplied by the frequency-
dependent phase shift factor [18, 21]

Eout(ω) = Ein(ω) exp(−iΦ(ω)) (3.46)

The expression for the output pulse spectrum then becomes

Eout(ω) =
1

2π

√
π

a
exp(−iΦ(ω0)− iΦ

′
(ω0)(ω − ω0) (3.47)

−(
i

2
Φ

′′
(ω0) +

1

4a
)(ω − ω0)

2) (3.48)

Now we can transfrom the output pulse back to the time domain by the
inverse Fourier transform

Eout(t) =

ˆ
Eout(ω) exp(−iωt)dω (3.49)

=
1

2π

√
π

a
exp(iω0t)

ˆ
exp(−iΦ(ω0)− iΦ

′
(ω0)(ω − ω0) (3.50)

−(
i

2
Φ

′′
(ω0) +

1

4a
)(ω − ω0)

2)d(ω − ω0) (3.51)

=
1

2π

√
π

a
exp(iω0t−iΦ(ω0))

ˆ
exp(−q(ω−ω0)−p(ω−ω0)

2)d(ω−ω0) (3.52)

=
1

2

√
1

ap
exp(iω0[t−

Φ(ω0)

ω0

]) exp(−(t− Φ
′
(ω0))

2

4p
) (3.53)

where p = i
2
Φ

′′
(ω0)+ 1

4a
. This output pulse is still Gaussian, but the pulse

envelope changes shape due to the GDD, which is hidden in the parameter
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p. To �nd a broadening factor for the initial pulse due to the dispersion, we
have to separate the output pulse in an amplitude and phase. To keep this
clear we perform this exercise in parts

1

2

√
1

ap
=

√
1

1 + 2iaΦ′′(ω0)
=

√√√√ 1− 2iaΦ′′(ω0)

1 + (2aΦ′′(ω0))2
(3.54)

=
1

4
√

1 + (2aΦ′′(ω0))2
exp(

i

2
arctan(−2aΦ

′′
(ω0))) (3.55)

Then the �rst exponential part of the output pulse is completely imagi-
nary, so we only need to split the second exponential part

exp(−(t− Φ
′
(ω0))

2

4p
) = exp(−a(t− Φ

′
(ω0))

2

1 + 2iaΦ′′(ω0)
) (3.56)

= exp(−a(t− Φ
′
(ω0))

2 · (1− 2iaΦ
′′
(ω0))

1 + (2aΦ′′(ω0))2
) (3.57)

So for the amplitude of the output pulse, the real part, we end up with

Real{} =
1

4
√

1 + (2aΦ′′(ω0))2
exp(− a(t− Φ

′
(ω0))

2

1 + (2aΦ′′(ω0))2
) (3.58)

and for the phase, the imaginary part

Imaginary{} = exp(
i

2
arctan(−2aΦ

′′
(ω0)) + (3.59)

iω0[t−
Φ(ω0)

ω0

] +
2iaΦ

′′
(ω0)

1 + (2aΦ′′(ω0))2
) (3.60)

From these equations can be seen that the pulse at FWHM is broadened

as a result of the GDD, by a factor of
√

1 + (2aΦ′′(ω0))2. This means the
output pulse duration can be written as

τ1 = τ0
√

1 + (4 ln(2)Φ′′(ω0)/τ 20 )2 (3.61)
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3.5 Half-wave plate

A half-wave plate, or half-wave retarded is a retardation plate that intro-
duces a relative phase di�erence of π radians between the two perpendicular
components of the wave. The intensity output of an half-wave plate is de-
pendent on the polarization of the incoming light and the angle under which
the half-wave plate is placed. When the wave plate is rotated by ϕ degrees,
the polarization of the output beam is rotated by 2ϕ degrees. Thus, the
intensity of the output beam is completely controlled by just rotating the
half-wave plate between 0 − 45◦. A half-wave plate will for instance change
the direction of linearly polarized light.

When the half-wave plate is rotated, the intensity at the ouput of the
polarizer is regulated according to the Malus' Law

I = I0 cos2 θ (3.62)

where I0 is the intensity of the light before it reaches the polarizer and
θ the angle between the polarization of the incoming beam (direction of the
electric �eld) and the axis of the polarizer. The intensity is at its maximum
when the polarization of the beam is aligned with the axis of the polarizer,
while it is zero for θ = π

2
. [16]

In the case for the broadband polarizer consisting of a half-wave plate
and two germanium plates, the output intensity could be described by

I = I0 cos2 2θ (3.63)

in the case the half-wave plate is rotated by ϕ degrees, the polarization
of the output beam is rotated by 2ϕ degrees. The germanium plates at
Brewster's angle only re�ect the s- polarized part of the light coming from the
half-wave plate. Therefore the half-wave plate is aligned with the incoming
beam, the output intensity is maximum (assuming vertically polarized light).
In case the half-wave plate is rotated by 45 degrees, the polarization of the
output beam will rotate with 90 degrees, leaving only p-polarized light and
there will be no output intensity.
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Experimental setup

This chapter describes the various experimental tools which are used during
the project. First, the setup of the broadband polarizer is explained, with
more details on the setup parameters. This is followed by a description of
the measurements performed on the setup to check the calculated theoretical
values.

4.1 Broadband Polarizer

In Chapter 2 details of the few-cycle laser system were given which is used
for the experiments in the COLTRIMS chamber. Figure 4.1 shows a visual-
ization of the optical setup in front of the COLTRIMS chamber before the
broadband polarizer was implemented. The laser light leaving the optical
setup from the laser system �rst hits a pair of wedges, to be able to optimize
the pulse duration for this setup by inserting more or less glass, and thus in-
troducing more or less GDD to the pulses. After the wedges, the light enters
a periscope, which transfers the light vertically higher on the optical table
and changes the polarization from horizontal to vertical. Then, the light
re�ects o� a set of mirrors, which changes both the horizontal and vertical
direction of the beam, giving it an unwanted phase shift.

In this stage the intensity of the light going into the COLTRIMS chamber
was controlled by the last iris in front of the chamber. However, this single
iris can't control the intensity of the light going into the chamber completely,
as the beam has an intensity pro�le that is dependent on the distance to
the center of the beam. Mostly, this intensity dependence is assumed to
be Gaussian. Another disadvantage of the iris controlling the intensity of
the beam is the fact that the iris changes the size of the beamspot going

27
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into the chamber, complicating the interaction with the molecular beam in
the COLTRIMS apparatus. By blocking part of the beam, the iris will also
introduce a small phase shift, changing the polarization of the beam. This
is undesirable as a well de�ned polarisation entering the interaction region
of the COLTRIMS apparatus is required for interesting inelastic scattering
processes to occur. Therefore the broadband polarizer is implemented in
the optical setup before the COLTRIMS chamber, which can control the
intensity of the beam, without changing the size of the beamspot, and the
polarization of the laser light.

Figure 4.1: Visualization of optical setup in front of the COLTRIMS chamber
before the broadband polarizer was implemented. The laserbeam is shown in grey
and the optical elements in black.

The broadband polarizer consists of a halfwave plate followed by two
germanium plates on which the laser light should fall with Brewster's angle as
incident angle. The germanium plates function as a polarizer, leaving only an
s-polarized beam going into the COLTRIMS chamber, optimizing the laser
light for the experiment in the COLTRIMS chamber. The halfwave plate
then is used to contol the intensity of the laser light. After the broadband
polarizer, another two mirrors are introduced in the optical setup, to steer the
beam to the correct horizontal position to enter the COLTRIMS chamber.
This is to facilitate the removal of unwanted phase e�ects when the last two
mirrors in the setup steer the beam both horizontally and vertically. In the
new setup they are required to steer the beam in an horizontal plane. The
new setup with the broadband polarizer is shown in Figure 4.2.
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Figure 4.2: Visualization of the optical setup in front of the COLTRIMS chamber
after implementation of the broadband polarizer. Again, the laserbeam is shown in
grey and the optical elements in black. Entering the optical setup the laser light �rst
falls on the halfwave plate, changing the direction of polarization. It then re�ects o�
the two germanium plates at Brewster's angle, only leaving s-polarized light. The
set of mirrors steer the beam in the horizontal plane, so the last set of mirrors will
steer the beam only in a vertical plane. This is to facilitate the removal of unwanted
phase e�ects. The alignment irisses are used to align the total setup in such a way
that the laser light will exactly reach the centre of the COLTRIMS chamber.

4.2 Measuring pulse duration

Since the pulse duration in this optical setup is around 5,5 fs, the pulse
duration obviously cannot be measured as a direct observation with a photo-
diode etc, as it's response time won't be fast enough. To measure the pulse
duration of such short pulses autocorrelation techniques are necessary. In
autocorrelation measurements the measured signal is cross-correlated with
itself to search for repeating patterns and the similarity between parts of the
signal as a function of the time separating them. Mostly, these techniques
use an optical element that will produce a second-order mixing process with
the entering light. This second-order has a bandwidth that is large enough
to be able to retrieve the original pulse envelope. [22, 23] In the most recent
autocorrelation systems, designed to measure the pulse duration of few-cycle
pulses, interferometer techniques are used to retrieve the number of oscil-
lations of the electric �eld in the pulse envelope. [24] The optics of the
autocorrelation system used during the experiments in this report is shown
in Figure 4.3.

As the light enters the autocorrelator, it is split in two by a 50/50 beam-
splitter. One beam bounces of the retrore�ector without any delay, while
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Figure 4.3: Optics of the used autocorrelator during the experiments in this report.
[13]

the second beam is introduced to a variable delay by a piezo delay stage.
Those beams are recombined and fall on a focussing mirror, which focusses
both beams on a Second-Harmonic Generation (SHG) crystal. A short-pass
�lter then makes sure only the frequency-doubled light enters the photodiode.

In the case that the delay in the second arm is zero, the pulses recombine
in phase, and a maximum amount of light will fall on the photodiode of the
detector. If the delay is increased, the recombination of the pulses will be
more and more out of phase, resulting in less light reaching the detector.
The minimum in light reaching the detector can be found in the case that
the delay is half a period of the oscillation of the light falling on the autocor-
relator, resulting in almost no signal. If the delay is greater than the pulse
duration, the pulses to not overlap in recombination and small amount of
light will reach the detector. This backgroup signal can be used to detect a
good alignment of the autocorrelator in the existing setup. [13]

In order for the autocorrelator to be able to determine the pulse duration
it requires both an autocorrelation signal and a measurement of the spectrum
of the pulse. The software then counts the number of fringes in the autocor-
relation signal and calculates the pulse duration from the central wavelength
from the spectrum measurement. An example of these signals is shown in
Figure 4.4, which are taken during one of the measurements.
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Figure 4.4: Autocorrelation signal and spectrum measurement of a few-cycle laser
pulse, measured after the half-wave plate but before the germanium plates in the
setup. From these graphs the pulse duration is calculated by the software to be 5,5
fs from a central wavelength of 750 nm.
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4.3 Experiments

In order to implement the broadband polarizer correctly, all the di�erent el-
ements need to be put in the setup separately so they can be characterized.
An autocorrelator signal is measured after every new element, at the end of
the optical setup, as can be seen in Figure 4.5. This is done to measure the
output pulse duration, which should be minimized in the total setup. First
has to be determined what the right amount of glass of the wedges is in the
setup without any additional elements from the broadband polarizer. This
done in order to minimize the pulse duration by minimizing the total GDD
in the setup, caused by the dispersion of the laser. Only a glass window is
inserted in the optics before the wedges, which is idential to the glass win-
dow of the COLTRIMS chamber. This is done to optimize the pulse duration
inside the COLTRIMS chamber, instead of just outside the chamber. The
wedges of fused silica with a tickness of 1,0 mm and 0,5 mm are necessary to
minimize the pulse duration in the setup.

One by one, the half-wave plate, the germanium plates and the set of
mirrors are implemented in the optical setup. Again, the right amount of
glass of the wedges is determined after inserting the half-wave plate by look-
ing at the autocorrelation signal. Two zero-order wedges are necessary to
minimize the pulse duration. This means the higher-order dispersion of the
half-wave plate is quite small. These two zero-order wedges are used in the
setup during the rest of the measurements.

After the implementation of the germanium plates at Brewster's angle the
intensity, polarization and pulse duration are measured for di�erent incident
angles around Brewster's angle, to compare to the theoretical values. As we
assume the cross section of the beam is constant, we measure the power of
the beam with a power meter as a measure for the intensity of the beam.
Furthermore the intensity of the pulses is measured for di�erent angles of
the half-wave, to check if the half-wave plate works properly for the broad
spectrum of the pulses. The aim is to set up the germanium plates in such
a way that there is s-polarized light leaving the broadband polarizer, with
a minimal pulse duration and then check whether the halfwave plate can
control the intensity completely in this setup.
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Figure 4.5: Optical setup with autocorrelator to measure the pulse duration.





Chapter 5

Calculations

In this chapter the calculations performed to describe the setup theoretically
are discussed. First the amplitude re�ection and transmission coe�cients
are calculated for re�ection upon the germanium plates. From this the phase
shift function can be derived, which will lead to a value for the GDD a pulse
gets when bouncing of a germanium plate. Last is calculated what the actual
pulse broadening will be for re�ection upon the germanium plates.

5.1 Amplitude Re�ection & Transmission Co-

e�cients

The �rst step in calculating the amplitude re�ection and transmission coef-
�cients for the germanium plates is to obtain the refractive index of germa-
nium for di�erent wavelengths. This data obtained from the SOPRA N&K
Database [25] and a graph of the complex refractive index as a function of
wavelength can be seen in Figure 5.1. From this complex refractive index, the
amplitude re�ection and transmission coe�cients are calculated with Origin,
a data analysis and graphing software, and Matlab with Equations 3.28-3.31.
Since there is no speci�ed function to describe the complex refractive index
as a function of wavelength, the obtained data is sampled discrete. The re-
fractive index is obtained from the database over a range of 600-900 nm, the
bandwidth of the pulses in the setup, in discrete steps of 10 nm. As can be
seen in Figure 5.1 the refractive index of germanium in this bandwidth has
no minima or maxima and is a smooth line, which, together with it's high
re�ectivity, makes the material suitable for use in this broadband polarizer.

With the information of the real and imaginary refractive index in the
part of the frequency spectrum that is consistent with the bandwidth of the
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used laser pulses, the amplitude re�ection and transmission coe�cient are
calculated with Matlab for di�erent angles around Brewster's angle. These
results are used to make a plot of the re�ectivity for s- & p-polarized light
versus the incident angle with Matlab, using Equations 3.28-3.31. The plot
can be seen in Figure 5.2 and clearly shows the appearance of Brewster's angle
as incidence angle, as the re�ectivity of the p-polarized light has a minimum
of zero there. The amplitude re�ection coe�cients are speci�cally calculated
for di�erent incident angles around the Brewster angle, as there is no function
for the refractive index of germanium. The Brewster angle is determined
for the central wavelength of the pulse, which is 750 nm, and therefore the
amplitude re�ection coe�cients and re�ectivity are also determined on this
central wavelength. The re�ectivity is calculated for re�ection from two
germanium plates.

5.2 Induced Phase Shift

Now the amplitude re�ection coe�cients are calculated, the induced phase
shift can be determined with Formula 3.34 as a function of wavelength for
incident angles around the Brewster angle. As the aim is to obtain an expres-
sion for the induced phase shift to calculate the GDD with, the calculated
values for the induced phase shift are plotted in Origin as a function of an-
gular frequency in order to acquire a decent �tting function. For all datasets
a polynomial �tting function of the ninth degree was used to �t the data, as
this represented the data best.

Figure 5.3 shows the graph of the calculated values of the phase shift
upon re�ection from two germanium plates as a function of the angular fre-
quency with Brewster's angle as incident angle. In this context, it is more
convenient to plot the data as a function of angular frequency than as func-
tion of wavelength, as the aim is to calculate the GDD and this is the second
derivative to the angular frequency of the phase shift function. The graphs of
the induced phase shift as a function of angular frequency for incident angles
around Brewster's angle can be found in Appendix A.

5.3 Dispersion

In the previous section the induced phase shift functions are obtained for
di�erent incident angles around Brewster's angle as a function of the angular
frequency. To calculate the GDD in the setup due to the dispersion of the
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Figure 5.1: Graphs of the complex refractive index of germanium, obtained from
SOPRA N&K Database. A, The real part of the complex refractive index as a
function of wavelength and B, the imaginary part of the complex refractive index
as a function of wavelength. [26]
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Figure 5.2: Graph of the re�ectivity of s- & p-polarized light after re�ection of two
germanium plates as a function of incident angle. The minimum in the re�ectivity
of the p-polarized light indicates Brewster's angle.
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Figure 5.3: Graph of the induced phase shift function upon re�ection from two
Germaniun plates with Brewster's angle as incident angle. A polynomial function
is used to �t the datapoints (red line). The inset shows the �tting parameters for
the polynomial �tting function.
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Angle of Angle di�erent from Group Delay Dispersion (fs2)
Incidence (◦) Brewster's angle (◦)

76,838 -1,5 -7,238
77,338 -1,0 +1,355
77,838 -0,5 -1,464
78,088 -0,25 -12,632
78,338 0 +20,375
78,588 +0,25 +7,055
78,838 +0,5 +4,108
79,338 +1,0 -8,304
79,838 +1,5 +12,413

Table 5.1: Table of the calculated group delay dispersion (GDD) of two germanium
plates for di�erent incident angles around Brewster's angle.

laser, the second derivative to the angular frequency is calculated for all of
those polynomial phase shift functions. The GDD is then de�ned by Equation
3.41 as the just calculated second derivate of the phase shift function at the
central angular frequency. As the central wavelength is determined to be
750nm, the central angular frequency is 2, 51 ·1015 Hz. With this information
the GDD of the setup is calculated for di�erent angles around Brewster's
angle at the central wavelength of 750nm. The calculated values for the
GDD are given in Table 5.1 and plotted in Figure 5.4. As can be seen in this
Table and Figure, the values of the GDD for di�erent incident angles varies
immensely, apparently at random. Thusfar a theoretical explanation for this
behaviour wasn't found.

5.4 Pulse Broadening

From the calculated GDD the �nal pulse broadening is calculated with Equa-
tion 3.61, assuming the pulse is Gaussian, the central wavelength is 750 nm
and the initial pulse duration is 5,5 fs. The values for the pulse duration
of the output pulse are given in Table 5.2 and plotted in Figure 5.5. From
this graph and table can be seen that both a negative as well as a positive
GDD will results in a broadening of the pulse. The uncertainties in the ta-
ble and the graph are calculated values in the case the input pulse duration
uncertainty is 0,1 fs and the central wavelength has an uncertainty of 10 nm.

It seems that the output pulse duration is sharply peaked around Brew-
ster's angle. It seems that in the �nal setup a compromise will have to
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Figure 5.4: Graph of the calculated Group Delay Dispersion of two Germaniun
plates as function of the incident angle around Brewster's angle.

Angle of Angle di�erent from Output pulse duration (fs)
Incidence (◦) Brewster's angle (◦)

76,838 -1,5 6,600 ± 0,15
77,338 -1,0 5,542 ± 0,2
77,838 -0,5 5,549 ± 0,2
78,088 -0,25 8,414 ± 0,23
78,338 0 11,651 ± 0,62
78,588 +0,25 6,550 ± 0,85
78,838 +0,5 5,877 ± 0,19
79,338 +1,0 6,912 ± 0,13
79,838 +1,5 8,331 ± 0,22

Table 5.2: Calculated values and their uncertainties for the output pulse duration
after re�ection from two germanium plates as a function of incident angle around
Brewster's angle.
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Figure 5.5: Graph of the calculated output pulse duration as function of the in-
cident angle di�erent from Brewster's angle. The errors in the data points are
determined from calculated values in the case the input pulse duration uncertainty
is 0.1 fs and the central wavelength has an uncertainty of 10 nm.



5.4 Pulse Broadening 43

Angle of Angle di�erent from Re�ectivity Re�ectivity
Incidence (◦) Brewster's angle (◦) s-polarized light p-polarized light

76,838 -1,5 0,682 0,0000230
77,338 -1,0 0,692 0,0000090
77,838 -0,5 0,702 0,0000029
78,088 -0,25 0,707 0,0000023
78,338 0 0,712 0,0000020
78,588 +0,25 0,717 0,0000023
78,838 +0,5 0,723 0,0000032
79,338 +1,0 0,733 0,0000109
79,838 +1,5 0,743 0,0000360

Table 5.3: The calculated values for the re�ectivity of s- and p-polarized light upon
re�ection with two germanium plates.

be found between the shortest pulse duration and perfectly linearly polar-
ized light. However, since Brewster's angle is determined for the central
wavelength and the actual spectrum of the pulse is very broad, there will
always be a very small amount of p-polarized light leaving the germanium
plates, due to the fact that Brewster's angle is di�erent for every wavelength.
Therefore the focus will be on minimizing the pulse duration in the setup,
and shift the angle of incidence slightly (-0,5◦ for instance) away from Brew-
ster's angle, as this will e�ect the amount of p-polarized light reaching the
COLTRIMS chamber only very slightly. The values for the re�ectivity for
s- and p-polarized light (calculated with Equation 3.32) of the germanium
plates for di�erent angles around Brewster's angle are shown in 5.3.





Chapter 6

Results & Discussion

In this chapter the results of the measurements with the broadband polarizer
are shown and compared to the calculated values from Chapter 5. First, the
measurements on the intensity of the laser pulses after travelling through the
broadband polarizer are discussed for the various angles around Brewster's
angle. This will be followed by the measurements on the pulse duration,
compared to the pulse duration of the pulse before entering the broadband
polarizer. Finally the measurements on the intensity of the pulses after pass-
ing the half-wave plate at various angles are presented.

6.1 Re�ectivity

The re�ectivity of the two germanium plates is measured for di�erent inci-
dent angles around Brewster's angle by measuring the power of the beam
leaving the germanium plates and comparing it to the power of the beam
before the germanium plates. A graph of the calculated and measured values
for the re�ectivity is shown in Figure 6.1, while the detailed values are given
in Table 6.1. The graph in Figure 6.1 is a part of the graph in Figure 5.2
zoomed in around Brewster's angle.

All the measured values of the re�ectivity of the germanium plates are
consistently lower than the calculated results. This is due to the fact that
there is some unwanted beam clipping in the setup at the germanium plates
and after the periscope. At these places some power is lost and therefore the
measured re�ectivity is lower than the calculated values. Because the density
of optical elements in the setup is very high this beam clipping is unavoidable.
Another reason that will lower the actual value of the re�ectivity is the fact
the we assume that there's only s-polarized light left after re�ection from the
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germanium plates and thus compare the measured values with the theoretical
values for s-polarized light. In reality there will be a very small amount of
p-polarized light left after re�ection from the germanium plates and this
will decrease the value of the total re�ectivity, since this isn't the sum of
the re�ectivity of s- and p- polarized light, but the average. Lastly, the
central wavelength of the pulse has an uncertainty. In the case the central
wavelength is 760nm instead of 750nm, the values for the re�ectivity would
also be slightly lower. The measured values of the re�ectivity thus are slightly
lower than the calculations would predict, but the di�erences between the
calculations and measurements are within 10 %. The measured values are
thus consistent with the calculations, as their behaviour with incident angle
is the same.

Figure 6.1: Graph of the re�ectivity of the two germanium plates, the calculated
values are plotted as the black line, while the measured data points including their
uncertainty are shown as red dots. The error bars in the graph represent the un-
certainty in the power measurements.

6.2 Pulse duration

During the measurements on the re�ectivity of the germanium plates the out-
put pulse duration is measured for di�erent angles around Brewster's angle,
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Angle of Angle di�erent from Calculated re�ectivity Measured Re�ectivity
Incidence (◦) Brewster's angle (◦) s-polarized light

76,838 -1,5 0,682 0,640 ±0,007
77,338 -1,0 0,692 0,637 ±0,014
77,838 -0,5 0,702 0,647 ±0,007
78,088 -0,25 0,707 0,658 ±0,007
78,338 0 0,712 0,665 ±0,004
78,588 +0,25 0,717 0,669 ±0,004
78,838 +0,5 0,723 0,673 ±0,004
79,338 +1,0 0,733 0,680 ±0,007
79,838 +1,5 0,743 0,691 ±0,007

Table 6.1: The calculated and measured values for the re�ectivity upon re�ection
with two germanium plates.

to be sure the measurements are taken at exactly the same incident angle.
For each incident angle the spectrum of the pulse and the autocorrelation
signal are measured and the software package calculates pulse duration from
this information. The input pulse duration before the germanium plates
is measured to be 5,5 ± 0,1 fs. A graph of the measured and calculated
values for the output pulse duration is shown in Figure 6.2. Detailed values
for the calculated and measured output pulse duration are given in Table 6.2.

From this graph we can see that the general behaviour of the measured
values for the output pulse duration is consistent with the calculations, but at
some incident angles there are signi�cant variations. This could be explained
by the fact that there are a lot of assumptions made during the calcuations
and there are uncertainties in the measurements, which will be discussed in
the next section. From both calculations and measurements can be seen that
there is a peak in the output pulse duration around Brewster's angle and
therefore Brewster's angle isn't the most favorable incident angle for this
setup. From the measurements can be seen that it would be best to set up
the germanium plates in such a way that the incident angle is approximately
half a degree lower than Brewster's angle. Around this incident angle the
output pulse duration is pretty stable and low. And, as mentioned before,
the increase in amount of p-polarized light is only very slightly for such a
small di�erence in incident angle.

Before we look at the assumptions that will in�uence the value of the
calculated results, there also are some uncertainties in the setup that will
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in�uence these sensitive measurements. For instance, the calculations of the
output pulse duration are based on the initial pulse duration being 5,5 fs.
However, the uncertainty in the input pulse duration is 0,1 fs and the out-
put pulse duration would be a�ected by a change in input pulse duration.
Therefore the uncertainty in the input pulse duration is translated to an un-
certainty in the output pulse duration, as can be seen in the graph in Figure
6.2 and Table 6.2. Besides this, the setup of incident angles of the germanium
plates is very sensitive and this gives rise to an error in the incident angle
during the measurements. This error is represented in the graph in Figure
6.2 as error bars in the x-direction.

Now, we will examine all the assumptions made for the calculations and
how they a�ect the value of the calculated pulse duration. First, we assumed
the incident waves to be monochromatic, while obviously the pulses have a
very broad frequency spectrum. We solved this by using a central carrier fre-
quency for the pulse and carry out the calculations with this value. However,
this central carrier frequency is a measured value and therefore will have an
uncertainty. A slightly di�erent value for the central wavelength will change
the amplitude re�ection coe�cients for the di�erent incident angles, which
will change the amount of GDD and thus the output pulse duration. The
output pulse duration can be di�erent up from 0,1 fs up to 0,5 fs for di�erent
incident angles in the case the central wavelenth isn't 750 nm, but 760 nm.
These uncertainties are included in the errorbars in the graph in Figure 6.2.

We also assumed that the incident waves are planar, thus only travelling
in the, for instance, z-direction while they have no dependency on the x-
and y-direction. The laser beam will approximately be planar, but since
there is some di�raction in the beam there is a slight dependency on the
x- and y- direction. With this dependency there is no plane of incidence
perpendicular to the interface and by that all the equations after Equation
3.20 are a�ected. Finally the pulse shape is assumed to be gaussian, but the
actual pulse shape is unknown. For instance, the pulse could also be a sech-
pulse, which is another common representation of few-cycle pulses. For both
of these approximations we have no estimate of how they would in�uence the
output pulse duration.
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Figure 6.2: A graph of the calculated (red data points) and measured values (black
data points) for the output pulse duration after re�ection from the germanium plates
for di�erent incident angles around Brewster's angle.

Angle of Angle di�erent from Output pulse duration (fs) Output pulse duration (fs)
Incidence (◦) Brewster's angle (◦) calculated values measured values

76,838 -1,5 6,600 ± 0,15 6,2 ± 0,3
77,338 -1,0 5,542 ± 0,2 5,7 ± 0,2
77,838 -0,5 5,549 ± 0,2 5,6 ± 0,2
78,088 -0,25 8,414 ± 0,23 6,5 ± 0,4
78,338 0 11,651 ± 0,62 7,8 ± 0,4
78,588 +0,25 6,550 ± 0,85 6,2 ± 0,3
78,838 +0,5 5,877 ± 0,19 5,7 ± 0,2
79,338 +1,0 6,912 ± 0,13 6,2 ± 0,3
79,838 +1,5 8,331 ± 0,22 7,2 ± 0,3

Table 6.2: Calculated and measured values for the output pulse duration after
re�ection from two germanium plates as a function of incident angle around Brew-
ster's angle including their uncertainties.

6.3 Half-wave plate

Once the germanium plates are set to their de�nitive incident angle (77, 838◦,
which is θBrewster − 0, 5◦), the power of the output pulse is measured as a
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function of the angle between the polarization of the incoming beam (the
direction of the electric �eld) and the axis of the half-wave plate. The axis
of the half-wave plate is rotated over 45 degrees and the power of the beam
is measured after passing the germanium plates. The results of these mea-
surements can be seen in Figure 6.3.

From this graph it can be seen that the measurements agree very well
with the calculations. The calculations are based on Equation 3.63, which
describes the intensity of the output beam after the germanium plates as
a function of the angle between the polarization of the incoming beam (di-
rection of the electric �eld) and the axis of the half-wave plate. The mea-
surements show that the intensity of the light going into the COLTRIMS
chamber can be completely controlled by this broadband polarizer.

To check whether the broadband polarizer also completely controls the
polarization of the incoming light, the output power after the germanium
plates was also measured for the di�erent incident angles around Brewster's
angle with the axis of the half-wave plate turned 45 degrees. For all incident
angles the output intensity was zero after the germanium plates with the axis
of the half-wave plate turned, which shows the control over the polarization
of the broadband polarizer.
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Figure 6.3: Graph of the power of the output pulse as function of the angle between
the polarization of the incoming beam (direction of the electric �eld) and the axis
of the polarizer. The black line represents the calculated values and the red data
points the measured values. The measurements are taken at an incident angle of
77,838◦ at the germanium plates.





Chapter 7

Conclusions and outlook

To conclude this report, the �ndings and conclusions of the previous chapter
are brie�y summarized here. Furthermore, a small outlook on possible future
research is presented.

Conclusions

The �rst measurements on the re�ectivity of the germanium plates for dif-
ferent incident angles around Brewster's angle show the same behaviour as
the calculated values, but are consistently lower. This seems to be a result of
some beam clipping in the setup, together with an uncertainty in the mea-
sured central wavelength of the pulses which will lead to di�erent values for
the calculations on the re�ectivity. The last factor that could explain a dif-
ference between the values of the calculations and the measurements is the
fact that we assume that there is no p-polarized light present at all after
the germanium plates, while in the real setup that is a very small amount of
p-polarized light after the germanium plates that will lower the value of the
re�ectivity. However, the di�erence between the measurements and the cal-
culations are within 10% of the calculated values, indicating that the results
are consistent.

During the measurements of the re�ectivity of the germanium plates, also
the output pulse duration was measured for di�erent angles around Brew-
ster's angle. The general behaviour of the measured values of the output
pulse duration is consistent with the calculations, but for some incident an-
gles there are some di�erences. These di�erences could be explained by the
fact that there were assumptions made to calculate the output pulse du-
ration: we assumed an monochromatic wave re�ecting from the germanium
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plates, while the few-cylce pulses obviously have a broad frequency spectrum.
Instead the calculations were performed based on a pulse with a central car-
rier frequency, which has been determined during the measurements. This
value will of course have an uncertainty, which will a�ect the outcome of the
calculations. We also assumed the waves to be planar, while there is some
di�raction in the beam and that the pulse shape would be gaussian. Besides
these assumptions the uncertainties in the setup, for instance the determina-
tion of the incident angle on the germanium plates, will have had in�uence
on the calculations.

By the measurements in the previous sections was found that the best in-
cidence angle for the germanium plates is around 77, 838◦, which is θBrewster−
0, 5◦. Around this incidence angle the output pulse duration is shortest and
stable over a range of approximately one degree. With this setup measure-
ments are performed on the half-wave plate. To check if the intensity of the
light can be controlled with this broadband polarizer, the intensity of the
output pulse was measured for di�erent angles between the polarization of
the incoming beam (the direction of the electric �eld) and the axis of the
half-wave plate. It was found that the intensity of the output pulse could be
completely controlled with this broadband polarizer, as the measurements
were consistent with the theory and calculations.

From all those measurements and calculations we can conclude that the
broadband polarizer works well in the optical setup. The intensity and the
polarization of the light going into the COLTRIMS chamber are completely
controlled now, thusfar without any major drawbacks that will in�uence the
measurements. This linear polarization will ensure the occurance of inelastic
scattering processes and the control over the intensity will giva a certain
measure of control over these processes.
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Outlook

The second periscope described in Chapter 4 in the optical setup has nog
been built yet. This periscope are going to be introduced in the setup to
steer the beam to the correct horizontal position to enter the COLTRIMS
chamber. This is done to get rid o� the unwanted phase e�ects when the
last two mirrors in the setup steer the beam both horizontally and vertically.
In the new setup with the periscope, they should only steer the beam in an
horizontal plane.

Secondly there are two approximations made during the calculations of
which there are no estimates on how they would a�ect the �nal output pulse
duration. One of these assumptions is that the pulse shape is Gaussian,
while it could also be a sech-pulse for instance. Therefore calculations for
the output pulse duration could be performed assuming the pulse shape is a
sech-pulse to see whether this will describe the pulse better.

Last, the CE-phase drift from the germanium plates could be calculated,
as measurements with the COLTRIMS apparatus require a locked CE-phase.





Appendix A

Graphs

A.1 Graphs induced phase shift

This appendix shows all graphs of the induced phase shift as function of the
angular frequency for di�erent incident angles around Brewster's angle, as
one example is shown in Chapter 5.

Figure A.1: Graph of the induced phase shift function upon re�ection from two
Germaniun plates with Brewster's angle -1,5◦ as incident angle. A polynomial func-
tion is used to �t the datapoints (red line). The inset shows the �tting parameters
for the polynomial �tting function.
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Figure A.2: Graph of the induced phase shift function upon re�ection from two
Germaniun plates with Brewster's angle -1,0◦ as incident angle. A polynomial func-
tion is used to �t the datapoints (red line). The inset shows the �tting parameters
for the polynomial �tting function.

Figure A.3: Graph of the induced phase shift function upon re�ection from two
Germaniun plates with Brewster's angle -0,5◦ as incident angle. A polynomial func-
tion is used to �t the datapoints (red line). The inset shows the �tting parameters
for the polynomial �tting function.
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Figure A.4: Graph of the induced phase shift function upon re�ection from two
Germaniun plates with Brewster's angle -0,25◦ as incident angle. A polynomial
function is used to �t the datapoints (red line). The inset shows the �tting param-
eters for the polynomial �tting function.

Figure A.5: Graph of the induced phase shift function upon re�ection from two
Germaniun plates with Brewster's angle +0,25◦ as incident angle. A polynomial
function is used to �t the datapoints (red line). The inset shows the �tting param-
eters for the polynomial �tting function.
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Figure A.6: Graph of the induced phase shift function upon re�ection from two
Germaniun plates with Brewster's angle +0,5◦ as incident angle. A polynomial
function is used to �t the datapoints (red line). The inset shows the �tting param-
eters for the polynomial �tting function.

Figure A.7: Graph of the induced phase shift function upon re�ection from two
Germaniun plates with Brewster's angle +1,0◦ as incident angle. A polynomial
function is used to �t the datapoints (red line). The inset shows the �tting param-
eters for the polynomial �tting function.
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Figure A.8: Graph of the induced phase shift function upon re�ection from two
Germaniun plates with Brewster's angle +1,5◦ as incident angle. A polynomial
function is used to �t the datapoints (red line). The inset shows the �tting param-
eters for the polynomial �tting function.
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