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ABSTRACT

Astroparticle physics investigates the fundamental particles and processes occurring in
the cosmos, by observing cosmic rays, gamma rays, neutrinos, and gravitational waves.
The combined study of those messengers is called multi-messenger astronomy and en-
ables complementary observation of the astrophysical processes. Therefore, neutrino
astronomy is a promising field that typically utilizes detectors composed of a photo-
sensor array located in large transparent optical volumes such as water or ice. These
detectors observe Cherenkov radiation, which is created by the charged particles pro-
duced from an interaction of high-energy neutrinos with subatomic particles contained
in the target material. One of those detectors is the IceCube Neutrino Observatory
with its upcoming IceCube-Upgrade, which is the subject of this thesis. The objective
of the Upgrade is to enhance the scientific capabilities of the IceCube detector by low-
ering its energy threshold and implementing new instruments for calibration. Among
these calibration devices is the Precision Optical Calibration Module (POCAM), which
emits isotropic, self-monitored light to study detector systematics. Following a com-
prehensive examination of the instrument design and functionalities, this thesis delves
into the fabrication process of the first fully assembled module ready for the South Pole
installation. Finally, a report of the qualification and calibration procedures for all the
POCAM devices planned for the IceCube-Upgrade installation for the season 2025/26
will be discussed.
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1 Introduction

Astroparticle physics studies cosmic particles, so-called astronomical messengers, by us-
ing a variety of experimental techniques. Among the astronomical messengers detected
are cosmic rays, high-energy gamma rays, and neutrinos. The field of multi-messenger
astronomy combines the different observation techniques of those particles. Neutrino as-
tronomy is of particular interest because of the neutrino’s small cross-section. This offers
a unique opportunity to probe physical processes within astrophysical objects since neu-
trinos are not deflected or absorbed like cosmic rays and gamma rays during their path
through the universe [1]. Neutrino observatories such as IceCube, located at the South
Pole, use a cubic-kilometer volume detector embedded in the ice, to study neutrino prop-
erties. These detectors utilize arrays of photosensors within the transparent medium to
detect Cherenkov radiation emitted by secondary particles resulting from neutrino in-
teractions [2]. By analyzing the collected data, the IceCube Collaboration can estimate
the energy, the origin, and the flavor type of the original neutrino. Furthermore, the
phenomenon of neutrino oscillation is investigated using denser arrays of photosensors
[3]. The IceCube Upgrade project, planned for installation during the 2025/26 summer
season, aims to enhance sensitivity to oscillation physics by deploying a denser array
to lower the energy threshold. Alongside new optical modules, new calibration devices
will be deployed to reduce systematic uncertainties of the detector, one of them is the
Precision Optical Calibration Module (POCAM) [4]. This thesis focuses on detailing
the assembly and calibration procedures for the first POCAM device, serving as a pro-
duction guide for subsequent iterations. The outline of the thesis content is presented
as follows.

Chapter 2 briefly introduces astroparticle physics, the discussion delves into multi-
messenger astronomy, introducing its messenger particles and their characteristics. Sub-
sequently, the detection of neutrinos through Cherenkov radiation is explored, leading
to the introduction of various neutrino detectors.

Chapter 3 examines the IceCube Neutrino Observatory, beginning with an overview
of the detector design, comprising a detailed description of its individual components.
Additionally, various detector uncertainties are discussed, along with an introduction to
the IceCube Upgrade and its diverse modules and their positioning within the current
detector setup.
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Chapter 4 outlines the overall design of the POCAM module, providing an introduc-
tion to its various components, ranging from internal optical and electrical elements to
external features like pressure housing and suspension. Alongside discussing the mod-
ule’s design, the chapter offers a comprehensive examination of the electric boards and
their respective functions. Furthermore, the section concludes with an overview of the
calibration procedures for the POCAMs within the detector volume.

Chapter 5 centers on the assembly and calibration of every component comprising the
initial POCAM module. It commences with an outline of the integration process for the
module. Furthermore, this chapter explains the calibration procedures needed during
assembly to ensure the device is fully functional upon completion.

Chapter 6 contains the conclusion of this thesis, followed by the appendix with a more
detailed step-by-step integration procedure A and additional calibration data B.



2 Astroparticle Physics

The field of astroparticle physics started with the discovery of cosmic radiation by the
balloon flight of Victor Hess in 1912. He discovered that ionizing radiation isn’t solely
generated by radioactive processes on Earth. By employing an ionization chamber, he
observed a rise in ionizing radiation with altitude, revealing an extra source of such
radiation beyond terrestrial origins, the cosmic rays. In the years after and with the
help of cosmic rays, new elementary particles were discovered, like positrons, muons,
pions, and more [5]. The field of cosmic rays remains an area of active research because
of their high energy, which is not reproducible by mankind’s accelerators, and to answer
the question of their origin and their acceleration mechanisms. The localization of those
cosmic ray sources and accelerators poses a challenge, due to the deflection of these
particles by interstellar and intergalactic magnetic fields [1]. Presently, astroparticle
physics represents a fusion of research, spanning astronomy, cosmic rays, and particle
physics. The joint observation of various cosmic particles with different properties,
including not only cosmic rays but also gamma rays and neutrinos, holds significant
promise in the field of astrophysics and is called multi-messenger astronomy [6].

2.1 Multi-Messenger Astronomy

Multi-messenger astronomy is the exploration of the universe using various cosmic mes-
sengers. The field comprises observation of cosmic rays (CR), gamma rays (y), gravita-
tional waves (GW), and neutrinos (V).
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Figure 2.1: Graphical illustration of three cosmic messenger particles. Gamma rays (y)
are depicted in blue, protons (p) as part of cosmic rays in red, and neutrinos
(v) in green. Each messenger is shown with a characteristic path for from a
source to the Earth. Image from [7].

Cosmic rays comprise about 90 % protons, 9% alpha particles, and a small fraction
of heavier nuclei [8]. Most of these charged particles are highly relativistic. Intergalac-
tic magnetic fields deflect charged particles, thereby posing considerable challenges in
pinpointing the cosmic ray source of origin. When these cosmic rays enter the earth’s
atmosphere, they interact with atmospheric nuclei and produce air showers by setting off
cascades of secondary particles. The produced secondary particles eventually decay into
lighter particles such as high-energy photons, electrons, positrons, muons, and neutrinos
[1, 6].

Gamma rays are non-charged particles and thus can be used to pinpoint back to
potential sources. The disadvantage of photons is their interaction with interstellar
medium. Processes like Compton scattering cause the gamma rays to be deflected thus
veiling their source. Therefore, the maximum observable distance for gamma-ray sources
is restricted. [1]

Gravitational waves were first postulated in Einstein’s General Relativity Theory.
They are described as ripples of space-time generated by the acceleration of massive cos-
mic objects, causing a distortion of a local gravitational field, which is then propagating
outwards from its source at the speed of light [5].
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Neutrinos together with electrons, muons, and taus form the lepton group. Each
charged lepton has a neutrino equivalent hence, there are three flavors, which are in-
dicated by the index [ = (e, v,T). Leptons don’t interact via the strong nuclear force,
and neutrinos, unlike their charged counterparts, don’t interact electromagnetically [8].
Neutrinos can interact weakly, either in a charged current (CC) or in a neutral current
(NC) interaction.

u+NoI+X  (CO), (2.1)

v+ N -+ X (NO), (2.2)

with N and X, the nuclei before and after interaction, respectively. Since neutrinos
only interact weakly, they have a very small cross-section. For example, Neutrinos with
an energy of 1 MeV have a cross-section of 10744 c¢m?. In other words, it would take 10!
neutrinos, for one of them to interact while traveling across the diameter of Earth[1].
Hence, detecting neutrinos presents a significant challenge and represents a rather new
research area, utilizing modern experimental techniques.

2.2 Cherenkov Neutrino Detection

Neutrino detection depends on three essential elements. Firstly, a large detector volume
is necessary due to the small cross-section of neutrinos, ensuring an extensive number
of target nuclei for interaction. Secondly, the detector must be located at a significant
depth to shield against cosmic rays and their secondary particles. And finally, the
detector must be immersed in a transparent medium of water or ice. This setup allows
an array of photosensors to capture the Cherenkov light emitted by secondary particles
due to neutrino interactions, thus providing valuable data on energy and direction [9, 1].

The so-called Cherenkov light can be produced by a charged lepton (1) which is created
in the CC interaction, depicted in equation 2.1. Cherenkov light is generated when the
speed of the charged particle exceeds the speed of light in that medium ¢,

n = 23
=S (2.

with ¢ the speed of light in vacuum and n the wavelength-dependent refractive index.
The light is coherent and emitted in a cone with an opening angle
Cn
0c = r (2.4)

with v the speed of the charged particle [1]. For relativistic particles in ice, the opening
cone has an angle of 41° [10]. Neutrino telescopes use this Cherenkov light to reconstruct
the energy and track of the charged lepton, thus determining the energy and the source
of the neutrino.

The number of emitted Cherenkov photons N¢ of a particle with the charge ¢ per
unit distance traveled dz and unit wavelength interval dA can be estimated by
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2 2 2 2
d“Ne  4mq ( c ) (2.5)

dzdN — heX? U n())20?

Cherenkov photons are produced with a wavelength dependency of 1/A? in a wave-
length range between 300 and 600 nm in ice [10].

2.3 Neutrino Detectors

The first pioneer project of a neutrino detector was DUMAND (Deep Underwater Muon
and Neutrino Detector). While the project solely conducted a test string and did not
proceed with constructing a detector array near the Hawaiian shore, it triggered the de-
velopment of successful experiments [9]. Among these first experiments were the Baikal
experiment in the lake Baikal in Russia [11], AMANDA (Antarctic Muon And Neutrino
Detector Array) at Amundsen-Scott South Pole Station [12] and the ANTARES (Astron-
omy with a Neutrino Telescope and Abyss environmental Research) in the Mediterranean
Sea at the south coast of France [13].

Three more recent neutrino telescopes are the KM3NeT (km?3 Neutrino Telescope) in
the Mediterranean Sea [14], the new envisioned detector P-ONE (Pacific Ocean Neu-
trino Experiment) at the west coast of Canada [15] and the successor of AMANDA, the
IceCube Neutrino Observatory located at the Amundsen-Scott South Pole Station. A
design overview of the first two is given below. The IceCube Detector on the other hand
is explained in detail in chapter 3.

KM3NeT is still under construction and is composed of two larger volume telescopes:
ARCA (Astroparticle Research with Cosmics in the Abyss) off-shore Sicily at a depth of
3500 m and ORCA (Oscillation Research with Cosmics in the Abyss) at the coast of south
France at a depth of 2500 m. The two detectors utilize the same detection techniques and
data acquisition design but have a different geometrical layout of the optical modules
[14]. ARCA itself is also composed of two blocks, combined they instrument a volume of
one cubic kilometer. ORCA, on the other hand, is about 250 times smaller [16]. The less
dense arrangement of detection units in ARCA will allow for the detection of high-energy
cosmic neutrinos, while ORCA will be specifically designed for lower-energy neutrinos
and the investigation of neutrino oscillations [14].
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Figure 2.2: Layout of the KM3NeT detectors. Shown is the comparison of the physical
sizes of ARCA and ORCA detectors. The strings with their optical modules
are shown in red. Figure from [16]

P-ONE is a planned neutrino telescope of multi-cubic kilometer scale, set to be in-
stalled off the coast of Vancouver Island, Canada. The detector will be composed of
multiple modular clusters, which can be installed in various sizes. Each cluster will
consist of 10 strings with 20 optical modules each. P-ONE is specifically designed to
detect astrophysical neutrinos at energies above the TeV threshold, providing precise
directional and energy reconstruction for observed neutrino events [15].

O0m —f

1000m

-2660m

Figure 2.3: Schematic view of the proposed P-ONE Telescope composed of several string
clusters. On the left is the layout of all the clusters, and on the right is the
layout of the strings in each cluster. The optical modules are depicted in
black dots. The strings are maintained in a vertical position by a weight
shown in black and a buoy in yellow [17].






3 The IceCube Neutrino Telescope

The IceCube Neutrino Observatory instruments approximately one cubic kilometer of
glacial ice at the South Pole. The detector was completed in 2011. In May 2013, the Ice-
Cube Collaboration discovered two PeV astrophysical neutrinos, later called Ernie and
Bert [18]. Eight months later, IceCube detected an additional 26 high-energy neutrinos
with energies ranging from 30 to 1200 PeV, marking the first signs of an astrophysical
neutrino flux [19]. In 2014, IceCube announced the detection of the most energetic neu-
trino ever observed at the time, with an energy of 2PeV, named Big Bird [20]. The
Collaboration confirmed the existence of a cosmic neutrino flux in 2015 when they de-
tected 21 neutrinos with an energy above 100 TeV, a neutrino energy that could not
be generated in Earth’s atmosphere [21]. The first astrophysical high-energy neutrino
sources were discovered in 2018 [22]. In addition to confirming the existence of astrophys-
ical neutrinos, IceCube’s scientific goals include indirectly detecting Dark Matter and
further exploring neutrino oscillation phenomena [3]. The following section outlines the
design of the IceCube detector, provides a brief overview of its systematic uncertainties,
and discusses the planned initial expansion of the detector.

3.1 Detector Design

The entire detector comprises four larger sections: the main In-Ice array, the denser
DeepCore sub-array, the IceTop array, and the IceCube Laboratory. The In-Ice array
consists of multiple strings deployed into the ice at a depth of 1450 m to 2450 m with
over 5000 single detector modules [2].
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IceCube Lab
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50m — 324 optical sensors
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IceCube Array
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Eiffel Tower
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Bedrock

Figure 3.1: Schematic view of the IceCube detector with all four sub-components, the
IceCube Laboratory, the IceTop array, the main In-Ice array, and the Deep
Core array. The main array strings are positioned in a hexagonal grid. In
addition, the depth position of the strings is shown. Figure from [23]

The primary In-Ice array consists of 78 strings and is deployed in a hexagonal grid.
The inter-string spacing is 125 m and form the one cubic kilometer detector array FEach
string is composed of 60 digital optical modules (DOMs). A 10inch Photo-Multiplier
(PMT) is installed in each DOM for light detection. The DOMs are vertically separated
by 17m. [2].

Eight DeepCore strings are located in the center of the primary In-Ice array with
an average spacing of 72m. The array hosts 480 DOMs. Most of the PMTs inside
these DOMSs have a 35 % higher quantum efficiency than their counterparts on the main
strings. The lower 50 DOMs of each string are installed at depths between 2150 m and
2450m with a distance of 7m to one another. The ten remaining DOMs are positioned
at a depth above 2000m with a DOM spacing of 10m. The reason for the unoccu-
pied strings between 2000 m and 2100 m is a dust layer, with increased absorption and
scattering effects. The higher efficiency of the PMTs and the denser string and DOM
distribution lead to more sensitivity in lower neutrino energies down to a sub-10 GeV
level [2].

The IceTop array is located at the surface. It is constructed of 81 stations positioned
approximately in the same grid as the In-Ice array. Each station holds two tanks filled

10
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with ice. Inside each tank are two DOMSs, the same kind used in the main array. The two
detectors are modulated to increase the detection range for air showers. Additionally,
IceTop can detect primary cosmic rays in the energy range of PeV to EeV [2].

The IceCube Laboratory is positioned at the surface in the array’s center. All
detector operations are controlled in this building, and thus, all surface string cables
are connected to it. Furthermore, it serves as the DAQ for the entire detector. The
Laboratory is temperature-controlled and electromagnetically shielded to achieve per-
fect conditions for the controlling servers [2].

3.2 Detector Uncertainties

In this chapter, the systematic uncertainties affecting the IceCube detector are described.
They distinguish between experimental and theoretical uncertainties. The theoretical
ones are related to physical processes like cross-sections, particle fluxes, and mixing
parameters. The experimental ones are caused by a limited understanding and calibra-
tion of the detector array [4, 24]. For example, the IceCube neutrino oscillation results
have reached a stage where systematic uncertainties exert a more significant influence
on the outcomes than statistical uncertainties [24]. Hence a further characterization of
in-situ systematic uncertainties is at this stage mandatory, motivating a new calibration
campaign. The main experimental systematic uncertainties are listed in the following
section.

The optical properties of the bulk glacial ice are the first to be addressed. The main
propagation path of the Chrenekov photons happens in this bulk ice. Over the years,
extensive research has been dedicated to refining the modeling and calibration of the
optical properties of the bulk ice, to determine its scattering and absorption coefficients
[25]. Even though the ice is particularly clear, it still experiences anisotropies and
features tilted ice layers, leading to variations in scattering and absorption lengths with
depth. Despite the ice becoming clearer at greater depths, a noteworthy anomaly occurs
with a dust layer between 2000 and 2100 meters, increased absorption, and scattering
effects. All these factors influence the propagation and time evolution of photons on a
large scale [4].

An additional challenge arises as the Cherenkov photons encounter what’s known as
"hole ice’ en route to the DOMs for detection. This hole ice forms during the refreezing
process of the hot water-drilled holes for the detector strings. The resulting refrozen ice
possesses optical properties distinct from the bulk ice. Notably, during refreezing, an air
bubble column forms at the center of the hole ice, leading to light scattering and thus
altering the photons’ propagation trajectory [25]. The optical properties of the hole ice
are commonly described as a modification of the DOM’s angular acceptance compared
to the calibrations taken in the laboratory [26]. Figure 3.2 shows pictures of the drill
hole taken by the Sweden Camera during the refreezing process and after its refrozen
with the bubble column in the center [27].

11
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(a) Drill hole beginning to refreeze (b) Hole ice with bubble column in the center

Figure 3.2: Pictures of the drill hole taken by the Sweden Camera during the refreezing
in (a) and once it is completely refrozen in (b). While the water column of
the drill hole looks clear at the beginning of the refreezing process, a bubble
column forms at the center of the hole once it is completely refrozen. Figure
reference in the text.

Another aspect contributing to systematic uncertainty is the DOM detection efficiency.
The DOM detection efficiency to incident photons with a wavelength from 350nm to
600 nm depends primarily on the optical parameters of the DOM, the intrinsic PMT
response, and the read-out electronics [28]. The current uncertainty in DOMs detection
efficiency is estimated at 10 % [24].

Finally, the uncertainties in the DOMs positioning need to be understood. This com-
prises the deviations from the vertical positions of the strings, a tilt in the positioning
of the DOMs itself, and the shadow cast by the main cable [4].

3.3 The IceCube Flasher Instrumentation

To study the optical properties of the bulk ice, IceCube utilizes a flasher board installed
in each DOM, which consists of six LED pairs. The pairs are circularly mounted on
the board with a 60° spacing. In each pair, one LED is oriented to emit its light
horizontally outward into the ice, while the other one points at an angle of 48 ° upward.
The LEDs have a wavelength of 405 nm are pulse width adjustable, and can emit up to
1.2-10'% photons per pulse [26]. During calibration runs, the LEDs from each DOM are
flashed and the arrival time of the photons detected in the other DOMs are recorded.
An illustration of this process is shown in figure 3.3. The optical ice properties are
then determined by comparing simulations of the photon propagation with different ice
model parameters and the calibration data. The determination of the optical properties
is limited by the LEDs’ intensity profile, emission time. Moreover, during the refreezing
process, the DOM might have moved slightly out from its nominal position and turned,
making the LED directionality uncertain by a few degrees. This uncertainty on the
overall angular profile affects the accuracy of the optical parameters extracted by the
calibration runs [24]. Taking measurements to characterize the hole ice properties by

12
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altering the angular acceptance of the DOMs is challenging because of the orientation
of the installed LEDs in the DOMs, which doesn’t cover a vertical emission [26].

Figure 3.3: Illustration of the flasher instrumentation of the IceCube DOMs. An LED of
the left DOM emits a calibration light pulse. The path of the photon (red)
through the ice is en route to another DOM (right) is determined by the
optical properties of the ice. Figure from [4].

The orientation of the LEDs, as well as their directional and non-monitored intensity
profile measurements to probe the experimental systematic uncertainties, poses a chal-
lenge [26]. Consequently, new calibration devices are needed with directional indepen-
dent light emission and the ability for self-monitoring to tackle the various systematic un-
certainties. IceCube-Upgrade will, among other things, address these uncertainties and
is further described in section 3.4. A part of this Upgrade is the Precision Optical Cal-
ibration Module (POCAM), with its isotropic light emission profile and self-calibration
capability [4].

3.4 The IceCube-Upgrade

The IceCube-Upgrade is an extension of the existing IceCube telescope, which includes
the sub-detector DeepCore deployed in its center. It is composed of seven strings with
over 700 single modules. The new strings will reduce the energy threshold of the IceCube
detector to a few GeV, enhancing the precision for oscillation measurements [29]. Fur-
thermore, the IceCube-Upgrade allows for the precise detection of tau neutrino appear-
ances. Additionally, the IceCube-Upgrade will not only enhance the science capabilities
but also improve the understanding of the optical properties of the ice, with the help
of the different calibration devices. The calibration data can reduce the main system-
atic uncertainties, which contribute to astrophysical neutrinos’ directional uncertainties.
Consequently, over ten years of archived data from IceCube can be re-analyzed with the
improved knowledge of the ice properties [3, 29].

13
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Most of the devices for the IceCube-Upgrade are two new kinds of photosensor modules
called multi-PMT Digital Optical Module (mDOM) [29] and Dual optical sensors in an
Ellipsoid Glass for Gen2 (D-Egg) [30]. Moreover, experimental photosensor modules
such as the Wavelength-shifting Optical Module (WOM) [31] and the Long Optical Module
(LOM) [32] will be deployed. Additionally, several calibration modules will be installed
on the strings, such as a camera system [33], the Acoustic Module (AM) [34], and new
optical calibration devices. The latter consists of the so-called Pencil Beam [35] and the
Precision Optical Calibration Module (POCAM), which will be discussed in this thesis
in the chapters 4 and 5. The strings will be deployed in the season 2025/2026 at the
bottom center of the IceCube array. Figure 3.4 shows the preliminary location of each
string inside the existing DeepCore and main array.

& ® IceCube
é° DeepCore
50 A ® Upgrade
81
82
86
0_
£ &3 &6 &2 &’
> 7
-504 &5 é 8
¢ o pd
79
85 59 .%
—100 A 84
é’
—150 A &b
-50 0 50 100 150 200
X [m]

Figure 3.4: Preliminary position of each IceCube-Upgrade string (green) relative to the
existing IceCube (blue) and DeepCore (orange) strings. Figure created with
preliminary IceCube Collaboration data.
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Figure 3.5: The depth position of all the IceCube-Upgrade devices compared to the Ice-
Cube and DeepCore strings. IceCube modules are depicted in blue, Deep-
Core in orange. The IceCube-Upgrade optical modules mDOM and D-Egg
are shown in green, the special devices in light blue, and the POCAMs in
red. Figure created with preliminary IceCube Collaboration data.

The depth layout of the devices is similar to the ones on the DeepCore strings and
can be divided into three regions. The IceCube-Upgrade strings are populated in the
top area between 1350 m and 1850 m with a device spacing on each string of 25 m. The
IceCube-Upgrade strings have, similar to the Deep Core strings, an almost empty area
of instruments due to an impurity of the ice, a so-called dust layer between 1850 m and
2150m. Most devices are located between 2150 m and 2450 m with a device-to-device
distance of 3m. In contrast to the IceCube and DeepCore strings, four of the IceCube-
Upgrade strings are also occupied below 2450 m. These devices consist, among others, of
mDOMs and D-Eggs as well as LOMs and POCAMs and are placed between 2500 m and
2600 m, for studies of deep ice properties. Figure 3.5 shows the entire IceCube-Upgrade
string layout.
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(a) mDOM

Figure 3.6: Two optical modules, which will be deployed as part of the IceCube-Upgrade,
the multi-PMT Digital Optical Modules (mDOM) on the left and the Dual
optical sensors in an Ellipsoid Glass for Gen2 (D-Egg) on the right. Images
(a) and (b) from [36] and [37], respectively.
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4 The Precision Optical Calibration Module

The Precision Optical Calibration Module (POCAM) is a high-precision, self-monitoring,
and isotropic light source with the capability to flash nanosecond pulses at multiple
wavelengths. It was designed for calibration measurements of the IceCube-Upgrade
(ICU) project. The following paragraphs will give an overview of the instruments’ design
and working principle, as well as the calibration capabilities for the IceCube detector.

s

1) + Diffuser sphere

Mini-Main-Board (MMB) + IceCube

Communication Module (ICM

Figure 4.1: 3D model of a cross-section of a POCAM instrument. Inside are the elec-
tronic boards, LEDs, self-monitoring sensors, and the SM with its diffuser
sphere on top. Baseline figure from [4].

4.1 General Instrument Structure

A POCAM device consists of three main parts, the center piece with the optical parts
and the boards, the outer pressure housing, and the harness with its steel ropes.

The pressure housing is mounted in a harness to keep the device in a horizontal
position. The four steel ropes are attached to the harness and serve as suspension on
the string. The design of the outer structure is shown in figure 4.2.

17



4 The Precision Optical Calibration Module

Figure 4.2: A fully calibrated and assembled POCAM mounted inside its harness at-
tached to four steel ropes. The harness serves as a suspension for the device
on the string.

The pressure housing comprises two different parts. The main body is a cylindrical
titanium housing with a penetration cable assembly (PCA) for communication with
the IceCube detector infrastructure and a vacuum port for pressure adjustment. The
vacuum port is also used to flush the inside of the device with nitrogen in order to
prevent the humidity inside from freezing and, therefore, change the optical and electrical
characteristics of the device. On both ends of the cylinder are titanium flanges with a
BK-7 glass hemisphere. The entire pressure housing was designed to withstand the
environmental conditions of the Antarctic ice. The devices will be installed at a depths
between about 1.4km and 2.6 km. The typical pressure in these depths can rise up to
260 bar. During the refreezing of the drill holes, the pressure can spike much higher.
Therefore, the housings were designed to handle pressures up to 680bar. As seen in
figure 5.19, the temperatures rise with increasing depths, starting with under -40°C
at a depth of 1.4km. Thus the POCAM housings were manufactured to cope with
temperatures down to -50°C [4].
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Figure 4.3: Outer pressure housing, composed of the cylindrical titanium housing with
a vacuum port and the PCA connector for communication on the left and
the two titanium flanges with their glass hemispheres on top on the right.

The inside of the POCAM is composed of optical components and electronic boards.
Within the glass of the hemisphere is an integrating diffuser sphere, which is respon-
sible for the isotropic light output. The diffuser sphere is mounted on a round metal
plate, shadow mount (SM), which optically separates the electrical components from the
diffuser sphere. The inside of the flange and the top of the SM are coated with Magic-
Black paint to prevent light scattering and modify the emission profile. The SM has
two openings for the two self-monitoring sensors, the photodiode (PD) and the silicon
photo-multiplier (SiPM) [4].
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Figure 4.4: A flange with its glass hemisphere (right) and SM with its diffuser sphere
(left) is depicted. The inside of the flange and top of the SM are coated
black to prevent scattering of the light pulses. The SM is equipped with two
openings, one for each of the two self-monitoring sensors, a photodiode and
a SiPM.

The SM is mounted on an analog board (AB), and that, in turn, is mounted on the
respective flange. The boards are mounted in stacks, thus also a digital board (DB)
is mounted on an AB. Finally, one of the DBs is mounted to an interface board (IB)
and the mini-main board (MMB) with an integrated IceCube Communication Module
(ICM). Both DBs are connected via wires to the IB.

4.2 Analog, Digital and Interface Board Design

The following section describes the POCAM electronic boards in more detail and their
functionalities. The AB is the last board in the chain and is mounted on each SM, as
seen in the figure 4.5. The board hosts 3 laser diodes (LD) with the wavelengths 405 nm,
450 nm, and 520 nm and 3 LEDs with the wavelengths 365 nm, 405 nm, 465 nm [4]. These
6 emitters are controlled with 2 types of drivers, LMG [38] and Kapustinsky [39]. The
LMG driver controls the flashing of the LDs and the 365nm LED. The other two LEDs
are controlled via the Kapustinsky driver [4]. During the POCAM lifetime, the board’s
age and, thus, the drivers can be damaged. To still have an operational device, each
driver has redundancy with its own high voltage (HV) supply. The Kapustinsky driver
is able to flash in two modes, default and fast [4]. The two modes only differ in their
pulse width of 4ns and 9ns, respectively. The LMG driver is able to generate pulse
widths between 1ns, and 20 ns by selecting the two parameters coarse and fine between
the numerical values 0-4 and 0-48, respectively.
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The DB is the control board for one hemisphere and links the respective AB to the
IB. The DB is responsible for the readout of the self-monitoring sensors and the timing.
Additionally, it controls the flashing and the self-monitoring on the AB [4]. A front and
back view of the board is depicted in the figure 4.6.

The IB is the subsequent board that exists only once per device, as depicted in the
figures 4.7. Both DBs are connected to it via multi-strand teflon cables. The IB generates
all voltages required throughout the instrument. All the high voltage generation circuits
exist twice for redundancy on the IB and can be selected for each hemisphere by its
DB. Both high voltage paths can be set between 0 to about 30V via a numerical value
from 0 to about 55000. In addition, the IB provides the central trigger distribution
system as it obtains the external triggers and synchronization pulses from the IceCube
Communication Module. These time signals are used for centralized and synchronous
triggers for both DBs [4].

Figure 4.5: Front and back view of the Analog Board (AB), on the left and right respec-
tively.
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Figure 4.6: Front and back view of the Digital Board (DB), on the left and right respec-
tively.

HBOEHHER

Figure 4.7: Front and back view of the Interface Board (IB), on the left and right re-
spectively.

The remaining electronics part is the Mini-Main-Board stack. It is the board between
the wire pair from the ICU string and the IB. It was designed by the IceCube collab-
oration and is used in every device except the DOMs. The stack is composed of three
boards: the Power-MMB, the Controll-MMB, and the ICM. The first deals with power
conversion from the ICU string to the subsequent boards. The second one includes ac-
celerometers and magnetic field sensors and links the last board, the ICM, to the IB.
The ICM itself deals with the IceCube communication. The relevant properties of MMB
are the communication capabilities, the baseline voltage, the clock, the synchronization,
and trigger signals. A picture of the MMB can be seen in figure 4.8. During the test-
ing and calibration phase, the boards are controlled with a mini-fieldhub (MFH). The
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IceCube collaboration developed the MFH, which is a smaller version of the equipment
that controls the devices later on the ICU strings [4].

Figure 4.8: Pictured is an assembled MMB. On the top is the Power-MMB, and on the
bottom is the Control-MMB with the ICM connected to it in the middle
of both MMB halves. The board stack deals with communication, trigger
signals, time synchronization, and power conversion of the main cable.

4.3 Calibration Operations

The POCAMs will operate in two different ways: during the deployment in the unfrozen
hole, and in final position, after the holes are refrozen. The first calibration is performed
by flashing the POCAM at a constant frequency during the string drop into the melted
ice. During the drop, the DOMs of an old IceCube string next to it can then detect
the light pulses. This calibration will provide hole ice properties from different angles
around the DOMs in a wide range of depths. But only the two deepest POCAMs on
string 89 and 93 are suitable for this operation, see figure 3.5. Figures 3.4 and 3.5 show
the preliminary location of the two deepest POCAMSs on the strings 89 and 93 in the
IceCube detector array for which the hole ice properties of the nearby IceCube and
DeepCore strings can be calibrated [40].

The second working moduse is the isotropic/self-calibrated one, which will be done by
all POCAMs once they are frozen. The first step is to configure the flashing properties.
This means choosing the desired emitter with its specific wavelength. Moreover, select
the pulse width, the applied voltage for the drivers, and the high voltage path with its
own driver pair. After the POCAM is armed with the desired flashing characteristics,
only the trigger time and the amount of pulse have to be chosen. After initialization of
the trigger, all light-sensitive devices within reach will measure the light intensity. The
properties of the ice and the optical modules are then calculated from the taken data

[4].
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5 The First IceCube-Upgrade Precision
Optical Calibration Module

In the last chapter, the POCAM was introduced as a self-monitoring optical module,
that provides isotropic nanosecond light pulses. Furthermore, the calibration operations
and the calibration enhancement they entail were discussed.

The subsequent sections provide a procedure for the assembly and calibration of com-
ponents to achieve an operational and calibrated POCAM device. This chapter is divided
into two main topics. The first outlines the integration procedure, detailing how to as-
semble all components into a complete POCAM. The second section covers individual
calibration procedures referenced in the integration procedure. The integration proce-
dure and calibrations will be performed for the remaining 29 devices, of which 21 will
be deployed into the ice.

5.1 Construction of First Device

This section briefly describes how to assemble all the single components of a POCAM
device. Also, it explains at which point calibration must be done so that the producer
gets a fully functional and calibrated device. The whole procedure can be divided into
10 smaller steps which are explained in more detail in the appendix A.
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Figure 5.1: Components of one POCAM device, including the titanium cylinder (top
right), all boards (top in green), electric cables (below the boards), PDs
(between boards and cables), PTFE spacer (between boards and cables),
flanges (middle), diffuser spheres (inside flanges), O-rings (next to flanges),
all single parts of a harness (bottom), and the steel ropes (bottom right).

All boards used for the assembly and characterization undergo different functionality
tests beforehand. This includes a visual inspection of all boards and installing the
firmware on MMB, IB, and DB. Furthermore, all the boards for one device are pre-
assembled and tested for communication, basic flashing, and readout of all sensors.
The first step in the assembly is done twice, one for each hemisphere. An absolute
calibrated PD is mounted on a SM. The absolute PD calibration was completed before
the production phase and is further explained in subsection 5.2.1. Afterward, the analog
and digital boards are screwed on the SM and a cable connects the PD with the boards.
Figure 5.2 shows the complete assembly. Lastly, an already prepared MMB is mounted
on an IB, shown in figure 5.3. The individual steps can be found in the appendix A.

26



5 The First IceCube-Upgrade Precision Optical Calibration Module

Figure 5.2: Assembly of electronic boards and optical components of one hemisphere. AB
and DB are mounted on the SM. The already calibrated PD is connected via
a cable to the AB.

Figure 5.3: The MMB stack (top) mounted on the interface board (bottom). The assem-
bled board stacks basic functionality is the communication of the device via
the main cable of the IceCube-Upgrade string and the voltage distribution
to all subsequent boards.
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The first calibration is done in a freezer and further conducted in section 5.4. The
goal is to characterize the pulse properties at different temperatures.

The isotropy, intensity, and onboard calibration are done in the next step. Each hemi-
sphere is installed in the Dark Box of the Angular Calibration Setup (AngCaS) with
an absolute calibrated PD from the National Institute of Standards and Technology
(NIST). The angular calibration measures the emission profile of both hemispheres used
in one device, which is described in more detail in section 5.3. The linearity calibration
described in detail in section 5.2.2 measures the light output at different pulse frequen-
cies. The latter characterizes the PD and SiPM of one hemisphere in order to use them
for self-calibration, described in section 5.2.3.

Afterward, the assembled boards and diffuser spheres are flushed for three days with
nitrogen in a sealed box, located inside a glove box with all the rest of the components.
The purpose of the flushing is to remove the humidity inside the boards and the PTFE
spheres.

Figure 5.4: Both SM with their AB and DB together with the MMB /IB stack are placed
inside an aluminum box for flushing all the parts with Nitrogen.
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— A

Figure 5.5: Flushing box inside the glovebox used for the final assembly of the POCAM.

The flushed parts are then mounted on their respective flange inside the glovebox
in a nitrogen atmosphere. Both hemispheres are then fixed to the cylindric pressure
housing and the device is sealed. Outside, the device is evacuated and refilled with
fresh nitrogen five times to remove the rest of the humidity from the inside components.
Finally, the device is refilled to a pressure of 480 mbar. The reason for the low pressure
is to ensure an under-pressure inside the device at all times, during their shipment to
the South Pole via plain. Additionally, each device is tested via its PCA connection for
basic communication and operation.
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Figure 5.6: Evacuation and flushing cycle of the first POCAM device monitored by the
pressure and temperature sensors of the POCAM boards. The Evacuation
Test, three cycles, and the final pressure adjustment are highlighted in gray.
Each pressure increase in the cycles is due to the refilling of the device with
nitrogen, followed by an evacuation with a pump. Each evacuation end is
followed by a small pressure increase as a result of the pump and the adapter
for evacuation.

The sealed POCAMSs then go through the last and final steps, which are mounting
the harness, doing a quick orientation calibration to characterize the accelerometers on
the boards, attaching the steel ropes, and packing them for shipment. Figure 4.2 shows
the assembled POCAM device mounted inside the harness with attached steel ropes.

5.2 Self Monitoring Calibrations

This section discusses all the calibration procedures for the self-monitoring sensors. This
involves an absolute calibration of each PD. The main goal of this measurement is to de-
termine the quantum efficiency at each wavelength. Furthermore, a linearity calibration
is described, it deals with the response of the PD at different intensities and ensures the
functional pulse frequency selection of the boards. Finally, the onboard calibration of
both the PD and the SiPM is discussed. This calibration will determine the conversion
factor between the received signal of the in-situ PD and the SiPM, and the total number
of photons emitted from the hemisphere.

5.2.1 Absolute Photodiode Calibration

The first calibration step is the photodiode’s absolute calibration, which is done before
assembling a device. Its purpose is to evaluate the quantum efficiency at each wavelength.
The characterization is done in the dark box of the Angular Calibration Setup, described
in section 5.3.1.
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(a)

Figure 5.7: (a) NIST PD and to be calibrated PD mounted side by side on a bracket in
the dark box. (b) Flange, shadow mount, analog and digital board mounted
on a holder in the dark box.

An absolute calibrated PD from the NIST is used to characterize the PD. To avoid
intensity and timing differences by the flashes, a bracket, seen in Fig. 5.7a holds the
two necessary photodiodes next to each other. Both PDs are mounted at a distance of
approximately 1m from the equator of the flange.

NIST
PD

Mounting
stage

Figure 5.8: schematic view of absolute calibration setup with all components to charac-
terize the photodiodes.

Both PDs are read out with a dual-channel picoammeter from Keithley model 6482.
For better comparability, every PD is characterized by the same combination of AB,
DB, IB, and MMB, as well as the same shadow mount, flange, and orientation of all
components on the mounting stage. Figure 5.8 shows a schematic view of the setup.

Every emitter is flashed with a pulse period of 1024 us, except for the 365 nm LED.
The response of the PD at this wavelength is lower than for the other wavelengths thus
it is flashed with a lower pulse period of 51 ps in order to increase the light output. The
pulse width of the four LMG-driven emitters is set to 9ns. The two emitters of the
Kapustinsky drivers are run in default mode, with a pulse width of 10ns.
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Each emitter is flashed one at a time. During these flashes, the picoammeter measures
the currents from both PDs 600 times for 20 ms each to get enough statistics. Moreover, a
dark current measurement is taken before each emitter is turned on. From each of the 600
single light measurements, the mean value of the 600 single dark current measurements
is subtracted, for both the NIST PD and the to-be-calibrated PD.

The flashing and measurement parameters above were chosen to achieve an accuracy
of 1% or better for every emitter. The quantum efficiency is calculated as

Ipp light — IPD,dark
M
INIST light — INIST,dark

MPD = 7INIST * (5.1)

where Ipp and InisT are the mean currents of the 600 single measurements. The
constant nnisT is calculated with the spectral Responsitivity R given by NIST as

R-h-c
A-e
where h is the Planck constant, ¢ is the speed of light in vacuum, A the wavelength

and e the elementary charge.

TNIST = (5.2)

e Data points =—— Mean value Standard deviation
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Figure 5.9: Raw measurement data of the picoammeter. Here, the measured current of
an absolute calibration for the 405nm LD is shown.
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This procedure was repeated for all PDs on stock, as part of this thesis. Figure 5.11
shows the quantum efficiencies distributions for all PDs for each emitter. Of all the
absolute calibrated PDs, 60 are selected to equip the 30 POCAM devices. The selection
is made based on the average quantum efficiencies of the Kapustinsky-driven 405nm
LED and LMG-driven 405 nm LD and 450 nm LD that is defined, see equation 5.3 and
figure 5.10. The 60 PDs with the highest mean values were selected as seen in figure
5.11.

Tselection = (MPD,KAPU405 + 7PD,LMG405 + 7PD.1.MG450) /3 (5.3)

— Selection line
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n
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Figure 5.10: Selected and rejected values of the average quantum efficiencies of the
Kapustinsky-driven 405nm LED and the LMG-driven 405nm LD and
450 nm LD, determined in equation 5.3.
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Figure 5.11: Quantum efficiencies of all PDs for each wavelength. The quantum efficiency
of the NIST PD is shown in blue by a vertical line. Furthermore, the 60
selected PDs are shown in green and the sorted out PDs are shown in red.
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5.2.2 Linearity Calibration

The individual boards are flashed at different constant pulse frequencies in all the imple-
mented calibrations. The following calibration ensures that all emitters can be flashed
stable in a broad spectrum of pulse frequencies. Moreover, it addresses any potential
variations in the behavior of the photodiodes under different intensities and ensures con-
sistent performance across all devices.

The calibration is performed by flashing all emitters with a pulse frequency range from
100 Hz to 10 kHz. The measurement is performed in the same dark box as the absolute
calibration in section 5.2.1. The light emission is measured by its designated PD at
its final position on the SM. The position of the PD makes it possible to detect lower
intensities and, therefore, lower pulse frequencies. The hemisphere is controlled by its
assigned IB/MMB stack. The photodiode is read out with a picoammeter. The number
of single measurements per flasher and frequency is set to 100. Single measurement time
and pulse width are the same as in section 5.2.1.
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Figure 5.12: In the top, the measured current against pulse frequency for two different

hemispheres. On the bottom is the relative deviation of the measured cur-
rent to the fitted value.

An example of this measurement is shown in figure 5.12 for the LMG-driven 405 nm
LD. The figure shows the measured currents of two PDs on their respective hemisphere.
The figures for the other emitters can be found in appendix B.1.
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The data of these two hemispheres shows that different pulse frequencies can be se-
lected and a linear behavior of pulse frequency to the measured current for every emitter.

5.2.3 Onboard Calibration

The onboard calibration deals with the characterization of self-monitoring. The purpose
is to characterize the relation factor between overall emitted photons and the signal
measured by the PD and SiPM, mounted on each hemisphere. The measurements are
done in the AngCaS dark box as well. The light pulse properties for the emitters are
the same as in section 5.2.1. The setup is shown schematically in figure 5.13.

Mounting

||  stage
PD
SiPM

Mini-Fieldhub

Figure 5.13: Schematic view of onboard calibration setup with all components

The NIST PD is being read out with the picoammeter, whereas the PD on the SM
and the SiPM on the AB are read out via the boards. The first step of this calibration
is to calculate how many photons were emitted from the diffuser sphere with the NIST
PD. Subsequently, the number of photons that hit the PD on the SM is computed with
its quantum efficiency from subsection 5.2.1. Consequently, the relation factor of the
overall emitted photons and the ones that hit the PD on SM is evaluated.

The number of photons is calculated as

Ipp - T,
Nph _ PD pulse (54)
npD - €
with the pulse period T},yse, the quantum efficiency npp of a PD, the measured current
Ipp of a PD and the elementary charge e. To get the number of photons the hemisphere

has emitted over the area of half a sphere the equation 5.4 is modified as

21 - d?
Nop = Nph : T (5-5)
PD
Inst - T, 2m - d?
NNIST,Qﬂ' _ INIST * Lpulseper ™ (56)

)
TNIST - € ANIST

with Inigt the current measured by the NIST PD, nnigt the quantum efficiency of the
NIST PD, d is the distance between the flange equator and the NIST PD and Anigt the
photon-sensitive detection area of the PDs, which is for all the photodiodes 1 cm?. The
table 5.1 shows the average number of photons emitted by a diffuser sphere over 2.
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Emitter

KAPU405

KAPU465

LMG365

LMG405

LMG450

LMG520

NN1sT 2

1.0- 1019

9.5- 10Y

6.0- 10%

1.0- 1010

9.5- 107

9.0- 10Y

Table 5.1: Number of photons per emitted pulse over 27 measured by the NIST photodi-
ode with an applied voltage of about 30 V. The pulse width of the LMG-driven
emitters was set to about 7ns and for Kapustinsky-driven emitters to 9ns.

The SiPM can be cross-calibrated by computing the relation factor between its mea-
sured signal and the NIST PD or the PD on the SM. Both relation factors can be used
to determine the total number of emitted photons during the flashing of the POCAM
device throughout its use. This is conducted, by taking data from the optical sensors
while it is flashed inside the ice or water and multiplying it with the conversion fac-
tor determined in this calibration. However, this measurement is carried out at room
temperature. Therefore, a temperature-dependent factor has to be added to correct the
number of emitted photons. The temperature-dependent factor is discussed in further
detail in section 5.4. Furthermore, the aging effects of the electronics, the emitters, and
the optical sensors can be determined with the help of this measurement.

At the time of writing this thesis, the firmware of the POCAM is still in finalization,
which is needed to read out the self-monitoring sensors via the boards. The remaining
production devices will be characterized by onboard calibration once the firmware is
available.

5.3 Isotropic Calibration

One essential characteristic of a POCAM device is its isotropic emission over 47. The cal-
ibration is done by analyzing the emission profile of two hemispheres, which are mounted
on a single-pressure cylinder during the integration procedure. Each hemisphere has a
slightly different emission intensity due to the manufacturing process of each board and
single electrical components. The next step after scanning the emission profile is to
match the light output of both hemispheres to achieve an isotropic emission over 47 of
5% or better.

5.3.1 Angular Calibration

The light emission is measured with the NIST photodiode on a bracket in the rear end
of the AngCaS dark box. An entire hemisphere, which is composed of an analog and
digital board, a diffuser sphere, and the corresponding flange, is mounted on the holder
at the front, see figure 5.7b. Furthermore, three intermediate light baflles reduce the
detection of scattered photons. The whole experimental setup is schematically pictured
in Fig. 5.14.
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Figure 5.14: Schematic layout of the angular calibration setup.

The emission profile is obtained by measuring the relative light intensity variation
at different azimuth angles © and zenith angles ®. The emission profile is scanned in
azimuth direction from 0° to 300° in 60° increments, whereas the zenith from 0° to 150°

in 10° increments. Figure 5.15 shows the intensity of each angle combination of a single
hemisphere.
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Figure 5.15: Emission profile of a single hemisphere for the LMG-driven 405 nm LD.

5.3.2 Match Isotropic Output

The last step is to match the intensity outputs of two hemispheres, in order to get a
fully isotropic light output over 47t of 5% or better. A POCAM device has two re-
dundant high voltages for each hemisphere, which can be selected independently from
one another. The voltage determines the intensity level. However, the intensity level
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can also vary depending on the temperature of the boards when flashed. To take the
temperature-dependent factor into account, the isotropic calibration makes use of the
calibration described in section 5.4. This setup measures the light output at various
temperatures for different applied voltages. When flashing the POCAM, both voltages
must be adjusted, corresponding to the current temperature.

An example of the intensity matching scenario is depicted in Figure 5.18, proving the
effectiveness of this method. The measurements were conducted at room temperature
since the angular calibration setup is not designed to be cooled. Initially, two hemispheres
were measured under identical voltage conditions. Figure 5.17 visually conveys the
disparity in the light output. Subsequently, a secondary measurement was undertaken,
with the brighter hemisphere but this time with a lower applied voltage. The lower
voltage was determined using data taken in temperature-dependent calibration. In the
case shown in figure 5.17 the difference of the maximal light output is 91 %. The right
voltage was determined by taking the data depicted in 5.4.2 and determine the voltage
value where the intensity output of both hemispheres is the same, as depicted in figure
5.16. The resulting emission profile with the adjusted voltage, as showcased in Figure
5.18, demonstrates an enhanced isotropy, better than 5%.
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Figure 5.16: Graphic illustration of the voltage determination for the second hemisphere.
The intensity output of both hemispheres is depicted in measured current
of PD, the temperature was set to 25°C. The initial applied voltage is
illustrated in orange, the calculated adjusted voltage in red.
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Figure 5.17: Virtually joined emission profile of both hemispheres for the LMG-driven
405nm LD. Both hemispheres hard the same voltage applied, resulting in a
non-isotropic light emission.
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Figure 5.18: Virtually joined emission profile of both hemispheres for the LMG-driven
405nm LD. The emission profile of the second hemisphere was measured
with an adjusted voltage, resulting in an isotropic light emission of under

5%.
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5.4 Temperature Dependent Calibrations

The final section describes the temperature-dependent characterization of the flasher
settings. Figure 5.19 shows the temperature as a function of the depth of the south
pole ice. The POCAM modules will be at a depth range of about 1400m to 2600 m.
Thus, the POCAM devices must be calibrated at a temperature range of -40°C and
room temperature.
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Figure 5.19: Plot of depth as a function of the temperature of the ice at the South Pole.
The temperature ranges from -20°C at a depth of -2400 m down to -50°C
at -600 m. Figure from [41].

5.4.1 Calibration Setup

The calibration setup consists of two major parts a freezer and a darkbox. Both com-
ponents and their interior are shown schematically in figure 5.20.
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Figure 5.20: The schematic view of the temperature-dependent calibration setup’s
freezer and dark box. The nitrogen-flushed freezer contains the POCAM
components (green) for flashing in a temperature-regulated compartment.
The calibration sensors (light blue) are located in the dark box. All parts
are controlled via a central computer.

The setup uses three different types of devices to characterize different optical prop-
erties of the pulses. To do so, all optical measuring devices are connected via optical
fibers to the light sources. The Avalanche Photodiode (APD) and the Time-to-Digital
Converter (TDC) measure the profile of the pulses. The Spectrometer measures the in-
tensity of a pulse as a function of wavelength. The last characterization devices are two
PDs. The Reference PD measures the raw light output of a reference light source (RLS).
Additionally, the reference light is also fed into the diffuser sphere and then measured
by the second PD. The effects of the optical fibers can then be determined with data
taken from both PDs. Furthermore, the second PD measures the light output from the
POCAM Boards. In addition, both self-monitoring devices, the PD and the SiPM on
the boards, will be read out too, once the firmware is available. The freezer is flushed
with nitrogen during the entire calibration process to prevent humidity from freezing
on the diffuser sphere. Humidity and temperature sensors are installed in the freezer to
monitor the environment.

5.4.2 Measurement Implementation

Each hemisphere is calibrated in the same pulse settings and environment. Both LEDs
of the Kapustinsky driver are calibrated in default and fast mode. Four different pulse
widths were selected for this calibration. The pulse width can be selected by setting the
two parameters coarse and fine between numerical values 0 to 4 and 0 to 48, respectively
to achieve a pulse width between 1ns, and 20ns. Additionally, each of these pulse
width settings is characterized by six different applied voltages. The voltages are set
by a numerical value between 0 and 55000, which corresponds to a voltage range of 0V
to about 30 V. And lastly, all the voltage settings are carried out at five temperatures.
Table 5.2 shows all the different flasher and temperature settings. The voltages are given
in the numerical value.
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Temp. [°C] [25, 0, -20, -30, -40]
Voltage (num.) [14000, 24000, 34000, 44000, 54000]
LMG coarse-fine | [0-47, 1-5, 1-40, 2-20]
[default, fast]

Kap. mode

Table 5.2: Shown are all pulse width, voltage, and temperature settings of freezer cali-
bration.

Section 5.3.2 discusses the independent operation of both hemispheres to achieve an
isotropic emission. For this reason, the second hemisphere of one device is operated
and calibrated with the second high-voltage discharge path with its own drivers, while
the first high-voltage discharge path is used for the first hemisphere. Due to the time
constraints of this calibration, only a few pulse settings are characterized with both dis-
charge paths at room temperature. However, the few additional measurements provide
anchor points for cross-calibration.

The following six plots show the measured data for the LMG-driven 405 nm LD of one
hemisphere. The data for the other 5 emitters of the same hemisphere can be found in
appendix B.2. Each figure shows a different combination of the three variables applied
voltage, pulse shape and temperature with one of the three measurement devices TDC,
spectrometer and picoammeter.

The first evaluated characteristic is the behavior of the emitted intensity, measured by
the PD in currents at different applied voltages and temperatures. Figure 5.21 illustrates
a reduction in the emitters’ intensity as temperature and voltage decrease.
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. e T=-30°C
° T = -40°C
— 4001 o
3 :
€ 300 .
(0] L]
E °
= °
O 2001
L ]
L ]
100 1 $
]
0‘ T T T T T T T T T
15000 20000 25000 30000 35000 40000 45000 50000 55000
Voltage [a.u.]

Figure 5.21: Measured current of the PD at different applied voltages for different tem-
peratures. The pulse width is set to coarse =2 and fine = 20.

Additionally, the intensity against applied voltage for the different pulse widths can
be compared at a fixed temperature. As expected, the data illustrates a reduction in
intensity for decreasing pulse widths, as depicted in figure 5.22.
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® coarse: 2, fine: 20
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Figure 5.22: Measured current of the PD at different applied voltages for different pulse
width settings. The temperature is set to 25 °C.

The next plot shows the spectrum variation measured by the spectrometer for differ-
ent temperatures. As depicted in figure 5.23, the wavelength of the emitter decreases
with lower temperatures. The width of the spectral distribution, on the other hand, is
temperature-independent.
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Figure 5.23: Wavelength spectrum at different temperatures. The pulse width is set to
coarse = 2 and fine = 20 and the power value to 54000.

The last three plots show the behavior of the time profile of a pulse measured by the
TDC. The first one is a verification measurement aimed at determining which coarse-
fine settings correspond to specific pulse widths, see figure 5.24. In figure 5.25, the
temperature dependence of the pulse width was measured. The data shows an increasing
pulse width with decreasing temperature. The last figure 5.26, depicts the dependence
between the applied voltage and the pulse width. The measurement depicts the rise of
the pulse width with increasing voltage. Some pulses of the subsequent figures show a
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time shift with respect to the other pulses. This is considered to be an effect of the time
synchronization of a 60 MHz clock on the ICM and a 100 MHz clock on the POCAM
boards, both originating from the same 20 MHz master clock.
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Figure 5.24: Time profile of different pulse widths at a temperature of 25°C. The power
value is set to 54000.
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Figure 5.25: Time profile of a pulse width at different temperatures. The pulse width is
set to coarse =2 and fine =20 and the power value to 54000.
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Figure 5.26: Time profile of a pulse width of coarse =2 and fine =20 for different volt-
ages. The temperature is set to 25°C.
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6 Conclusion

The IceCube Neutrino Observatory at the South Pole will improve its physics obser-
vations and capabilities through the IceCube-Upgrade planned installation. The ICU,
composed of new optical modules on seven new strings to be deployed in the center of
the detector array, will improve the detection to lower neutrino energies. Additionally,
special devices will be installed to tackle the systematic uncertainties of the existing Ice-
Cube array. The extension and re-calibration will potentially improve the efficiency in
the field of oscillation measurements of neutrinos as well as the reconstruction accuracy
for higher energetic events relevant for neutrino source identification. One such device
is the Precision Optical Calibration Module (POCAM). The POCAM is an isotropic,
self-monitoring light source that emits nanosecond pulses with variable intensities and
wavelengths. This thesis presented the hardware assembly and calibration of the first
production device.

This thesis presented the overall design of the POCAM device and discussed the in-
strument housing and optical and electric components. Among other presented details,
the six emitters with the wavelengths 365, 405, 450, 465, and 520 nm on each hemisphere
and the two self-monitoring sensors, a photodiode and a silicon photo-multiplier, were
introduced. Part of this thesis was the development of the integration procedure of the
POCAM devices, which was demonstrated with the first production device. This in-
cluded the necessary assembly steps of the electric boards, the optical components, the
mounting of the components inside the pressure housing in a nitrogen atmosphere, and
the installation of the harness and the steel ropes for suspension on the main ICU cable.
Furthermore, the procedure contained the necessary calibrations between the assembly
steps to obtain a fully functional and characterized device and to be time-efficient for the
mass production of the remaining 29 devices. Part of this thesis was the absolute calibra-
tion of all photodiodes on stock to determine the quantum efficiency at each wavelength
mentioned above. Furthermore, the first device was subject to a linearity calibration, an
angular calibration, and a temperature-dependent characterization of the boards. The
linearity calibration verified that a broad spectrum of pulse frequencies could be selected.
One of the essential characterizations was the measurement of the emission profile of each
hemisphere to verify an isotropic emission within the 5% target. The last calibration
investigated the pulse properties at different temperatures. Characterized were the pulse
width, the intensity level of the light output via a photodiode, and the intensity level
as a function of wavelength. Additionally, the calibration of the self-monitoring sensors
was discussed.
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6 Conclusion

Aside from the self-monitoring calibration, all calibration and assembly setups are im-
plemented and fully functional for mass production of the POCAM devices, planned to
be started in Spring 2024. In the following months, all the devices will be produced and
calibrated. Finally, 25 devices will be shipped to the South Pole, of which 21 will be in-
stalled in the ice as part of the IceCube-Upgrade to investigate the detector’s systematic
uncertainties and boost the discovery potential of what today is still a unique instrument
for the study of neutrino properties and the search for cosmic neutrino sources.
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A Integration Procedure

This section is about the integration procedure of the POCAM device. It is a step by
step instruction for mass production. Furthermore, it contains when all the calibrations
and tests will be done during the assembly.

Photodiode (PD'
Analog Board (A
"- al Board (DB
"Interface Board (IB

N Board (MMB ceCube

Communication Module (ICM)

Penetration Cable Assembly (PCA
Digital Board

Analog Board

Pressure Cylinder

/acuum Port

Figure A.1: sketch of an assembled POCAM with all components

Assemble SM/PD and AB (2x)

1. Take PD and SM, document serial number plus all 3 clamp parts and check that
they don’t have burrs;
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A Integration Procedure

2. place PD on SM and both
small clamp parts next to it;

3. place the big clamp part on
top and screw it tight with
4 M2.5x8 cylinder screws
(+loctite);

4. cut out one PTFE spacer
and place it on the front of
the AB;
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A Integration Procedure

5. screw AB with PTFE spacer
on SM with 4 M2.5x20 cylin-
der screws and 4 M2.5 wash-
ers (+loctite);

repeat the same procedure with second PD/SM; declare which SM/AB/DB
stack and its flange is the first hemisphere and which is the second one.

Mount DBs

1. Screw 4 M4x5 hexagon
screws and 4 M4x6 spacing
bolts on AB every second
hole (+loctite) (don‘t begin
on the hole with the marking
?N?);

2. insert SD card in DB then
attach DB on AB and then
mount the PD cable.
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A Integration Procedure

Freezer Calibration

1. Take a freezer MMB and connect it to IB;

2. screw it with 4 M3 washers
and 4 M3 nuts (no loctite);

3. mount SM/AB/DB stack on the holder in the freezer;

4. start freezer calibration and upload data afterward.

Angular, Linearity and Onboard Calibration

11! Calibrate first hemisphere with first discharge path and second hemi-
sphere with second discharge path. !!!

1. Disassemble the freezer
MMB from IB and mount
production MMB instead
the same way but with
loctite;
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A Integration Procedure

2. screw 4 short M4 threaded
rods in each hemisphere and
put 4 4mm spacers on each
bar (no loctite);

3. mount the SM/AB/DB stack;
with 4 M4 washers and 4 M4
nuts on the flange (no loc-
tite), one rod must be be-
hind the DB connector +
mark the alignment with
two stickers

4. connect special PD cable with pliers
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D.

10.

11.

A Integration Procedure

take the hemisphere and
the IB/MMB stack and
fix/connect it in the AngCaS
dark box according to the in-
structions;

mount NIST PD in the bracket and connect it to red LEMO cable;
start angular calibration and upload data afterward;
connect special PD cable to red LIMO cable;

start linearity calibration and upload data afterward;

dismount hemisphere and
exchange special PD cable
with final one;

mount hemisphere again in dark box and start onboard calibration upload data
afterward;

repeat the same procedure with the second hemisphere.
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Nitrogen Flushing

1. Put 12 M4x10 titanium
screws, the pressure cylin-
der, 2 multi-strand cables,
12 M4 nuts, 12 M4 wash-
ers, 2 M4x20 spacers and 4
M4x20 spacing bolts in the
glove box;

2. insert 6mm spacers between
the AB and DB at the holes
where the rods will go and
secure them with longer M3
screw or some pin;

3. put MMB/IB and both
SM/AB/DB stacks inside
the aluminum box (positions
are marked) close every-
thing and start flushing the
aluminum box at 11pm;

4. flush aluminum box for 3 days

prepare flanges one day before the flushing cycle is over;

5. fix the 4 M4x30 threaded rods in the second hemisphere, leave the 4mm spacers
(+loctite);
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6. screw 2 M4x50 and M4x30 threaded rods alternately into the first hemisphere
short one where DB connector is!!!, insert 4mm spacers on each rod (+loctite);

7. grease 4 O-rings a little and
put 2 on each flange;

8. put both flanges in the glovebox via the sluice.

Assemble First Hemisphere

DO THE NEXT STEPS WHEN THE FLUSHING TIME IS OVER.

1. Turn off nitrogen supply of flushing box and open the box;

2. align the first flange with its
SM/AB/DB stack and screw
it with M4x20 spacing bolts
(+loctite), connect a multi-
strand cable to DB and in-
sert one M4x20 spacer on
each of the long rods;

3. put MMB/IB stack on top of stack (master port from IB above connected DB
cable);
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_Jf: s

R B

4. screw all 4 rods and all
4 spacing bolts with a M4
washer and a M4 nut (+loc-
tite) and connect the multi-
strand cable to the IB.

Assemble Second Hemisphere

1. Align second hemisphere and its SM/AB/DB stack;

2. screw the 4 spacing bolts and
the 4 rods with a M4 washer
and a M4 nut.
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Mount Hemispheres

1. Take PCA cable and con-
nect both wire pairs to the
MMB (first hemisphere has
to be on M side of POCAM
letters) and connect second
multi-strand cable to IB;

2. insert the first hemisphere
into the cylinder with second
multi-strand cable ahead and
screw it with 6 M4x10 tita-
nium screws;

3. connect second hemisphere
with second multi-strand ca-
ble and screw it on the cylin-
der with 6 M4x10 titanium
screws;

4. turn off nitrogen supply to the glovebox;

5. open the main hatch and take POCAM out;
WARNING NO OXYGEN IN GLOVEBOX
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6. refill flushing box with new set of MMB/IB and both SM/AB/DB stacks;

7. close main hatch.

Mount POCAM in Harness

All screws and nuts of the harness are secured with loctite;

1. take one plate and screw the
4 rods on with 4 M6 wash-
ers and 4 M6x30 cylindric
screws;
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2. screw ring holder on plate
with Mbx12 cylindric screws;

3. mount the handle with 4 M6
washers, 2 M4 snap rings, 2
M4 nuts and 2 M6x25 cylin-
dric screws on the first plate;
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4. place the POCAM in the
harness and place one ring on
it and screw it loosely on the
ring holder with 2 M8 wash-
ers, 1 M8 nut and 1 M8x30
cylindric (cable on other side
of handle and tilted to some
degree);

5. flip the assembly and mount
second plate with 4 M6
washers and 4 M6x30 cylin-
dric screws and mount the
handle with 4 M6 washers,
2 M4 snap rings, 2 M4 nuts
and 2 M6x25 cylindric screws
on the second plate;

6. place second ring over the POCAM housing and screw it loosely on the second
plate with 2 M8 washers, 1 M8 nut and 1 M8x30 cylindric screw;

7. average the POCAM in the middle of the two rings and screw both rings tight.

Mount All 4 Steel Ropes
Do the following two steps 4x.

1. Take a steel rope and place it in the harness’s grooves, with the aluminum stoppers
between the two harness plates;
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2. fix it with 2 M3x25 cylindric
screws, 4 M3 washers and 2
M3 self-sealing nuts;

3. POCAM assembly should
look like this in the end;

4. store the device in the shipping box according to the instruction.
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B Calibration Data of Remaining Emitters

B Calibration Data of Remaining Emitters

B.1 Linearity Calibration Plots
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Figure B.1: Plot of measured currents against pulse frequency for two different hemi-
spheres for five different emitters.
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B.2 Temperature Dependent Calibration Plots
B.2.1 Kapustinsky LED 405 nm
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Figure B.2: Measured current of the PD at different applied voltages for different tem-
peratures. The mode is set to default.
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Figure B.3: Measured current of the PD at different applied voltages for different modes.
The temperature is set to 25 °C.
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Figure B.4: Wavelength spectrum at different temperatures. The mode is set to default
and the power value to 54000.

T=25°C

0.12 1 = FWHM = 7.71ns
T=0°C
C— FWHM = 7.9ns

0101 T=-30°C
" E—1 FwHM = 8.06ns
Iu]
S 0.081
o
O
£ 0.06-
=
©
0]
o 0.041

0.02 1

0.00 | . | } ;

105 110 115 120 125
Time [ns]

Figure B.5: Time profile of a pulse width at different temperatures. The mode is set to
default and the power value to 54000.
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Figure B.6: Time profile of different pulse widths at the same temperature of 25 °C. The
power value is set to 54000.
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Figure B.7: Time profile of a pulse width of coarse=2 and fine=20 for different voltages.
The temperature is set to 25 °C.
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B.2.2 Kapustinsky LED 465 nm
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Figure B.8: Measured current of the PD at different applied voltages for different tem-
peratures. The mode is set to default.
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Figure B.9: Measured current of the PD at different applied voltages for different modes.
The temperature is set to 25 °C. The pulse widths are color-coded.
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Figure B.10: Wavelength spectrum at different temperatures. The mode is set to default
and the power value to 54000.
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Figure B.11: Time profile of a pulse width at different temperatures. The mode is set to
default and the power value to 54000.
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Figure B.12: Time profile of different pulse widths at the same temperature of 25°C.

The power value is set to 54000.
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Figure B.13: Time profile of a pulse width of coarse=2 and fine=20 for different voltages.

The temperature is set to 25 °C.
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B.2.3 LMG LED 365nm
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Figure B.14: Measured current of the PD at different applied voltages for different tem-
peratures. The pulse width is set to coarse=2 and fine=20.
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Figure B.15: Measured current of the PD at different applied voltages for different pulse
width settings. The temperature is set to 25 °C.
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Figure B.20: Measured current of the PD at different applied voltages for different tem-
peratures. The pulse width is set to coarse=2 and fine=20.
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Figure B.21: Measured current of the PD at different applied voltages for different pulse
width settings. The temperature is set to 25 °C.
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Figure B.26: Measured current of the PD at different applied voltages for different tem-

peratures. The pulse width is set to coarse=2 and fine=20.
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Figure B.27: Measured current of the PD at different applied voltages for different pulse

width settings. The temperature is set to 25 °C.
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Figure B.30: Time profile of different pulse widths at the same temperature of 25°C.
The power value is set to 54000.
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Figure B.31: Time profile of a pulse width of coarse=2 and fine =20 for different voltages.
The temperature is set to 25 °C.
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