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1 Introduction

There are many ways to look into the night’s sky. One could just tilt their head up and
catch electromagnetic waves between around 400nm to 700 nm wavelengths with their
eyes. One could also use a radio telescope to catch electromagnetic waves with wave-
lengths between 3mm an 30m and will find a completely different view. Of course it
does not stop there: by now people all around the Earth are looking for many different
messengers of events deep in the universe. From visible light, to gamma rays and cosmic
rays, to gravitational waves or neutrinos. Humans have developed remarkable creativity
in their quest to learn more about the universe.

The key word is "multi-messenger astronomy": each of the previously mentioned mes-
sengers has its own advantages and disadvantages hence physicists study events through
multiple different lenses. Electromagnetic waves for example point directly towards their
sources since they do not carry mass, but on the other hand they are easily absorbed
by star dust or other objects in their path. In addition, similar gamma rays are gener-
ated in very different processes which can lead to confusion. Cosmic rays offer valuable,
high-energy information that is essential for multi-messenger astronomy. Their ability to
travel vast distances, often preserving information about their origin, provides unique in-
sights into high-energy processes and extreme conditions. However, their trajectories are
deflected by magnetic fields in the universe, making it challenging to trace them back to
their sources, which remains one of the major mysteries in science today. Moreover, upon
entering the Earth’s atmosphere, cosmic rays create secondary particles, often leading to
entire particle showers, complicating the analysis of the original events.

Similarly to gamma rays, neutrinos also point directly towards their sources due to their
very small mass, but unlike gamma rays, neutrinos interact very rarely and are therefore
very likely to reach us untouched. This is a very important feature, since it conserves
valuable information about the origin of said particle, but it is also the greatest difficulty
in detecting neutrinos, since they interact on Earth just as rarely as on their way towards
it. That is why the IceCube Collaboration [I] designed a large scale neutrino telescope
- the IceCube Neutrino Observatory - at the South Pole consisting of over 5000 op-
tical modules inside the deep ice to form a 1km® detection volume. Here it is currently
possible to detect signatures from neutrinos in a range from around 6 GeV to high PeV
energies. This leads to IceCube Upgrade, where a new generation of optical modules
and calibration devices will be implemented to further improve the measurement of low
energy neutrinos down to 1 GeV, neutrino oscillation, tau-neutrinos and the understand-
ing of Cherenkov light propagation produced by neutrino interactions inside the ice [1].
One of these new optical modules is the mDOM, which features 24 photomultiplier tubes
(PMTs) that are capable of detecting even single photons produced by cosmic neutrinos
[2]. This is possible due to high precision calibration of the detection process of every
single photon that reaches a PMT .

This thesis further investigates optical phenomena on thin layers in the outer shell of a
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PMT that have an impact on the detection efficiency of each sensor and therefore play a
crucial part in the detection process in IceCube Upgrade. This is to be be achieved by
creating a GEANTA4 simulation framework for the optical system that is made of the
glass shell of a PMT together with the photocathode layer. The results are then to be
compared to reflectance and transmittance measurements on simplified samples to vali-
date the results.

In Chapter [2| the basics of neutrino properties and their detection using the IceCube
Neutrino Observatory are discussed, along with an explanation of photomultiplier tubes.
Chapter |3| provides the theoretical groundwork for understanding light propagation at
interfaces between media and includes a detailed analysis of optical phenomena in thin
layers. Chapter {] introduces the Geant/ framework, detailing its setup for simulating
light propagation in media and the necessary implementations for this work. Chapter
describes the measurement setup and the samples used to verify the previous calculations
and simulations. The analysis of these measurements, along with comparisons between
theory, simulation, and experiment, is presented in Chapter [6} Finally, Chapter [7] sum-
marizes the key results, assesses their implications, and discusses future applications of
these findings for PMTs at IceCube.



2 Neutrino Astronomy

In the following chapter we take a deeper look into the fundamental properties of neu-
trinos, why they are interesting for astronomy and the basic detection principle of the
IceCube Neutrino Observatory.

2.1 Neutrinos in the Standard Model

Neutrinos are fundamental particles of the Standard Model of particle physics. The Stan-
dard Model postulates 17 particles that are shown in Figure [2.1. These particles are
classified into fermions and bosons, the fermions comprising the quarks and the leptons
and where the bosons consist of the four gauge bosons and the Higgs boson. Fermions are
the building blocks of matter, with quarks combining to form protons and neutrons, and
the electron, a lepton, orbiting around the nucleus of atoms. Bosons are force carriers:
photons mediate the electromagnetic force, gluons are responsible for the strong nuclear
force, W and Z bosons govern the weak nuclear force, and the Higgs boson gives particles
their mass through the Higgs mechanism [3], [].

To each fermion there also exists an antiparticle of equal mass, but with the opposite
electric charge. Together, these particles and forces describe the fundamental interactions

Fermions Bosons

y——

Quarks

Gauge Bosons

Leptons

Figure 2.1: Elementary particles of the Standard Model of particle physics. Shown are the
17 fundamental particles grouped into quarks, leptons, gauge bosons and the Higgs boson
based on [3].
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that govern the behavior of matter in the universe. Neutrinos, a type of lepton, are partic-
ularly intriguing within the Standard Model due to their unique properties. Unlike other
particles, neutrinos are extremely light, electromagnetically neutral and only interact via
the weak nuclear force and gravity, making them exceptionally elusive. There are three
types, or flavors, of neutrinos: electron neutrinos, muon neutrinos, and tau neutrinos,
each associated with their corresponding charged leptons [3], 5], [].

Neutrinos rarely interact with matter, allowing them to travel vast distances through
space virtually undisturbed, which makes them valuable messengers in astronomy [6].
However, their small interaction cross section also poses significant challenges for detec-
tion: it is near impossible to detect neutrinos directly. Instead, researchers rely on indirect
detection methods by observing secondary particles produced from neutrino interactions
with matter. This necessitates sophisticated and large-scale observatories like the Ice-
Cube Neutrino Observatory [5]. The following section will further explain the intricacies
of neutrino interactions.

2.2 Neutrino Interactions

Neutrinos are certainly not rare particles. On Earth, tens of billions of neutrinos pass
through an area of the size of a human thumbnail every second [7]. These can, for exam-
ple, stem from processes in the sun (solar neutrinos), or from particle showers caused by
cosmic particles (atmospheric neutrinos) that have reached the Earth. These come with
energies in the eV- to MeV range [§]. However, while these lower-energy neutrinos provide
valuable information about their sources, it is the high-energy neutrinos (several hundred
GeV and more) that are of special interest to researchers of the extragalactic universe.
High-energy neutrinos, which are produced in some of the most energetic and extreme
environments in the universe such as supernovae, active galactic nuclei, and gamma-ray
bursts, offer unique insights into these powerful cosmic phenomena. Their detection and
study are crucial for advancing our understanding of the universe’s most violent and en-
ergetic processes.

As previously mentioned neutrinos are neutral and therefore not affected by magnetic
fields on their path towards Earth. Due to their very small cross section they might
surpass entire galaxies without interacting once [5]. This means that a neutrino reaching
Earth likely still retains its original trajectory and energy from when it was originally
produced - a huge advantage for astronomical observations compared to charged particles
or even photons. Another useful feature of high-energy neutrinos is the fact, that they
are a so called "smoking gun" for hadronic interactions. This characteristic can make
it easier to trace them back to their astrophysical sources compared to gammas, which
can be produced in both hadronic and leptonic interactions, thereby complicating source
identification. But all of these points combined also make it extremely complicated to
detect cosmic neutrinos in the first place since the same cross section of course still applies
on Earth while also the abundance of high-energy neutrinos is magnitudes lower than for
example solar or atmospheric neutrinos. This is why the search for cosmic neutrinos is
near impossible without large scale detection volumes like at the IceCube Neutrino Ob-
servatory [4l 5.
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With the current state-of-the-art measurement techniques, direct detection of neutrinos
remains impossible. Instead, scientists detect charged secondary particles produced by
weak interactions. The weak force is mediated by the Z°, W+, and W~ bosons. Interac-
tions involving the neutral Z° boson are referred to as neutral current (NC) interactions,
while those involving the charged W¥ bosons are known as charged current (CC) inter-
actions. For high-energy neutrinos in the range of GeV to several PeV the relevant cause
of interaction is the deep inelastic scattering at a nucleus. These interactions can be
represented as follows:

_ + _ _
CC: NS X, NG AN X (2.1)

where (1;4) is a (anti-)neutrino of flavor ¢ and N is a nucleon, i.e. either a proton or
a neutron. In the case of CC-interactions, this results in a ¢T of the neutrinos flavor,
together with X, which can be either several new hadronic particles or even an entire
cascade of those. In contrast, in NC-processes there is an outgoing neutrino of the same
flavor accompanied again by a hadronic particle. If the resulting particles carry charge
it is possible for them to cause Cherenkov radiation in a suitable detector, which will be
explained in the following part |4l [6].

2.3 Cherenkov radiation and detection principle

Understanding the generation of Cherenkov light, or Cherenkov radiation, is essential to
understand the functioning of the IceCube Neutrino Observatory. This phenomenon is
the primary method used for the indirect detection of neutrinos. Cherenkov radiation
occurs when a charged particle, such as an electron or muon, travels through a dielectric
medium, like water or ice, at a velocity v greater than the phase velocity of light ¢, = ¢/n
in said medium, where n is the refractive index of the medium and c¢ is the speed of
light. This results in the emission of a cone of light along the particle’s path. The effect
is analogous to the sonic boom produced by an object moving faster than the speed of
sound in air. The radiation is generated through a rather complex process, where the fast
moving charged particle induces temporary dipoles in the medium [4].

Since the charged particle moves faster than the speed of light in the medium, the po-
larization is not able to keep up with the induction of new dipoles and the radiation
interferes constructively, as can be seen in Figure 2.2l The opening angle of the cone is
characteristic for a particle at certain speed v in a medium of refractive index n and be
calculated using the relation

Cc

fc = arccos (—) , (2.2)

n-v

which results in a characteristic angle of around 40° in ice with nje =~ 1.3 [10].

The intensity of the radiation is very low and hard to detect. Therefore it is necessary
to be highly sensitive to the wavelength of this radiation and also transparent enough
for the wave to reach a sensor to observe these elusive signals (which is why the medium
is ice in this case). Detecting Cherenkov radiation from high-energy neutrinos requires
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particle trajectory .
Cherenkov ring
R

/ Cherenkov cone

|

Cherenkov medium

Figure 2.2: Left: Sketch of a Cherenkov cone emitted by a muon traversing through a
medium with refractive index n. The circular waves form a straight wave front at the charac-
teristic Cherenkov angle 6. Figure taken from [9]. Right: Sketch of a Cherenkov cone around
a particles trajectory inside a volume. Taken from [8 (p. 56)].

a vast detection volume and an array of sophisticated sensors to capture the faint light
produced by these interactions [4]. An experiment of this magnitude necessitates exten-
sive planning and collaboration among scientists from around the globe, a collective effort
that culminated in the IceCube collaboration.

2.4 The IceCube Neutrino Observatory

Located at the Amundsen-Scott South Pole Station near the geographic south pole (see
Figure lies the heart of the IceCube observatory: the 1km® instrumented volume
deep inside the glacial ice that make it currently the largest neutrino detector on Earth.
Below the Amundsen-Scott South Pole
Station the detector lies at a depth of
between around 1.5km and 2.5km. It
consists of 5160 digital optical modules
(DOMs) that are attached to 86 strings
that have been let into the ice at a distance
of around 125 m to each other. Each of the
modules is equipped with a 24 cm photo-
multiplier tube (PMT) that is able to de-
tect the Cherenkov radiation produced by
charged particles. Around the center of the
detection volume eight additional Strings Figure 2.3: Picture of the Amundsen-Scott South
form the DeepCore region which is op- Pole Station. Courtesy of the IceCube Collaboration.
timized to detect neutrinos of even lower

energies down to 6 GeV [I]. At the surface around the pole station lies IceTop, a cos-
mic air shower array made out of ice filled tanks equipped with DOMs, that detects air
showers and can act as a veto for atmospheric muons [I1]. Figure shows a schematic
illustration of the whole detector.
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Figure 2.4: Sketch depicting the IceCube Neutrino Observatory consisting of surface and in-
ice components, including IceTop, the IceCube In-Ice Array, and DeepCore. Figure courtesy
of the IceCube collaboration.

The IceCube Neutrino Observatory is designed to detect neutrinos with energies rang-
ing from 100 GeV (excluding DeepCore) to several PeV. By analyzing the accumulated
photons detected by the photomultiplier tubes (PMTs) within the detection volume, it
is possible to estimate the energy deposited by a particle inside the detector and, conse-
quently, infer the particle’s energy, given that the event is fully contained in the detection
volume. The PMTs also provide precise timing information, which allows for the recon-
struction of the particle’s trajectory and the determination of its direction of origin. The
distinct signal patterns, which can range from diffuse spheres called cascades to straight
tracks (see Figure 2.5). Both NC- and CC-interactions cause hadronic showers, that ap-
pear as spherical signatures in the array of optical modules. In CC-interactions including
Ve (7e) an electron (positron) will be emitted. These cause an electromagnetic shower
that only has a range of a few meters, which makes it impossible to separate from the
initial hadronic shower. Since these spheres are small, they can be completely contained
inside the detection volume what makes it possible to infer the total energy deposited
by the initial neutrino. For v, (7,) on the other hand, the CC-interactions result in a
muon, that can travel long distances inside the ice, where they leave behind a track of
activated modules. This track allows for very precise directional reconstruction, but the
initial muon energy can only be deduced if the track is entirely contained inside the de-
tection volume, which is not necessarily the case. A track also allows the identification



2 NEUTRINO ASTRONOMY

i i
-4 I |
1 : ! ++
b R L g ! )
!.v ‘.‘ | : i ) f 7’ ’j‘
.' ] ER°3 ‘ liad %.’
be 1° Y. S ® &
M 2 9% | . . ‘
o ® » !
, @ g s s
Q3 » f g
. g de 9 i
i : A i lllg!
f 8 '/
] : g

Figure 2.5: Examples of two simulated events with different signatures. Each bubble is a
DOM that detected a signal. Larger bubbles are proportional to more detected light, the color
corresponds to the relative time of detection (red: first, green: later). The left event shows
a cascade, while the right one is more track-like and belongs to an muon (anti-)neutrino.

Picture courtesy of the IceCube collaboration.

of a v, (v,). Lastly, taus emitted from CC-interactions involving v, (7,) have a very
short lifetime, after which they decay most likely into a neutrino together with a lighter
lepton or meson, where the latter two will produce a cascade very similar to an initial v,
which makes them hard to distinguish. Only if the v, has a very high energy of several
hundred TeV one is able to visually identify it as a double bang, that would look like

two spherical signatures behind each other [12] [5].

2.5 IceCube Upgrade and Gen2

The next two steps for expanding the capabilities of the IceCube Neutrino Observatory
are IceCube Upgrade and IceCube-Gen2. IceCube Upgrade consists of seven ad-

® Gen2-Optical ® IceCube ok IceCube Upgrade

v Gen2-Radio

Figure 2.6: Illustration of the integration of planned extensions of IceCube, including Ice-
Cube Upgrade and IceCube-Gen2. Figure taken from [13]

ditional strings with 750 advanced photodetectors and calibration devices. These are

used to enhance the measurement of low energy neutrinos, by lowering the sensitivity
threshold to around 1 GeV, improving the understanding of light propagation inside the
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ice, enabling the detection of tau neutrinos and facilitating neutrino oscillation analyses
among other high precision measurements. IceCube-Gen2 plans to increase to detec-
tion volume inside the ice by a factor of eight approximately with a radio array on top.
Figure [2.6| shows an illustration of how these expansions place into the current IceCube
setup. Among other new sensors, IceCube Upgrade will deploy the "multi PMT opti-
cal module", or short mDOM. These feature 24 80 mm PMTs produced by Hamamatsu
Photonics arranged all around the module (instead just one, large PMT facing a single

direction used in the DOMs at IceCube before).
A photograph of an mDOM is shown in Fig-
ure 2.7

The mDOM is part of several improvements to the
sensitivity of IceCube. One notable enhancement is
the ability to obtain directional information from a
single module. It is of utmost importance to un-
derstand the inner workings of the mDOMSs to ac-
curately interpret the scientific data they produce.
A thorough understanding of the PMTs used is es-
sential for ensuring the reliability and accuracy of
the detected signals, as even small deviations can
significantly impact results. This thesis will exam-
ine thin layer-optical effects at the surface of the
installed PMTs, which are detailed in the following
chapters.

2.6 Photomultiplier Tubes

Photomultiplier tubes are a common way for
scientists to detect electromagnetic radiation at
very low intensities, down to single photons.
Their practicality and cost efficiency per ef-
fective area make them suitable for large-scale
projects like this one. The PMTs wused
in the mDOM are shaped like light bulbs
and consist of an evacuated glass shell with
a photocathode layer on the inside and a
dynode system in the lower part that at-
tracts electrons and amplifies them to a mea-
surable signal. Figure [2.§ shows an illus-
tration of the most important parts of a

PMT.

When a photon reaches a PMT, it first encounters
the borosilicate glass shell. If the photon is not re-
flected back or absorbed in the glass (optical phe-

Figure 2.7: Picture of an mDOM. The yellow-
tinted components are the 24 PMTs.

Photon
Photocathode

Focusing
[~ electrodes

Dynodes

| Anode

. v

Figure 2.8: Schematic drawing of a PMT and
the detection process of a photon that gets con-
verted at the photocathode, attracted towards
the first dynode and subsequently multiplied
until it reaches the anode as a measurable sig-
nal. Figure taken from [I4].

nomena such as the likelihood of reflection, transmission, or absorption will be discussed
later in chapter |3)), it transmits towards the photocathode layer. The photocathode,
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typically made from a standard bialkali material such as the blue-sensitive Potassium
Cesium Antimonide (KCsSb), is applied to the inside of the glass. Potassium Cesium
Antimonide is commonly used for photocathodes inside PMTs which are intended to be
most sensitive between 400 nm and 500 nm [I5], although the exact composition is held
a trade mark secret by the manufacturer. When the photon reaches the photocathode
layer, it may be reflected or transmitted, but if it is absorbed, a photoelectron may be
generated. This process depends on the quantum efficiency (QE) of the photocathode,
which quantifies the number of photoelectrons emitted N, per absorbed photon NN, and
can be calculated using

QE(\) = +* (2.3)

and lies for PMTs of this manufacturer around the order of £30% at the previously men-
tioned range of wavelengths [15].

Photoelectrons emitted from the photocathode are guided towards the first dynode by an
electric field generated by focusing electrodes and the dynodes. Dynodes are electrodes
that emit multiple electrons when struck by an initial electron. The electric potential
increases with each successive dynode, causing each newly emitted electron to be drawn
towards the next dynode. This process creates a cascade effect, resulting in a multiplica-
tion of electrons, which in turn result in a measurable charge. A very important quantity
is the so called gain of the PMT: the gain represents the amplification factor, indicat-
ing how much charge or current can be expected from a single photon that generates a
photoelectron. Since the signal amplitude is directly proportional to the intensity of the
incident light, this gain allows for the "counting" of incident photons that hit the PMT.
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3 Thin Layer Optics

The behavior of light in our everyday life is one of the most accessible examples of physics
in action — quite literally seen with our own eyes. A child observes the bending of light
in a glass of water, and our eyes function through an impressive degree of optical preci-
sion. To fully understand the quantum efficiency of a photomultiplier tube (PMT), it is
essential to comprehend how light behaves with the various steps from the first contact
of the PMT’s glass shell to its detection at the photocathode. As previously mentioned,
not every photon that reaches the glass shell of the PMT will be absorbed and counted.
Quantifying this probability requires an understanding of how light behaves within differ-
ent media and at their interfaces. The following summary of optical laws, such as Snell’s
law and the Fresnel coefficients, is based on the detailed explanations in [I6].

Understanding the dual nature of light, which can be described both as particles and
electromagnetic waves, is crucial for understanding how light propagates through differ-
ent media. For most of the following explanations, light will be treated as a wave.

3.1 Polarization

As an electromagnetic wave, light consists of an electric field E and a magnetic induction
E, both of which are perpendicular to each other. A key aspect of describing the wave
is the orientation of the electric field. This orientation is most easily described using
two complex amplitudes, oriented perpendicular to the direction of propagation. In the
following the convention where the propagation direction is along the z-axis, with the
complex amplitudes denoted as E;C and E;, is used. Figure provides a visualization of
these concepts.

From this perspective an electromagnetic wave can be described in the following way:

E(z,t) = Ey(z,t) + Ey(2,1) (3.1)
={E,o-expli(wt — Kz +08,)]} - Z+{Eyo-explilwt — Kz+0,)]} -y (3.2)

with the complex amplitudes F, o and £} o, the angular frequency w and the propagation
number K. The phase difference ¢, which is the difference between the phases in the
z- and y-directions (0, and d,), determines the polarization state of the wave, which is
the superposition of two partial waves. The intensity of the wave is given by I = |E,4|?
If the phase difference is an integer multiple of 7 (including 0), the wave is considered
linearly polarized, and the electric field vector is aligned in only one direction. In Figure
(a), this is the case where E, = E, 0, resulting in the electric field being perfectly
diagonal at 45°. If the phase difference is /2, the field vector starts to rotate in the zy-
plane. For positive phase differences the wave is considered right-circular polarized and
for negative phase differences left-circular, due to the direction of rotation of the electric
field vector. If also E, o = E, ¢ the wave is called circularly polarized, as shown in Figure
(b). This occurs because the wave oscillating along the y-axis advances forward by




12 3 THIN LAYER OPTICS

(c) Elliptical polarization

Figure 3.1: Different possible polarization states. The phase differences § between x- and
y-direction and the ratio of E, and E, make for different shapes in the x-y-plane. Figure
taken from [I6].

7/2 compared to the wave oscillating along the z-axis. For any other case the field vector
is considered elliptically polarized, as depicted in Figure (c) for a phase difference of
7/4 and also E, o = E, .

3.2 Reflection and Transmission at Interfaces

When light propagates within a homogeneous medium, it travels in a straight line. How-
ever, its direction changes when it strikes the interface of another medium at an oblique
angle. At this point, two partial waves are created: one is reflected back into the incident
medium, while the other transmits into the next medium. This phenomenon arises from
the varying speed of light in different media. The speed of light in a medium is slower
than in a vacuum, according to the relation ¢, = ¢/n, where ¢, is the speed of light in
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the medium and n is the real part of the refractive index. The refractive index is a
complex property that depends on the wavelength of light. While it is difficult to predict
theoretically, it can be determined experimentally through measurements. The complex
refractive index is denoted as

N =n+ik, (3.3)

where n, the real part, primarily determines the refraction of light, and k, the extinction
coefficient, determines the absorption length within the medium] Both n and k
depend on the wavelength A\. The extinction coefficient can be related to the absorption
length o by

A

W) = oy

(3.4)

For completely transparent media, the extinction coefficient must be close to zero, result-
ing in a very large absorption length.

Upon striking the interface the direction of the reflected part of the wave is quickly deter-
mined by the well-known law of reflection "angle of incidence equals angle of reflection",
or simply 6; = 6, as can be seen in Figure [3.2]

Figure [3.2] also visualizes the way the angle of

the transmitted wave changes. From consid- Incident
ering the lengths of the triangles at different wave
points in the sketch (a detailed derivation is
provided in [16]) one can derive Snell’s law:

Reflected
wave

&ﬂ\
A/ D
RARARTOL &

N;sin(6;) = Nysin(6;). (3.5)

Most of the time, one will encounter this equa-
tion with the real part of the refractive index.
This might suffice for everyday applications, as E
long as they use transparent media like air or

glass, but as for non-transparent, light absorb-

ing materials it is crucial to include the imagi-

na.ry part, as will be demOpStr,ated later. When Figure 3.2: Illustration of light reflection and
using the complex refractive index, the angles transmission at an oblique incident for n; < n;.
0; and 6, become complex numbers. This con- Figure taken from [16].

cept is not easily visualized, as there is no direct

real-world equivalent to imagining a complex angle.

@

6,

Transmitted wave
(Refracted wave)

3.3 Fresnel Equations

As was already introduced, electromagnetic waves feature different polarization or combi-
nations thereof. The orientation of the electric field vector plays a pivotal role when waves

Tt is important to note that in some literature, including [16], the refractive index is defined as
N = n — ik. This difference can affect subsequent formulae, so it is crucial to be aware of the author’s
definition.
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strike an interface at oblique incidence. Figure[3.3|visualizes a few important concepts: the
electric field components of the incident and reflected waves can both be parameterized in a
plane of incidence that is orthogonal to the interface. If the electric field vector lies parallel
within this plane, the wave is called p-polarized. Conversely, if the electric field is perpen-
dicular to the plane of incidence, the wave is called s-polarized (from the German word
"senkrecht," meaning perpendicular).
In some literature, these are also
referred to as "transverse electric"
(TE) and "transverse magnetic" (TM)
waves, indicating that the respective
field is entirely transverse to the di-
rection of propagation, with no com-
ponent in the propagation direction.
Applying this terminology, TE waves
correspond to s-polarized light, and
TM waves correspond to p-polarized
light.

Upon striking the interface, certain j
boundary conditions must be met,
that are visualized in Figure [3.4] Figure 3.3: Reflection of electromagnetic waves at

oblique incident. The p-polarized wave is parallel
to the plane of incident, the s-polarized wave is per-
pendicular. Figure taken from [16].

These demand that the components
of the electric- (E) or magnetic (B)
fields that are parallel to the interface
(E for p-polarization and the B for s-
polarization) are conserved. This results in two equations for each the p-polarized wave

E;,cos(0;) — E,, cos(6,) = Ey, cos(6y), (3.6)
Bip + Byp = By, (3.7)

() p-polarization (b) s-polarization

Figure 3.4: Electric field E and magnetic field B before and after striking the interface
between two media for p- (a) and s-polarization (b). In (a), B is pointing towards the
reader, where it is E' in (b). Figure taken from [16].
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as well as for the s-polarized wave:

B,s cos(0,) — Bis cos(6;) = — By cos(6;),
Eis + Ers = Ets-

One can now use the relation £ = ¢/N - B to transform the B-components to the corre-
sponding E-parts. Exemplary for equation this transformation would be

By, + B,, =By, = N;(Ej+E,;)=NEy,. (3.10)

From here one can derive the amplitude reflection and transmission coefficients for the
wave, which are also known as Fresnel coefficients:

E.s  Njcos8; — Nycos 0, _ E.,  N;cost; — Njcos0;
E;.  N;cosf; + N,cosf,’ Tp_EZ- N, cosb; + N, cosb,’
% B 2N, cos 0, . Ey 2N; cos 6,

E;s  N;cosf; + N,cosb,’ P B, N,cosf; + N;cosb,

ry =

(3.11)

ts = (3.12)
These coefficients indicate the proportion of the incident light’s electric field amplitude
that is reflected and transmitted at the boundary and are not to be confused with a
probability of reflection or transmission. The values are generally complex, can become
negative and their absolute can be larger than one. For these coefficients the following
relations hold:

rig = =15 and ity =1—77 (3.13)

It is possible nevertheless to calculate the reflectance and the transmittance from these
coefficients. The reflectance R is defined as the ratio between the incident intensity I;
and the reflected intensity I, or R = I,./I;. As is commonly known, the intensity can be
derived from the electric field’s amplitude via I = |E|? resulting in:

2

= |r|?. (3.14)

2
I F,
2 rs rs
— RS -
|Tp| ’ [is ‘ Ez

To calculate light transmittance, it is necessary to consider the relationship I = N|E|?,
along with the change in cross-sectional areas between the incident and transmitted media.
This change, which results from the refractive index difference, can be determined using
cos 0/ cos ;. Combining these factors, we obtain

1, cos b, N;ycosO,\ | E; 2 N, cos b, 9
T,=-"—"—(——— Pl = [ ——— 2| |t 3.15
P I, cosb; (Ni cosb; ) | Eip N; cos 6; ol (3.15)
I, cos 0, N;cosO;\ | By 2 N, cos b, 9
T.=——=———— | |—| =(——) lts]". 3.16
I, cos 6, (Ni cosl; ) | E;q N, cos0; il ( )

Since the general equations for p- and s-polarization are the same, differing only in the
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Fresnel coefficients used, the formulas for reflectance R and transmittance 1" can be sum-
marized as follows:

N, cos b,
R=|r]? d T=——|t 3.17
/P an ot (317)
In the case where k > 0 the relation R+7T < 1 holds. The missing part is the absorption
A, which can be calculated as follows:

A=1-R-T. (3.18)

3.4 Optical Interference in Thin Layers

Interference is a fundamental phenomenon observed when two or more waves super-
impose, leading to regions of constructive and destructive interference. Constructive
interference occurs when the phase difference between the waves is an integer multi-
ple of 27, resulting in the amplitudes of the waves reinforcing each other. Conversely,
destructive interference happens when the phase difference is an odd multiple of ,
causing the waves to cancel each other out. In multi-layer systems, light can be re-
flected at a lower layer and recombine with light reflected from an upper layer. In
layers that are a lot larger than the wavelength of light, the light can not be easily
assumed to be monochromatic and coherent anymore which prevents interference [10].
In the case of PMTs one needs to con-
sider that the photocathode layer has a
thickness d of only about 20 nm, whereas
the light that shall be detected usually
ranges between 300nm and 700nm. A
simplified system, which will be used to
demonstrate the calculation of phase dif-
ference with a thin layer, is shown in Fig-
ure 3.0l Ny

Thin film | | ¢

To calculate the phase difference one needs
to compare the path lengths of the primary N,
wave (reflected at point A and passing
through point D) against the path length
of the part that is transmitted at point A,
reflected at point B and then transmitted taken from [16].

at point C. In other words we compare the

distance AD to the distance AB + BC.

When expressing the electromagnetic wave as E = Egexpli(wt — Koz + 0)], K is the
propagation number in the first layer and the position is given by x. Therefore the phase
change of the reflected wave from A to D by KyAD. Similarly, the phase change for the
secondary part to be Ki(AB + BC)), here K, is the propagation number inside the thin
layer, which differs from K, only through the complex refractive index of the material,
since K = 2rN/\ and the wavelengths stays constant. Combining this, one can now

Substrate

Figure 3.5: Illustration of light interference involv-

ing to a thin layer at an oblique incident. Figure
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describe the phase difference as

_ QWAN L(AB +BO) - 2V0ap, (3.19)

«

Analyzing the geometry of the paths inside the system, one can find a few trigonometric
relations that allow to simplify the equation further:

AD = ACsin6y, AC =2dtanf,, AB = BC =d/cosb; (3.20)

and of course Snell’s law. Together one finds

—_— Sin2 91 N1
AD =2d — 3.21
cosf; Ny’ ( )
which can be reinserted into equation to get
AwdN; {1 — sin® 6, 4md N,
a=— < p—y ) = cos 0. (3.22)

The total phase variation of the secondary wave from point A to C indicates that the wave
propagates through the depth of the layer twice. It is often more convenient to analyze
the phase variation for a single trip from one interface to the other in any direction. Thus,
the phase variation is defined as 8 = a//2, also known as the film phase thickness

B = Q%ZNl cos ;. (3.23)
This process can happen multiple times, since a part of the wave transmitted at point
C will also be reflected back into the medium and so on. This leads to a chain of Fres-
nel coefficients that define the ratio of the wave that is reflected or transmitted at any
interface. An optical model visualizing this system is shown in Figure [3.6f The figure
illustrates the necessity of tracking the Fresnel coefficients at each interface to predict
the amplitude coefficients leaving the thin layer. At each reflection or transmission, the
Fresnel coefficient of the respective interface is multiplied by the previous ones. If the
wave passed the thin layer, a phase variation ( is added into the waveform’s amplitude
in the form of

expli(wt — Kz + §)] = expli(wt — (Kz — 5) + )] (3.24)
= expli(wt — Kz + 0))e”, (3.25)
where it is important to note, that due to the definition of the complex refractive index

with a positive extinction coefficient ¢4 has a positive real part. To calculate the com-
bined amplitude coefficients r¢12 and tp;2, one needs to add an infinite sum of coefficients
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o1z

Figure 3.6: Optical system with a thin layer showcasing the Fresnel coefficients at several
points. The total amplitude coefficients are the products of the ones from previous interfaces
while rg12 and ¢p12 are the sum of the individual beams. Figure modified from [I6].

respectively. Starting with the reflection amplitude coefficients, this would amount to

ro12 = To1 + torriori2e®t + 750175107“107"%26’1‘461 + e (3.26)
o0
= 701 + tortior1pe®”t - Z 719791 €2" P (3.27)
n=0
toitior12€251
— oy o1t10712 (3.28)

1 — ryorg €2
ro1 + 126>
= (3.29)
1+ 7”017’1262151
where the amplitude coefficients were interchanged using formula [3.13] as well as the
geometric series

o0 . a
a-;x = o<l (3.30)

To calculate the transmission amplitude coefficients one can proceed in a similar way by
starting with

torz = tortio€™ + tortiariorize™” + tortiariyriye® + - (3.31)
apply the same rearrangements and the geometric series and one obtains

tort1pe™

1 + roirge®Pr’

(3.32)

to12 =
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Figure 3.7: A four-layer optical system. In the context of a PMT-system Ny would be air,
N; glass, Ny the photocathode and N5 vacuum. Figure taken from [I6].

Following this for a three-layer system the reflectivity and transmittance can be calculated
applying equation [3.17] as follows:

Ny cos 0,

" ol 3.33
Ny cos b [forz| ( )

Ro12 = ’7“012’2 and  Toi2 =
The photomultiplier system consists of not three, but four layers: the cover of the PMT
is a "thick" glass layer, followed by a "thin" photocathode layer, and then a vacuum.
Outside the PMT is the pressure vessel of the mDOM, which is filled with gel. However,
for the purpose of the measurements in this work, we assume the presence of air instead.
A four layer system is shown in Figure (a). To calculate the amplitude coefficients of
the entire system, one needs to start bottom up and calculate the amplitude coefficients of
a three layer system consisting of the layers 1, 2 and 3 under the use of formulas [3.29 and
m (one needs to adjust the indices accordingly), which results in 123 and ¢153, which
can then be reinserted into the same formulas as the amplitude coefficients of the new
"bottom" layer, which would result in the amplitude coefficients of the entire system

Top + r123€i2%

1+ T01T1236i261
6151

(3.34)

0123 =

to1t123
1+ 7’01T1236i261 '

(3.35)

to123 =

The total reflectance and transmittance of the system can then be obtained according to
[17]:

1-— 2 Ti23(1 —
Ryas( Ro1) and  Thios = 123( Roy)

Rowzs = R “12L- T o)
o128 = o e 1 — Roy Russ

(3.36)

which also corresponds to the probability of a single photon that reaches the glass layer
to be either leaving the PMT reflected back into air or transmitted into the vacuum. The
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remaining intensity is absorbed according to
Ag123 = 1 — Ro12s — To123, (3.37)

however this includes absorption in any layer. A photoelectron though can only be emit-
ted if the photon is absorbed inside the photocathode layer.
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4 Geant4 Simulation

The IceCube collaboration employs a variety of simulations during the design of their
next generation of sensors, such as the mDOM. For an experiment of this magnitude, it is
crucial to understand every detail about the detection process, the acquisition of raw data,
and all intermediary steps, which is why simulation is used extensively for prototyping
and characterization of next-generation optical modules. For the mDOM, a highly so-
phisticated Geant4 simulation has been developed and refined through numerous works,
notably by [2], [18], and [14] that further evolved into the OMSim project [19]. Among
other applications, OMSim is useful for various physical case studies, such as calculating
the effective area of optical modules, simulating radioactive decays in modules, or super-
nova studies with multi-PMT optical modules.

Geantd (formed from "GEometry ANd Tracking") is a versatile simulation framework
written in C+-+ that was developed at CERN and KEK. It utilizes Monte Carlo methods
to simulate the passage of particles through matter, predicting interactions and energy
depositions with high accuracy [20]. Widely used in particle physics, Geant4 provides a
comprehensive library of physical interactions, including electromagnetic, hadronic, and
optical processes. Its modular design allows for customization and extension, making it an
essential tool for researchers to model complex experimental setups and optimize sensor
designs.

Geant4 specializes in modeling three-dimensional detector layouts from basic geomet-
ric bodies like cubes, spheres etc. that can be assigned with properties like state, density,
refractive indexes or absorption lengths for different wavelengths. Different particles can
be emitted - for example from point sources - and propagated through the detector. On
its way Geant4 tracks the particle and considers different interactions resulting in a pos-
sible change in trajectory, decay or absorption. This work is focused on optical processes
mostly but is still embedded into an existing framework that is able to handle a variety
of different particle interactions.

4.1 Photon Simulation

Although the simulation of the mDOM is capable of handling many different physical
processes using different particles like gammas, electrons, ions and alpha particles, this
simulation only involved simulation of photons to focus specifically on optical effects at in-
terfaces. A Geant4 simulation run begins with the generation of an event from a source.
These events follow a track until they interact with the detector geometry, where a step
occurs. The potential physical interactions are defined in a physics list, which can be
populated using the existing library of Geant4. In this work, the processes relevant for
optical photons were selected, which can be seen in the following list:

e G40pAbsorption: handles absorption inside a medium based on mean free path
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e G40pBoundaryProcess: handles optical processes like reflection and transmis-
sion at medium interfaces

e G40pRayleigh: handles Rayleigh scattering

¢ G40pMieHG: handles Mie scattering

The Geant4 class G40OpBoundaryProcess is particularly important in this context, as
it handles reflection and transmission at interfaces. Prior to this work, the Geant4 sim-
ulation used by the Miinster IceCube team to simulate the mDOM did not account for
the optical impact of thin layers on the reflection and transmittance of a PMT. In any
case where a photon reaches an interface with a different medium, Geant4 assesses the
type of boundary encountered by the photon. It then selects the corresponding boundary
process to calculate the probabilities of reflection, transmission into the next medium, or
absorption. Each of these outcomes has distinct implications for the particle: in the case
of reflection, the momentum vector is adjusted according to the law of reflection; in the
case of transmission, it is adjusted according to Snell’s law. In the case of absorption, the
particle’s track is terminated, potentially resulting in a detection.

A critical point in this work was the implementation of thin layer optics into the existing
G40pBoundaryProcess class. While the class was already capable of calculating photon
trajectories through different media, it was not able to correctly handle optical phenom-
ena at thin layers as described in Chapter [3] It is important to note that Geant4 does not
simulate interference. This is by design, as Geant4 simulates each photon individually
and their interactions are independent from each other. To circumvent this issue, the
photocathode layer (the thin layer), that was previously modeled as a three-dimensional,
20 nm thick volume, was reduced to a virtual boundary that could be defined in between
any two other volumes. While implementing this change, the detector geometry was also
simplified to test if the results align with theoretical expectations. To be able to compare
to the theoretical expectation described in Chapter 3, the optical system was simulated
as a stack of four layers, as illustrated in Figure [4.1]

The first layer is air, as this will be the sur-

rounding medium in the experimental valida- 0 Air

tion of the simulation. Following this is the

glass layer, which constitutes the outer shell of

the PMT. This is succeeded by the thin photo- 1 Glass
cathode layer, which is applied onto the inside

of the glass. The third layer is the photocath- 2 Photocathode (20 nm)
ode, which in Figure is still visible, but in 3
the final simulation reduced to only a boundary
in between the surrounding layers, but assigned
with a virtual thickness. PMTs are evacuated,
making the fourth medium vacuum. From an
optical perspective, air and vacuum can be con-
sidered similar, if not identical, as they share al-
most the same refractive index. As mentioned
previously, the photocathode layer was modified to act as the boundary between the glass

Vacuum

Figure 4.1: Visualization of the PMT-like four
layer system. The photocathode is the "thin"
layer.
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and the vacuum layer.

Figure [4.2]shows a Geant4 visualization of the geometry in use: at first, a World is defined
to encapsulate the detector. The world is assigned the material properties of air, thus
also serving as the first layer. Within this world, two cuboids are placed: one with the
properties of a common borosilicate glass, and another beneath it designated as air. The
photocathode was defined as the interface between the two volumes with the attribute
coated. This attribute activates the custom function PhotocathodeCoated() written in
the framework of this thesis, when a photon crosses the boundary. In Geant4 a coating
can be assigned with different properties like a refractive index, an absorption length or
a (virtual) thickness. Additionally, invisible detectors are placed above and below the
simulation setup to count the number of photons that are reflected or transmitted, re-
spectively. In the visualization the photons are made visible as orange tracks. In yellow
one can spot interaction points, where photons interacted with the materials it traversed
or were detected by the detectors at the top and bottom. It is important to note, that the
thin layer interaction has to work from both directions, since internal reflections in the
PMT may reflect back through the photocathode layer to the outside of the PMT and by
doing so trigger PhotocathodeCoated() "in reverse". This is validated in Chapter [6]

A typical simulation run would start by defining the initial properties of the photons, like
the wavelength, the distance of the source from the worlds center, the incident angle and
the number of events. For this work the wavelength of the photons was kept at 480 nm,
since that will be the wavelength used in measurement. The number of events in these
setups amounted to 10° per incident angle, that was successively shifted in steps of 1°

Source World: Air S 7

Border: Photocathode

Figure 4.2: Visualization of the simulation setup consisting of the surrounding world, the
glass layer, the vacuum layer and the (not visible) photocathode-boundary. In orange are the
tracks of the photons (10° events here) and in yellow the points were an event occurred.
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from 0° to 90°. An angle of 0° corresponds to the normal on top of the glass layer, where
the point of contact of both is the worlds center.

When a photon reaches the glass, function already included in Geant4 calculates the prob-
ability of reflection or transmission depending on the Fresnel coefficients of the air-glass
interface. If reflected, a detector placed above the system will count it. If transmitted,
Geant4 uses Snell’s law to calculate the new trajectory inside the new medium. Once
transmitted and inside the glass, an absorption can happen at any time according to the
absorption length of the glass, as can be seen for example in Figure as the yellow
dots inside the glass layer. If the photon reaches the end of the glass layer and meets
the boundary with the air layer, the PhotocathodeCoated() function will trigger and
interpolate the complex refractive indices at the current wavelength from the absorption
lengths of the three materials that make up the incident medium, the boundary and the
transmitted medium. Using those it calculates the film phase thickness of the boundary
to calculate the Fresnel coefficients of the three-layer system surrounding the boundary

using Equations and

It should be noted, that the consequent handling of complex refractive indices results in
complex results for the angle of transmission from Snell’s law. Before this work Geant4
did not use the imaginary parts of said angles to determine a particles trajectory, even
though the necessary groundwork seems to exist in some functions. This resulted in pho-
tons arriving at the thin layer with a purely real incident angle, which is not the case
if one considers the - admittedly small - extinction coefficient of glass - the layer the
photon just traversed. This makes the handling of a particles trajectory quite delicate,
since an imaginary angle does not physically exist in our three dimensional space, but
its mathematical existence changes the physical angle, phase and probability of reflection
or transmission of the electromagnetic wave for subsequent interfaces [21]. To avoid this
inaccuracy, an additional routine was implemented that keeps track of the last layersf_-] a
particle has passed through (since Geant4 in the usual case only saves information nec-
essary to determine the next step of a particle, but not its history). The information
about the previous history of the photon can then be used to retroactively calculate the
complex angle of its trajectory and the resulting implications for the calculations of the
reflectance, transmittance and absorption of the three-layer system around the thin layer
according to Equations [3.33] It turns out, that the expected results for total reflectance
and transmittance of the system change not by much, but still significantly, depending
on how rigorously complex refractive indices are used throughout the simulation.

Another thing that needs to be pointed out here is, that in a three-dimensional thin
layer the incident point - where the photon meets the thin layer - would not be the same
as where a photon, that was reflected inside the thin layer and transmitted back into
the glass layer, starts the new trajectory inside said glass layer. This is illustrated in
Figure 3.5 as the distance AC. This shift had to be neglected due to the two-dimensional
thin layer in this approach, that only has a virtual thickness but no physical in the setup.
Any possible internal reflections inside the thin layer are accounted for by the equations
used before and a large enough sample size of events. If the photon is absorbed, the
track ends inside the thin layer and if it is transmitted, it will propagate through the air

L(for this purpose: the last two layer
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layer and be detected and counted at the bottom detector. Only photons that reach the
detectors above or below the sample, or those absorbed at the boundary are counted for
later evaluation. After a particles track ends at any points, the next event is generated.
The whole process works similar if the photon is coming from below the sample, just
in reversed order. It will be later shown that this procedure converges well towards the
theoretical reflectance and transmittance of the whole system with interfering photons as
described in Chapter [3]
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5 Optical Measurements of Reflectance
and Transmittance

A new method to simulate the reflectance and transmittance of an optical system, includ-
ing a thin layer, was introduced in Chapter 4l To validate the theoretical considerations
and their implementation in a Geant4 simulation, a series of optical measurements were
performed. These measurements were conducted on samples that mimic the simulation
setup and possess optical properties similar to those of a photocathode. The produc-
tion process and initial characterization using a commercial setup will be explained in
the following two sections. Subsequently, the reflection and transmission measurements
were conducted using a modified version of the ellipsometer setup commissioned in [22],
enabling the measurement of reflectance and transmittance of a sample using a 480 nm
laser.

5.1 Production of the Samples at CeNTech

As mentioned in Section the photocathode of the PMTs used for the mDOM are
made of Potassium Cesium Antimonide (KCsSb). There are two primary reasons why
it was not feasible to conduct measurements on samples made from the photocathode
material itself. First, the exact material composition is a closely guarded trade secret of
the manufacturer, Hamamatsu Photonics. Second, and more critically, KCsSb is highly
susceptible to oxidation upon exposure to air, making it impossible to perform the de-
sired measurements in air. This is also why PMTs are evacuated. Previous ellipsometric
measurements have determined the refractive index of the photocathode to be approxi-
mately Npoc = 2.54 + 1.13¢ [23] at a wavelength of 400nm. Based on this information,
two alternative materials, Chromium (Cr) and Palladium (Pd), were selected, with
the following refractive indices [24], 25]:

Refractive Indices of Selected Materials

e Chromium: N¢g, = 2.69 + 4.71:

e Palladium: Npyg = 1.61 + 3.644.

The refractive indices are literature values at a wavelegth of 480 nm.

The samples were produced in cooperation with the Center for Nanotechnology Miinster
(CeNTech). As a substrate, common microscope slides made out of borosilicate glass were
used. These were placed in a commercial Multi Hearth Evaporator E] manufactured for

!Beamtec Electron Beam Evaporator EBM-611
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Figure 5.1: Left: Picture of the electron beam evaporator and a supervising engineer of
CeNTech. Right: Picture of the three finished samples after deposition.

Electron Beam Physical Vapor Deposition (EB-PVD) and located in a cleanroom
environment at CeNTech [20], 27]. A picture of the device is shown on the left in Figure
b.1] During EB-PVD an electron beam targets a sample of the material to be deposited
under high vacuum. The beam detaches atoms from the sample that become gaseous
and settle on the substrate, where they form a uniform solid layer [28]. Two runs were
performed - one for each material - that produced three samples each. The samples were
arranged next to each other in a holding structure as can be seen in the right picture in
Figure 5.1}

5.2 First Characterization of the Samples at SoN

In the course of preparing the samples at
CeNTech, it was also possible to take a first
series of measurements at the Center for
Soft Nanoscience (SoN). The Nanochem-
istry zone cleanroom environment at SoN fea-
tures a ellipsometelﬂ that is shown in Figure
.2

The ellipsometer came pre-equipped with anal-
ysis software for a range of sample materials
including Cr and Pd, which allowed measure-
ment of sample thickness and refractive index
at a fixed angle across a range of wavelengths

Figure 5.2: Picture taken of the Woolam M-
2Woolam M-2000 2000 ellipsometer in the Nanochemistry zone at
SoN.
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Table 5.1: Thickness Measurements of Chromium (Cr) and Palladium (Pd) samples

Material Sample Thickness (nm)

Crl 19.48 £ 0.140
Cr Cr2 19.18 £ 0.132
Cr3 19.46 £ 0.145
Pd1 22.80 £0.072
Pd Pd2 22.66 £ 0.086
Pd3 22.62 £ 0.092

[29, 130]. The results of the measurement of the thickness are presented in Table The
ellipsometer measured the thickness of each sample at a single spot, chosen to be as close
to the center as possible by eye and with a built-in ruler with millimeter accuracy. As
shown in the table, the samples of each material have very similar thicknesses, as expected
from the same deposition run. The slight differences in thickness beyond the margin of
error could be due to non-uniform deposition, handling, or transport, where the samples
might have been touched or slightly dented. Directly following the measurement of the
thickness the ellipsometer measured the refractive index and extinction coefficient of each
sample at the same spot where the thickness was measured before. The ellipsometer was
set to a constant angle of 65° and measured both coefficients at varying wavelengths from
370nm to 1000 nm. The results are shown for Cr in Figure [5.3] and for Pd in Figure [5.4]
Both plots feature a vertical line at 480 nm, which is the wavelength of the laser used later
in the measurements.

Refractive Indices for Cr
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Figure 5.3: Real (n) and imaginary (k) part of the refractive index of Chromium measured
at SoN. The vertical line is at a wavelength of 480 nm.
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Refractive Indices for Pd
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Figure 5.4: Real (n) and imaginary (k) part of the refractive index of Palladium measured
at SoN. The vertical line is at a wavelength of 480 nm.

The ellipsometer’s closest measurement to this wavelength was at 481.1 nm. At this point,
the measured refractive indices were as follows:

Refractive Indices measured at 481.1 nm at SoN

e Chromium: N¢, = 2.33 + 4.391

e Palladium: Npy = 1.48 4 3.44:.

The measured refractive indices are approximately 10% lower than the literature values
reported in [24] and [25]. The exact cause of this discrepancy is unclear, as the procedures
used by the commercial setup and software are not fully transparent. Additionally, the
setup yielded identical values for each of the three samples of both materials, resulting in
a single set of values for n and & in each plot of Figure [5.3] and Consequently, these
refractive index measurements should be considered with caution. However, this is not
a significant concern, as these parameters will be remeasured using a different setup and
method in the following chapter.
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5.3 Measurement Setup for Reflectance and Transmit-
tance

The setup used to measure the reflectance and transmittance of the samples is shown
in Figure During the measurements, the laboratory environment was maintained in
darkness and at a temperature of 18 °C. It consists of several key components, each ex-
plained in detail below. The laseif’|emits an initial beam with a broad range of wavelenghts
and is therefore connected to a monochromatorf!| to select the wavelenght of interest. A
monochromator acts as a bandpass filter and usually consists of a combination of prisms
or optical grating to filter from a spectrum of wavelengths one single desired wavelength,
which for the purpose of this work was 480nm [3I]. To ensure constant laser intensity
during measurements, the laser was started the day before each measurement. A photo-
diodd’] was used to detect the intensity of the reflected and transmitted laser light. This
photodiode was mounted on a moveable arm and connected to a picoamperemeterf’} The
sample was placed in a mounting bracket atop a rotation tableE] on a hexapodﬂ The
hexapod enables to position the sample in z, y and 2 direction, as well tilting in three
angular dimensions ©,, ©, and ©.. This is necessary to precisely align the laser to the
normal of the sample in the rest position and to tilt the sample accurately in the plane
of the laser and photodiode. To normalize the measured intensity at the photodiode, a
second photodiode was placed orthogonal to the beam path before the sample, with a
beamsplittelﬂ diverting a well-defined fraction of the initial laser intensity to this second
photodiode.

Using this setup, the laser was aimed at the center of each sample, and the reflected
or transmitted beam was detected by the first photodiode. The transmittance measure-
ments were conducted from both sides of the sample - which refers to weather the laser
was pointed at the glass side of the sample or the thin layer made of Cr or Pd. The
measurements of the reflectivity were done with the laser pointing towards the thin layer
of the sample only. The hexapod stands on three legs with the movable arm of the first
photodiode mounted in between, which allowed measurements of reflection only at in-
cident angles ranging from 25° to 65° in one measurement run and from 63° to 90° in
another. The data from these two runs were later merged, resulting in some overlap and
duplicate measurements for a few angles. For transmittance measurements, angles from
0° to 90° were covered in a single run.

In reality the incident photon from Cherenkov radiation would always reach the PMT-
glass first, which would correspond to measuring this setup with the glass side of the
sample facing towards the laser. Still both orientations are important to understand,
since back reflections inside the PMT that reach the photocathode would correspond to
the material side of the sample facing the laser. Due to time constraints the reflection

3NKT Photonics SuperK Compact Supercontinuum Laser
4NKT Photonics LLTF Tunable High Contrast Filter
SHamamatsu S2281

6Keithley 6482

7Standa 8MR151 - Motorized Rotation Stage

8PI H-820 6-Axis Hexapod

9Thorlabs BSN10
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Figure 5.5: Picture taken of the measurement setup used for the measurements of reflection
and transmission. Photodiode 1 can be manually moved on a rotation arm. Cables have been

removed for clarity.

measurements could only be conducted in the "reverse" orientation with the material
facing the laser. This orientation was chosen because it was predicted to exhibit more

significant characteristics in the data.

However, accurately measuring intensity became increasingly difficult for angles above
around 85° due to laser beam scattering. While the laser theoretically acts as a point
source, in practice, its non-negligible diameter affects measurements at shallow angles.
Problematic data points, where the laser did not hit the sample properly, will be discussed
later. A schematic sketch of the measurement setup is shown in Figure 5.6

Beamsplitter

Diode 1

Diode 2

Figure 5.6: Sketch of the measurement setup used for the measurements of reflection and
transmission. Diode 1 can be moved around the sample depending on the angle of refraction
or transmission. Diode 2 is for reference.
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5.4 Data Acquisition and Handling

For each angle a Python script was executed that reads out the intensity measured at
the picoamperemeter one hundred times for both photodiodes. These values were saved
together with the angle of incidence ;. Additionally, for each measurement run a back-
ground measurement was conducted for which the beam path was blocked. To infer the
reflectance or the transmittance of the sample depending on the measurement, several
processing steps were applied to the data: first, the measured intensities were averaged
over all one hundred data points for each angle at both diodes. Afterwards the average
background was subtracted. To interpret the output of the picoamperemeter, some known
relations can be used [32)]: such as the light divergence ratio at the beamsplitter which as
characterized on a previous measurement. It is known that it does reflect (9.2740.05)% of
the total intensity of the laser to the second photodiode while transmitting (89.4 4 0.4)%
of the total intensity towards the sample. Additionally, one needs to correct for slight
difference in calibration between first and second photodiode, where it is known that for
a constant intensity from the laser the relation I/l = 1.0117 + 0.0026, where I; is the
intensity measured at the first photodiode and I, the intensity measured at the second,
holds. Further, the light reaching the sample has previously been characterized to consist
of 95.6% unpolarized light as well of 4.4% partially polarized light, which again can be
disassembled into 50.4% p-polarized light and 49.6% s-polarized light. For the error of I;
and I, the standard deviation of each set of one hundred data points was assumed.
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6 Analysis

In the following chapter, the results of the previously explained measurements are pre-
sented and compared to the theoretical expectations derived in section [3| as well as the
Geant4 simulation that was described in chapter ]l The objective is to determine the
complex refractive index and thickness of a thin film on various samples based on re-
flection and transmission measurements. All literature values for the complex refractive
indices are given for a wavelength of 480 nm.

6.1 Theoretical Expectations: Three Layers

The calculation of the theoretical reflectance and transmittance of a sample varies based
on the orientation of the sample — whether the laser hits the side of the glass or the thin
layer first. Initially, the scenario where the laser hits the thin layer first is considered. In
this case, since internal reflections in the glass are negligible towards interference inside
the thin layer, the glass beneath the thin layer can be treated as a substrate for now,
reducing the optical system to a three-layer model. This simplified system is illustrated
in Figure 3.6 with the materials depicted in Figure[6.1]and their complex refractive indices
listed in Table [6.11

0] Air 0 Air
1 Chromium 1 Palladium
2 Glass 2 Glass

Figure 6.1: The three-layer systems that represent the samples used during the measurement.
Cr and Pd are the thin layers in their respective optical system. The complex refractive indices
of each material are given in Table

Based on the calculations in Chapter [3| and using the complex refractive indices from
Table [6.1], along with an assumed thin layer thickness of 20nm, one can calculate Roo

Table 6.1: Literature values of the refractive indices for the three-layer system with different
materials for the middle layer N;. Values taken from [24] 25].

Layer Material Refractive Index

Ny Air 1.0003 + 0z
Ny Chromium 2.69+4+4.71¢
Ny Palladium 1.61 + 3.64:

Ny Glass 1.525 4+ 9.549 x 1078
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Figure 6.2: Theoretical expectations for reflectance R, transmittance T and absorption A
for s- and p-polarization as well as the average of both for a Cr-system in (a) and a Pd-system
in (b) as introduced in Figure
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and Tp1o according to Equations in p- and s-polarization at various incident an-
gles and subsequently Agpio. The laser light used for measurement is circularly polarized,
meaning equal parts of p- and s-polarized light reach the sample. Figure presents
the theoretically expected values for reflectance, transmittance, and absorption for such
an optical system using Cr in (a) and Pd in (b) as the sample material in the middle layer.

In Figure [6.2] each plot features the theoretically expected fraction of incident light that
is either reflected, transmitted or absorbed by the sample, presented for both p- and
s-polarization, as well as their average. In future plots that feature the theoretically ex-
pected values of measured variables, only the average of s- and p-polarization will be
shown. This is to maintain clarity, as it is not possible to distinguish between the polar-
izations in the current measurement setup as the light is left unpolarized.

Several key observations can be made from these plots that will be recurring in future
analyses. While the graphs for p- and s-polarization differ considerably in magnitude and
shape, their average values remain approximately constant for reflectance, transmittance,
and absorption at lower incident angles until around 40° to 45°. At that point, the
reflectance of the Cr system dips slightly before quickly rising to 100% reflectance at
90°. A similar trend is observed for Pd, but it is much less pronounced. In contrast, the
transmittance behaves oppositely. Starting significantly lower at around 4% for Cr and
11% for Pd. This difference in transmittance is easily understood when considering that
Cr has a higher extinction coefficient than Pd, resulting in a much shorter absorption
length. At very high angles above approximately 70° the transmittance increases a little
bit, before dropping to 0 at 90°. The absorption is in both systems in the range of 33% for
the most part of the spectrum. This parameter plays an important role in the detection
efficiency of a PMT, since only a photon that is absorbed can produce a photoelectron -
although the absorption in this case includes the absorption in the entire system including
the glass and not only in the thin layer.

6.2 Theoretical Expectations: Four Layers

As previously mentioned in section 5.3 the usual case for a photon-PMT-interaction would
be, that the photon reaches the glass of the PMT first and then - if transmitted - reaches
the photocathode material afterwards. In this case the glass can no longer be considered a
substrate, since it lies in the middle of the system, and the optical system of the measured
samples enlarges to four layers, as illustrated in Figure [6.3]

In this case Equations do not apply anymore and Equations need to be used
instead. These equations feature the film phase thickness § two times for different lay-
ers. Before it was straight forward to use the film phase thickness (; of the thin layer
N; to calculate rg1o and tp1o. This is possible because even though the laser light is not
perfectly monochromatic - which would be necessary for interference, the optical path
length is short enough to be able to neglect any possible phase changes in the lasers wave-
form that would appear over time. This quasi-monochromatic light behaves therefore like
monochromatic light in this environment. In literature this is referred to as the coherent
condition and is relevant for d < O(\) [16].
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0 Air 0 Air

1 Glass 1 Glass

2 Chromium 2 Palladium
3 Air 3 Air

Figure 6.3: The four-layer systems that represent the samples used during the measurement.
Cr and Pd are again the thin layers in their respective optical system. The complex refractive
indices of the materials did not change.

In this four-layer optical system with the reflectance Ryi23 and the transmittance Tio3,
By appears for the thin layer Ny inside 7153 and t193. Conversely, (; refers to the film
phase thickness of the glass layer, that is /N; here. The thickness d; of the glass layer is
approximately 2 mm - the size of a common microscope slide. As this is much larger than
the wavelength of the laser light, the light passing this layer can no longer be considered
monochromatic (incoherent condition). To avoid introducing an interference effect that
would only occur for perfectly monochromatic light, the corresponding factor is assumed
e’ =1 (B, = 0), which would imply no effect from interference on the amplitude coeffi-
cients of the electromagnetic wave. Afterwards, when the light that has been transmitted
through the glass layer reaches the thin layer, it can be considered quasi-monochromatic
again for the previously stated reasons.

The theoretical expectations for the reflectance, transmittance and absorption of a four-
layer system of the form as illustrated in Figure are presented for both Cr and Pd in
Figure [6.4] Again split into p- and s-polarization as well as their average.

One quickly sees, that on first impression the plots presented for the four-layer optical
system in Figure [6.3] are very similar in general shape to the three-layer optical system
in Figure [6.1 The most notable difference is the absence of the dip in the reflectance
plot for Cr. Also p- and s-polarization do not diverge as much of each other as they
did in the previous three-layer system. Besides the shape of the plots, the magnitude of
some coefficient changed considerably: reflectance is lower by around 10% for both Cr
and Pd, while absorption is equally higher, as transmittance did not change significantly.
These are important characteristics to observe in the results of the simulation and the
measurement.
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Figure 6.4: Theoretical expectations for reflectance R, transmittance T" and absorption A
for s- and p-polarization as well as the average of both for a Cr-system in (a) and a Pd-system
in (b) as introduced in Figure
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6.3 Evaluating Geant4 Simulation Results

During the implementation of the theoretical groundwork from Chapter |3 a few unique
features of working with Geant4 have emerged that should be explained before present-
ing the final results of the simulation. In Geant4, each particle possesses only as much
information of its surroundings as necessary to know the next step of its trajectory. As
previously mentioned in Chapter [4] this is why, for example, interference is not included
in Geant4’s toolkit, since this would require information about separated events. This
also means, that previously it was not possible to structure a function for the entire PMT-
shell-system all at once, as an incident photon reaching the glass simply did not have the
information of what lies beyond it. Instead, Geant4 calculates the probability of reflection
or transmission at each interface and the probability of absorption at every step based
on the medium’s absorption length. A simulation of 10° events using Geant4’s default
OMSimOpBoundaryProcess class to simulate reflectance, transmittance and absorption for
a Cr-sample is shown in Figure 6.5, For this simulation the Cr-layer was defined as a
physical volume with a thickness of 20nm. One quickly sees, that there is significant dif-
ference from the theoretical expectations presented in the previous sections for all three
quantities.

To be able to circumvent this problem - not being able to address interference effects in-
side the thin layer - the same was made a two-dimensional border in between two different
volumes instead as illustrated in Chapter [ and the simulation was run again, otherwise
unchanged from the front and back side of the sample.

Figure shows the final R-, T- and A-results of the Geant4 simulation when using the
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Figure 6.5: Results of a Geant4 simulation of 10° events hitting a Cr-sample from the glass
side in a four-layer system without using thin-layer-optical functions, but defining the Cr-layer
as a physical volume with a thickness of 20 nm instead.
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Figure 6.6: Results of Geant4 simulations of 10° events for both samples - Cr and Pd - with
both sides facing the photon source compared the the theoretical results. Below each plot the
absolute difference between simulation and theory is shown. Faulty points from simulating
reflectance at high angles that did not hit the detector above are colored in grey.
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literature values from Table[6.1l For each material the simulation was conducted in both
orientations of the sample: the material facing the photon source, which corresponds to the
three-layer system explained in Section or the glass facing the photon source, which
would correspond to the four-layer system from Section These results are compared
to the theoretical expectations of each value for each setup. Below each plot a residual
diagram shows the absolute difference between simulation and theory. Also shown in
grey are faulty measurement points from the reflectance measurement where the reflected
photons did not hit the (not infinitely large) detector on the top side anymore, which
happened at very steep angles. One can see that for the samples with the material facing
the photon source the residuals show no underlying structure. The Geant4 simulation
and theoretical expectations match completely. The simulation of the samples that face
the source with the glass side also reflects the theoretical expectations well at angles up
to 50°. Here on the other hand a slight structure forms, where the reflectance of the
simulations exceeds the theoretical expectation. However the difference is relatively small
at about 3% relative to each other at the highest point around 75°. This slight deviation
is likely caused by the handling of complex angles in layers before the Cr- or Pd boundary
in the four-layer model as explained above, since it does not appear in the orientation
where the incident photons hit the Cr- or Pd boundary first and where the glass layer
was treated as a substrate afterwards. It is assumed that the calculation of reflectance
and transmittance at standard dielectric-dielectric interfaces in Geant4 treats the complex
angles that continue into the calculation of Fresnel coefficients imprecisely, but it was not
possible to recreate a theoretical scenario that would mimic this inaccuracy well enough
to imitate the simulation results perfectly.
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6.4 Evaluating R and 7" Measurement Results

In the following the results of the measurements of reflectance and transmittance are pre-
sented and compared to the respective theoretical models. Before delving into the results,
the general approach for the analysis of all measurements will be explained. Measure-
ments of reflectance and transmittance were taken using two different materials: Cr and
Pd. For each material, three different samples were produced in the same production run,
therefore the complex refractive index N = n + ¢k is assumed to be equal for all three
individual samples of a material. What can differ on the other hand is the thickness of
the individual samples, as was already shown in Section [5.2], where the thickness in be-
tween samples of one material differed already just shortly after production. A correction
for the incident angle of the setup was also taken into account, as the initial incident
angle needed to be manually adjusted for each measurement and is expected to be in the
range of —2° to 2°. For each of the six samples, three measurements were performed:
reflectance, transmission with the material layer facing the laser source, and transmission
with the glass layer facing the laser source. It was found that fitting multiple samples
simultaneously yielded the most promising results, as the extinction coefficient is strongly
correlated for reflectance and anti-correlated for transmittance with the thickness of the
thin layer. However, it was not possible to obtain a valid fit result that included all sam-
ples of a kind. This will be discussed in more detail in the following subsections. The fits
were conducted using the Least Squares method of the minuit-minimizer, that is based
on the Minuit2 C++ library and supported by scientists at CERN [33].

6.4.1 Transmittance: Material facing the Laser

For the case where the material faces the laser, the reflectance and transmittance of the
air-Cr /Pd-glass system can be determined using Equations . The portion of light
that is transmitted through the thin layer then encounters the glass-air interface, where
back reflections or further transmission out of the sample can occur. To account for the
internal reflections within the glass when determining the transmission from glass to air
(T3), one can build an infinite sum of reflectances and transmittances at both the glass-
air and glass-thin layer interfaces. This approach accounts for the multiple reflections and
transmissions, leading to the following expression:

Tio3 = Tos + TozRsaRo1o + Tos R5, Ra0 + - - - (6.1)

which can again be solved using the geometric series analogously to Equation To
get the Transmittance of the full system one multiplies T2 and uses the relation from

Equation to get

T012T23

_— 6.2
1 — Ry Roro (6.2)

To123 =
This function was then used to fit the processed measurement results as described above.
At first, the results for the three Cr samples, in the following referred to as Crl, Cr2 and
Cr3, are shown in Figure [6.8) with the associated fit parameters shown in Table [6.2

The plots shown in Figure present the data from the three measurements together
with a fit model as described in Equation The resulting fit parameters align well
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Figure 6.8: Measured Transmittance of the three Cr samples with the Cr side facing the
laser. The three sets of data were fitted together using a shared complex refractive index NV,
but with individual thicknesses for the thin layer and individual angle corrections. For the fit

Equation [6.2] was used.
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with the literature expectations for Cr. These were anticipated to be between the values
obtained from SoN, N¢; son = 2.33 + 4.39:, and the literature values, N¢, = 2.69 +4.71¢
from [24]. The target was to produce a sample thickness of 20 nm, which was measured at
SoN to be approximately 19.5nm. While the measurement of Cr3, shown in Figure [6.7¢|
seems to fit the theoretical model decently well, Crl in Figure and Cr2 in Figure
exhibit slight divergences from the data. For Cr2, the data shows a small offset at around
76°, complicating the fit process. This reveals a general challenge: the transmittance,
especially for Cr, is relatively low, at around 5%, and only increases slightly from 0°
to approximately 40°. The characteristic features of this measurement are the peak at
around 70° and the steep decline thereafter. These regions proved increasingly delicate
to measure accurately since the laser beam begins to slightly diffract at high angles due
to its non-zero radius, causing it to spread over a small elongated area instead of a sin-
gle point on the sample. However, these ranges were crucial for the fit, as focusing on
these regions allowed the minimizer to find local minima for the anti-correlated thickness
of the layer d and the extinction coefficient k, which often behaved almost interchangeably.

Next, the results for the same type of measurement are presented for the three Pd samples,
that similarly to before will be referred to as Pd1l, Pd2 and Pd3. The data and the fit are
shown in Figure [6.10] with the corresponding fit parameters in Table [6.3]

When comparing the results from this measurement to those of the Cr samples, some
previously made observations can be further elaborated. As expected, the measurement
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Figure 6.9: Measured Transmittance of the Pd samples Pd1 and Pd2 with the Pd side facing
the laser. The data for each sample was fitted using the same method as before for Cr. Pd3
was also fitted together with these samples and is shown in Figure @F



44 6 ANALYSIS

=10 - e s s A Table 6.3: Fit parameters for the Pd
EE '.; samples. Parameters without index are
= 9 A shared between all three sets of data.
; i J Parameter Value
B T . n 1.98 £ 0.09
Y k 4.51 £ 0.02
g =n ’ dy (nm)  14.69 %+ 0.22
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(c) Data and Fit for Pd3

Figure 6.10: Measured Transmittance of the Pd3 sample. The sample was fitted together
with Pd1 and Pd2 using a shared complex refractive index IV, but with individual thicknesses
for the thin layer and individual angle corrections. For the fit Equation was used. The fit
parameters are shown in Table @

results visually resemble those of the Cr samples in terms of the flat ascent for small
angles and the peak at around 70°, followed by a steep descent. However, the general
transmittance for Pd is roughly twice as high as for Cr, starting at around 10% and peaking
at 11%. At first glance, the model seems to fit the data reasonably well, especially in the
region around the peak. However, the transmittance at large angles beyond the peak
could not be sufficiently matched by the model. Regarding the fit results, the previously
mentioned anti-correlation clearly shows here. On the one hand, the fit converged to a
real refractive index of n = 1.98 4 0.09, which is in the rough range of the literature value
where Npq = 1.61+3.64i. On the other hand, the extinction coefficient k& deviated further
from the expected value than anticipated. This deviation appears to be accommodated by
the minimizer by reducing the thickness of the samples to around 14.5nm each, which is
lower than expected. The opposing behavior of k and d, both of which are included in the
phase thickness as simple factors, made the minimization of the fit very challenging with
physically meaningful values. Local minima seemed to be extremely fragile in such cases.
The complex refractive index given by the ellipsometer at SoN was Npg gon = 1.48 4 3.444,
which is significantly lower for both n and k, while the measurement of the thickness was
significantly higher than the here fitted values and was around 22.7nm, as would be
expected by the model used here.
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6.4.2 Transmittance: Glass facing the Laser

Next the other transmittance measurement shall be analyzed, where the sample was
oriented with the glass side towards the laser. In this case the system of air-glass-Cr/Pd-
air can be viewed as exactly the four-layer system described by Equations The
transmittance of said system is therefore entirely described by

7_‘123(1 - ROI)

Fon) 6.3
1 — Ro1Ri23 (6:3)

To123 =
which will be used as a fit function for the following sets of data. Again, the complex
refractive index is assumed constant for all the samples of one material, while the thickness
is left an individual parameter for each sample. Again the results for the Cr samples are
shown first, although only the measurements for samples Crl and Cr3 yielded data suitable
for further use. For sample Cr2, a systematic error seems to have occurred, causing the
intensities to drop heavily around the peak region. The data for Crl and Cr3 together
with the fits is shown in Figure[6.11], the resulting fit parameter are presented in Table[6.4]

The fits demonstrate a similar behavior to the previous results. While the fit accurately
describes the general shape of the measured data, there are systematic errors at crucial
points. In Figure [6.11a] a deviation from the fit curve is observed around the peak re-
gion, similar to Figure [6.7Db Here, the measurement points drop just after the peak at
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Figure 6.11: Data and fits for Crl and Cr3. As a fit model Equation was used for both
at the same time, again with shared N but individual d and 8. The fit parameters are shown

in Table
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Table 6.4: Fit parameters for the three Cr samples. Parameters without index are shared
between both sets of data.

Parameter Value
n 2.83 £0.02
k 4.03 £ 0.01
d; (nm) 22.17+0.08
ds (nm) 20.78 = 0.16
01 (°) —1.524+0.03
05 (°) —1.74 +0.09
X?ed 3.3

approximately 70°, before converging again with the expected course around 80°. Ad-
ditionally, the fit deviates by a an absolute value of 0.1% at 0°. Figure describes
the low angles more accurately, although there is a slight structure within the residuals,
which remains below 0.1% in absolute value. Once again, the range from 70° to 80° shows
some discrepancies where the fit exceeds the transmittance measured by up to 0.3% at
maximum. The fitted parameters fall into a similar range as the previously fitted values
for these samples measured from the other side. The real refractive index n matches up
within the error range, while the extinction coefficient is close but smaller by around 0.3.
This, in turn, is reflected in a larger thickness estimate for d;, while d3 remains similar to
the previous measurement.

Continuing with the results for Pd1, Pd2 and Pd3 for this measurement setup. The data
sets together with the fitted model are shown in Figure [6.13] and the parameters resulting
from the fit are presented in Table for Pd1 and Pd3. These two sets of data were
fitted together with the data of the transmittance measurements of the same samples and
by using their fit parameters as starting values. Since the goodness of the fit, expressed
by the x24, has subsided a little in the process for the fits from the other measurement
their previously fitted results were shown before though. Also worth mentioning is, that
although the same sample fitted over multiple measurements is fitted with the same
thickness, the angle correction # was an individual factor for each sample. Pd2 was later
fitted in a global fit of all other measurements with Pd samples, including those shown in
the next subsection. The resulting fit parameter for Pd2 are shown in Table [6.12D]

The resulting fit parameters are very close to the ones found in the previous subsections
measurement setup if not concurring within the margin of error. In this case the quality
of the data seems to be a bit worse off, as can be seen as dent-like structures for Pd2
and Pd3 that are not foreseen by the model as the fit visualizes by showing only small
residuals with little structure from 0° to around 50°, but then losing track of the data
that loses intensity for a few angles before converging again after the peak at around 80°.
As for the resulting fit parameters the aforementioned from the previous measurement
of Pd samples applies: the fit results form a valid minimum, even if not at the expected
combination of parameters. On the other hand it was again not possible to find any stable
minimum for an extinction coefficient k around the region of Pd literature values.
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Table 6.5: Fit parameters for Pd1 and

Pds.

Parameter Value
n 1.96 4+ 0.01
k 4.60 £+ 0.02
dy (nm) 14.13 £ 0.09
d3 (nm) 14.23 £ 0.09
0y (°) —1.16 = 0.04
05 (°) —2.75 4+ 0.02
X12'ed 2'55

Figure 6.13: Measured Transmittance of the three Pd samples with the glass side facing the
laser. For the fit Equation [6.2| was used. Table [6.5] shows the fit parameter for Pd1 and Pd3,

the results for Pd2 are shown in Table I@l
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Table 6.6: Fit parameters for Pd2 resulting from a global fit over all Pd samples

Parameter Value
n 2.00 & 0.01
k 4.59 £ 0.02
dy (nm) 14.22 £+ 0.08
0y (°) —2.33+0.02
X?ed 3.55

6.4.3 Reflectance: Material facing the Laser

The measurements of reflectance came with the previously mentioned feature, that the
measurement needed to be split in two parts due to constraints from the three legged
hexapod, where one contained the small angles from 25° to 65° and the other contained
large angles from 63° to 85° after which it was not possible anymore to guarantee the
laser hitting the same spot on the sample anymore. The little overlap will show as places
in the plot with two data points. Since switching between the two possible angle ranges
is combined with a lot of physical and technical effort due to the spatial conditions in
the laboratory, it was decided to first conduct all measurements for small angles for all
six samples and only after switching the setup measure the larger angles. This had the
side effect and possible source of error, that every sample needed to be remounted once
in between small and large angles. This was not necessary for measurements of transmis-
sion, where for for the samples used here the beam path did not change while passing the
sample (0y = 03) for every angle, so the full range of angles could be measured in one run.
Additionally, since the rotation table is able to rotate 360°, it was possible to carry out
both directions of transmittance measurements right after each other, therefore enabling
to measure at the same point from the front and back. This was only roughly achievable
for the reflectance measurements.

In this case again, were the thin layer faces the laser source, a three-layer system is
assumed to begin with, leading to Equation This reflectance was extended by a
term that represents the first order of photons transmit through the thin layer, but get
back reflected at the following glass-air interface and then again transmitted through the
thin layer. Of course there could be multiple internal reflections in between the glass-air
and glass-thin layer interface, but the first additional term is already < 0.5- 1073 for the
entire range of angles, which allows to neglect them. This results in the fit model

Roi23 = Ro12 + Th12Ra23T 210, (6.4)

which will be used in the following data analysis for both types of samples.

Figure [6.15] shows the results from a combined fit of the three samples Crl, Cr2 and Cr3.
The fit parameters are shown in Table [6.7]

Although the fit resembles the data seemingly well around the region of the low point at
about 75°, a closer look at the details is mandated here. At low angles only the measure-
ment of the Cr3 sample shown in Figure aligns with the data in the region below 40°
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Figure 6.15: Reflectance measurements of Crl, Cr2 and Cr3 with the Cr side facing the
laser. The three sets of data were fitted together using Equation as a model with a shared
complex refractive index N, but with individual thicknesses for the thin layer and individual

angle corrections.
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while Crl and Cr2 exceed the theoretical expectation, even if only in the 1%-range, which
exceeds the statistical error estimations slightly. Further it is noticeable that the overlap
region of small and large angles does not match up perfectly. A smoother transition could
benefit the fit already in this range. The resulting fit parameters divert from the previous
results especially the real refractive index n, that is shared between all three samples
increased. The extinction coefficient k lies slightly below the expected value for Cr and
the previous fit parameters. The thicknesses of the samples differ immensely. To under-
stand the behavior of the fits parameters one can approximately imagine the extinction
coefficient and the thickness as acting like a simple factor on the reflectance, where both
a larger thickness and a larger extinction coefficient lead to a higher reflectance. The real
part of the refractive index on the other hand is anti-correlated to the reflectance and at
the same time shapes how sharp the drop to the minimum is, resulting in a very delicate
balance which makes it hard to find potential valid minima in the fitting method.

For the last measurement results the Pd samples are shown. Here the measurement for
the Pd1 sample showed an offset between small and large angles that made it impossible
to justify including it in the fit. Pd2 and Pd3 are shown together with the same fit model
as for the Cr samples before in Figure [6.16] with their final fit parameters presented in
Table [6.8] These resulted from a combined fit of these two data sets together with data
sets of the same samples for the transmission measurements using the same orientation
for the sample as in this setup. As previously done, all the samples share a complex
refractive index N, but also the samples of the same name share a thickness. Still every
sample has an individual angular correction.
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Figure 6.16: Data and fits for Pd2 and Pd3. As a fit model Equation was used for both.
The fit parameters are shown in Table @



6.4 EVALUATING R AND T' MEASUREMENT RESULTS 51

Table 6.8: Fit parameters for Pd2 and Pd3 from a combined fit of both together with
transmittance data from the same samples where the material faced the laser.

Parameter Value
n 1.98 +0.09
k 4.51 +£0.02

dy (nm)  14.3740.22
dy (nm)  14.50 4 0.22

6, (°)  —1.26+0.05
05 (°)  —1.7140.04
X?ed 2.0

The resulting fits show a similar picture than previously discussed for the Cr samples
in the same setup. While the center region of the plot is decently described there are
residual structures in the regions of lowest and highest angles. Here the offset in between
the small angle measurement and large angle measurement is also more visible, since the
large angle measurement was only started at 65° without an overlap. The resulting fit
parameters have already been discussed in the previous subsection, apart from the angle
offsets, that lie in an acceptable range.

6.4.4 Comparison to the Geant4 Simulation

Finally, some fit results have been reinserted into the Geant4 simulation of the sample, to
demonstrate the recreation of the data using the simulation environment. The parameters
used are shown in Table[6.9 The simulation was run for 10° events for each of the four
setups. The simulation was done for two samples, Cr3 and Pd3 and from both directions
for both. For the material side facing the sample, the reflectance of the sample is shown,
for the glass side facing the sample the transmittance to show both models for each ma-
terial. The resulting plots are shown in Figure As can be seen, the new simulation
resembles the shape of the fitted data, although there are small deviations again at very
large angles, that are mostly expected from previous comparisons from the simulation to
the theoretical expectations.

It was expected that the simulation matches better when the material side is facing the
photon source, since these simulations aligned very well in Figure [6.6] This was very
successful for the setup were the Cr3 sample faced the photon source with the material
side, as can be seen in Figure [6.17a], where the simulated data matches the theoretical
expectations for the properties derived from the fit for all angles. The simulation of
transmittance data for Cr yielded also a to be expected result, where the simulation

Table 6.9: Fit parameters inserted into the Geant4 simulation for Cr and Pd samples.

Parameter Cr Pd

n 2.80 1.98
k 4.03 451
ds (nm) 20.46 14.50
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Figure 6.17: Data and fits for Cr3 and Pd3 as previously shown in Figure[6.14c} |6.16b} [6.11b)|
and The fit parameters of each fit were used to create new Geant4 data that is shown
in the respective plot. Underneath the residuals show the difference between each data set
and the theoretical expectation.
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deviates from the theoretical result around the peak region by landing a bit over half a
percent higher than the expectations. It shall be noted that the errors appear large in
this plot due to the nature of Poissonian statistic at comparably lower countrates. The
results for the Pd results is insightful about the influence of the extinction coefficient and
the thickness of the thin layer. One needs to keep in mind, that the parameters found in
the minimum of the fit for the Pd samples fell below the expected thickness, but found a
higher extinction coefficient than expected. This seems to cause the simulation to deviate
more from the theoretical expectations for the reflectance measurement and led to a lower
transmittance that theoretically expected in the peak regions, that were previously not
perfectly aligned.
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7 Summary and Outlook

The aim of this work was to develop a deeper understanding of optical phenomena on
thin films and to further develop a model from this, which can then be implemented in a
Geant4 toolkit for the simulation of PMTs used in the development of optical models for
IceCube. The understanding of thin layers plays an essential part in the understanding of
the detection efficiency of PMTs and therefore the entire optical model. These implemen-
tations were compared with measurements involving suitable samples with thin optical
layers.

The possible behavior of electromagnetic waves reaching the glass shell of a PMT was de-
scribed in great detail in Chapter [3 where the importance of a complex consideration of
refractive indices and angles was derived through derivation of the reflectance and trans-
mittance of multi-layer optical systems. This involved starting at Snell’s law, that yielded
complex results for angles of transmittance, which later played an important role in trac-
ing the Fresnel coefficients at different interfaces inside a system. It was shown how these
also influence the film phase thickness of an optical layer and how it affects interference
effects inside a thin layer and how these affects the total reflectance and transmittance
of a system resembling the shell of a PMT. Lastly it was shown how one can describe a
multi layer optical structure involving a thin layer in different manifestations.

These derivations were implemented in the OMSim Geant4 framework, designed to simu-
late different kinds of PMTs that before this work had no special consideration of optical
effects inside layers as thin as a PMTs photocathode. It was shown in Chapter [4 what
changes needed to be made to the 0MSimOPBoundaryProcess class, to mimic the effects of
internal interference inside a thin layer in an environment that is not equipped to look at
more than a single photon at a time and a virtual setup was created to compare the sim-
ulation to real world measurements. It was shown in Chapter [6] that the results of these
implementations align with the theoretical expectations for the reflectance and transmit-
tance of an optical system containing a thin layer from either side. While the simulations
resembles the expectations very well for a setup with the photon source aimed at the
thin layer, the simulation slightly deviates from these at large angles around 70° when
the photons reach the glass side of the sample first. This leads to the conclusions that
certain effects of these optical processes are still left to be understood all-encompassing.
Especially the phenomena of imaginary angles and their effect on real physical quantities
like three-dimensional trajectories or probability of reflection or transmission should be
explored further. Equally desirable would be a deeper dive into the nature of film phase
thickness for layers that cannot be clearly defined into a thin or non-thin layer in order
to explore the behavior in these borderline cases. At this point, assumptions could be
used to build a bridge between models that explicitly describe thin layers and those that
are significantly thicker. Nevertheless, there is still no smooth transition between the
treatment of thin and thick layers, which would be conducive to a uniform consideration
of optical systems.
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As a final step, these changes to the simulation of photons at thin layers were compared
to six specially produced samples consisting of a 2mm thick glass slide on which a layer
as thick as 20 nm was vapor-deposited. Three samples were coated using Cr and the other
three with Pd. An initial characterization was performed using commercial setups as ad-
ditional possible reference. While helpful to understand optical effects and the handling
of sensitive samples these results were difficult to use as the exact software methodology
used remained unclear.

These samples were used in a setup equipped to perform optical measurements that were
also presented in Chapter 6] For each sample a measurement of reflectance and two
measurements of transmittance were performed and the results compared against the
previously derived theoretical expectations. It could be shown that the theoretical expec-
tations for the reflectance and transmittance of different optical systems can be used to
describe the data recorded in the measurements decently well. Otherwise the measure-
ments revealed many different ways for future improvement. Understanding the expected
behavior of the measured quantities for different configurations of the samples’ optical
properties and the systems setup, it is possible the focus the measurement more strongly
on characteristic parts of the angular spectrum of either reflectance or transmittance. A
key starting point should be a system that ensures measurements at a constant sample
thickness at all times. This involves a thoughtful preparation from production to storage
and prompt measurement to not influence the thin layer physically as well as choosing
a setup that takes data at characteristic points without mounting and dismounting the
sample. Further, it could be promising to measure an optical system like this in a way
that does not involve air as a first layer, but for example a gel or water, both of which
have a refractive index closer to glass, which allows for optical phenomena like total in-
ternal refraction, that do not occur in this setup. Another interesting feature could be a
construction that allows the moving arm of the first diode to be computer-controlled, so
that the laser is guaranteed to reach it fully at all times. A solution to the problem that
the laser cannot reliably image angles greater than 85° would also be of great value.

In summary, it can be said that research into optical phenomena on thin films has not
yet been fully completed and that there is plenty of scope for further projects. In partic-
ular, the real effects of imaginary angles could make a valuable contribution to a better
understanding and more precise imaging of optical systems as described here, especially
due to the widespread use of PMTs in various fields of application in particle physics as
well as others.
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