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Abstract

The IceCube Neutrino Observatory instruments ice to detect Cherenkov radiation
emitted by secondary particles that are produced in interactions of cosmic neutrinos. In
order to reconstruct the corresponding energy and direction in a precise way, knowledge
about the optical properties of the instrumented ice is key. To quantify the amount of
particulates interrupting light per slab of ice, a laser-based dust logger called LOMIogger
will be deployed in the IceCube Upgrade. In order to block unwanted noise of light going
through the water- lled borehole, a ba e system is designed. This thesis contributes to
design decisions and successfully quanti es the drag of the ba es for two possible radii
and positions in the device. Experimental data was recorded and evaluated for a test
setup, as well as previously recorded data was reanalyzed. The drag results verify that
a deployment in the IceCube Upgrade is possible.
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1 Introduction

This chapter provides background information to the topic of this thesis.
An introduction to neutrinos and their role in multimessenger Astronomy
is given. Further, the IceCube Neutrino Observatory is described. In the
last section of this chapter, the dust logger and the LOMlIogger, devices to
measure optical properties in IceCube, are explained.

1.1 Neutrino Astronomy

In 1912, Victor Hess discovered cosmic rays [24], charged particles like protons originat-
ing from astrophysical sources hitting the earths atmosphere. His discovery opened the
possibility for multi-messenger astronomy - observing the universe not only with visible
light, but also with the full spectrum of electromagnetic waves, gravitational waves,
cosmic rays and neutrinos.

Neutrinos exist everywhere in an abundance, more than 60 billion pass through every
square centimeter on earth in one second [27]. These neutrinos originate from di erent
sources. They are produced in fusion reactions in stars like our sun or in manmade
nuclear reactors, which were the rst neutrinos to be detected [18]. Supernovas [25],
blazars [4] and interactions of cosmic rays with the earths atmosphere also produce
neutrinos.

Neutrinos are very suitable messengers for astronomy since they are almost massless and
free of charge. Therefore, they do not get de ected by intergalactic or galactic magnetic
elds. Due to their low interaction probability, their ux is almost unattenuated and
allows conclusions about the processes that happen at the point of origin, for example
in galactic cores [9]. These often are inaccessible for optical astronomy, since photons
undergo scattering processes.
These factors make them excellent pointers to interesting sources, especially sources of
cosmic rays, since the travel direction of neutrinos points straight back to the source,
whereas the charged particles from cosmic rays are de ected in intergalactic and galactic
magnetic elds [27].

For the past decades, several neutrino experiments have been and still are carried out
to detect such astrophysical neutrinos, like KM3net [28], Super-Kamiokande [21] and
IceCube. Neutrinos only interact via the weak force, which has a very low interaction
probability. Therefore, detectors need to instrument a large volume of material to achieve
useful statistics of neutrino interactions. To Iter out muons produced in the atmosphere
and other radiation causing noise, the detectors are often placed underground [27].

1.2 The IceCube Neutrino Observatory

The IceCube Neutrino Observatory, located at the geographic South Pole, detects
neutrinos originating from astrophysical sources and the atmosphere of the earth. An
overview of the components of the IceCube detector is seen in Figure 1.

The main IceCube detector instruments the Antarctic ice at depths of 1450 m to 2450 m
below the ice surface.
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Figure 1: The IceCube detector and its components. Taken from Aartsen et al. [5]



Neutrinos interact with electrons or nucleons in the ice via Neutral Current (NC)

or Charged Current (CC) interactions and produce an electromagnetic or hadronic
shower. In NC interactions, only energy is transferred and the avor of the neutrino

can not be reconstructed. In CC interactions, the main secondary particle is the lepton
corresponding to the avor of the incoming neutrino, typically an electron or muon.

The lepton avor in uences the event signature seen in the detector.

The secondary particle propagates through the ice with a speed faster than the local
speed of light, and therefore emits photons via Cherenkov Radiation. To detect this
light, Photomultiplier Tubes (PMTSs) are placed inside the ice. 78 cables called strings
are frozen in ice columns 125 m apart. Each string holds 60 Digital Optical Modules
(DOMSs) per string, which covers a total of one cubic kilometer of ice. The DOM is
a pressurized glass sphere, housing one down-looking PMT with a diameter of 2,
calibration and electronics for readout and digitization [5].

The digital signal, produced when photons are detected by the optical modules, is then
transferred to the IceCube Laboratory on the surface, where the data between the
di erent DOMs is correlated, Itered and processed further [5]. Based on the position
information, timing information and the amount of light that each PMT detected, the
energy, avor and direction of origin of the neutrino can be deduced.

A primary challenge is to distinguish neutrino events from muons originating from other
sources like interactions of cosmic rays with the earths atmosphere. For this, several
veto principles are used, including the IceTop detector array and using the earth as a
shield by Itering for arrival direction.

In the center of the detector volume, 8 additional strings in narrower spacing form the
DeepCore sub detector. With specialized DOMs with a higher quantum e ciency, the
DeepCore is sensitive to lower neutrino energies [5] and measures neutrino oscillations [6].

The current setup was deployed between 2005 and 2011 and has made interesting
discoveries since. This includes the discovery and characterization of the high-energy
neutrino ux, originating from astrophysical sources [17, 10, 11]. An elevated ux of
neutrinos was related to the direction of a blazar [4] and a galaxy [9], suggesting active
galactic nuclei as sources for neutrinos. A neutrino ux from the Galactic plane was
also identi ed [12]. With the DeepCore, the mixing parameters for neutrino oscillations
were measured [6].

In an e ort to observe neutrinos with higher energies of TeV to EeV, to get a higher
event rate and improve the angular resolution of reconstructed events, a next generation
of the detector called IceCube-Gen2 is planned. A total detector volume of 8m?
surrounding the existing array will be instrumented with new, enhanced optical modules
with increased photon sensitivity. With the new generation of the detector, sources of
ultrahigh energy cosmic radiation will be resolved, deepening our understanding of the
highest energy processes happening in our universe [3].
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1.3 The IceCube Upgrade and the LOMlogger

The rst step towards IceCube Gen2 is marked by the IceCube Upgrade, which will be
deployed in the 2025/26 Antarctic summer. This upgrade adds 7 more strings inside
the original detector array to enhance sensitivity and low energy detection possibility.
The optical modules on these new strings are prototypes for Gen2. The multi-PMT
Digital Optical Module (mMDOM) houses 24 small PMTs for photon detection with
directional information [16]. The D-Egg (Dual optical sensors in an ellipsoid glass for
Gen2) sensor contains two large PMTs for limited directional information but lower
power consumption [7]. The LOM is optimized for small borehole diameters, a large
e ective area and low poer consumption [14]. Additional calibration devices are deployed
on the strings to measure ice properties and recalibrate the DOMs of the existing array.
Among others, this includes the POCAM, a self-monitored high-intensity calibration
light source [23] and acoustic sensors [26]. The results from these calibration modules
are also used to recalibrate the data recorded by IceCube since its commissioning.

The deployment of the new strings is realized in a similar way as the strings of the
original detector. A borehole is drilled with the Enhanced Hot Water Drill (EHWD)
[15], which was developed for the unique requirements of IceCube. High pressurized hot
water is pumped through a continuous hose to a nozzle in the drill head tip, melting the
ice below and allowing the drill to advance further into the ice. The downgoing drill
operations create the initial water lled hole. In a second phase, the borehole is reamed
to the desired diameter while the drill is retrieved. Simultaneously, the diameter of the
hole is logged with calipers on the drill [15].

After drilling operations, the hole refreezes. This sets a time window during which the
deployment of the string is possible. The deployment includes suspending the bottom
of the string into the borehole, while optical and other modules are attached one by
one. After attachment and electrical connection of the uppermost module, the string is
lowered in the "drop" phase with increased speed [5].

Ice properties

For precise reconstruction of energy and direction of the neutrinos arriving in IceCube,
a detailed understanding about the glacial ice inside the detector volume and the way
light propagates in that medium is necessary.

The glacial ice in IceCube has formed over millennia by the compression of snow [8].
Alongside the snow, particulates are deposited. These particulates mainly consist of
mineral dust and volcanic ash. A layer of ice formed at the same time is called an
isochron and has a similar amount of particulates.

The amount of particulates determines the e ective scattering length of photons propa-
gating through the ice. Other factors determining the scattering and absorption length
are seasalts, liquid acid droplets and soot [22]. Additionally, the attenuation of light
in the glacial ice is also in uenced by the direction of glacial ow. This introduces an
anisotropy to the direction of light propagation [8]. In ice layers above the detector
volume (depths of up to 1350 m [2]), air bubbles decrease the e ective scattering
length signi cantly [13].

In Figure 2, the layers of the Antarctic ice can be seen from a stratigraphy measurement.
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Figure 2: Radargram showing the stratigraphy of bulk ice in IceCube [29]

The bedrock underneath the ice is not even but instead has valleys and hills. The
ice layers follow that shape and vary in thickness depending on position. This means,
isochrons are not located at the same depth for every borehole location in the detector.
Measuring the dust amounts per depth in one borehole does not provide accurate infor-
mation about the whole detector volume. Measurements at several di erent positions

throughout the detector is necessary for an accurate 3D-mapping of the ice layers [30].

Knowledge about the depth-dependency of the scattering length is helpful for accurate
reconstruction of photon propagation in the IceCube detector. For this purpose, the
"dust logger" was developed and deployed in 8 di erent boreholes of IceCube. The
respective locations are shown in Figure 3. To probe the ice, laser light is emitted
horizontally and scattered in the ice surrounding the borehole. Some light is scattered
back and is detected with an optical sensor located about 1 m downward on the string.
The intensity of the incoming light corresponds to the e ective scattering length of the
ice at the current position of the laser [2]. In Figure 3 on the left, the measured optical
signal over depth is shown. Prominent features like the large peak at around 2050 m
depth are visible in every borehole but the position is shifted slightly in depth. This
shift is due to the tilt of ice layers described above.

The dust logger provided valuable insights into the particulate content in Antarctic ice,
which is not only useful for calibration of the IceCube detector, but also interesting for
reconstruction of paleoclimate records [2].

The LOMIlogger

For the IceCube Upgrade, a new version of the dust logger called LOMlogger is de-
veloped. It is designed to attach to the bottom of a string. The scan is performed
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Figure 3: On the left (a): The optical signal per depth of south pole bulk ice, measured
by the dust logger. Di erent colors indicate di erent boreholes where the measurement
was taken. The signal in hole 21 stops at around 2100 m due to an instrument failure.
The borehole locations on the detector grid are marked on the right (b). Y-axis points
to Greenwich, UK, coordinate (0,0) is the center of the detector. (Taken from Aartsen
et al. [2])

during the deployment of the string and the device will remain in the ice after nishing
measurements. This saves fuel and time in comparison to retrieving the LOMIlogger.
For Gen2, it would be ideal to deploy a LOMIlogger on every string.

The working principle of the LOMIogger is seen in Figure 4, it is similar to that of the
dust logger. The LOMIogger is attached at the bottom of the string. During deployment
of the string, the LOMIogger scans the ice layers while being lowered into the water
lled borehole. The Precision Optical Calibration Module (POCAM) at the bottom,

a laser system modi ed for this usage, sends out a fan of 40%n pulsed laser light
horizontally into the ice. This wavelength is used speci cally because it is close to the
absorption minimum for glacial ice [13]. The light gets scattered at the particulates
trapped inside the ice. A fraction of it is scattered back in such a way that it reaches
the LOM seen at the top of Figure 4, which detects these photons. From the amount
of light arriving at the LOM, a relative value for the scattering length of the ice layer
can be calculated for the current position of the LOMlogger. Due to the very well
de ned geometry of the laser fan-out, this measurement is very precise in terms of depth
resolution. The predecessor device achieved a depth resolution of a few millimeters
[2]. To get an absolute value for the scattering length, additional scans with ashed
LEDs between di erent strings will be done. After deployment, and therefore end of
LOMlogger operation, the LOM can be used for regular neutrino detection purposes.

Not all light emitted from the POCAM laser enters the ice. Some of it gets scattered
and re ected inside the water- lled borehole and can reach the LOM without ever going
through the ice. To block this noise that contains no information about the dust layers,
a ba e system is developed.

A "ba e" is a circular brush consisting of black Polypropylen bristles with a diameter
of 0:8mm. The bristles are clamped in an aluminum rail with 1cm width and depth.
The two types of prototypes used for this thesis are seen in Figure 6.

The ba e system includes ba es at two di erent positions as seen in Figure 7 on the
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Figure 4. Measurement process of the LOMIlogger measuring ice stratigraphy while
being lowered into the borehole ([)adapted from Aartsen et al. [2]). The white lines are
exemplary light rays emitted by the POCAM laser at the bottom and scattered in the
ice in a way that the LOM at the top is reached. The orange light path is an example
for light passing through the borehole, which is noise in the detector.



left. The two mechanically possible positions are a "top ba e" in the middle between
POCAM and LOM, and a "bottom ba e" located directly on top of the steel harness
containing the POCAM.

The bottom ba e is not supposed to be circular. Instead, two bristle segments are
supposed to cover the area right above the laser emitting parts of the POCAM. The
other two segments are cut out in order to leave space for cables and water ow. This
segmentation was not done for this thesis due to time restrictions.

The light attenuation properties and therefore reasoning behind these ba es, their outer
diameter and their positions was analyzed in a previous Bachelor Thesis by Fleischmann
[20]. Itis currently planned to deploy a stack of two top ba es with a diameter of 50 cm
which will not brush against the sides of the borehole, and one segmented bottom ba e
with a diameter of 54cm which is supposed to drag along the walls of the borehole
[30] to block light at the edges of the hole. The exact diameter of the borehole during
deployment is not known since there is a time window for deployment, during which
the hole refreezes and changes diameter.

Maintaining a constant speed during deployment is important, and for that reason the
drag of all components on the string have to be considered. The goal of this work is to
determine the drag of the ba e system at the targeted deployment speeds of A5 m=s
to 0:3m=s [30]. A previous Bachelor Thesis by Tekbiyik [32] developed the lab setup
and experimental methods and recorded rst measurements for the top ba e type. This
work performs a reanalysis of those results and adds newly measured data. Additionally,
the drag of the bottom ba e was measured.

An overview over the forces acting on the system and the calculations needed to
determine the drag are given in section 2. A description of the experimental setup is
given in section 3. The method of analyzing the data is described in section 4, as well
as the process of nding the best way to do so. In section 5, the determined drag values
depending on deployment speed are presented.



2 Drag theory and calculations

To obtain drag values, a detailed understanding about the forces acting on
the experimental system are key. This chapter describes the acting forces
and presents the calculations needed to obtain the drag force of the ba es.

The drag force is a force acting on objects moving through gases or uids. It is
characterized by the movement of the uid around the object and acts against the
direction of movement of the object. The ow around an object can either be laminar
or turbulent. In both regimes, the drag force Fp depends on the velocityv of the object.
For laminar ow, this dependence is linear Fp jaminar / Vv, While for turbulent ow, the
dependence is quadratidcp wbulent / V2 [19]. Even without knowing which regime is
the case for our experiment, it is therefore important to measure the drag force at the
targeted speeds.

Other factors that determine the drag force as well as friction in the pulley system do
not need to be known or quanti ed here: Drag measurements were done with the ba e
attached (ba e measurements) and without the ba e attached (reference measure-
ments), without changing anything else in the setup. The drag force on the bae is
given by the di erence between the measured drag force of ba e measurements and
reference measurements. The calculations necessary for this are described in this section.

An overview of all acting forces on the system and ba e is seen in Figure 5. In section 3,
a detailed explanation of the setup is provided.

During a measurement, the ba e is accelerated upwards. Forces contributing to that
acceleration are de ned to be positive. Forces acting against this direction of movement
have a negative algebraic sign.

All acting forces on the system without attached ba e (blue and black in Figure 5),
which are reference measurements, are in equilibrium described by

I:measured,ref(v) = I:G,counterweight + I:buoyancy,sys I:G,sys Fdrag,syS(V) Ffriction (V): (1)

Fmeasured,ref(V) is the speed-dependent net force that is measured with reference mea-
surements. Fg counterweight 1S the weight force acting on the counterweight outside the
tank. The subindex sys marks forces acting on everything on the tank side of the pulley
system apart from the ba e, like the buoyancy Fpyoyancy,sys, the weight force Fg sys
and the speed-dependent drag forc€& grag,sys(v) of all parts suspended in water. Fiction
describes all friction that is introduced by the wheels of the pulley system or any friction

in air.

With the ba e attached, additional forces acting on the ba e (red in Figure 5) have to

be considered:

Fmeasured.baf(V) = I:G,counterweight + ( I:buoyancy,sys + I:buoyancy,baf) (FG,sys + I:G,baf)
(Fdrag,sys(V) + Fadrag,baf (V))  Ftriction (V) (2

= Fmeasured,ref(V) + Fbuoyancy,baf I:G,baf I:drag,baf(V)

The index p5 marks all forces acting on the ba e and its mount, namely the speed-
dependent net forceFmeasured,baf(V), the buoyancy Fpyoyancy,baf » the weight force Fg par
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Figure 5: Forces acting on the pulley system (blue and black) and ba e (red), if
attached, during measurements.

and the speed-dependent drag forc€grag baf (V) that we want to determine. The last
step was obtained using Equation 1.
The general weight dependence of the friction is not considered here, so we approximate

Frriction,ref (V) = Ftriction,paf (V) = Friction (V).

If we solve Equation 2 for Fgrag,paf (V), We obtain

Fdrag,baf(v) = I:mea\sured,ref(v) I:measured,baf(v) + I:buoyancy,baf I:G,baf: (3)

The drag force of the ba e is therefore obtained by subtracting the net force of the
ba e measurement from the net force of the reference measurement, plus the additional,
constant term + Fpyoyancybat  Fo,baf- This term describes the net force acting on the
ba e submerged in water at rest.

This constant term was determined using spring scales. The results of these measure-
ments done for the setup of this thesis are seen in Table 1. A measurement for the
bottom ba e and u-screws with the spring scale was not done, since they oat on water.
Since reference measurements for the top ba e were done without attached eye bolt,
the constant term for the top ba e measurements of this thesis is 2:4N. It is smaller
than zero since the weight force of the ba e with the bolt is greater than the buoyancy
force.

For measurements from Tekbiyik [32], the value for the constant term of the net force
acting on one top ba e in water is 3:05N as given in the thesis. Ergo the setup with
one ba e layer attached experiences an additional force upward in comparison to the
setup for reference measurements.
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Table 1: Spring scale (in air and water) and scale (last column) measurements of
di erent components of the setup for measurements for this thesis.

| in air in water scale
top ba e and eye bolt (148 02)N (2:4 02)N (1:503 0:001)kg
weight below top ba e (6:1 O01)N (5:4 O021)N (0:496 0:001)kg
eye bolt (7:3 O01)N (6:3 0:2)N (0:709 0:001)kg
POCAM harness (2655 0:1)N (19 1)N (2:838 0:001)kg
POCAM harness and bottom ba e (29 1)N (19:0 O:5)N (3:113 0:001)kg
bottom ba e and u-screws (0:340 0:001)kg

For two ba e layers, this value was doubled, since the two layers were identical and
therefore have the same buoyancy and weight force. This leads to a value ofl6N for
the net force on two layers of the top bae.

For the bottom ba e, the net force in water is determined to be ON. The spring scales
were not able to detect the small di erence of the ba e compared to the weight of the
harness.

From the reference and ba e measurements, one gets timestamps$ in relation to
distancesx that the system traveled. Deriving the distance twice with respect to time
gives the velocity v = fc‘,—’t‘ as well as the acceleration of the systema = %} For the
setup with ba e as well as for the setup for reference measurements, the net force per
measurementF measured Was calculated by using the inertial mass of the systemMinertial

I:meas;ured,baf/ref (V) = minertial,baf/ref Apaf/ref (V) (4)

This is then inserted into Equation 3 to obtain the drag force.

In principle, the gravity of the rope should be considered, since the rope length on
each side of the pulley changes by almost 2m during measurement and is likely at a
di erent length for reference and ba e measurements where the acceleration values
are compared. For example, the velocity of @ m=s might be reached after 1&m in
reference measurements but only after 56m in ba e measurements, which changes
the in uence of the rope gravity, it does not cancel out. The theoretical maximum of
this change in net force is  Fg = g Myope2m = 2:252 N and it was not considered in
calculations.
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