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“There is a way out of every box, a solution
to every puzzle. It’s just a matter of finding it.”

Jean-Luc Picard



1 Introduction

After photons, neutrinos are the second most abundant particles in our universe. Their
origins are diverse: From terrestrial sources over atmospheric decays, to solar radiation,
supernovae, galactic and even extra-galactic objects. Here on Earth, over seventy billion
pass through an area the size of a thumbnail every second.

And yet one can not tell they’re even there.

The reason lies in the fact that the most valuable quality of neutrinos is also their biggest
flaw. They can travel incredibly large distances directly from their origin to Earth without
being influenced or deflected by cosmic dust, magnetic fields or radiation of any kind, which
makes them ideal astronomical messengers. Neutrinos can help us to look inside cosmic
objects like no other particle could. This awards them an inestimable value for astronomy.

But, on the other hand, this quality obviously makes them hard to catch - and all the
precious information they may carry with them.

Yet with large-volume detectors around the world, researchers managed to actually mea-
sure neutrinos, even galactic and extra-galactic ones. The IceCube [1]] experiment with its
1km? detector volume and over 5000 optical sensors deep in the antarctic icecap is cur-
rently by far the biggest of these experiments. But due to a lack of statistics, even IceCube
has not been able to achieve one of the major goals of neutrino astronomy: To locate the
sources of these neutrinos.

This provides the motivation for a ‘next-generation’-IceCube: The future project IceCube-
Gen2 [2]], which includes an up to ten-times larger instrumented volume and more sensitive
optical sensors, is supposed to put neutrino astronomy to the next level by finding point
sources of high energy neutrinos.

The IceCube group in Miinster is working on an upgraded optical sensor for IceCube-
Gen2: The Multi-PMT digital optical module, or short mDOM [3, 4]]. The mDOM includes
24 photomultiplier tubes (PMTs) which will be the ‘eyes’ of the detector: They are capa-
ble of detecting even the smallest amounts of light the neutrinos produce in the ice. That
means having a full understanding of the PMTs and their optical and physical properties is
crucial for the mDOM project and thus for the whole IceCube-Gen2 experiment. This thesis
contributes to the understanding of these highly sensitive devices by developing a test stand
to investigate the PMT’s optical properties with a focus on quantum efficiency. The detailed
description of the test stand design, setup, and commissioning, as well as initial quantum
efficiency measurements, is the content of this thesis.



Neutrinos

2 Neutrinos

This chapter will give an introduction to neutrinos, their historical background in research,
their place in the Standard Model of particle physics and a description of the ways they
interact with matter. More information on these topics can be found in [/5], which the
explanations in this chapter are based upon.

2.1 Fundamentals and historical background

All matter - the one that we can see and feel, but also the one that is concealed from our
direct perception - is composed of elementary particles, which are specified in the Standard
Model of particle physics. The quarks, drawn in purple in figure are the building blocks
of neutrons and protons. Together with electrons, these form the elements we and our
surroundings are made of. Electrons belong to the family of leptons (green in the picture),
which they share with muons and taus. These three leptons are electrically charged, but they
each have a neutral counterpart - the neutrinos. The neutrinos come in three different so-
called flavours which are named after their corresponding counterpart in the lepton-family:
The electron neutrino v,, the muon neutrino v, and the tau neutrino v.. For every quark
and lepton there is an antiparticle of identical mass but with opposite electrical charge.
There is another group of particles in the Standard Model, the gauge bosons. These are
the force carriers of the four fundamental interactions that ‘keep everything together’: The
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Figure 2.1: The Standard Model of particle physics with all elementary particles that form matter
(fermion generations), the gauge bosons of the four fundamental interactions and the Higgs boson.



2.2 Neutrino interaction and detection principle

massless photon for the electromagnetic force, the massless
gluons (there are eight of them) for the strong force and the
massive Z° and W= bosons for the weak force. The also mas-
sive Higgs boson, which is associated with the mass of other
elementary particles via the Higgs mechanism, is drawn in
blue[T]

Let us have a closer look at neutrinos. They were postulated
in 1930 by Wolfgang Paulﬂ after physicists had been puzzled
by the continuous spectrum of the beta minus decay, which
meant that there had to be a third, so far unknown, very
light (or massless) neutral particle that took away some en-
ergy from the otherwise discrete spectrum. These particles
were named neutrinos. According to the Standard Model,
the neutrinos are massless. However, nowadays the scientific
consensus considers them massive, though the exact masses
are yet unknown. The Nobel Prize in physics was recently
awarded to Takaaki Kajita and Arthur B. McDonald for the
discovery of neutrino oscillation, which proves that the neu-
trinos are massive [|8]. One attempt to measure the actual
neutrino mass of the v, is the KATRIN experiment in Karl-
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Figure 2.2: Neutrino fluxes originat-
ing from the cosmological background
radiation, the sun, super novae (SN),
the Earth atmosphere and active galac-
tic nuclei (AGN) for different neutrino

§ruhe ‘[9]. Its model-mdepgndent measurement‘techmque energies [5] (p. 104).
investigates the very end point of the above mentioned beta

minus decay spectrum to determine or further improve the

limit of the neutrino mass.

2.2 Neutrino interaction and detection principle

Cosmic neutrinos are produced in a variety of different sources and processes, so they come
with very different energies. An overview of the neutrino fluxes for different energies is
given by figure Supernovae occasionally bombard the Earth with neutrinos, the nu-
cleosynthesis reactions in the Sun are responsible for the solar neutrino flux, and cosmic
particles that hit the atmosphere generate particle showers which produce atmospheric neu-
trinos, and still others can be found in the cosmological background radiation. The neutrinos
with by far the highest energy, however, are produced by special galactic and extra-galactic
sources.

These latter neutrinos are the objects of interest for high-energy neutrino astronomy.
Their sources can be objects like super massive black holes or active galactic centres, which
thrust extremely powerful cosmic jets into the space around them. Inside these jets, the
high-energy neutrinos are generated in particle acceleration processes illustrated in figure
2.3l

Charged particles like protons or electrons generated in such objects are deflected by
cosmic magnetic fields, so they can not be traced back to their origins once they reached
Earth, which disqualifies them as tools to find their sources. So photons are the obvious
choice for finding them - but they can be absorbed or scattered in interstellar media. They
can not provide information about the inside of their source and their generating process is

!The theoretical discovery of the Higgs boson was awarded the Nobel Prize in physics in 2013 [6]].
2Not published until 1934 [7]].



Neutrinos

not unambiguous, since they can be produced in leptonic and hadronic acceleration [[10]].
The neutrinos, however, are ideal astronomical messengers: Carrying no charge, they hardly
interact with matter, and are not influenced
by magnetic fields, cosmic dust or radiation of
any kind, that could distract them from their
course. They are pervasive enough to allow
us to ‘look inside’ the astronomical objects they
originate from. Furthermore, they are ‘smok-
ing guns’ for hadronic accelerations as the only
processes capable of producing such neutrinos
[11]]. This is the reason for their present-day
astrophysical significance. [[5, [10]

This unfortunately also means that neutri-
supermassive nos are very hard to measure. Although the
black hole or AGN 155 section of a neutrino interacting with mat-
ter increases with neutrino energy [11]], the
neutrino flux decreases, as can be seen in fig-
ure [2.2] This is why high-energy neutrino as-
tronomy needs huge detector volumes.

shock fronts

ambient photons oF
synchrotron photoni

So how are neutrinos measured after all? As
mentioned before, they carry neither electrical
nor colour charge, which means they can only
interact gravitationally or weakly. Since gravi-
tation can be neglected as the weakest of all the
forces, the only way to ‘find’ a neutrino is if it
produces charged secondary particles in weak
interaction channels. The gauge bosons of the
weak interaction are the W+, the W~ and the
Z° bosons. As the superscripts indicate, the W
bosons are electrically charged and the Z boson
is neutral. Therefore the weak interactions are
distinguished as charged current (CC) or neu-
tral current (NC) interactions, respectively.

The neutrinos of interest for high-energy
neutrino astronomy usually have energies from some GeV to several PeV. In this energy
ranges, the main interaction channel for neutrinos with matter is deep inelastic scattering
with nucleons. It can occur in a charged or neutral current interaction [[10]:

v+N—-v+X (NC), »+N-—-I+X (CQC) 2.1)

jéts beamed to Earth

the black hole

Figure 2.3: Neutrino generation in cosmic jets, thrust
from astronomical objects like supermassive black holes
or active galactic nuclei (AGN) [5]] (p. 74).

where the v, represents a neutrino (or anti-neutrino) with flavour [. N can be a proton or
neutron. On the right-hand side of the reaction stands either a neutrino (or anti-neutrino)
with the same flavour (NC) or the corresponding charged lepton (CC) plus X, which can be
several hadronic particles or even a hadronic cascade. Examples for the reactions in (2.1
are shown in figure

Neutrinos can not be measured directly. What can be measured, however, are the secondary
leptons produced either directly in CC reactions or indirectly in NC reactions due to hadronic
showers.



2.2 Neutrino interaction and detection principle
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Figure 2.4: Schematic diagrams of reactions describing deep inelastic scattering of high-energy
neutrinos with nucleons. (a) shows an NC reaction where a neutrino of flavour [ scatters off a
nucleon exchanging a Z° boson. (b) - (d) show CC reactions for the flavours e, u and 7 separately.
In all three CC reactions the exchanged charged W* boson causes a transformation of the scattered
neutrino into its corresponding lepton. All reactions are valid for the respective anti-neutrinos. Taken
from [[10]] and modified.

These charged particles are measurable due to the Cherenkov
effectEL which is explained in the following:

In a vacuum, no particle can move faster than light. In
a medium with a refractive index of n however, a particle’s
velocity v can in fact exceed the light velocity c, inside the
material (where c is the speed of light in vacuum) [5] (p.
56):

article trajector
P jectory Cherenkov ring

c
V=, = —

n Cherenkov cone

If this is the case for a charged particle, it emits Cherenkov
radiation. To be exact, it is not the particle itself that gener-
ates the radiation but the induced electric dipole that is mov-  Figure 2.5: Cherenkov cone along the
ing along with it: Every charged particle that moves through trajectory of a fast moving charged par-
a medium polarises the surrounding material. This polarisa- ticle in a medium [5] (p. 56).

tion is usually symmetric, so that the radiation emitted by the

resulting moving dipole disappears in destructive interference. If however, the polarisation

is not fast enough to ‘follow’ the fast particle anymore, it is asymmetric and the radiation
becomes measurable. The Cherenkov radiation is emitted in the direction of travel with an

angle of
1
¢. = arccos (—) ,
np

with B = v/c. This angle is about 1.4° in air [5]] (p. 55) and about 40 ° in ice (for a refractive
index n;,, = 1.3 [[13]] (p. E-377) and 3 ~ 1). The relativistic charged particle therefore
generates a so-called Cherenkov cone (which can be roughly compared to a Mach cone),
that results in a Cherenkov ring in the detector plane, see figure Since the produced
photons move relative to the particle trajectory, the original particle direction or the location
of the particle source can be reconstructed measuring the Cherenkov light.

Cherenkov medium

3Discovered by the then PhD student P A. Cherenkov in 1934 [[12]].

5



The IceCube and IceCube-Gen2 neutrino telescopes

3 The IceCube and IceCube-Gen2 neutrino telescopes

The IceCube experiment [[1]] is a neutrino telescope at the Amundsen-Scott South Pole Sta-
tion. With its 1km?® instrumented detector volume, it is currently the largest neutrino de-
tector on Earth. As you can see in figure the detector consists of over 86 stings that
are almost 2500 m long, with a total of over 5000 optical sensors (digital optical modules,
short DOMs) attached. All the strings together form the IceCube Array. The instrumented
volume is located about 1500 m beneath the surface.

The purpose of the IceCube Array is the detection of high-energy neutrinos. Although
IceCube is not designed as an high-energy detector exclusively: The sub-experiment Deep-
Core consists of 8 strings with a DOM- and string spacing optimised to detect neutrinos of
lower energy. A further sub-experiment of IceCube is the IceTop experiment located at the
surface, consisting of 81 ice tanks designed for detecting high-energy events while simulta-
neously functioning as a veto system against atmospheric muons [[14, 15, [10].

The Cherenkov light coming from the interaction of a neutrino with the ice in the detec-
tor is measured with the DOMs; one of them is shown in figure Each module consists of
a glass pressure sphere with 13inch in diameter. Inside each sphere the ‘heart’ of the mod-
ule is placed: The 10inch PMT, caged inside a shielding against magnetic fields. The upper
half of the sphere is taken up by the PMT electronics. The metal harness and three steel
cables attaches the module to the string, featuring a vertical inter-DOM spacing of 17 m.

° 8¢ g9%0 =

Figure 3.1: Energy deposition signatures caused by (anti-)electron neutrinos (left) and by (anti-)
muon neutrinos (right) in the IceCube detector. The DOMs are drawn as dots, where the size is
proportional to the amount of detected light. The colour code stands for time of detection (red:
early detection, blue: later detection). Pictures courtesy of the IceCube collaboration.

The different leptons generated in the neutrino reactions described in section pro-
duce different characteristic signals in the detector, which allows for the identification of the
neutrino flavour. Electron or anti-electron neutrinos following the reaction shown in figure
(b) induce shower signatures due to high interaction cross sections of the electron or
positron, where the energy is deposited almost at once resulting in a spherical signaﬂ Muon
neutrinos, on the other hand, travel long distances through the detector emitting Cherenkov

*The hadronic debris produced in the deep inelastic scattering reactions in figure can also induce
shower-like signatures.



light, which results in a track signature, ideal for direction-reconstruction of the responsible
muon neutrino. Examples of these two characteristic signatures are shown in figure (3.1
For more information see reference [[10]].

Finding point sources of high-energy neutrinos is the major goal of neutrino telescopes.
So far no experiment has achieved this. Figure shows what IceCube has measured
within four years, where the number of events are plotted against the neutrino energy.
The measured high-energy neutrino events to the right of the plot lie beyond any energy
the atmospheric background would cover, which is indicated by coloured and shaded areas.
This diffuse high-energy flux proves the existence of the powerful galactic and extra-galactic
sources, but is not sufficient to locate them.

A ‘next-generation’ IceCube is hoped to fulfil this purpose: The IceCube-Gen2 neutrino
telescope [2]]. It will be build around the current IceCube detector, including a new high-
energy array up to 10 times the volume of the IceCube Array, as well as further low energy
extensions. A picture of a possible configuration of the IceCube-Gen2 experiment is shown
in figure 3.5

Additional to the upgrade in terms of size, IceCube-Gen2 will also be equipped with more
sophisticated detector modules. The new high-energy array will contain about 15000 new
optical sensors that outclass the IceCube DOMs in many ways. Several approaches for such
new modules have been made so far, and it is not decided yet which will be implemented
in IceCube-Gen2. A promising candidate, however, is the Multi-PMT Digital Optical Module
that the Miinster IceCube group is working on, in cooperation with other institutes. This
new sensor module is described in the next chapter [4]].



The IceCube and IceCube-Gen2 neutrino telescopes
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Figure 3.2: Rendered image of the IceCube experiment. The 1km? of instrumented detector volume
include the high-energy IceCube Array, the low-energy extension DeepCore (green) and IceTop on
the surface. A total of over 5000 optical sensors (shown below) at 86 strings are deployed in the
detector. Picture courtesy of the IceCube collaboration (modified).

pressure sphere

base and

electronics Figure 3.3: Rendered image of The Ice-

Cube DOM. It consists of a glass pressure
sphere with a 10inch PMT in the lower
half. The upper half contains readout
electronics. Steel cables attach the mod-

magnetic
shielding

ule to the string. Picture courtesy of the
IceCube collaboration (modified).
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Figure 3.4: Four years of IceCube data. The number of measured events is plotted against their

energies. High-energy events are to the right of the plot. The grey and dashed-grey lines indicate
two different fits to the data.
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Figure 3.5: Rendered image of a possible configuration of the IceCube-Gen2 experiment. It will
cover the IceCube Array (red), the DeepCore extension (green) as well as IceTop (red) with its ten-
times bigger detector volume. Picture courtesy of the IceCube collaboration (modified).



The Multi-PMT digital optical module

4 The Multi-PMT digital optical module

In contrast to the original IceCube DOM which is shown in figure the Multi-PMT DOM
or short mDOM contains not only one but 24 PMTs, as can be seen in figure (13} 4]].

The glass pressure sphere with 14inch in diameter is slightly larger than the IceCube
DOM. The 24 PMTs are mounted in a 3D-printed plastic holding structure where a reflec-
tive cone is attached around each PMT to increase the photosensitive area of the module.
An optical gel between the holding structure and the glass sphere reduces the refractive
index difference, acting as an optical bridge to prevent total reflection. The PMT bases and
electronics are located on the equatorial plain and in the centre, beneath the PMTs. As you
can see in figure |4.2] very little space is left for wiring and other electronics, so all parts of
the module have to be coordinated with each other very carefully. To gain some vertical
space, the pressure sphere of the mDOM is therefore not completely spherical but slightly
cylindrical. Making the mDOM a little wider in radius is not possible, because drilling wider
holes in the ice would involve an extreme increase of costs.

The mDOM outclasses single-PMT DOMs in two major aspects. One of these aspects is
the effective area, which is defined in [[10] and can be interpreted as the equivalent geo-
metric area of the device assuming 100 % efficiency. For up-going light (the bottom of the
module is illuminated), the original IceCube DOM or the PDOIVJE have a high effective area
since this is the direction the PMT is facing. For different illumination angles though, the
effective area rapidly decreases, towards almost zero for down-going light. The new mDOM
on the other hand has a homogeneous effective area for all incident angles, due to its 24
PMTs that are facing all directions. Reflective cones around all PMTs further increase the
mDOM'’s effective area. Figure shows a visualisation of the effective area of the mDOM
and the PDOM. For a detailed investigation see [[10]].

0 15 30 60 75 90 105 120
effective area [cmz]

Figure 4.1: The effective area of the mDOM vs the PDOM [[10]].

The other aspect where the mDOM is superior to the single-PMT DOMs is in terms of di-
rectional information. When the mDOM is hit by light, it is most likely that not only one but
several of its PMTs detect photons. By analysing the signals in terms of time and amplitude,
the direction from which the light most probably came can be determined, with just one
detector module. The Multi-PMT design theoretically allows for a rough directional recon-

>The PDOM is another IceCube-Gen2 optical sensor candidate which is very similar in design to the IceCube
DOM, featuring one single 10inch-PMT looking downwards [[17]].
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struction of even single photons. With single-PMT modules, the precision of any directional
information is limited to the large field of view of the PMT.

Being the detector’s ‘eyes’, it is important for the IceCube-Gen2 experiment to have a com-
plete understanding of its optical sensors. Therefore an in-depth study of the PMTs is crucial.
The next chapter will give a detailed introduction to PMTs and their features and properties.

Figure 4.2: (a) Rendered image of the mDOM w

penetrator (read-out & power supply)

pressure vessel

‘@

holding structure

—— PMT

—— reflector

main board

(b)

ith 24 PMTs inside an almost-spherical pressure

vessel. (b) Exploded view of the mDOM. The PMTs are mounted in a plastic holding structure. All
electronics is located on the main board and beneath the PMTs. The reflectors are for increasing the

effective area (explanation in the text). Pictures co

11

urtesy of the Miinster IceCube group.



Photomultiplier tubes

5 Photomultiplier tubes

This chapter provides an overview over the most important PMT components and their
functionalities, based upon references [[18, [19]]

5.1 Setup and operating principle

In principle, one may think of a PMT as a light bulb shaped deviceﬂ that collects light and
transforms and amplifies it into a measurable electrical signal. The essentials of a PMT are
the photocathode which transforms light into electrons, a structure of staggered electrodes
called dynode system, and the anode where the signal is picked up; all housed inside an
evacuated glass tube. Figure shows a scheme and a photograph of a PMT that will
be used in the mDOM. The components mentioned in the picture will be explained in the
following.

For this work, the most important PMT component is the photocathode. It is located on

~_window

\ — photocathode

~ focusing
electrode

first dynode
multiplier

|~ anode / 'a i -
PRy r |

pumping R W)
|

stem

- base

| — |

Figure 5.1: Scheme and photograph of a photomultiplier tube from Hamamatsu, model R12199-
02, that is used in our experiments. The inner structures of the PMT are enlarged and modified in
the scheme for better visibility. An accurate technical drawing of the Hamamatsu R12199-02 can be

found in section

There is a great variety in shape and size of PMTs actually, but in further sections it will be focused on the
type used in our experiments.
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5.2 Operation modes

the inside surface of the glass window at the very top of the tube. The window material
limits the wavelength range of the PMT on the ultraviolet site of the spectrum. Here, it is
borosilicate glass with a cutoff-wavelength at about 300 nm. Figure|5.2|gives an overview of
the spectral transmittance of different window glass materials. A photon that enters through
the window can be reflected, transmitted or absorbed in the window or photocathode. If
it is absorbed in the latter, it deposits its energy in the cathode material and releases a
primary electron due to photo-emission. The cathode material limits the wavelength range
of the PMT on the red site of the spectrum. For the blue-sensitive standard bialkali (KCsSb)
photocathode in the PMTs used in our experiments, this limit is at about 700 nm, as is
investigated in section[8.2] The optical properties of the glass window and the photocathode
as well as its quantum efficiency as a main characteristic are discussed in detail in chapter
el
Photoelectrons from the photocathode get ac-

celerated towards the focusing electrode and first 1o

dynode. The purpose of the electrode is to shape 7 (77 /
the electric field so that all primary photocathode — /
electrons are focused onto the first dynode, inde- / /
pendent of their starting point and velocity. E TN ANSMITTING

From here, the primary electron(s) reach the fzf o ( or. GLASS BOROSILICATE_|
multiplier system. The multiplier consists of sev- = . . _OLASS =
eral staggered electrodes - the dynodes. They can E [ SAPPHIRE | {SYNTHETIC

be arranged in several different ways. The PMTs
used in our experiments have a combination of the
box-and-grid and linear dynode configuration. For
detailed information on multiplier geometries see e — —
reference [[19]. The photocathode, the focusing WAVELENGTH (nm)

electrode and the anode as well as the dynodes are
supplied by a voltage divider. Between the cath-
ode and the anode an acceleration voltage is ap-
plied, which is divided in the multiplier system so
that from one dynode to the next there is a respec-
tive potential increase that accelerates the electrons onto the following dynode, as visualised
in figure As the name implies, the multiplier does not only accelerate the electrons, it
also multiplies them. Each dynode both ‘collects’ and ‘produces’ electrons: When the pri-
mary electron hits the first dynode, it releases several secondary electrons due to secondary
emission whose number depends on the initial energy of the primary electron. This goes on
for each dynode in the system.

The electrical signal of the electrons that reaches the anode, can be read out with the
base of the PMT. The design of the base determines whether this signal is a voltage pulse or
a photocurrent (see next section). The signal amplitude is proportional to the light intensity
of the incident light.

Figure 5.2: Different window glass materials and
their spectral transmittance. Taken from [[18] (p.
37).

5.2 Operation modes

As mentioned in the last section, the charge in form of electrons that arrives at the PMT
anode can be read out either as a current or as a voltage signal. Therefore PMTs have two
operation modes called the current mode and the pulse mode.

13



Photomultiplier tubes
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Figure 5.3: Scheme of the dynode system
and voltage dividing in a PMT. A primary elec-
tron is released from the photocathode (top),
is focused to the first dynode by the focusing
electrode and produces secondary electrons.
Each secondary electron is multiplied due to
secondary emission as it travels from dyn-
ode to dynode, where the voltage divider sup-
plies an acceleration potential (Vy, Vs, ..., V)
between each two dynodes. The secondary
electrons then finally reach the anode (bot-
tom), where the electric signal can be mea-
sured.

When operated in current mode, the charge that
reaches the anode is measured by an ampere meter. This
is done by integrating over all charge signals that arrive
within a certain time window, which results in a current
value. This mode is useful for very high-frequency sig-
nals or when knowledge about the single pulses is not
necessary, as in the case of quantum efficiency measure-
ments.

In pulse mode, the charge is measured by an oscillo-
scope, where it is applied to an internal resistor which re-
sults in a voltage value. This mode is used for analysing
single pulses, for counting single photons or when a very
low-frequency signal is expected.

These above described methods are for measure-
ments with single PMT in test environments; for PMTs in-
stalled in the actual mDOM, the data acquisition is more
complex.

5.3 Gain and collection efficiency

The multiplier system provides a well-defined gain to the
photocurrent. This gain can be expressed by the product
of the coefficient of secondary emission 6 of the dyn-
odes, which depends on the dynode material, and the
collection efficiency k of the interdynode spaces, which
is affected by the multiplier geometry [[19] (p. 1-12, ad-
justed in terminology):

N
G= l_[5iKi

i=1

Where N is the total number of dynodes in the multiplier. The collection efficiency is a char-
acteristic of the first dynode (in combination with a potential focusing electrode) and each
interdynode space in the multiplier system, and is defined by the ratio of the total number
of electrons and the number of electrons that are collected. For the focusing electrode that
would be the ratio of the number of primary electrons released at the photocathode and the
electrons that reach the first dynode; for an interdynode space between the two dynodes
d;_; and d; in the multiplier system that is the ratio of the number of electrons that are
released at d;_; and the ones that reach d;.

5.4 Dark current

Every PMT has a certain signal output even in absolute darkness. This signal is called dark
current (when operating in current mode) or dark rate (when operating in pulse mode). It
contains discrete as well as continuous parts. A continuous contribution is caused by the
so-called leakage current which is an ohmic charge flow at the anode or the pins. Discrete
contributions come from thermic or field emission of electrons inside the PMT, or from

14



5.4 Dark current

radioactive decays inside the glass tube. For other dark current related phenomena and a
detailed description see reference [[10].

The dark current or rate further depends on a number of environmental factors like tem-
perature, humidity and dust, but also light exposure of the PMT prior to the measurement.
The latter component decreases with time, so it is necessary to let the PMT ‘settle’ in a dark
environment before conducting a measurement. For quantum efficiency measurements, it is
sufficient to assume the other dark current components to be relatively constant since these
factors do not change significantly within measurement time. That means the dark current
can be seen as a constant background that simply has to be subtracted from the signal.
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6 Quantum efficiency of photomultiplier tubes

Not every photon that hits the PMT necessarily produces a photoelectron that may lead to a
measurable PMT signal. The ratio of the number of electrons emitted from the photocathode
n. to the number of incident photons n; is termed quantum efficiency or short QE:

ne
QE ==

n;

This ratio is influenced by several factors, like

* the composition of the photocathode material,
* the photocathode thickness,
* the shape and optical features of the glass window,

* and even the inner structures of the PMT, which are not directly connected to the PMT
front but contribute via light back-reflection ]|

To get a deeper understanding of the QE, it is useful to determine the degree of contribution
of each individual component of the list above. The theoretical investigation to this approach
can be found in section

So set aside the possibility that the photon gets reflected or absorbed in the glass window,
but reaches the photocathode. Here, three processes have to occur in order to convert the
incident photon into a photoelectron:

* Absorption of the photon in the photocathode where it produces an electron,
* diffusion of the electron through the material, where it looses energy,

* emission of the electron from the photocathode surface, which is only possible if the
electron has enough surplus energy left to escape. [[10]]

These three processes are visualised in figure

The QE is affected by the wavelength and therefore is usually defined for monochromatic
light. For PMTs with a standard bialkali KCsSb photocathode used in our experiments,
the quantum efficiency for central illumination with normal incidence usually lies around
25% for the peak wavelength of about 390nm. It further depends on properties of the
photocathode, like thickness and material. Therefore it may be useful to express the QE in
terms of the three processes listed above[20]:

QE(A': 9) :A(A, 9) : pconv(l) (6.1)

The coefficient A(A, 0) is termed the absorption coefficient of the photocathode and rep-
resents the first process. It depends on the wavelengths and incident angle of the light.
P...,(A) is the conversion coefficient and includes the second and third process; its wave-
length dependence issues from different surplus electron energies that may or may not be
sufficient for escaping the photocathode.

The focus of the initial measurements in this thesis are the wavelength-, angular- and
position dependence of the QE.

’Note that for the QE it does not matter whether an electron that escapes the photocathode actually leads
to an avalanche in the multiplier system or gets ‘lost’ on its way. These cases are covered by the collection
efficiency, see section 5.3}
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6.1 Measurement principle

6.1 Measurement principle

The photocathode is evaporated to the inside of the glass
window of the PMT. It would vaporise instantly as soon as
the vacuum inside the PMT is damaged, so it is not possible
to access the photocathode material directly. This makes it
a lot more complicated to examine features like thickness,
uniformity or quantum efficiency.

The only way to examine the photocathode features is
with light. In terms of the QE, this is done by illuminating
the photocathode through the glass window with a narrow
and stable beam of light. The output photocurrent of the
PMT can then be compared to the current the light produces
in a reference device like a calibrated photodiode (PHD).
The ratio of the PMT current Iy, and the PHD current
Ipyp, subtracted with the respective dark currents I 4, pyr
and I g,y pup, correspond to the QE. The PHD current has
then further to be divided by the PHD QE, which itself is
wavelength dependent. These relations are described by
the following formula:

Ionr — L gar
QE(A) = QEpp(A) - ==

Tppp —1 dark,PHD

(6.2)

To make sure the result of this process represents the ‘pure’
QE and does not contain losses from collection efficiencies
inside the PMT, there is a special operation mode for QE
measurements. A high voltage (HV) potential is applied be-
tween the photocathode and the first dynode of the multi-
plier, which is visualised in figure Though in this mode,
the multiplier system is shorted out, i.e. the focus electrode,
the dynodes and the anode all lie on the same potential.
This has the effect that every electron that escapes the pho-
tocathode can hit the inner structure anywhere inside the
PMT to contribute to the output. This obviously also dis-
ables the multiplication of the signal, which is why quite
strong illumination is used to get measurable signals that
have to be recorded with a picoampere meter.

The QE operation mode of the PMT works in both HV
polarisations. For negative operation, the photocathode
is connected to negative HV and the multiplier system is
on ground. For positive operation, the photocathode is on
ground and a positive HV is applied to the first dynode.

e

air/ ice photocathode | vacuum
Figure 6.1: Visualisation of a photon be-
ing converted into an electron inside the
photocathode of a PMT (grey). The three
important processes for conversion are the
absorption of the photon (left), the dif-
fusion of the electron inside the cathode
(middle) and its emission from the surface
(right). The glass window between pho-
tocathode and surrounding medium is left
out in this figure for simplification.

~—— multiplier

Figure 6.2: The QE operation mode of
the PMT requires a shorted-out multiplier
system. The potential that is applied to the
first dynode is the same as for the rest of
the multiplier system.

Theoretically, it is favourable to measure ‘how many electrons leave the photocathode’ with
positive operation instead of ‘how many electrons reach the dynode system’ with negative
operation, since in the latter one would have to account for potential losses of electrons on
their trajectories through the PMT. This hypothesis was tested in section [8.1

17
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6.2 Quantum efficiency calculations

Before making predictions about the QE, it is useful to recapitulate the basic principles of
light propagation in media. The knowledge of the basic optic laws and principles that are
content of the next section is very important for understanding PMTs and photocathodes
especially, which is why they are described here in some detail.

6.2.1 Light propagation in media

Many optical properties of the PMT components are described in terms of reflection and
transmission. There is a wide range of differing terminology used in literature, so at first
some terms have to be defined as they are used in this thesis, to avoid confusion. If not
denoted otherwise, all formulae are taken from reference [21]] (some are adjusted in termi-
nology to better fit into the context of this section).

* The amplitude reflection and transmission coefficients (or short just reflection and
transmission coefficients) of a bounding surface of two media are defined for parallel
(index p) and perpendicular (index s) polarised light, with respect to the plane of
incidence, as the ratio of the reflected (transmitted) wave E, (E,) to the incident wave
E,, respectively [21], 22] (pp. 40-41, p. 51):

Er Et
os = | o tp’s =| =
EO p,s Eo p,s

Both r and t can be calculated with the Fresnel equations, which are introduced later
in this section.

* The reflectance and transmittance are, in contrast to the reflection and transmission
coefficients, denoted with capital letters R and T, and defined by [21]] (p. 60):

E 2 2
RP,S = ‘(_r) :|rp,s| (63)
EO p,s
N.cosO. |/ E 2 N, cosO;
T, = Jo% (_t) ek NP 6.4)
’ N;cos6; |\ Ey/, Njcos6; ' ®

Where N, ; are the refractive indices of the media i and j, and 6, ; the angle of inci-
dence/ the angle of refraction, respectively, relative to the normal. Like r and t, R and
T hold for each polarisation of light separately. They are directly measurable entities
which makes them useful tools for characterising optical components. Together with
the absorbance A, they will later be referred to as ‘optical functions’.

Every medium is characterised by its complex refractive index [21] 22]] (p. 613, p.49)
N =n+ixk,

where the real part n stands for the refraction of light in the medium, and «, also called the
extinction coefficient, is proportional to the material’s absorption of light. Both n and k are
wavelength-dependent. For materials that are transparent and therefore nonabsorbent in
the considered wavelength range, like air or vacuum, the refractive index is real and N = n
applies; those are called dielectric media. For most materials, it is rather complicated if
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6.2 Quantum efficiency calculations

not impossible to predict the behaviour of N(A). In most cases N has to be investigated
experimentally (e.g. with a process called ellipsometryﬂ) for each wavelength. However,
for some media such as glasses, at least the real part n of the refractive index can be defined
by a function called the Sellmeier equation [23] (p. 10)

B, A%
2 =1+ 6.5
n“(A) mkz c (6.5)

where the material-specific coefficients B,, are dimensionless and C,, are usually given in
units of ym?.

In the picture of ray optics, light that impinges on the bounding surface of two different
media i and j is refracted following Snell’s law [21], 24]] (p. 6, p. 38)

sin(6;) ﬂ
sin(6;) Y

1

(6.6)

where 0; is the angle of incidence in the first medium and 6; the angle of propagation in
the second medium; both with respect to the normal. N; and N; are the refractive indices
of the first and second medium, respectivelyﬂ

The reflection and transmission coefficients of a bounding surface, as they are defined
above, can also be described by the Fresnel equations [21] (p. 40)

N; cos(6;) — N; cos(6;) N; cos(6;) —N; cos(6;)
Tiip = N; cos(6;) + N; cos(6;)’ T = N; cos(6;) + N; cos(6;) ©.7)
ty = 2N; cos(6;) = 2N, cos(6;) 6.8)
% Njcos(6;) + N; cos(6;) Y Njcos(6;) + N, cos(6;)

for parallel (index p) and perpendicular (index s) polarised light with respect to the plane of

incidence. The corresponding reflectance R;; ~and transmittance T;; are defined by ll
] p,s . P,s

and (6.4). For bounding surfaces of at least one absorbent material one has

R+T+A=1. (6.9)
with the absorbance A. For two transparent materials, simplifies to [21]] (p. 41)
R+T=1. (6.10)

At an optical interface where light propagates from a medium N; into a medium N;, total
reflection can occur if the angle of incidence 6; is larger than a certain critical angle 6. For
N; > N,, this critical angle is always 90°. For N; < N; however, 6, can be much smaller, as
visualised in figure where the reflectance is plotted against the incident angle of the
light with respect to the normal. The critical angle can be calculated with the formula

N;
6. = arcsin (—)
N;

according to Snell’s law. Total reflection plays an important role in investigating optical

8Ellipsometry is a procedure for optical investigations of thin layers by means of light polarisation [[20].

°In an optical setup consisting of m parallel layers of media with different refractive indices, the angle of
propagation 8,, in the last medium only depends on the original angle of incidence 6; in the first medium and
the refractive indices of the first and last medium N; and N,,, as can be verified with a simple calculation. This
phenomenon is important for understanding PMTs, where light has to cross several different layers including
glass, photoemissive material and vacuum (see figure .
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Figure 6.3: Reflectance at a bounding sur-
face of two materials with real refractive in-
dices n; 5. The plot shows the two situations
n; > n, (orange) and n; < n, (blue) for par-
allel and perpendicular polarised light with
respect to the plane of incidence. The critical
angles of total reflection for both situations
are marked with dashed lines.

properties of PMTs, especially if N > 1 holds for the sur-
rounding medium (like in ice or water). Furthermore,
some of the experiment components like optical fibres
are based upon this principle.

For two dielectric media, there is an incident angle at
which the reflectance of the parallel polarised wave with
respect to the plane of incidence drops to zero and only
the perpendicularly polarised wave gets reflected, as can
be seen in the plot. This angle is called Brewster-angle.
[24] (p. 231). For media with attenuation (x # 0), the
p-wave reflectance has a minimum at this angle but is
different from zero, so that the light only gets polarised
partly [21]] (pp. 41-43).

6.2.2 Optical properties of a PMT

All considerations made in this section, including its sub-
sections, are based upon the works of [21]] (pp. 61-
62, 324-325, 615-616, 629-633), [25]] (pp. 12-16),
[22] 20} 26]]. They will also be denoted as such in the
following.

The QE mainly is a photocathode property. However, the

photocathode is included in a system of four material layers (listed below), and light that
hits the PMT interacts with all of them. Most importantly, it has to pass the glass window
in order to reach the photocathode. So to get an idea of how the QE may behave concern-
ing different parameters like wavelength and incident angle of the light, we first need a
way to differentiate the optical behaviour of the photocathode from the optical behaviour
of the glass window. The three interesting optical functions for these investigations are
the reflectance R, the transmittance T and the absorbance A of the two components [[20].
All three functions are depending on the wavelength and the incidence angle of the light,
where the ranges of interest are 300 —700nm and 0 — 90°. The relevant media and PMT
components for the investigations are:

1. The surrounding medium (in the following denoted with medium 1), which is air in
my measurements and will later be ice when deployed in the actual detector""}

2. the glass window (medium 2) which in the following is the borosilicate glass BK7 by

SCHOTTM]

3. the photocathode (medium 3) which is a thin ﬁlnflz] of a potassium (K), caesium (Cs)
and antimony (Sb) alloy evaporated onto the glass window,

4. the vacuum (medium 4) inside the PMT.

10At least indirectly; the PMTs will be housed inside a pressure sphere which separates them from the ice.
Additionally they are surrounded by an optical gel to reduce refractive index differences.

UDifferent PMTs are manufactured with different kinds of borosilicate glasses. All borosilicate glasses have
very similar optical properties though, so it is justifiable to use the most common one for the calculations.

12For a definition of thin films see ‘Optical functions of the photocathode’ later in this section.
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Figure 6.4: (a) Refractive index N, = n, + ik, of the glass window plotted against the wavelength.
The blue curve shows the real part n, as calculated with the Sellmeier equation (6.5). The orange
curve shows the imaginary part k5. Values taken from [27]. (b) Refractive index N3 = nz + ik of
the KCsSb photocathode plotted against the wavelength. The blue curve shows the real part n, the
orange curve the imaginary part k5. Values taken from [28]].

This optical system of four materials is visualised in figure Note that the theoretical
investigations of the optical PMT properties are made for an hypothetical PMT with an ide-
ally clean, flat entrance window and a perfectly homogeneously distributed photocathode,
as well as a completely flat and homogeneous inner structure.

Refractive indices

To investigate the optical functions, one has to know the refractive indices N of each medium.
For air and vacuum, no absorption occurs in the wavelength range of interest, and we have
N,, =n;, = 1.0 [13] (p. E-381). The same is true for the glass window, although tech-
nically, glass is absorbent, but not to a noticeable degree except in the UV range. For our
wavelengths range of 300 — 700 nm, the extinction coefficient k, is effectively zero even for
the smallest relevant wavelengths, which is why N, = n, can be assumed. This is visualised
in figure where both n, and «, are plotted against the wavelength. The real part n,
can be calculated according to the Sellmeier equation (6.5) with the Sellmeier coefficients
taken from reference [27]]. As can be seen, n, changes very little over the whole wavelength
range. The data for x, was also taken from [27] and interpolated. Values for both indices
can be found in table in the appendix.

In the photocathode, the absorption plays a key role for the PMT functionality, and is
obviously not negligible. Neither the real nor the imaginary part of N; = n; + ix; were as
easily accessible as for the other components. Luckily, for our photocathode material KCsSb
it has been measured beforelr_gl in reference [20]] and corrected by reference [28]]. The values
were taken from [28] and interpolated, the result is shown in figure Both n4 as well
as k5 show large variations with A. Values for N; are also listed in table

13The knowledge of the composition and characteristics of commercially produced photocathodes is not
readily given away by the manufacturers, and usually has to be obtained with complex experiments like
ellipsometry [120]], see footnote
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Figure 6.5: (a) Scheme of the four layers of the PMT with light incident under an angle 6,. (b)
Infinite internal reflection in a conductive layer (N3;) between two dielectric media (n,, ny), which
represents the photocathode between glass and vacuum. The r, r,..andt, t, .. are the compo-
nents of the reflection and transmission coefficient of the layer, respectively.

Optical functions of the photocathode

The photocathode can be described as a thin conductive layer (CL) which is located between
two dielectric materials, glass and vacuum. A thin layer or film is a material coating with a
thickness of some nm up to several um which is evaporated onto a substrate [29]] (p.117).
For such thin films, calculating the optical functions is not trivial, especially if the material
is not dielectric as it is the case for photocathodes. So this section will provide a detailed
derivation based upon [21], 22} 20]].

Inside the conductive layer, theoretically an infinite number of reflections can occur,
which leads to an infinite number of reflected and transmitted light components, as indi-
cated by figure All the components that are reflected from the layer taken together are
described by the reflection coefficient r;, all components that are transmitted through the
layer (i.e. that come out on the other side) taken together are described by the transmission
coefficient t; . Three considerations have been made for the calculation of r; and tc:

1. The individual terms r, r, r , ..., t, t, t , ... of rq, and tq are the products of the ry;
and t;; which are the reflection and transmission coefficients at the bounding surface
of material i and j, that are calculated with the Fresnel equations and (6.8)). The
following relations are true for r;; and t;; in both absorbent and nonabsorbent media
[21]] (p. 324):

ij = T b

From this it follows for the reflectance:

r t 1—1r2 (6.11)

ji = ij

2 2
Ry =Ry = ry|" = |r (6.12)
2. The angles of refraction that are necessary to get r;; and t;; can be calculated from

medium to medium with Snell’s law, starting with the angle of incidence 6, = 6 as a
variable.

14For a definition of r and t as well as R and T see section
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3. Every traverse through the conductive layer results in a factor of e’ with the phase
difference [21] (p. 630)

p = ?Mcos(@)

where A is the wavelength of the incident light in vacuum and d is the thickness of
the layer. The exponent p also includes the attenuation with Nj.

Assuming that the materials are numbered according to the figure [6.5b] the above consid-
erations yield for the components of roy =r 471 +1 +..

_ r_ 2 "_ 2 4
r=Ty, I =lyT3e Py, T =tyry,e Pryts,

So r¢ becomes

Sl 2ip 2ip

- Ly3l3al'34€ Fa3 +T34€

TaL = Tag + togtanlaser - E rerie?? = ry+ — = —  (6.13)

— 2ip 1+ ry3ra,eP

=0 1 —rarsse 23734

with usage of the simple geometric series [25]
oo
a- E x" = x<1

n=0

in the first step, and the relations (6.11)) in the second step. Analogous for the transmission
coefficient:

tystsse’”
to = —224 (6.14)
1+ ry3r3,e?P

The reflectance and transmittance of the conductive layer are then obtained with formulas

(6.3) and (6.4) to
_ nycos(6,)

Re, =lral, a= |t l? . (6.15)

n, cos(6,)

Since the r;;, t;; and p are theoretically directly accessible, we are done with the prediction
of the optical functions of the photocathode with equations (6.15).

Nevertheless it might be interesting to have a closer look at R, and T, . Further studies
including the dependence on the photocathode thickness d are discussed in section[10.2]in
the appendix, which might also be helpful to understand the adaption of R, and T, to the

optical functions of the glass window investigated in the following section.

Optical functions of the glass window

The glass window, like the photocathode, can be described as a layer between two media (air
and the photocathode), which for now are both assumed to be dielectric. The absorption in
the glass is negligible, which is why

p= %nz cos 0, (6.16)
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is real and positive. With the glass as medium 2 between media 1 and 3 we then get:

(e ]
_ 2ip n .n ,2nip
Twin = T12F t1alalse E :r23r21e
n=0
2ip 2ip
t12l91723€ g+ Tp3€
= 1+ — = : (6.17)
1 —ry 1ryqe?P 1+ ryyryqe?P
If R, is calculated analogous to R in the previous section though, the resulting equation

does not represent the reflectance of the glass window correctly. We rather have to account
for the fact that the glass window is about 2 mm thick and thin layer optics does not apply
anymore [25]]. In thin layers, the light waves travel distances that are of the order of A.
On these scales the waves can be assumed to be monochromatic and coherent plane waves,
which make them interfere with one another. On larger scales this is not possible anymore,
because the light we use in the experiments is never ideally monochromatic and therefore
has a very limited coherence length. This can be accounted for by not obtaining the re-
flectance with R,;, = |r,,|* as it was done before, but by integrating |r;,|* as in (6.17)
over the bandwidth AA of the light source (following reference [25]]). This bandwidth is
assumed to be in the order of a few nm.

2
o
R _ 4ttt 2ip n ..n ,2nip dA
win  — I'ig + bty o€ Ty To3€

A — AX
oo o0
2 2 2 (e
= /{|’”12| + [t1ato1 ] [rasl ZZ(rmrzg)”(r;"lr;g)’"emp(" ™)
AL n=0 m=0

a

oo oo
* 2ip [ 2lip * ok ok ,—2Ip * ok Yk ,—2kip
1], t1ataToze E (rairas) e'P + ]t 150e (ry,ry5)"e ™)
k=0

=0

It is now convenient to resolve this rather complicated looking equation piece by piece. The
first term |rp,|* is independent of A. In the second term the e?*("™™ oscillate very rapidly
over the course of AA, and therefore average to zero for n # m. Only the factors withn = m
remain, which makes the exponent zero. The last two terms both average to zero for the
same reason. Then we have

o0 20 2
2 20, 2 2 2 |tiato [ [y
Ryin = |rial” + ltyato " |ras) Z|’”21’”23| =ttt
=0 1—[ryyras]
Ry3(1—Ry,)?
— R+ 23( 12) 6.18)
1—=Ry3R53

where in the last step the relations (6.11) and (6.12) have been used. Analogous for the

transmission:
o

_ ip n ..n ,2nip
twin = t1afo3e E :rzlrzse
n=0
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Optical functions of the PMT

To get the optical functions of the PMT as a whole, we have to combine the optical functions
of the glass window with the ones of the photocathode. This is simply done by replacing
the R,; and T,; in (6.18) and (6.19) with R and T :

R (1—Ry,)

R = Rj,+———"— (6.20)
PMT 12 1—R,Ry,
T, (1—Ry,)
Toyr = —cLh-  H2/ (6.21)
I—Ry3R¢y,

The absorption can then be obtained with to

APMT B ]. _RPMT - TPMT . (6.22)

Equations (6.20)), (6.21) and (6.22) are the optical functions of the PMT we have been look-
ing for. If we now want to compare the optical functions of the PMT as a whole to the optical
functions of the photocathode, it is useful to make a further alteration, though. Because for
plotting the optical functions of the photocathode, R; and T, are rather unsuitable repre-
sentations. It makes sense to only consider the amount of light that is transmitted through
the glass window and actually reaches the photocathode. This can simply be achieved by
multiplying R¢;, T¢;, and A with the transmittance T;, = (1—R;,), which is the percentage
of incident light that passes the first bounding surface of air and glass:

Rppe = (1 _Rlz)RCL
Tope = (1 _RIZ)TCL
Apyc = (1 _Rlz)ACL

This has the effect that all three functions drop to zero when drawn against the incident
angle of light 6 for 8 = 90°, because R,,(90°) = 100 %.

The wavelength dependence of the optical functions of the photocathode and the PMT are
shown in figure The PMT optical functions do not differ much from the ones of the
photocathode, which indicates that the photocathode is the optically dominant element of
the PMT. Furthermore, the optical functions follow more or less the curve (or inverse curve
in case of the transmission) of the refractive index of the photocathode, as can be seen when
comparing them to figure The reflectance resembles the real part n, of the refractive
index, whereas the absorption resembles the imaginary part x5, which also makes perfect
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Figure 6.6: The reflectance R, transmittance T and absorbance A of the photocathode (solid lines)
and the PMT as a whole (dashed lines) plotted against the wavelength A, with n; 4 = 1.0, ny = ny(4),
N3 = N3(A), 8 =0°, d =20nm. The optical functions of the photocathode have been corrected for
the losses at the glass window as explained in the text.

sense because nj causes refraction and k4 causes attenuation. The optical functions against
the wavelength for several different incident angles can be found in figures[6.8a}c.

The angular dependence of the optical functions of the photocathode as well as the PMT
are shown in figure The optical functions follow expected plateau-like curves. For the
PMT (dashed lines) at about 50°, the Fresnel reflection at the glass window comes into play,
which results in a steep rise in Rpyr and a decrease towards zero for the other functions.
The optical functions of the photocathode (solid lines) are corrected for these losses at the
window and therefore drop to zero, too, as explained earlier. By comparing the PMT and
the photocathode, it can be seen that the optical functions look almost the same for smaller
angles, which means that the photocathode dominates the optical functions of the PMT as
already indicated by figure until the Fresnel reflection of the glass window takes over.
For small angles altogether, the plot reveals a ‘reflection loss’ of 3.96 % caused by the glass.

The absorption of the PMT Ay, is about 0.3 % higher than the absorption of the pho-
tocathode Apy alone. This may seem puzzling at first, because the photocathode is the
only component of the PMT that is assumed to be absorbent. The reason is, however, that
the glass window gives the light that is first reflected at the glass-photocathode interface
(R,5) another chance to be absorbed in the photocathode by reflecting it back any number
of times. This effect is considered in Apy;r but not in Apyc.

The optical functions of the photocathode and the PMT against the incident angle are
shown again in figures[6.8alc, this time for several different wavelengths. Some remarkable
features can be seen especially in the reflectance plots. Some of the curves show a peak at
large angles right before dropping to zero, instead of the expected plateau-like shape. This
effect is noticeable especially for the smallest and largest wavelengths. It might arise from
the wavelength-dependent phenomenon of an in-part-polarisation at the Brewster-angle
(see section [6.2.1), but could not be investigated further in the scope of this thesis. The
absorbance curve mirrors this effect for A = 300 nm, which simply results from the large

26



6.2 Quantum efficiency calculations

100 ,
= Rpyc === Rpur R
80 Truc === Tpnr ]
§‘ Apne Apyir !
() ')
O
S 60 .
8 '
&) 4
é) 4
S 40 R
U4
[_| V4
> ol
o

20 ___,7'\

0 10 20 30 40 50 60 70 80 90
incident angle 0 [deg]

Figure 6.7: The reflectance R, transmittance T and absorbance A of the photocathode (solid lines)
and the PMT as a whole (dashed lines) plotted against the incident angle of light 6, with n; 4 = 1.0,
ny = 1.53, N3 = 2.25 + 1.52i, A = 400nm, d = 20nm. The optical functions of the photocathode
have been corrected for the losses at the glass window, which is why they drop to zero for 6 = 90°
as explained in the text.

difference of R and T for this wavelengths though. By having a close look at the plot and
recalling formula A=1—R—T, the shape of A can easily be comprehended from the shapes
of R and T. Later in the measurement of the angular dependence of the QE (see section
8.3), similar shapes will occur. However, they are assumed to mostly arise from other effects
(as will be explained there) and should not be confused with this phenomenon, which only
occurs for wavelengths not being investigated in the measurement

6.2.3 Wavelength dependence of the quantum efficiency

The QE is determined by the absorption in the photocathode which can be seen by recalling
formula (6.1)):
QE(A,0)=A(A,0) - P.,(A).

The conversion coefficient remains unknown for now, but A should at least provide a rough
prediction of the shape of the wavelength dependence of the QE. It is not enough though to
just take the absorption from figure The measurement (see section is assumed to
yield slightly higher values for the QE than shown in the figure (where we are ignoring P,
for a while). This is due to the effect of photons being transmitted through the PMT layers
including the photocathode and then being back-reflected from the inside metal structure
of the PMT. These photons get another chance of being absorbed in the photocathode. The
absorbance Ay, seen by these photons can be calculated the same way as for the incident

1>Measurements in wavelength ranges around 300 nm and 700 nm could not be further investigated due to
setup constraints, mostly a lack of statistics caused by unsuitable optical components as discussed in chapter

&

27



Quantum efficiency of photomultiplier tubes

30 fo———— R 60
"""""" PHC and PMTIreﬂ:ectance PHC and PMT reflectance”
540 nm R sl
50 znnbse®
40 9 [deg]

fraction of incident light [%]

fraction of incident light [%]

0
0 10 20 30 40 50 60 70 80 90 300 350 400 450 500 550 600 650 700
incident angle 0 [deg] wavelength A [nm]
(@)
90 90
300 nm PHC and PMT transmittance

N
[=INe]

[S )]
(=]

w e
[« =)

fraction of incident light [%]
N
(=}

PHC and PMT transmittance

S o O

o

o

fraction of incident light [%]
N w S g [«)) ~ 2]

0 T 6 [deg]
""" — 100  — 60.0
10 10 — 45.0 —— 80.0
0 0
0 10 20 30 40 50 60 70 80 90 300 350 400 450 500 550 600 650 700
incident angle 0 [deg] wavelength A [nm]
O]
60 60
PHC and PMT absorbance PHC and PMT absorbance
= 2. 50
- -
< <
= 2
- -
o =]
5 g
b= G 30
£ =
B 8
o g 20
L 3
- -
@ g 10
& &
0
0 10 20 30 40 50 60 70 80 90 300 350 400 450 500 550 600 650 700
incident angle 0 [deg] wavelength A [nm]
©

Figure 6.8: Prediction of the (a) reflectance, (b) transmittance and (¢) absorbance against the
incident angle 6 for several wavelengths on the left, and against the wavelength A for several incident
angles on the right. Shown are the predictions for the photocathode alone (solid lines) as well as
for the PMT as a whole (dashed lines), where in each plot same colours indicate same wavelengths/
same incident angles. With n; 4 = 1.0, ny = ny(4), N3 = N3(A), d = 20 nm.
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photons, but obviously with the reverse order of material The total percentage of ab-
sorbed light of the whole PMT is then given by the sum of Ay and Ay, multiplied with the
fraction of light that gets back-reflected, which is ~ 70 % of the light that gets transmitted
into the PMT according to reference [20]]:

At = Apmr T Aback * 0.7+ Tpyr

A.g, which is shown in figure next to Apyr and Ay, is the provisional prediction for
the shape of QE(A). The amount of back-reflected light probably deviates from 70 % for
different wavelengths. An even larger deviation will arise from the inhomogeneous inner
structure in ‘real’ PMTs in contrast to the ideal PMT on which base this prediction is made,
which is why the assumption of ~ 70 % for simplification is justified.

The result for QE(A) is shown in figure The shape of A, is relatively flat, so A
mainly follows the shape of Ay with a maximum value of ~ 65 % at ~ 380nm. Of course
A.g is an ‘incomplete’ prediction of the shape for the wavelength dependence of the QE, since
the conversion coefficient P, ,(A) is still not included. P..,,(A) can be found by measuring
QE(A) and comparing it to its prediction A4 with formula (6.1)):

_QE(A,0)

P.n(A) = .
conv( ) Aeff(),,e)

(6.23)
The measurement to investigate QE(A) and P,,,(A) can be found in section

6.2.4 Angular dependence of the quantum efficiency

For the prediction of the angular dependence of the QE, it is, like in the previous section,
not enough to just take the absorption from figure The back-reflection of photons from
the inside of the PMT has to be taken into account here as well. The result is shown in figure
As can be seen with Ay,., about 8% of the incident light gets absorbed again. A
as the sum of Apyr and Ay, is the prediction for the shape of QE(6). Its maximum value
is ~ 65% for small angles. Again, A4 is an ‘incomplete’ prediction, because P, is not
included here as well. But since P,.,, is independent of 6, A ¢ has to be simply multiplied
with a constant factor for the respective wavelength, according to formula (6.1). When
P...,(1) has been obtained in the wavelength dependence measurement in section Ass
can be corrected to provide an absolute QE(60) prediction. The measurements of QE(6) can
be found in section [8.3]

16The inside metal structure is here assumed to be flat, so that the ‘incident angle’ with which the photons
hit the photocathode from the inside equals the refraction angle in the vacuum which can be calculated with

Snell’s law .
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Figure 6.10: The effective absorp-
tion of the PMT (purple) against
the incident angle 6. It consists of
the PMT initial absorption (dashed
green) plus the absorption of the
back-reflected light from the inside
metal structure of the PMT (dashed
grey). A predicts the shape of
the angular dependence of the QE.
The following parametrisation was
used: ny 4 = 1.0, np = 1.53, N3 =
2.25 + 1.52i, A = 400nm, d =
20 nm.
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Figure 6.9: The effective absorp-
tion of the PMT (purple) against
the wavelength A. It consists of
the PMT initial absorption (dashed
green) plus the absorption of the
back-reflected light from the inside
metal structure of the PMT (dashed
grey). Agg roughly predicts the
shape of the wavelength depen-
dence of the QE. The following
parametrisation was used: n;4 =
1.0, ny = 1.53, Ny = 2.25 + 1.52i,

700 6 =0° d=20nm.
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7 Setup and commissioning of the QE test stand

With the QE test stand, three different characteristics were to be investigated for the time
being:

* The wavelength dependence of the QE, where a PMT is illuminated at the centre
point of its photocathode. The light source is tunable, so that the output current can
be acquired as a function of the wavelength.

* The angular dependence of the QE, where a PMT is illuminated at the centre point of
its photocathode. While the PMT is being rotated to change the incident angle of the
light, the output current is recorded as a function of this angle.

* The photocathode position dependence of the QE, where a PMT front is scanned in
two dimensions with a well defined light spot, and the output current data is acquired
as a function of the light spot coordinates on the PMT surface.

Several pieces of hardware had to be designed and built for these measurements, and some
existing devices had to be altered. They were composed into complex setups, that together
form the QE test stand. The design, functionality and commissioning of the individual de-
vices are described in the following sections, as well as features and properties of other
important measurement components and the test stand as a whole.

Most of the technical devices of the QE test stand are controlled remotely. Almost all
of these controls were programmed as a part of this thesis. They were combined into a
Python script that in the following is referred to as the QE test stand Python script. The
basic controls of the individual hardware components consist of a set of (sometimes more,
sometimes less simple) module control functions prescribed by the manufacturers, which
will not be discussed in the following. The more interesting scan routines which rely on the
combination of all these hardware controls are described in detail in chapter

7.1 The Blackbox

PMTs are extremely light-sensitive. They are designed to detect the smallest amounts of
light, even single photons. So any measurements concerning PMT characteristics have to
take place in absolute darkness. This is achieved by performing the measurements inside
the so-called Blackbox where no light can reach the setup components.

The Blackbox that was built for the QF test stand is a 2 x 1 x 1 m® dimensioned wooden
box with an especially light tight design. The contact surfaces of two panels are potential
light leaks, so they are not just screwed or glued together, but have several interlocking
step-like tiers. The front wall features two removable doors. Since removable parts are
always a risk in terms of light tightness, the doors can be covered with a black blanket from
the outside, as can be seen in figure The box is painted black on the inside, so that
light that may enter gets absorbed as soon as possible. On both sides the box is equipped
with so-called photon mazes that are also shown in figure Those are maze-shaped
anodised aluminium tunnels, through which cables can be laid from the outside into the
box. Cables can be bent along the maze, but light moves straight-line and gets blocked. The
more bending-sensitive optical fibres are fed through an opening in one of the side panels.
The monochromator (see section also has a dedicated feed-through located next to
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Figure 7.1: Left: The Blackbox of the QE test stand with the blanket that is used to cover the doors
from the outside. It has plenty of room for all kinds of QE related setups. The monochromator and
the xenon lamp can be seen in the very left edge of the photo. Right: Technical drawing of a photon
maze. The Blackbox has a double version of it on each side panel, where one is installed from the
inside and one from the outside, so that light would have to pass both to reach the inside of the box.
One of the outer mazes can be seen on the right side panel of the box in the photograph. Picture
courtesy of the Miinster IceCube group (modified).

it. A large anodised breadboard is screwed to the ground panel of the box, which provides
a large base for a variety of opto-mechanical setups.

The light-tightness of the box has been first tested with visual judgemen and longtime
exposure photographs of a reflex camera, and afterwards with a PMT. For that purpose,
the darkrate of the PMT was read out with an oscilloscope and compared to the darkrate
the same PMT produced when inside one of the already light-tight-proven smaller black
boxes. None of these tests showed any indication of light leakage. A possible weak point is
considered the fibre feed-through, though. When not in use, it is well sealed, but when a
fibre or another cable is deployed, it can only be closed off with black foam and tape, which
can easily get out of place.

A disadvantage of the Blackbox is its material. Made of wood, it does not provide any
electromagnetic shielding for extraordinarily sensitive instruments like PMTs. So smaller
metal boxes have to be used inside the box during measurements, that take up unnecessary
space and make setup adjustments more complicated. A shielding of the Blackbox as a
whole could be a future project to further improve the QE test stand.

7.2 The 3D scanner

The ‘heart’ of the setup is the 3D scanner, which, like the Blackbox, was specifically designed
and constructed for the QE test stand™®} It consists of three levels of linear rails with stages
than can move along these rails, as shown in figure The top level rail is attached to
the middle level stage, and the middle level rail is attached to the ground level stage. The
stages are individually actuated by stepper motors which can be controlled independently

17Which was not very helpful, because after some time in the complete darkness of the box ones eyes start
to make up light flashes (really).
18Final design and construction by Dipl. engineer Christian Huhmann.
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7.2 The 3D scanner

from one another. Each stage can move 25 cm in its allocated direction, which results in an
operating volume of 15.6dm?>. An object that is attached to the top stage can be moved to
any point in this volume. Per definition the lowest stage moves along the x-axis, the middle
stage along the y-axis and the top stage along the z-axis. The system is mounted on a base
of Kanya profiles which is equipped with four adjustable rubber pedestals to provide a level
and stable experimental condition. The control of the scanner’s stepper motors is part of
the QE test stand Python script.

In the measurements, light from a light sourcelﬂ
is coupled into an optical fibre, where the end of the
fibre is attached to a collimator that is fixed to the
top stage of the scanner. This way, the output point  top stage
of the light can be moved freely within the operat-
ing volume without moving the actual light source
around. With this opto-mechanical setup, it is pos-
sible to perform a 3D optical screening of a PMT.
Originally, the PMT was supposed to be mounted gy-
roscopically to be rotated in all directions as a part
of the scanner setup. This could not be realised in
the terms of this thesif?)| so the PMT remains fixed
and faces a certain direction at all times. The colli-
mator is also fixed to the top scanner stage, so the
light spot can only be pointed in x-direction. That
means that effectively only 2D scans with flexible
output - PMT distance are possible at the moment.
The procedure of such a scan is described in detail
in section [8.4]

Before any measurement operation, the scanner
performs a reference point search. For this pur-
pose, the control boards of the motors are equipped
with a feature named StallGuard, which can detect
changes in motor load. As soon as the load exceeds
a defined threshold, e.g. by driving the stages into a
hardware stop or an obstacle, the motor is stopped
immediately. For the reference point search, each
stage is driven against the limit, i.e. the metal frame,
of its rail. When stopped by StallGuard, the current motor position is set to 0. This means
that each scanner stage moves relative to the reference point of its axis, where these points
do not coincide with each other due to the setup limitations. The scanner is currently not
adjustable to a well defined reference coordinate (0, 0, 0).

The scanner can approach a coordinate with a (conservative) accuracy below 50 um
in each direction. This has been investigated by driving the stages to several positions and
compare the given distance to the respective reference point with the actual distance, which
was measured with a micrometer screw. The limiting factor was the effective uncertaint}ﬂ
of the screw which lies at the above mentioned £50um, but the scanner is assumed to

N

of the Miinster IceCube group (modified).

The different light source options are described in section
20The gyroscopic PMT mounting will be a followup QE test stand project.
2lpotential imprecision in operating the screw are already included.
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Figure 7.2: Technical drawing of the 3D scanner
that was designed and built for the QE test stand.
It consists of three stepper motors that power three
independently movable stages on rails in three di-
rections (denoted with x, y, 2). Picture courtesy



Setup and commissioning of the QE test stand

have a much better accuracy. Furthermore, a defined coordinate is reproducible over long
measurement times. This has been tested by approaching a coordinate, then moving the
scanner around to several hundred random coordinates, and then approaching the original
coordinate again to test with the micrometer screw if it has still the same distance to each
reference point as before. This was done for the scanner in normal and tilted orientations
up to 90°. All tests showed no measurable deviations in positioning. Although the system
turned out to be very stable over long operation times, the scanner performs a new refer-

ence search before any new operation ‘just in case’, since the motors are not equipped with
encoders®?

7.3 The rotation table

For the angular dependence investigations of PMT

stepper motor  PTOPETTties, it is easier to rotate the PMT instead of
changing the direction of the light beam. So for such
measurements the light source remains fixed and
the PMT is mounted on a rotatable table?] which is
shown in figure This table consists of two circu-
lar plastic plates with a ball bearing between them,
allowing the upper plate to be moved relatively to
the lower one. The upper plate has a sprocket glued
to its side which meshes with a stepper motor that is
fixed next to the rotation table. Any desired rotation
angle in both directions can be set. A PMT can be
mounted on an optical rail that is fixed to the upper
plate (not shown in the picture). It can be adjusted

base rotation table

\

P — N

motor base |

Figure 7.3: Technical drawing of the rotation ta-
ble for investigating the angular dependence of
the QE. The stepper motor that drives the rota-
tion meshes a sprocket that is glued to the side
of the table. Full rotations in both directions are
possible. Picture courtesy of the Miinster IceCube
group (modified).

in a way that the centre point of the photocathode
coincides with the rotation axis of the plate. That
means that during the whole measurement only the
centre point is illuminated. The incident angle of
the light can be changed in both directions by ro-
tating the upper plate around. The rotation table

control is part of the QE test stand Python script@

The accuracy of the rotation table in the first
place is limited by the rather unstable suspension of the two plastic plates. The upper
plate has a vertical moving tolerance relatively to the lower one at the outermost area,
which results in a conservative vertical positioning uncertainty of 1 mm at the edge. The
sprocket has a horizontal tolerance of about 1 mm which results in a conservative angular
uncertainty of 0.5°. The latter uncertainty can be evaded by keeping the motor engaged at
all times in a measurement. When engaged, the motor’s holding torque is large enough to
prevent horizontal tolerance. The motor is equipped with an optical encoder to correct for
stepping errors, which has been calibrated to 11332 steps for one full table rotation. The

22There are different kinds of encoding devices for stepper motors. An optical encoder is shortly explained
in section

ZThe rotation table was designed and constructed by the mechanics workshop of the Erlangen Centre of
Astroparticle Physics.

24This basic motor control is partly adapted from a script written by Lew Classen and Jonas Reubelt at the
Erlangen Centre of Astroparticle Physics.
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7.4 Light sources

encoder compares the movement of the motor shaft to an internal line pattern, ‘counting’
the actual motor steps. The stepper motor has been calibrated to 60442 steps for one full
table rotation, which has been tested by driving the table several hundred full rotations to
magnify possible errors in angle-to-motorstep conversion. This resulted in an angular po-
sitioning accuracy of below 0.2° per 100 full rotations. Unfortunately, this is not the case
for stop-and-go operation where the table is successively driven degree-wise with holding
every position for some time, like in the angular dependence measurements in section
For some reason that has yet to be investigated, the start and stop moments are susceptible
to stepping errors - even when the motor is engaged at all times - that the encoder does
not detect. In this operation mode, the motor gains an angular error of 0.1° per 146 steps
of 1° step size (disengaging the motor after every step results in huge errors of more than
10° per 180°, depending on the step size, due to dropping out of holding torque). This
error deviates for different step sizes. An error-correction routine was implemented in the
rotation table control which simply rotates the table a tiny little bit in the opposite direction
whenever the angular error exceeds 0.1°. Thus the angular uncertainty of the rotation table
in operation is +£0.1°.

Since the software-side error correction is more of a workaround than a solution to the
problem, some adjustments should be made on the hardware side. A possible improve-
ment in positioning uncertainty could be achieved by installing a gear between motor and
sprocket. Replacing the plastic plates by more stable ones with a sophisticated ball bearing
would help to reduce or eliminate mechanical tolerance.

7.4 Light sources

The measurements that were part of this thesis are conducted with different light sources,
which are introduced and described in the following.

7.4.1 The pulsed LED

The pulsed blue LE radiates light omnidirectional with a centre wavelength of 461 nm. It
is adjustable in intensity and pulse repetition frequency. Both factors influence the spectral
width, which lies between 29 nm (low optical power) and 39 nm (high optical power) [30]].
The LED was mostly used for setup calibration and first test measurements, because the
monochromator was not operable at the beginning of the measurement phase.

7.4.2 The Xe-lamp and the monochromator

The Xe—arclam provides a very broad light spectrum ranging from 200 — 2500 nm. With
condenser and lens optics inside a black tube, the light is coupled into a monochromatoﬂ
with which any desired wavelength within a range of 200 —900 nm (due to grating specifi-
cations) can be selected from the lamp spectrum. The spectral width of the selected wave-
length is adjustable with an optical slit at the monochromator exit, with a minimal spectral
width of +£2.5nm around the selected wavelength [31]]. Both hardware components are

25Picosecond pulsed diode laser driver PDL 800-B with PSL 450 pulsed LED by PicoQuant.
261,SH102 lamp housing equipped with a 75 W LSB511 Xe bulb by LOT QuantumDesign.
27MSH 300 with variable slits and MSG-T-1200-300 grating by LOT QuantumDesign.
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mounted and fixed on a metal plate which has four height-adjustable rubber bases to en-
sure a level setup. At the monochromator exit, another black tube is installed to connect
the monochromator to the opening at the Blackbox’s side panel.

7.4.3 Fibre-optics characteristics

In all measurements, the light from the monochromator or LED output was coupled into a
multimode optical ﬁbrelﬂ Since both sources provide sufficient light intensity, the coupling
was simply done with an SMA adapter, leaving complex fibre coupling unnecessary. The
other end of the fibre was connected to a lens collimator?l mounted on the 3D scanner.

For QE measurements, especially fine-grided position scans, a constant spot size is nec-
essary. But as the lens collimator is actually not designed for blue light from a multimode
fibre, it produces a focusing instead of a collimation. This can be compensated by changing
the light output position relatively to the PMT surface with the 3D scanner, which demands
the exact knowledge of the focal distance, the spot size and the beam divergence. The most
efficient way to measure this characteristics with the available equipment was to direct the
beam onto the sensor of a digital reflex camera (without any objective), and take photos of
it for several distances between the light output and the camera sensor. The camera was
fixed on the breadboard, and the collimator was successively moved back and forth with
the 3D scanner. Three of these photographs are shown in figure|7.4

With the graphic program ImageJ, the intensity for any pixel could be extracted from
the photographs, so that intensity profiles along a certain axis of the light spots could be
drawn. For my purposes it was sufficient to take profiles along the horizontal and vertical
axes through the centre of the spot. A plot of these profiles against the axial position and the
distance from the output can be seen in figure (since there are no significant differences
visible in the horizontal and vertical profiles, only the horizontal ones are shown). As ex-
pected and already indicated by figure the plot shows beam divergences on both sides
of the focal plane. These will be denoted with negative (closer to the output) and positive
(further away from the output) beam divergences ©,, and @, in the following.

The beam diameters d for each distance f were set to the full width of 10 % maximumP|
of the according beam profile. This was done for both the horizontal and vertical profiles.
The smallest beam diameters d,;, o, = 0.916 mm and d,;, ., = 0.904 mm were found for a
distance from the output, or focal distance, of

finin = (94.45 £1.00) mm,

where the uncertainty corresponds to half the step size of the measurement (photographs
were taken every 2mm). The mean value of the minimum beam diameter at the focal
distance equals

dppin = (091 £0.12) mm,

where the uncertainty corresponds to the up-rounded deviation between d,;, por and d iy, ver-

The beam divergences ©,, ,,, were obtained by fitting linear functions of the distance f to

28The FGO50UGA custom made multimode fibre with 50 pm core diameter by Thorlabs for the wavelength
dependence measurement, and the FGO50LGA multimode fibre with 50 um core diameter, also by Thorlabs,
for all other measurements.

260FC-SMA-0-A7.5-01 lens collimator by Schifter & Kirchhoff, collimated at 532nm.

301n literature, the beam diameter is often referred to as the FWHM of the beam profile. But as can be seen
in figure not all beam profiles of my measurement are of the same steepness, so a rather conservative
beam diameter definition of the full width at 10% maximum seemed to be more appropriate.
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Figure 7.4: Left: Photographs of light spots produced by the lens collimator. Shown are three
different pictures merged together for comparison, one taken in the focal plane (middle), one before
(left) and one behind it (right). The measure in the lower left corner is not accurate but for displaying
dimensions. The horizontal profiles of the displayed spots are shown in the right graph.
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Figure 7.5: Beam profiles behind the lens collimator, plotted for distances between 50 and 150 mm
from the output. Since the collimator does not perfectly meet the features of our light source and
fibre, a focusing instead of a collimation occurs. The beam was directed onto the sensor of a camera
and photographed for different distances between output and sensor. The beam profiles were ob-
tained by extracting the intensity for each pixel (axial position, converted to mm) with the graphic
program ImageJ. Shown are the horizontal profiles. Darker colours indicate smaller beam diameter.
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Setup and commissioning of the QE test stand

the beam diameters d (where d is the average of d,,, and d,,). With a particular slope m
of the fit, the divergence is defined as"]|

© = arctan(m) .
With m,., = 0.024 and m,,,; = 0.032 was found:

Opeg = 1.38°
©ps = 1.85°

The uncertainties to the divergences calculated using Gaussian error propagation are less
than 0.002°. By means of ©,, .., the spot size at every distance f from the light output can
be calculated using

@neg/pos
dspot = 2(f _fmin) - tan (T) + dmin . (71)

The above investigations were conducted with the pulsed LED as a light source, which has
a centre wavelength of 461 nm. The results are assumed to be the same for the monochro-
mator with insignificant deviations at other wavelengths.

31Which can easily be derived from beam geometry.
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8 Quantum efficiency measurements

The three different QE characteristics that were to be investigated in terms of this thesis
were introduced at the beginning of chapter [7} The wavelength dependence, the angular
dependence and the photocathode position dependence of the QE. This chapter provides
a detailed description of the measurement setups, the working principles of the according
Python controls, the actual measurement procedures and the results of all three investiga-
tions.

I conducted prior measurements in the early phase of this thesis at the Erlangen Centre
for Astroparticle Physics (ECAP) which provided first insights in two of the above named
QE characteristics. These measurements are presented in the first section of this chapter, to
be later compared to the Miinster QE test stand measurements.

8.1 Measurements at ECAP

The early phase of this thesis in winter 2015/16 was conducted at the ECAP to make some
initial investigations concerning the wavelength dependence and angular dependence of the
QE. These measurements were conducted with a setup shown in figure Most devices
used in the setup are similar or older versions of the devices deployed in the new QE test
stand, which are described in chapter[7, Monochromatic light from the Xe lamp? and the
monochromatoﬂgz] was fed through an opening in the black box, which was equipped with
an iris to adjust the light intensity. The beam was directed onto the centre of a PMT, which
was mounted on a rotation table in a way that the rotation axis coincided with the PMT
centre. The incident angle of the light could thus be changed by rotating the PMT, whereas
the incident point remained the same. The PMT current was recorded with a picoampere
meteﬂ placed outside the box next to the PMT’s HV supply.

For acquiring the reference current, the box had to be opened to place a photodiode{g_gl
in the light beam, and opened again to take it away afterwards. Since the picoampere
meter had one input only, it had to be connected to the photodiode cable for the reference
measurement and swapped back to the PMT cable to continue recording the PMT current.
This rather complicated procedure was improved in the new QE test stand, as is described in
section A shutter inside the monochromator allowed for interrupting the illumination
to acquire PMT and photodiode dark current

The QE was calculated from the data according to formula (6.2). Dark currents have
been averaged and reference currents have been interpolated over the measurement time.

The wavelength dependence measurement was conducted with a Hamamatsu R12199-02
PMT by illuminating the PMT centre under normal incidence only, so no rotation was in-
volved. The measured QE plotted against the wavelength is shown in figure The shape
of the QE in the upper plot is in good agreement with the prediction in section [6.2.3|as well
as with the manufacturer’s information in [32]]. The little kink in the blue curve at about
640 nm is considered a measuring error.

The focus of this measurement was not only on determining the wavelength dependence

32Same model as in sectionm

33MSH301 by LOT QuantumDesign.

34Model 487 by Keithley.

35Type $6337-01 by Hamamatsu.

36For an explanation of the dark current see section
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Figure 8.1: Scheme of an early version of the QE test stand at the ECAP. Light from the Xe lamp
and the monochromator was fed through an opening in the black box and directed onto the PMT,
which was mounted on a rotation table. An iris at the light opening could be used to adjust the light
intensity. A patch panel at one side of the black box allowed for connecting the PMT to a picoampere
meter and a HV supply outside the box. The photodiode is not connected in this picture which is
explained in the text.

but also on the effect of different high voltage (HV) polarities on the measured QE@ The
blue QE spectrum in figure [8.2] was measured with positive, the orange spectrum with neg-
ative HV with a value of 300V. The measurement was conducted without taking standard
deviations alongside the data points. The displayed error bars correspond to the absolute
QE uncertainty of 1% that is characteristic to the ECAP setup according to [33]].

At first glance, the QE seems to be independent from the HV polarity. A closer look
reveals that the positive HV QE is actually slightly higher than the negative HV QE, as the
25x zoom window in the plot indicates. To visualise this, the positive HV QE is plotted
relative to the negative HV QE in the lower plot of the figure, where in fact the positive
HV QE is higher for a large wavelength range. The rapid fluctuations at the very beginning
and end of the spectrum result from dividing very small values by very small values and are
considered insignificant.

The fact that the QE measured with positive HV is higher than the one measured with
negative HV is in agreement with the assumptions made in section [6.1] although the effect
is very small and would probably have no measurable impact on most PMT studies.

For measuring the angular dependence of the QE, the PMT was rotated successively to
change the incident angle of the light on the PMT centre. The measured QE plotted against
the incident angle is shown in figure At first glance the curve does not seem to have
any resemblance to the prediction in section The lack of symmetry in the plot is
caused by misalignments in the setup due to PMT mounting constraints and therefore im-
proper positioning possibilities. By taking only the negative angular range into account, the
curve actually does look similar to the prediction in figure but with an ‘ear’-like effi-
ciency excess feature between about —30° and —60 ° that is missing in the prediction plot.
Although the scan resolution is very low because the different angles had to be adjusted
by hand, these ‘ears’ are assumed to be real QE features, probably caused by light that is
back-reflected from the nonuniform inner structure of the PMT. The back-reflection that was
considered in the prediction, however, is calculated under the assumption of a completely

37For an explanation of the positive and negative HV operation modes see section
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8.1 Measurements at ECAP

flat and uniform inner structure. This is probably the reason why the measured QE shows
‘ears’, and the theoretical absorption does not.

The reproducibility of the above observations and the investigation of their origins is to be
tested in the new, more sophisticated QE test stand, which is described in the following
sections.

25X zoom
25 ATTTITITTTS

QE [%]

5 pos. polarity r
——— neg. polarity T,

rel. QE

300 350 400 450 500 550 600 650 700
wavelength A [nm]

Figure 8.2: Wavelength dependence of the QE as measured with the ECAP setup in 2015, for centre
illumination with & = 0°. The upper plot shows the QE spectra for positive (blue) and negative
(orange) HV polarity with a value of 300V. The small kink in the blue curve at about 640 nm is
assumed to arise from a measuring error and is not a real feature of the QE. Error bars correspond
to the absolute 1% QE uncertainty characteristic to the ECAP setup [[33]]. The lower plot shows the
QE measured with positive HV relative to the one measured with negative QE.
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8.2 Wavelength dependence
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Figure 8.4: Schematic drawing of the wavelength dependence setup. Light from the monochro-
mator is coupled into an optical fibre which is attached to the 3D scanner, so that the coordinates
of the output point of the light can be changed to reach both the PMT and the photodiode. In this
example, the light is oriented towards the latter which measures the reference photocurrent. Both
detectors are surrounded by a grounded aluminium box (with circular openings at the position of
the detectors) for electromagnetic shielding. The output currents are acquired with the picoampere
meter outside the Blackbox.

This section is about the investigation of the wavelength dependence of the QE conducted
with the new QE test stand in Miinster. The setup for the corresponding measurements is
shown in figure Light from the monochromator at 470 nm was fed into the Blackbox
and coupled into an optical fibre. The fibre was attached to the lens collimator that was
mounted on the 3D scanner, so that it could be moved within the scanner rangelﬂ The
collimator featured a fixed output direction in positive x-direction towards the yz-plane.
The PMT and the photodiode (PHD) were placed at defined positions facing the negative x-
direction. Both devices were surrounded by a grounded aluminium box for electromagnetic
shielding (with circular openings at the positions of the devices) and were connected to
the picoampere meteﬂ and the HV supply, which were placed outside the Blackbox. The
scanner and the monochromator were controlled by the QE test stand Python script.

By means of the scanner, the light beam was directed onto the PMT centre under normal
incidence. The spot size was of no significance for this measurement, so the distance be-
tween the light output and PMT could be chosen freely to ~ 150 mm (which corresponds to
a spot size of ~ 2.7 mm according to formula (7.1)). The wavelength was then successively
changed with the monochromator in a range of 300 — 700 nm with a step size of 5nm. For
every step the PMT current was acquired together with a timestamp. Before and after the
measurement, the same was done for the photodiode to obtain reference spectra. Dark cur-
rent values were obtained by directing the light to a position far away from both detectors,
also before and after the PMT current measurement. Both the dark current and reference
data were interpolated over measurement time.

The wavelength dependence measurement was conducted for the Hamamatsu R12199-02
PMT@ with a voltage of +200V. The QE was calculated using formula (6.2). The pho-

38For the setup and functionality of the 3D scanner see section
3%Model 6482 by Keithley.
40The Hamamatsu R12199-02 used in the Miinster measurements is not the same as the one used in the ECAP
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Figure 8.5: Quantum efficiency of the photodiode against the wavelength. The QE values were
calculated from responsivity values given on the calibration report [34]].

todiode QE values needed for the calculation of the QE were extracted from [|34]] and are
plotted in figure The resulting QE plot is shown in figure

For wavelengths larger than about 400 nm, the QE shape follows the prediction of sec-
tion and is in agreement with the previous ECAP measurements in section For
smaller wavelengths however, the QE has a peculiar shape and is highly erroneous. The
most obvious reason for such a behaviour is a setup component that cuts off high-frequency
light, which after some investigation was found to be both the optical fibre and the lens
collimator. This has been tested by comparing the output spectrum behind both devices to
the spectrum directly behind the monochromator. These spectra, which are shown in fig-
ure clearly reveal that the PMT does not receive any light below about 320 nm, even
though the lamp provides light in that range. Another problem is that the measurement
errors themselves are overrated due to an interfering signal that also compromised the an-
gular dependence measurements and is described in more detail in section The actual
absolute standard errors of the PMT photocurrent are assumed to be about one order of
magnitude smaller than the measured oneﬂ which would cause a noticeable decrease in
the displayed QE errors.

The maximum QE for centre-illumination was stated by the manufacturer to be 25 %
at a wavelength of 390 nm in [|32]]. This is in agreement with the measured data, although
despite of the large error bars for this wavelength one could argue that the actual maximum
QE might even be slightly higher, as indicated by figure

With the theoretical data shown in figure and the measured QE, the conversion coeffi-
cient P,.,, (1) can be calculated according to formula (6.23)). The resulting plot is shown in
figure Due to the hardware and measurement uncertainty issues mentioned above, this
plot is not very significant in the low-QE regions at the beginning and end of the spectrum,

measurements. Slight variations in certain characteristics from PMT to PMT, even for the same model, are
acknowledged by the manufacturer, which might explain possible QE deviations from the ECAP measurement.

“IBecause the setup and measurement principle is very similar to the position dependence measurements
in section where significantly smaller errors of the order of 5- 107!3 A have been measured, the actual
standard errors are assumed to be of the same order of magnitude.
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Figure 8.6: Wavelength dependence of the QE for the Hamamatsu R12199-02 PMT, for centre
illumination with 8 = 0°. The large error bars for small wavelength arise from bad statistics due to
an unexpectedly high cutoff wavelength of the optical fibre and the lens collimator.
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Figure 8.7: Spectra measured with the photodiode directly at the output of the monochromator
(blue) which represents the actual lamp spectrum, behind the fibre (orange) and behind the lens
collimator (red). The lamp spectrum was scaled up for better visibility. The curves are corrected

for the QE of the photodiode (see fig. . The PMT current (green), also measured behind the
collimator, is shown for comparison.
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Figure 8.8: The conversion coefficient P.,,,(A), calculated with the theoretical absorption from
section (pink) and measured QE (purple) from figure The large error bars arise from bad
statistics as explained in the text.

which is indicated by the large error bars in the plot. Still, for wavelengths between at least
400nm and 550 nm the curve of P, is considered representative. P, , will later be used to

compare the results of the angular dependence measurement to the respective prediction;
see section [8.3]

Conclusions

Altogether, the wavelength dependence setup seems to suit its purpose in general. With
improvements on the setup concerning the shielding from interfering signals, it is assumed
to allow the measurement of the wavelength dependence of the QE with even better signif-
icance than at the ECAP setup. Another necessary improvement is the installing of another
optical fibre, or by finding out why the installed one, which is designated for wavelengths
from 250 — 1200 nm, did not work the way we expected it to. Furthermore, a reflective col-
limator which was available for the measurement but has not been used for several reasons
concerning spot size and beam divergence adjustments, could be installed in the setup af-
ter some commissioning to hopefully reduce light losses in the problematic high-frequency
region.

Another option would be to forego light conduction altogether by placing the PMT di-
rectly behind the monochromator coupling like in the ECAP setup, so that neither the scan-
ner nor the fibre and collimator would be part of the setup anymore. A beam splitter in the
optical path could direct some of the light onto the photodiode for reference.
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Figure 8.9: Schematic drawing of the angular dependence setup for the QE measurements.
Monochromatic light is used to illuminate one point of the photocathode under different angles
that can be chosen by means of the rotation table. Both the PMT and the photodiode are surrounded
by aluminium boxes for electromagnetic shielding (not in the picture).

8.3 Angular dependence

The measurements for the QE dependence on the incident angle of the light were con-
ducted with a similar setup as for the wavelength dependence measurements, as can be
seen in figure Light from the monochromator was again coupled into an optical fi-
bre with the lens collimator at its end, which could be moved around with the 3D scanner.
The photodiode for reference measurements was set in a fixed position. The PMT, how-
ever, was mounted on the rotation table in such a way that the centre of the photocathode
coincided with the table’s rotation axis{ﬂ like in the ECAP setup. The incident angle of the
light could thus be changed by rotating the
PMT, whereas the incident point remained the
same. The PMT was held by a broad rubber
clamp on a mounting post to prevent misalign-
ments. A string with a plummet suspended
from the Blackbox’s ceiling marked the exact
centre of the rotation table, which allowed
very precise positioning in contrast to the ECAP
setup. Another advantage over the ECAP setup
was that the different angles did not have to be
set by hand, but by a stepper motor that actu-
ated the rotation table. The motor and scanner
controls are part of the QE test stand Python

Figure 8.10: Photograph of the angular dependence
setup inside the Blackbox, with the scanner (1), the op-
tical fibre (2), the lens collimator (3), the photodiode
(5), the Hamamatsu R7600u-200 PMT with base inside
a grounded shielding box (5), the rotation table (6),
and the plummet that is installed over the centre of the
rotation table to ensure exact positioning.

script. Three scan point locations for the scan-
ner had to be defined: The position of the pho-
todiode, the position of the dark current mea-
surements, and the PMT centre. The distance
of the light output to all these points was kept
constant at ~ 237 mm at all times. For this dis-
tance, the spot had a diameter of ~ 5.50 mm
as determined using formula ﬁ The ro-

“2For the functionality of the rotation table see section
“3The dimensions of the rotation table are too big to position it closer to the 3D scanner. But since the spot

46



8.3 Angular dependence

Table 8.1: PMTs used for the angular dependence measurements of the QE.

| designation | type | applied potential |
Hamamatsu R12199-02 | hemispherical, @3” +200V
Hamamatsu R7600U-200 flat square, 1” +105V

tation table was rotated so that the photocathode was illuminated under —90°, and then
rotated step-wise in the other direction, until the photocathode was illuminated under 90°.
This 180° rotation was performed in steps of 1.0°. At every step, the PMT current was
recorded for several wavelengths that were selected with the monochromator. Every 15° as
well as before and after the measurement, the scanner moved to the photodiode and dark
current positions so that reference and dark currents could be acquired, respectively. The
wavelengths chosen for this investigation are 400 nm, which is the wavelength of maximum
QE@ as well as 470 nm and 540 nm for comparison.

The angular dependence measurement of the QE was conducted for the hemispherical
PMT that was also used in the wavelength dependence measurement, and a flat square PMT
which is shown in the setup photo in figure Both are listed in table The QE was
calculated according to formula (6.2)) and was plotted against the incident angle of the light,
as shown in figure for the hemispherical and in figure for the flat PMT. Both plots
will be discussed in the following.

First of all, the shape of the QEs were expected to be approximately symmetric, because
the photocathodes of all tested PMTs are assumed to be symmetri Both PMTs showed
this angular symmetry of the QE for all measured wavelength The rather uneven curves
for the angular dependence measured at a wavelength of 400 nm were caused by the optical
fibre, which was at the lower edge of its transmission in this wavelength. That means that
the beam spot had significantly lower intensity and thus worse statistics than for the other
two tested wavelengths. Further it is important to note that the measurement errors shown
in the plots should be considered overestimated, because the laboratory environment was
compromised with a large low-frequency sinusoidal interfering signal on the measurement
day which we were not able to suppress or identify the source of. So the PMT, acting as an
antenna, captured this interference on top of the actual signal. Every data point is a mean
value of 100 individual picoampere current measurements, so that the relatively uniform
sinus got averaged out. The standard deviation of each data point, however, is huge due to
this interfering, and the standard error (o/+/100) is also still very large. The standard error

size is not significant for this measurement, larger distances between output and PMT are not a problem. Thus
it was sufficient to determine the output-PMT distance only roughly by means of a meter stick.

4The wavelength dependency measurements in sections and revealed a maximum of the QE for
about 390 nm (consistent with reference [32]]). The statistic gets significantly low towards smaller wavelengths
though, due to setup constraints that are explained later in this section. So 400nm seemed to be a good
compromise.

4SWith visual judgement, the entrance window of the hemispherical PMT is rotationally symmetric around
its centre, and the entrance window of the flat squared PMT is symmetric along several axes through its centre.
For all PMTs, the photocathode is assumed to be evaporated uniformly onto the inside of the window.

46Both figures are a combination of two measurements each. In the first run, the curves showed asymmetries
on the right-hand edges of the plots for angles larger than about 70°. The cause for this behaviour was found
to be a hardware constraint in the form of an electromagnetic shielding box that disrupted the setup in its
rotation on one side of the rotation table, which made the PMTs themselves rotate on their mounting posts
and distorted the incident angle. In the second run, the box was removed and the range of 60 — 90° was
measured again for both PMTs.
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Figure 8.11: Angular dependence of the QE of the hemispherical R12199-02 PMT for three different
wavelengths, for centre illumination of the PMT. The Plot shows the measured QE (solid lines) as a
function of the incident angle of the light. The grey areas indicate the angles under which incident
light that is transmitted into the PMT is assumed to hit the reflective coating on the inner surface.
The blue areas highlight features that are assumed to arise from the structure of the focus electrode.
The QE prediction (dashed lines) for each wavelength was calculated with the theoretical effective
Absorption A.g from section[6.2.4 and the conversion coefficient P, obtained in section[8.2] using
formula (6.1). Error bars are calculated using Gaussian error propagation and shaded for better
visibility.

of the dark current is compromised even more, because it only ‘consists’ of 10 individual
picoampere measurements for each point. They have been down-scaled so that the relative
standard error would be the same for data and dark current points, before calculating the
QE error with Gaussian error propagation. The plotted QE error is thus assumed to be
overrated and does not represent the precision of the displayed data correctly.

The measured QE curves for the hemispherical PMT in figure [8.11]are relatively symmetric,
however, at first appearance they seem not to follow the predicted angular dependence in
figure (the dashed curves in the plot represent the prediction corrected with P, .; they
will be discussed later in this section). For all three wavelengths, the QE shows ‘ears’ for
both negative and positive angles between about 30°and 60° (indicated with grey areas in
the figure), whereas the middle sections are flat. Similar results were obtained in the ECAP
measurements, recalling figure As stated in section a possible explanation for this
lies in back-reflection of light that is transmitted into the tube. The prediction in section
considers back-reflection from the inside metal structure of the PMT, but under the
assumption that this structure is homogeneous and therefore increases the QE in a uniform
way. The insides of the tested hemispherical PMT, however, are more complex. The surfaces
of the glass tube feature a highly reflective inner coating that connects the photocathode to
the electric potential. If light is incident under a large angle, it may hit the reflective coating
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/ 0° /724° Figure 8.12: An accurate technical
‘ - 30° o drawing of the inside of a Hamamatsu
=60 R12199-02 PMT with light that is inci-

~75° dent under different angles and thus hits

different parts of the PMT’s inner struc-
ture. Shown are the photocathode (1),
the glass tube (2), the reflective coat-
ing (3), the connector holes (4), focus
electrode wires (5), the focus electrode
(6), and the first dynode (7). The reflec-
tive coating and the photocathode have
been added by visual judgement as in-
dications and probably do not represent
the locations perfectly correct, though.
Picture courtesy of [35] and modified.

which back-reflects more light than the focus electrode, which could explain the increase of
the QE for larger angles. This principle is visualised in figure The graphical analysis
reveals that the edges of the reflective coating might actually coincide with incident angles of
30° and 60°, which would confirm the assumptions. The edges of the reflective coating and
the photocathode are added by visual judgement to the otherwise accurate PMT drawing;
a precise knowledge of the actual edges could not be obtained.

A closer look at the plot reveals that the QE is still noticeably higher for even larger
positive and negative angles between about 60° and 75°, than in the central section. Light
entering under most of these angles does not hit the reflective coating any more, so the
reason must be something else. A similar feature can be found in the theoretical PMT ab-
sorbance plot in figure where a peak for about the same angle is visible. However, this
is not assumed to be caused by the same effect as for the measured feature, since it appears
for completely different wavelengths compared to theory. Polarisation could play a role in
terms of unwanted birifringence in the optical fibre, which is not assumed to have such a
large impact though. It could also have something to do with effective photocathode thick-
ness: Under normal incidence, the light’s path through the photocathode material is very
short. With larger incident angles, this path increases. That means, on the one hand, that
the light is more likely to be absorbed, on the other hand, that electrons have to overcome a
longer distance and therefore are less likely to be ejected from the cathode. So there prob-
ably is a wavelength-specific effective photocathode thickness range with an ideal ratio of
absorbed photons to ejected electrons. Light that is incident under angles between 60 ° and
75 ° might just experience this ideal thickness, which would explain the higher QE for these
angles. However, this feature is not completely understood and needs further investigation
in future studies.

The middle section in the range of 30 ° around the centre is also not really flat, but shows
some interesting features at the very edges (blue background in the figure). These could
be explained by having another look at the structure of the focus electrode that is shown in
figure The angular scan was performed along the axis through the centre and both
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connection holes of the focus electrode. The holes may be indicated by small dips in the
QE, whereas the broad wires next to them might produce small QE peaks due to scattered
back-reflection. This assumption is consistent with the graphical analysis. Slight deviations
in symmetry might arise from the fact that the scan axis was not fully aligned with the axis
that goes through the two connector holes. The misalignment was in the order of just a few
mms.

In section[8.2)the conversion coefficient P,,,,, was obtained from the wavelength dependence
measurement. For the three investigated wavelengths in this section, the coefficients are
P...,(400nm) = (41.9+2.8)%, P,..,(470nm) = (38.4+1.8) % and P, (540 nm) = (33.6+
4.4)%. According to formula (6.1)), the individual P, multiplied with the according an-
gular dependencies of the theoretical effective absorption A4 calculated in section [6.2.4]
should provide QE predictions that can directly be compared to the measurements, which
allows for quantifying the differences between experimental data and prediction. The ac-
cording plot is shown in figure where the predictions are drawn as dashed and the
measurements as solid lines. It can be seen that in the middle region between —30° and
30°, the experimental and predicted curves are in very good agreement within uncertainties
for all three wavelengths. These observations justify the assumption that the prediction is
actually correct for the investigated R12199-02 PMT’s centre region, which would indicate
a sophisticated choice of parameters like refractive indices and photocathode thickness used
for the calculations in theory. The fact that the middle region is consistent with the predic-
tion makes it further unlikely for the ‘ears’ to be an intrinsic photocathode feature, rather
than a result of back-reflection from the inner PMT structure.

The angular dependence of the QE of the flat R7600U-200 PMT is drawn as solid lines in
figure for the investigated three wavelengths. The size of the error bars is decreasing
towards larger positive angles because the interfering signal, that was mentioned earlier
and is assumed to be responsible for the large errors in the first place, faded towards the
end of the measurement, and has shown such fluctuations before.

All three QE curves show a relatively constant behaviour between —50° and 50°, and
start to decrease for larger angles until dropping to zero for 90°. In terms of general QE
shape, this behaviour is in very good agreement with the theory of section For quan-
tifying the differences, the QE predictions calculated with P, are shown as dashed lines
in the plot. As can easily be seen, prediction and measurement are not consistent except
for the largest wavelength. The reason for the deviations is the simple fact that the flat
PMT is equipped with an ultra-bialkali photocathode, whereas the predictions are made for
a standard-bialkali photocathode. Since the knowledge of photocathode composition and
characteristics is not so easily obtained, as discussed in section a prediction for ultra-
bialkali photocathodes was beyond the scope of this thesis. Nonetheless, the qualitative
resemblance between experimental data and prediction is undeniable.

However, the measurement contains a few noticeable features that can not be found in
the theoretical curves. There are small local peaks in the QEs at about 85 ° for both negative
and positive angles. Since the manifestation of these peaks obviously decreases towards
smaller wavelengths and is not at all visible for 400 nm, indicates them to be a wavelength-
dependent feature. It could have arisen from the phenomenon that for a specific range of
angles, the beam could actually run almost horizontally through a large area of the pho-
tocathode, which would have resulted in an rapid increase in QE. As the PMT is rotated
further, the QE decreases again. Why this effect is wavelength-dependent in such a way is
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Figure 8.13: Angular dependence of the QE of the flat Hamamatsu R7600U-200 for three different
wavelengths, for centre illumination of the PMT. The plot shows the measured QEs (solid lines) as
a function of the incident angle of the light, as well as the QE predictions. Error bars are calculated
using Gaussian error propagation. They decrease in size towards larger positive angles, which is
explained in the text.

not yet completely understood. Another feature are the small peaks at 0° that are visible
for all three wavelengths. The curves are also not as flat as their predictions. Both obser-
vations are assumed to arise from inner PMT geometry or inhomogeneous photocathode
distribution, although visual judgement could not reveal any distinctive anomalies.

The maximum QE for the centre of this PMT is stated by the manufacturer as a little over
40 % for a wavelength of 400 nm [36]], which is in agreement with the measurement.

Conclusions

The angular dependence setup of the QE test stand showed good performance and yielded
high-precision results far beyond the capabilities of the ECAP setup. Thanks to more so-
phisticated mounting devices, wrong PMT positioning and other misalignments can almost
completely be ruled out as potential sources of error. However, like in the wavelength de-
pendence measurement, the setup is hoped to yield even better results with a proper elec-
tromagnetic shielding that has yet to be installed.

The measurements showed the expected reproducibility of the previous ECAP observa-
tions; the investigation of the hemispherical R12199-02 resulted in a similarly inhomoge-
neous QE. A comparison with the prediction from section however, led to a further
confirmation that the inhomogeneities are not caused by the photocathode itself but by the
inner structure of the PMT, which seems to play an even larger role than initially expected.
The inner structures of the PMT are investigated with more detail in the next section.
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8.4 Position dependence

The previously described measurements revealed a large influence of the inhomogeneous
inner PMT structure on the QE. Further insights in these observations are assumed to be
obtained by investigating the photocathode position dependence of the QE. For this pur-
pose the same setup as for the wavelength dependence investigations was used, which is
schematically shown in figure A photograph of the setup is shown in figure The
scanning procedure, which was controlled by a Python routine that is part of the QE test
stand Python script, was more complex though. The script- and measurement procedure is
explained in the following:

First, a square area of about 90 x 90 mm? in the yz-
plane is defined which covers the whole PMT front.
The centre of this area coincides exactly with the
PMT centr This area is filled with grid points,
where the distance between these points defines the
scan resolution and can be chosen freely. The grid
points represent the y- and z-coordinates of the scan
relatively to the reference point of the correspond-
ing scanner axis. From these coordinates the height
h of the PMT surface relatively to the height at the
maximum photocathode radius R, is calculated
for every point using

h= \/Riulb_(yz +22),

where R, is the PMT surface curvature radius,

Figure 8.14: Photograph of the position scan . \icualised in figure The x-coordinate at

setup inside the Blackbox, with the scanner (1),
the optical fibre (2), the lens collimator (3), the
PMT with base (4), the photodiode (5), the an-

each grid point is corrected with the corresponding
value of h, ensuring the distance f between the PMT
surface and the light output to remain constant at

odised breadboard (6), the monochromator cou- f = (94.45 + 1.00) mm, which corresponds to the

pling (7), and one of the photon mazes (8). The
aluminium shielding box is not shown in this pic-

ture.

focal length of the beam, where the spot has its min-
imal diameter of d;, = (0.91 £0.12) mm. A visual-
isation of the x yz-coordinates of a scan is shown in
figure The light spot is then successively moved from one grid point x yz-coordinate
to another, where at every point the PMT current is measured with the picoampere meter.
The current is written to a data file together with the scanner position and a timestamp.
At the start and the end of each measurement, and upon the completion of every fifth
full grid line, a dark current and reference measurement is performed. For this purpose,
the light spot is first moved to a coordinate far away from both the PMT and PHD (so that
neither of them ‘sees’ any light), and the dark current of both devices is recorded. Then it is
moved to the centre of the PHD, and the reference current is acquired, much like in the other
measurements. This is not only necessary to later calculate the QE, but also to monitor the
stability of the light source, which usually decreases over the time of a measurement that
can easily last for several days depending on the scan resolution. The dark currents usually
are very stable. Together with a timestamp, both the dark currents and the reference current

4’This is achieved by performing a sparse scan of the PMT first and determining the PMT centre from the
data.
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Figure 8.15: (a) Map of the relative scanner position during a 3D scan. The PMT front sticks out
of the yz-plane, where x = 0 applies to all positions beyond the maximum photocathode radius
(by definition). Each bar represents one grid point of the scan, where its height represents the x-
coordinate of the scanner to keep a constant distance between the light output and the PMT surface.
(b) Side view of an hemispherical PMT. The bulb-shaped front has a radius of R, and a curvature
radius of Ry,-

Table 8.2: PMTs used for the position dependence measurements of the QE.

| designation | type | applied potential |
Hamamatsu R12199-02 hemispherical, @3” +200V
ET Enterprises Ltd. 9320KFL | hemispherical, @3” +200V

are written to a reference data file, and are interpolated over measurement time. A code
excerpt of the program conducting the above explained procedures can be found in figure
in the appendix.

A position dependence scan was performed for the PMTs listed in table for a wave-
length of 470 nm. The QE was calculated from the collected data using formula (6.2)), and
was plotted as QE-yz-maps that are shown in figure [8.17/and [8.19] Both plots will be dis-
cussed in the following.

The Hamamatsu R12199-02 PMT was scanned with a scan resolution of 1 mm. At first
glance, the plot resembles a false-colour photograph of the PMT front, whereas it actually
shows the QE as a function of the y- and z- coordinates of the scan. The inner surfaces of
the bulb-shaped front of the PMT are coated with a highly reflective metal layer that is used
to connect the photocathode to the electric potential. In the plot, this coating appears as the
yellow ring surrounding the focus electrode in the centre. For comparison see the technical
drawing of the PMT front in figure and the photograph of the focus electrode in figure
The maximum QE values are found on this ring on both the left and right side. The
focus electrode is easy to recognise as the light green circle with the rectangular shape in
the middle, which is the entrance window to the PMT’s dynode system. The material of
the electrode is assumed to be less reflective with a more coarse surface, which results a
lower effective QE. Even some of the more detailed structures can be found in the plot, for
example the two connector holes at the coordinates of about (50, 150) and (87, 143) mm.
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(b)

Figure 8.16: (a) The inner life of a Hamamatsu R12199-02 PMT. The circular metal plate is the
focus electrode (1) with the rectangular entrance to the first dynode (4) in its centre. The spiderweb-
like wire structure is assumed to be for shaping the electric field, as well as the four broader wires (2)
around it. These are connected and held by wires that lead through two holes (3) in the electrode
and further to the inside of the PMT. (b) Front of the ETEL PMT with the photocathode contact strip
(1), the focus electrode contact strip (presumably) (2), the first dynode (3) with a similar web-like
structure as for the Hamamatsu PMT, the nonuniform reflective coating (4), and the base (5).

Figure [8.18|shows y- and z-profiles of the QE created from the same data used for the
QE map in figure Where the QE map might be more useful to visualise qualitative
features, the profiles provide more insight when it comes to quantitative evaluation of the
QE. For instance, it shows the rather large deviation in QE maximums between y and g
direction, which is not so obvious in the QE map. This deviation is not explainable with
visible features in the inner structure of the PMT, so it might be an actual photocathode
feature that arises from inhomogeneous evaporation of the photoemissive material in the
manufacturing process. An inhomogeneity of the reflective coating is also possible. The
profiles further reveal that the small QE peak in the middle does not really coincide with
the physical centre of the PMT, but is slightly shifted in z-direction. The glass at this point
has some visible irregularities. To what degree these might be responsible for this little
feature has yet to be investigated.

Altogether, the shape of the QE profiles are in agreement with the features observed
in the angular dependence measurement that was conducted with the same PMT. In terms
of quantity, the QE for centre illumination (averaged over the y- and z-profile values) was
found to be ~ 22.2%, which is also consistent with the other investigations and [32]]. The
absolute maximum QE variation is ~ 10.6 % for the y-profile and ~ 7.3 % for the z-profile.

The QE plot of the ET Enterprises Ltd. (which in the following will be abbreviated by ETEL)
PMT, which was also scanned with a 1 mm scan resolution, is shown in figure For better
visibility it is drawn with a different colour map. Like for the Hamamatsu PMT, the plot
reveals the entrance to the dynode system as a rectangular structure in the centre, and the
focus electrode as a surrounding circle. The highly reflective conducting layer that connects
the photocathode to the potential is divided in two parts for this PMT. For comparison see
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the photo of the PMT in figure (note that the QE map is back-to-front though). The
highest QE value is reached around the wire that is assumed to be the contact strip of the
first electrode. In this region, the coating is a bit tarnished, which can also be seen in the
photo. If or why this might have such a big effect on the QE is not understood yet. The four
spikes at the outermost part are real features where the reflective coating reaches over the
edge of the photocathode. Altogether, the inner structures are less straightforward than for
the Hamamatsu PMT, which results in the QE map to look a little ragged. This is also true
for the QE profiles shown in figure Most of the visible features are consistent with the
QE map though. There is a little QE peak near the PMT centre just like for the Hamamatsu
PMT, but again it can not be explained by visible judgement of the inner PMT structures.

The averaged QE for centre illumination is ~ 20.3 % which is consistent with the man-
ufacturers statement in [37]]. The absolute maximum QE variations were found to be
~ 9.39% for the y-profile and ~ 9.55% for the z-profile, which makes the ETEL PMT to
appear slightly less inhomogeneous than the Hamamatsu PMT.

Conclusions

The position dependence of the QE could be investigated in great detail for both PMTs. The
high scanner accuracy and the small light spot size allowed for a scan resolution of 1 mm,
which proved to be sufficient to observe even small details in PMT structure.

The results of the measurements are in agreement with the expectations and the other
investigations in terms of a qualitative as well as quantitative analysis. A comparison of the
measured QE structures with photographs of the actual inner structures provided further
confirmation of the large influence of PMT inner structure and geometry on the QE.

Although the QE of the ETEL PMT showed smaller absolute QE deviations which might
indicate more homogeneity, the Hamamatsu PMT provides much more symmetry in QE as
well as inner structure. The advantages and disadvantages of both PMT’s features thus are
a matter of application requirements.
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Figure 8.18: y-and z-
profiles of the QE. Both
profiles were sectioned
through the PMT cen-
tre. Error bars were
calculated with Gaus-
sian error propagation.
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Figure 8.17: Posi-
tion dependence of the
QE for the Hamamatsu
R12199-02 PMT. The
plot shows the QE as a
function of the y- and
z- coordinates of the
scans. The measure-
ment was conducted
with a scan resolution
of 1 mm in both y- and
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8.4 Position dependence

Figure 8.20: y-and z-
profiles of the QE. Both
profiles were sectioned
through the PMT cen-
tre. Error bars were
calculated with Gaus-
sian error propagation,
but are too small to be
visible in most parts of
the plot.
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Figure 8.19: Position
dependence of the QE
for the ETEL 9320KFL
PMT. The plot shows
the QE as a function
of the y- and z- coor-
dinates of the scans.
The measurement
was conducted with
a scan resolution of
1mm in both y- and
z-direction. The QE is
colour coded.
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9 Summary and Outlook

The purpose of this thesis was to design, build and commission a test stand for high-precision
quantum efficiency characteristic measurements of photomultiplier tubes that are to be im-
plemented in the Multi-PMT digital optical module, a new optical sensor for IceCube-Gen2.
This did not only include the design and setup of completely new hardware components
and the programming of suitable software controls, the combination and coordination of a
variety of different devices to form an efficient measurement setup, and the thorough test-
ing of the involved hardware, but also a detailed understanding of the working principle of
photomultiplier tubes and the physics of photocathodes.

The heart of the quantum efficiency test stand, the 3D scanner, which was designed and
build as a part of this thesis for automated optical screening of PMTs, was successfully
commissioned and proved itself a reliable and accurate piece of equipment. The ability
to perform accurate remote 3D-positionings of the light output is an essential part of all the
conducted measurements. The scanner and its control script are fully operational and ready
to be used in further quantum efficiency investigations.

Other hardware components still need further optimisations. Some ideas were presented
that could be realised in the future, for instance possible accuracy improvements of the
rotation table which is used for angular PMT positioning, and light conducting alternatives
to the current optical fibre and lens collimator solution, which appeared to be problematic
for smaller wavelengths.

To commission the quantum efficiency test stand, but also to contribute first PMT character-
isations to the mDOM project, we conducted three different measurements: The quantum
efficiency ...

* ... as a function of the wavelength,
* ... as a function of the incident angle of the light,
* ... and as a function of the photocathode position.

The wavelength dependence measurements resulted in expected quantum efficiency curves,
although they revealed a weak point of the test stand: Some currently installed optic com-
ponents cut off small wavelengths, which made it impossible to get significant results in
the affected spectral range. As mentioned above, some alterations are planned to fix this
problem.

The results of the angular dependence measurement showed a good agreement with
the theoretical predictions. Considerations concerning the large impact of reflection from
the PMT’s inner metal structures are confirmed in these investigations. A general problem
with the test stand that occurred especially during these measurements is the presence of
interfering signals that compromised the measurement process and decreased the signif-
icance of the results. A future improvement could be made by installing a sophisticated
electromagnetic shielding for the Blackbox itself, which surrounds the test stand, to protect
the highly sensitive PMTs from such interferences and to ensure unobstructed measurement
procedures.

The test stand proved very suitable for the photocathode position dependence measure-
ments, which could be conducted with high scan resolution and revealed PMT character-
istics in great detail. The results indicate a pronounced impact of the PMT’s inner metal
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structures on the quantum efficiency which is consistent with the expectations and results
of the other measurements.

Altogether, the quantum efficiency test stand will help to conduct PMT characterisation and
testing measurements much more thoroughly and efficiently than it was before. This thesis
provides the foundation and the knowledge base for future measurements, as well as for
further improvements and extensions to the current test stand. One followup project will
be a gyroscopic PMT mounting that will allow for the PMT to be rotated and tilted in all
directions.

Further studies of PMT characteristics based upon this thesis could include photocathode
thickness and homogeneity measurements to investigate the impact of these factors on the
quantum efficiency. Such investigations could be conducted by means of ellipsometry, which
is a procedure for optical investigations of thin layers by means of light polarisation. It is
not clear though whether it is possible to include the rather complex experimental setup as
a part of the QE test stand.

The experiments conducted in the scope of this thesis all had air as the PMT-surrounding
medium, for obvious setup-constraining reasons. It would be an interesting aspect though
to repeat the investigations in more IceCube-relevant media like water or ice. To realise this
could be a major project of further QE test stand improvements.
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10 Appendix

10.1 Refractive indices of the KCsSb photocathode

Table 10.1: Refractive indices of the BK7 glass window and the KCsSb photocathode for several
wavelengths. Displayed are the real and imaginary components of the complex refractive indices
N = n+ix. n, has been calculated with the Sellmeier equation (6.5) with the coefficients taken
from [27], the data for x, has been also taken from [27] and interpolated. Both n; and x5 have
been taken from [28] and also interpolated.

A [nm] BK7 KCsSb A [nm] BK7 KCsSb

n, Ko ns K3 n, Ko ns Ks
300 1.55 | 2.86E-006 | 1.14 | 0.16 510 1.52 | 9.00E-009 | 3.04 | 0.79
310 1.55 | 1.37E-006 | 1.18 | 0.29 520 1.52 | 8.23E-009 | 3.15 | 0.73
320 1.55 | 6.66E-007 | 1.23 | 0.43 530 1.52 | 7.51E-009 | 3.26 | 0.59
330 1.54 | 3.40E-007 | 1.30 | 0.61 540 1.52 | 7.03E-009 | 3.24 | 0.40
340 1.54 | 1.80E-007 | 1.39 | 0.74 550 1.52 | 7.03E-009 | 3.17 | 0.33
350 1.54 | 9.29E-008 | 1.49 | 0.82 560 1.52 | 7.54E-009 | 3.12 | 0.24
360 1.54 | 4.65E-008 | 1.61 | 0.87 570 1.52 | 8.35E-009 | 3.08 | 0.23
370 1.54 | 2.74E-008 | 1.75 | 1.08 580 1.52 | 9.25E-009 | 3.04 | 0.19
380 1.53 | 2.07E-008 | 1.92 | 1.26 590 1.52 | 1.01E-008 | 3.01 | 0.17
390 1.53 | 1.37E-008 | 2.10 | 1.45 600 1.52 | 1.08E-008 | 2.99 | 0.15
400 1.53 | 1.02E-008 | 2.25 | 1.52 610 1.52 | 1.14E-008 | 2.97 | 0.12
410 1.53 | 8.61E-009 | 2.38 | 1.62 620 1.52 | 1.19E-008 | 2.96 | 0.11
420 1.53 | 9.39E-009 | 2.54 | 1.67 630 1.52 | 1.23E-008 | 2.95 | 0.10
430 1.53 | 1.07E-008 | 2.65 | 1.67 640 1.51 | 1.26E-008 | 2.95 | 0.08
440 1.53 | 1.12E-008 | 2.70 | 1.62 650 1.51 | 1.27E-008 | 2.95 | 0.06
450 1.53 | 1.09E-008 | 2.81 | 1.54 660 1.51 | 1.26E-008 | 2.95 | 0.08
460 1.52 | 1.03E-008 | 2.93 | 1.42 670 1.51 | 1.23E-008 | 2.95 | 0.05
470 1.52 | 9.97E-009 | 3.00 | 1.22 680 1.51 | 1.16E-008 | 2.96 | 0.02
480 1.52 | 9.89E-009 | 3.01 | 1.05 690 1.51 | 1.05E-008 | 2.98 | 0.02
490 1.52 | 9.83E-009 | 2.99 | 0.88 700 1.51 | 8.93E-009 | 3.02 | 0.02
500 1.52 | 9.58E-009 | 3.00 | 0.85
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10.2 Further calculations on reflection and transmission in thin films

10.2 Further calculations on reflection and transmission in thin films

As explained in section [6.2.2] each traverse of light through the conductive layer (photo-
cathode) of a PMT results in a factor of e'” in the reflection and transmission coefficients

rqL (6.13) and t¢ (6.14) with

2nd
P = %Nscos(es)

= 1 (us+1ivs)

where A is the wavelengths of the incident light in vacuum, d is the thickness of the layer,
and n = %. Later we will see that it is useful to divide p in a real and imaginary part u,
and v as it is done above, where (following [21[] pp. 628—632):

. . 2
2u} = ni—x3—nisin®(6,)+ \/(n§ —Kk2—nZ 51n2(92)) + 43

. . 2
2 = — (ng —K:—n; s1n2(92)) + \/(n% —x2—n?sin?(0,))" +4x2.
Each coefficient in rg, and t¢, can now be expressed with its phase to r;; = pije"‘f’fi and
t;; = q;;e'*u. The exact expression of the ¢;; and y;; is not important at this point. For the
reflectance R, one has with (6.13):

. . . N2 . _ . 2
|p2361¢23 +p34el¢3462m(u3+“’3) |p2361¢23 + pase 277V3el(¢34+277u3)|

— 2 _
RCL - |rCL| - 9 ] ] P
|1 +p23e1¢23p34e—2m’3 el(¢34+2’7u3)|

| 1+ ngei¢23p34ei¢34eZin(u3+iV3)
ng + p§43_4m3 + 2pg3paqe 21" cos (¢23 — 34— 27)”3)
1+ p2.p3,e~*1"s + 2py3p3ae=21" cos (¢23 + P+ 277“3)
2 2 _ -
|rosl” + |r34| e + 2p)3pase™% cos (¢23 — P34 — 277“3)

2 2 _ _
1+ |rys] |r34| e~ 415 + 2p,3 P31 COS ((1523 + g4+ 2mu13)

(10.1)

. . 2 2 .
with the relations pfj = |rl-j| and |e2“7(”3+”3) = ¢~*1s, Analogous for the transmittance

Te, with (6.14):

TCL = —|CL|

2 2
_ N4C086, [t2a” || "> (10.2)

2
N 080, 1 + |3l |r34| e~ + 2py3pgee™1"s oS (¢23 + Pag+ 277“3)

Note that either r and t.; as well as Ry and T hold for each polarisation of light sepa-
rately.

The photocathode is a thin filrrm On thin film scales, the light waves can be assumed
to be monochromatic and coherent plane waves, so that the individual reflected waves that
correspond to the components of re, = r + 1 + ... interfere with one another, and the same
is true for the transmitted waves, which is indicated by formulas and with the
cosine interference terms. Whether the interference is constructive or destructive depends

“8Note that here the relation N = n + ix is used, whereas [21]] uses N' = n(1 + ik ).
“9For a definition of thin films see ‘Optical functions of the photocathode’ in section
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Figure 10.1: Reflectance R, (a) and transmittance T (b) of the photocathode plotted against
the photocathode thickness d, assuming the following parametrisation: n, = 1.53, ny = 2.25, A =
400nm, 9, = 0°. The different colours indicate different values of the extinction coefficient k.
Realistic values for the thickness of the photocathode lie within the grey areas.

on the phase shift and therefore on p with the parameters d, A, 8 and N;. To visualise
these dependencies, the optical functions are plotted against d in figures|10.1aland [10.1b|
Considering only the case without attenuation in the material (blue curves), it can be seen
that the optical functions oscillate, with their maximum and minimum points corresponding
to % with meN. For R, the interference is constructive if m is odd, and destructive if
m is even. For T, it is the other way around as can easily be seen from the different
exponents e*” and e’ in the formulas for ro and t;, respectively. This periodicity would
continue until the layer thickness reaches values where interference does no longer occur.
However, the other curves represent more realistic cases with different degrees of absorption
in the material. As can be seen, for k5 # 0 the reflectance eventually levels at a value that
equals the reflectance at the very first bounding surface, so that Ry ~ R,5, whereas the
transmittance decreases exponentially with the increase of d. That means that the internal
reflection as well as the transmission is negligible for thick layers with attenuation. This is
not the case for the relatively thin photocathode though, whose dimensions are indicated
by the grey areas in the plot.

One important takeaway of these plots is that a relatively small deviation in d would have
quite an impact on the optical functions. Since the process of evaporating the photocathode
onto the glass is not completely exact in reality, d is assumed to not be constant throughout
the entire area. For the predictions however, a uniform value of d = 20nm was set as
suggested in reference [20]]. The real thickness of the PMTs used in our measurements can
easily deviate by several nm; unfortunately we are not able to measure it (yet). This should
be kept in mind for the evaluation of the QE predictions in sections|6.2.3|and [6.2.4]
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10.3 Code excerpts

58 # set fixed values and coordinates:

51 wavelength = 478.0

52 offset = PMT[ 1 - PMTI ]

53 scan_radius = PMT[ 14+ 3

54 stepsize =1.8

55 stepref =5

56 x0 =-190.45

57 phd_pos = (x8, 282., 205.)

58 dc_pos = (x8, 202., 185.)

59 pmt_cen = (x@, 68.5, 145.5)

60

61 # creating y- and z-coordinate arrays:

62 distance_i = (pmt_cen[1] - scan_radius, pmt_cenl[2] - scan_radius)

63 distance_f = (pmt_cen[1] + scan_radius, pmt_cenl[2] + scan_radius)

64 y_distances = np.arange(distance i[8], distance f[0], stepsize)

65 z_distances = np.arange(distance i[1], distance f[1], stepsize)

66

67 realwave = mnc.Go_wave(wavelength)

68 time.sleep(1)

69 Take dc_ref()

78 # scanning...

71 E for i, z in enumerate(z_ distances):

72 O if (i !'=0) and (1 % stepref == 8):

73 Take_dc_ref()

74 moc.Move to_distance 1d(2, @, z)

75 B for j, y in enumerate(y_distances):

76 r =np.sqrt(abs(y-pmt_cen[1]1)**2 + abs(z-pmt_cen[2])**2)

77 if (r <= PMTI 1):

78 ®x_shift = abs(np.sqrt(PMT[ 1#%2 - r**2) - PMT[ 1) - PMT[ 1
79 B else:

80 x_shift =0

81 moc.Move_abs_distance 3d((x® + x_shift, y, z))

82 pointx = moc.Get_distance(®, moc.Get_parameter(o, 1))

83 pointy = moc.Get_distance(l, moc.Get_parameter(l, 1))

84 pointz = moc.Get_distance(2, moc.Get_parameter(2, 1))

85 current = pic.Get_currents(num pmt)[1]

86 time.sleep(1)

87 # writing to data file:

88 seconds = time.time() - starttime

89 ﬁ with open(datafile, ) as d:

90 [ d.write(str( % seconds) + + str{ % pointx) + +
91 str( % pointy) + + str( % pointz) + +
92 - str % current[0]) + + str( % current[1]) + )
93 | printi( + str( % pointx) + + str % pointy) + +
94 stri % pointz) + )

95

96 Take dc_ref()

97 L print( )

Figure 10.2: Code excerpt of the position dependence scan routine from the QE test stand Python
script. The routine coordinates all instruments necessary to perform the scan. The important vari-
ables are set in lines 51-59, including the wavelength and step size of the scan, the position of the
PMT and photodiode in scanner coordinates, as well as information about the investigated PMT nec-
essary to calculate the position map (see figure [8.15a)). The actual scanning process is found in line
71-88. Methods controlling the scanner begin with moc ., the picoampere meter with pic. and the
monochromator with mnc. Gathered data is written to a file in lines 89-94. The implementation of
the function Take_dc_ref (), which performs a dark current and reference data recording, is not
shown in this excerpt.
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