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ABSTRACT

Using neutrinos as messengers for astronomical observations is a relatively
new field and has so far only lead to a single marginal detection of an as-
trophysical object[19]. Nevertheless, several instruments for neutrino astron-
omy have been built over the past decade or are still under construction. Ice-
Cube [Referenz suchen], installed at the South Pole, about 2km deep inside
the glacier, is the most advanced and most successful project to date. Several
other projects, among them Antares [ref.], KM3Net [ref.] and GVD [ref.], are
attempting to go deep under water instead of into ice. This has the advantage
of an easier and more precise reconstruction of neutrino events, due to less
scattering when compared to ice.
STRings for Absorption length in Water b (STRAW-b) and its predecessor STRAW
are experiments located at Cascadia Basin in the pacific ocean next to Vancou-
ver Island in a depth of 2600mbs|. Its goals are the characterisation of the
optical properties of the seawater, namely the attenuation length, and the back-
ground light, coming from the 4°K decay and the bioluminescence. An instru-
ment for STRAWD is the LIght Detection And Ranging (LIDAR). Its purpose
is to give independent measurements of the attenuation and the backscatter
coefficient.
In the course of this thesis, we developed a new design for the LIDAR optics
to suite the limited space inside the glass sphere and the small size of the used
PMT. The light emitter is a nanosecond pulsed laser with a central wave-
length of 450 nm. the design of the optical system was based on simulations
done with the pyOpTools-package for Python and was later cross-checked with
a more sophisticated simulation in geants. To complement this a simulation of
the return signal has been written implemented in order to be able to adapt the
readadout electronics and plan the data analysis. In addition, a few first mea-
surements have been performed to check whether the designed optics worked
as simulated or not.
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ACRONYMS

LIDAR LIght Detection And Ranging

pyOpTools A python package which enables simulations for optical systems
via raytracing

PMT PhotoMultiplier Tube

geantd4 Geometry and Tracking; A Monte Carlo Simulation developed at Cern
for accurately simulating particle physics; Written in C++

STRAW STRings for Absorption length in Water, Our rst Path nder
experiment for a future neutrino telescope

STRAW-b STRings for Absorption length in Water b, Our extension for
STRAW. Dedicated for characterizing the background and independent
measurements of the attenuation coef cient.

P-ONE Paci ¢ Ocean Neutrino Explorer
POCAM Precision Optical Calibration Module
pom Digital Optical Module

sSboM STRAW Digital Optical Module



Part |
PHYSICAL INTRODUCTION
This part will focus on the neutrino physics and it will give a short

introduction into neutrino telescopes. After that we will go more
into detail about the optical properties of seawater.



NEUTRINO-PHYSICS

1.1 the standardmodel

The Standard Model of particle physics is, at this time, the best theoretical
model that describes our universe on a fundamental level. It consists of the
three fermion generations and the ve gauge bosons which are mediating the
strong, weak and electromagnetic forces. The only fundamental force which is
not yet included in the gravitational force. The latest discovery was the Higgs
Boson. The LHC discovered it in 2012 which proved the "Higgs Mechanism",
postulated in 1964 which which is responsible for generating the mass of the
particles[5].

Each of the three generations of the fermions consists of a quark and a lepton
pair. In contrast to the quark pairs, which are all electrically charged, only half
of the lepton pairs are charged, namely the e and the . Their corre-
sponding partners, the neutrinos ( ¢, , ) are neither carrying colour nor
charge and are thus only interacting via the week interaction

1.2 origins of neutrinos

As neutrinos are only interacting weakly, they can travel almost undisturbed
from their source to use and therefore give us the possibility to observe pro-
cesses that would be inaccessible otherwise. In the following, we will go more
into detail about the various known and predicted sources of neutrino emis-
sion. These origins can either be arti cial, e.g. from  decays in ssion reac-
tors, nuclear bombs or accelerators and reaching energies up to a fewMeV [2].
Alternatively, they can be of natural origin. A few of these origins will be
outlined in the following paragraphs.

1.2.1 solar neutrinos

Our sun is the best known astrophysical neutrino source with the largest ex-
traterrestrial neutrino ux[ 3]. The rst observation of a neutrino ux was in
1970 by the Homestake Experiment[11] and then later followed by various
other neutrino detector, e. g. Kamiokande or GALLEX.

Every active star, like our sun, produces its energy by fusing lighter particles



1.2 origins of neutrinos

into heavier ones. For most of its lifetime this is done in the pp-chain[ 20]. The
process can be written as:

4p! “*He+2e" +2 ¢ (12.2)

This produces neutrinos up to energies of 14 MeV[15]. The discovery of the
solar neutrino ux led to the famous solar neutrino problem This problem is
the large discrepancy between the predicted neutrino ux and the measured.
Only around 1/ 3 of the predicted ux was measured. It was not resolved
until 2001when the Sudbury Neutrino Observatory found evidence fora avor
oscillatiorf9].

Since neutrinos interact weakly, they can be identi ed with a avor eigenstate.
However, these eigenstates are not identical with their mass eigenstates. They
are a compositions of all the avor eigenstates. This mixing is described in
the the PMNS-Matrix. Neutrino oscillation describes the process in which the
avor of a neutrino oscillates into another while propagating through space.

1.2.2 supernova neutrinos

At the end of a stars lifetime, when it has fused the majority its elements, the
radiation pressure begins to shrink, and due to gravity, the core starts to col-
lapse under its own weight. This collapse is followed by a rapid explosion with
an extremely high energy release. In this process, massive amounts of neutri-
nos get produced in a short time. For type Il supernovae, 99% of liberated
gravitational binding energy is estimated to be carried away by neutrinos.[ 15].
Although many supernovae have been detected, the only one of which a clear
neutrino ux measured is SN1987A.0n February 2nd, 1987the three neutrino
detectors Kamiokande II, IMB and Baksan detected a neutrino burst that lasted
around 12s Around three hours after that the visible light from that super-
nova reached the earth.

1.2.3 atmospheric neutrinos

Atmospheric neutrinos are the result of the interaction of charged hadrons,
called cosmic rayswith nuclei in the earths atmosphere, typically around 15km
above the earths surface. These cosmic rays consists primarily of protons. For
high energetic cosmic rays these interactions are deeply inelastic. Therefore the
produced Pions and, less abundantly, Kaons are forward peaked. The charged
pions (and analogous the Kaons) then decay via a semileptonic process mainly
into muons and muon-neutrinos:

oot s (1.2.2)
4+ (1.2.3)

3
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If the muon decays before hitting the ground, it produces electrons and electron-
neutrinos through the same weak process:

Toet+ g+ T (1.2.9)
e+ et (1.2.5)

The spectrum of this process generally peaks in the GeV range[l5]. Figure 1
shows an illustration of such a cosmic ray induced air shower:

Figure 1. Schematic view of a cosmic ray air shower[13]

For low energies (E. 1GeV) most of the muons decay before they hit the
ground. Therefore the neutrino uxes are expected to satisfy the following
ratios:

v, — 1 (1.2.6)

This ratio could not be veri ed in the Super-Kamiokande detector and the Sud-
bury Neutrino Observatory. This anomaly was again solved through neutrino
oscillations.

1.3 neutrino interactions

When a high-energy neutrino travels through matter, it can interact either via
a charged current (CC) weak interaction or a neutral current (NC) weak inter-
action. The generalized interactions are:

[+ N1 1+X (CC) (1.3.1)
(+N! | +X (NC) (13.2)

N being a nuclei, X the produced hadronand | = fe, , ¢

Neutral current events gives the same signature for all neutrino avors. For
these events a signi cant part of the energy is carried away by the initial neu-
trino and thus stays unobserved. This increases the error on the reconstructed
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energy of the primary neutrino. On the other hand for charged current events
the opposite is the case. Most of the energy will be transferred in the produced
lepton [6].

Due to the large amount of energy transferred to the secondary particles, vari-
ous processes are available to them. At high energies the Cherenkov Effeaill
be the signi cant contribution to the photon production. Most of the neutrino
detectors use this effect for a detecting neutrinos. This is also the main reason
why transparent media like ice or water are used.

1.3.1 cherenkov effect

If a particle’s energy is suf ciently high, it can travel faster than the speed of
light in a medium. For a dielectric medium with a refractive index n the speed
of light in this medium is given by:

Co

e = (1.3.3)

When the charged particle moves through this medium, it will polarize the
molecules locally along its track. As long as the velocity of the particle is
v 6 c, than the local polarization will annihilate. However, when the particle
moves with a velocity greater than the speed of light in this medium, an over-
all dipole moment will build up which relaxes back to equilibrium through
radiation. This coherent radiation is emitted in a cone with a characteristic
angle .. Itis given by:

cos ¢ = ni (134)

n is again the refractive index of the medium and = v=c s the ratio of the

particle velocity and the speed of light. For highly relativistic particles in sea

water the Cherenkov angleis .. 43°. [6]

The number of emitted Cherenkov photons N per wavelength d and per

unit traveled dx by a particle with the charge g = z eis given by the equation:
d°N 22z 2 1

o e (135)

This equation shows that smaller wavelengths contribute more signi cantly to
the Cherenkov radiation. For water and ice is the typical light output in the
visible range between 300- 600 nm. [6]

1.4 neutrino telescopes

As already mentioned, neutrinos only interact via the weak force. On the one
hand that has advantages, e.g. that neutrinos leave supernovae unhindered,
on the other hand this means they are tough to detect. The basic idea that all
currently operating neutrino telescopes have in common, is using light detec-
tors (e.g. PMTSs) inside a transparent medium like deep ice or water lling a

5
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huge volume in order to detect the described Cherenkov radiation. Due to the
rare interactions they need to be usually build around the cubic kilometer scale
to be sensitive enough. In the following will be the most successful neutrino
telescope, IceCube, alongside the path nder missions STRAW and STRAW-b
brie y described.

141 icecube

The IceCube Neutrino detector is located at the South Pole and is operating
since 2010 It consists of 5160 optical sensors attached to 86 strings in total
between 1450 m and 2450 m. These sensors are referred to as Digital Optical
Modules (DOMs). Each of these DOMs consists of al0" PhotoMultiplier Tube
(PMT), which faces downwards. Together with the read-out electronics, it is
packed in a 330 mm glass sphere. 78 of these strings are forming the primary
in-ice array with a vertical separation of 17 m between the DOMs and a spacial
extension of about one cubic kilometer. This design meet the requirements
for detecting astrophysical neutrinos in the range of 10° GeV to 10° GeV [g].
Additionally, a subarray called DeepCore was deployed. It consists of the
missing eight closely-spaced strings. This spacing is on average 72m. It is
optimized for low-energy events in the range of 10GeVto 100 GeV.

Unlike normal ice, glacial ice at a depth of more than 1300 m gets transparent
in the range of visible light. Its peak is at around 2400 m with a average
scattering length of 50 m and an average absorption length of 190 m[10].

In 2017, IceCube was able to associate a Neutrino event with a neutrino point-
source, the blaser TXS0506+56[19]. This evidence was further supported by
a burst of neutrino events of the year 2015 that also coincided with aring
activity of the source in gamma rays and other wavelength bands| 7].

142 straw

"STRings for Absorption length in Water" ( STRAW) is a path nder mission
towards a future neutrino detector named Paci ¢ Ocean Neutrino Explorer
(P-ONE). Its main task is to characterize the Cascadia Basin site at the west coast
of Canada in the paci c ocean by measuring the attenuation and scattering
length in the range of 350 nm and 600 nm alongside the overall ambient back-
ground induced by “4°K and bioluminescent light. It consists of 2 strings each
of them 115m long and 37 m apart and both located approximately 2600 m
b.s.l. On the strings are ve sSDOMs and three POCAMs mounted (See gure
2a for details). The Precision Optical Calibration Modules ( POCAMs) emit
isotropic light ashes on a nanosecond scale in various wavelengths. These
ashes get detected with a 3" PMT inside the STRAW Digital Optical Mod-
ules (sbowms) and therefore gives access to the properties of the seawaterf].

6
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143 straw -b

STRAW-b is an addition to STRAW. Its main goals are on the one hand to provide
more in-depth measurements of the bioluminescence and additional indepen-
dent measurements for the the attenuation length of the sea water and on
the other hand to develop a deployment strategy for a large scale neutrino
telescope. In contrast to STRAW, STRAW-b consists only of one single string
which is 430 m long. It will consist of ve standard modules and ve special-
ized modules. Each of the modules are 24 m apart from each other. (For details
see gure 2b) Those specialised modules will be three PMT-Spectrometers, a
Muon Tracker, and the LIDAR which is the topic of this thesis. The PMT Spec-
trometers will investigate the bioluminescence in greater detail. The Muon
Tracker will be rst device capable of measuring muon tracks and the LIDAR
will be used for complementary measurements for the attenuation length and
the scattering coef cient. STRAWD is planned to be deployed at the beginning
of 2020Q

7
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(a) Technical drawing of STRAW with mea- (b) Technical drawing of STRAWb
sured distances

Figure 2: Technical drawings of STRAW and STRAWbD provided by Christian Spann-
fellner and Kilian Holzapfel

1.5 optical properties of water

As already mentioned in section 1.3 the properties of optical water is a crucial
factor for the detection the Cherenkov light. The important properties are

scattering and absorption. Absorption reduces the total amount of light on the

PMTs and scattering changes the direction of the emitted Cherenkov Photons
as well as the distribution of their arrival times on the PMTs. This increases
the uncertainties when reconstructing the direction of the incoming neutrino.

We can de ne these properties as followed. The absorption, scattering and
attenuation coef cients are:

a(), b(), ()=al)+b() (15.1)
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These coef cients are all in units of [m~ 1]. Alternatively these properties can
also de ned as the absorption, scattering and attenuation length in units of
[m]:

La()=a( )% Le()=b()* L ()= ()* (15.2)

These lengths are de ned as the distance the light travels in which its initial
intensity |y got reduced by a factor of 1=ethrough either of these processes.
A general description for scattering at spherical, transperent objects was rst
done by Gustav Mie in 1908[18]. In general, when light travels through a
transparent medium like water, it can scatter multiple times before entering
the detector. The average cosine that has undergone n-times scattering can be
described with the following equation:

hcos ip = hcos i (1.5.3)

This means if hcos i > 0 forward scattering is preferred (ice versaif hcos i <0)
and if hcos i = 0, the scattering has a forward-backward symmetry. Therefore
we can de ne a effectivescattering length Lg“ (). Itis the lenght a photon has
travelled after n scattering events:

X .
5" O= () s it )

0

(1.5.4)

These properties depend on various factors. For water those are for example
temperature or salinity an essential factor which in uences its properties. On
the other hand, other chemicals, bacteria or other microorganisms are further
scattering centres, which can affect the properties of the seawater.All those
properties can be subject to seasonal variations. E. g. the biological activity of
microorganisms is known to increase in the spring. Currently, due to a lack of
actual measurements, assumptions had to be made for the simulations, which
will be described later [ 6].

Secondly, the optical background of the water plays a signi cant role when
setting up a trigger system for a future detector. This background has two
main contributions: the decay of radioactive elements (mostly 4°K) and biolu-
minescence. However, the energy of most of the photons produced in the 4°K
decay is higher than the Cherenkov light and therefore at least for the LIDAR
not relevant [6]. This is not the case for bioluminescence. A analysing image
taken during deployment gave rise to the suspicion that Pyrosomes play a key
role in the emission of background light recorded with STRAW. This does not
mean that other biological sources of light can be excluded. As already men-
tioned, one of the goals of STRAW-b is to further analyse the spectrum emitted
by these creatures.



Part I

THE LIDAR-SYSTEM

The rst part will give, in the beginning, an overview over  LIDAR -
physics on general and will give a few examples of different LIDAR
applications. After that the developed LIDAR system for STRAWbD
will be described.



LIDAR

LIDAR is an acronym and stands for LIght Detection And Ranging. It is a pos-
sibility, to retrieve inherent information about an optical medium, namely the
back-scattering coef cient and the absorption length.

LIDAR works similarly to the RADAR but uses short-pulsed laser light of the
visible spectrum or infrared instead of radio waves. In the rst part of this
section, the functionality and the principle of a LIDAR will be described, and
after that, the parts that were built and used for this thesis.

2.1 principle of the lidar -systems

A LIDAR -system consists mainly of two devices. A short-pulsed Laser and a
fast receiver are both aligned. See gure 3 for Details. In the most used case of
atmospheric research, those are mirror telescopes collecting the backscattered
light. However, due to the different goal of this setup and the limited space,
a more telescope-like con guration had been chosen. After that usually, the
light gets ltered by wavelength, or polarisation state if needed, to ensure that
only the speci c wavelength emitted by the laser gets detected. The light will
then be detected converted into an electrical signal and ampli ed. The detailed
LIDAR -setup used in this case will be described in the following chapters.[ 28,
pp. 1-1§

The light arrives at different times relative to when the laser was red. From
this time difference, one can calculate the distance at which the scattering
took place and therefore gets information about the density of the scattering
particles in the medium.

Figure 3: The gure shows the general principle of the LIDAR

11



2.2 lidar -equation

2.2 lidar -equation

The LIDAR equation for a monochromatic laser can be written in the following
form:
A Z
dN(r) = NoCG(r) 2 (r)dr exp - 2 . (r9dr?® (2.2.2)

In this case, it is written in the differential form in which  dN(r) describes the
differential number of photons counted in the detector with an effective area A
and in an interval of dr. Cisthe overall ef ciency of the detector, Ng the initial
amount of photons emitted by the laser and G(r) a function that characterises
the overlap between the eld-of-view of the receiver and the laser beam. The
factor 2 in the exponential function takes the two-way path from the light into
account, and the (r) is the attenuation coef cient at a distant r relative to the
position of the LIDAR. This equation generally holds, but for simplicity reasons,
a non-distance-dependent attenuation coef cient  (r) will be assumed as
it is expected at rst order in deep ocean water . Therefore the integral in  2.2.1
simpli es to r.

2.3 different lidar techniques

Over the years, different LIDAR techniques were developed to serve different
tasks (e.g. distance measurements, retrieving optical parameters, etc.). In the
following, a few of the most popular (including the one that was used for this
experiment) are described.

2.3.1 elastic backscatter lidar

It is the classic and simplest form of a LIDAR and was described in 2.1. It is
also the type used in this experiment. A single Laser shoots a short-pulsed
beam parallel to the telescope, and the elastically backscattered photons get
detected. Where "elastic scattering" means that the wavelength of the scattered
electron does not change. With this type of LIDAR, the most straightforward
information to obtain is the position and distance of objects which scatters
more light relative to the surrounding medium(i.e. clouds in the atmosphere
[28, p. 12]). The following equation de nes this distance:

Fobj = }C t (2.31)
2
It is also called "Rayleigh-Mie-LIDAR" because the predominant effects are
"Rayleigh Scattering" and "Mie Scattering".
But because our goal is to retrieve information about the backscattering and
the attenuation coef cient of the deep sea water, the whole signal will be used
and evaluated according to 2.2.1.[14]

12



2.3 different lidar techniques 13

2.3.2 raman lidar

The Raman LIDAR uses inelastic scattering of the emitted light with the atmo-
spheric molecules. Like the LIDAR described in the section above, it uses a
single wavelength laser as well but detects light also at different wavelengths.
This is necessary because due to the inelastic scattering, the scattered light lost
(or received) energy from the molecules. Those molecules are changing their
vibration- and rotation-state in the course of the process. However, a signi -
cant drawback is that it happens less frequently (10 4 - 10 2 times) than the
usual Rayleigh scattering. Therefore a strong light source needs to be used to
use this technique ef ciently. It is especially useful when investigating water-
vapour concentration. Different atmospheric gases, like CO,, SO, or CHy,
have also been tried to measure. However, routine atmospheric monitoring is
hard to achieve due to the necessary detection limits.[28, pp. 241-242

2.3.3 differential absorption lidar (dial )

This LIDAR type uses two wavelengths. The rst wavelength is chosen in a way,
that it has a peak in the absorption spectrum of the gas of interest and the sec-
ond wavelength in a region of less absorption but as close as possible to the
rst one in order to guarantee that the behaviour in the rest of the atmosphere

is similar. Moreover, since 1 and 5 are close to each other, their backscatter-
ing and extinction coef cients will be roughly the same except in the region
where the gas is present. So by comparing the pro les of the returned signal,
one can extract information about the gas density pro le. This technique is
used to measure the pro les of O3, NO,, SO, or H,O in the atmosphere. [12]

2.3.4 other lidar techniques

Those three LIDAR types are by far not the only ones existing. There is the Flu-
orescence LIDAR which makes use of the uorescence of speci c atoms and
molecules. The High Spectral Resolution LIDAR (HSRL) takes advantage of
the spectral distribution of the return signal in order to distinguish between
aerosol and molecular signals and the Doppler LIDAR uses the Doppler shift
in order to analyse the velocity of uids or air.



EXPERIMENTAL SETUP

As already mentioned in section 1.4.3, the whole lidar module consists of more
pieces than the actual LIDAR itself. In this chapter, only the parts of the LIDAR
will be described. Itis composed of 3 major parts: the nanosecond pulsed laser,
the PMT and the focusing optics. The laser and the PMT were both bought
of the shelf, but the focusing optic was designed and build based on the results
of the pyOpTools simulation. In the following section, we will go more into
detail on these three components. However, optics and their design was one
of the main parts of this thesis.

3.1 the laser

The rst major part is the laser. We decided to use the "NPL 45B" from Thor-
labs. All the following data and images are directly taken from the data sheet
provided by Thorlabs[ 24]. It is a nanosecond pulsed diode laser with a central
wavelength of 450(10) nm and a pulse width of 5(1) ns to 3X3)ns. It has a
internal trigger for a frequency of 1MHz, 5MHz or 10 MHz but is has also a
user-triggered mode which allows custom frequencies up to 10 MHz. In gure
4 one can see plots of the different pulse widths:

Figure 4: Image of the different pulse width of the laser. Data provided via Thor-
labs[24]

In image 5a, we can see the laser as Thorlabs sells it. However, since we are
very limited in space and weight for the module, we decided to remove the
red aluminium housing. Therefore the controller needed to be reprogrammed
that it accepts wider temperature uctuations because the red housing itself is
part of the temperature control.
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3.2 the pmt

(a) Image of the laser build and sold from (b) The same laser but with the removed
Thorlabs. Picture taken directly from housing.
their website[ 25]

Figure 5: Images of the laser with and without its housing and already mounted on
the nal LIDAR

The characterization of the opening angle of the laser is described in section
5.1. We determined an approximate opening angle of = 0.01°.

3.2 the pmt

For detecting the back-scatteredlight, we decided to use a "H12406 PMT
photon counting head from Hamamatsu[ 1€]. Itis still larger in dimension than
a SiPM, but due to initial problems with the readout of the SiPM and the dark
noise rate which is higher by orders of magnitude, we decided to go for the

PMT instead. But compared to other PMTSs, this one is still relatively small
with 30 38 15mm (I w h). The working principle is the same as for
conventional PMTs, and thus performance characteristics are the same. Light
hits the Photocathode which emits an electron via the photoelectric effect. This
electron gets multiplied in Electron Multipliers (Dynodes) and transferred to
the anode. Image 6 shows the working principle of the  PMT we use:

Figure 6: Image of the working principle of the ~ PMT as provided by Hamamatsu[ 16]
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3.2 the pmt

The Photocathode consists of Bialkali and operates in the range of 300 nm
to 650 nm, and it has an effective area of 1 mm by 3mm. The last point is also
the major drawback of this detector. A width of 1mm means that the light
needs to be focused as much as possible. Minimal errors in the installation of
the detector would mean that we would not detect the backscattered photons
anymore.

It has a count linearity upto 5 10° Hz. This is the value at which 10% of the
counted photons get lost compared to the theoretical value.
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Figure 7: wavelength dependant count sensitivity of the  PMT [16]

In gure 7 one can see the count sensitivity of the PMT for different wave-
lengths. The data is taken directly from the data sheet provided via Hama-
matsu[16]. We can see that the ef ciency is still at the peak of roughly for
450 nm our laser.
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Figure 8: Dark count measured by Hamamatsu[ 16]
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3.3 the optics

One advantage of PMTs is the extremely low dark count rate compared to
e.g. SiPMs. In this case the dark count is betweenl and 50 Hz (See g. 8) and
since our PMT will operate at temperatures of a few C, we expect its dark
rate to be at to lower limit of the provided values.

3.3 the optics

In this section Iwill describe the housing of the LIDAR and the optics. Its

design was one of the primary goals of this thesis. It is based entirely on
the results of the pyOpTools study described later in this thesis. The whole
housing is made of AIMg 3 with a thickness of 2mm. It is a standard alloy
used for manufacturing and industry.

housing v1

In the course of this thesis, | developed two designs. However, the general
idea stayed the same. | wanted to keep it as simple and exible as possible. |
used an outer tube in which | stacked smaller tubes. They have a small cut-
out at the end in order to hold the optical component. These tubes then got
stacked inside the outer one, step by step lling the entire length (See gure
11b for reference). A ring closes the system, so the inner tubes were xed
in their position. This allowed us to build inner tubes with different lengths,
so the position between the detector and the focusing length can vary. This
is necessary for testing in the air because of the different focal length of the
system in water compared to air.

In the rst version | used a 2" Plano-convex lens ("LA105GA") a focal length
of 100 mm, than a Plano-concave lens ("LCL715A") in order to defocus the
rays that they hit the Iter perpendicular and after that the lter and a last
Plano-convex lens ("LA1422A") to nally focus the beam onto the detector
(See images9a and 9b for detail and table 1 for information on the lenses).
The names of the lenses are Thorlabs-speci c product codes and apply only
for their lenses.

(a) A side view of the housing v 1 from the (b) Image of the assembled version of the
pyOpTools simulation housing v 1 together with the laser.

Figure 9: Images of the rst housing version.



3.3 the optics

name diameter focal length back focal length
LA 1050A 2" 100 mm 933 mm
LA1422A 1" 40 mm 35.7mm
LC1715A 1" - 50mm - 523 mm
LA1134A 1" 60 mm 56.7mm

Table 1: Information for the lenses provided by Thorlabs

While not exceeding the spatial limitations of the sphere. The major dis-
advantage of this optical design was the point spread function (PSF). Since |
wanted to use a SiPM in the beginning, this would not have been a problem,
because it was large enough to still cover the whole PSF. After building the
housing, | realised that | would not be able to use the SiPM, mainly due to its
high dark-rate and decided to use the PMT instead. Due to the small size
of the PMT photocathode, | needed to redesign the optics in order to get a
much smaller focusing spot.

housing v2

In the second version, | needed to account for two new problems. The rst
one being the smaller effective area and the second one, the larger volume of
the PMT compared to the SiPM. Therefore | went with the most simplistic
design possible. At rst the Iter[ 22] and then a 1" Plano-convex lens with a
focal length of 60 mm[23] (See also tablel. The lter has a central wavelength
of 450nm and a full width at half maximum of 10nm. Figure 10 shows an
exemplary plot of a premium bandpass Iter compared to the normal ones
sold by Thorlabs. The transmission is almost at 100% in the desired region
and drops almost instantly to zero outside of it.

Figure 10: Comparison of a normal Iter to the premium lIter | use. Red is the pre-
mium lter.[ 22]

When one needs to focus light onto a single point, lens aberrations come into
play. These can be divided into "monochromatic" and chromatic aberrations.
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3.3 the optics

Since our PMT will only detect monochromatic light, | do not need to worry
about the latter one. For monochromatic aberrations, the following are the
most common one:

spherical It occurs with spherical lenses. Off-axis rays are focused closer
to the lens than on-axis rays. Therefore the focus "point” is a line, not
a point. Correction: Aspheric lenses; They are speci cally designed to
counteract this aberration.

coma It occurs when parallel light hits the lens non-perpendicular (called
eld angle). The rays will be focused on the same plane (given now
spherical aberration) but with different heights from the optical axis.
This produces the characteristic conical shape. Correction: using Plano-
convex lenses

astigmatism Off-axis rays coming from different planes have different foci.
Correction: Limiting the eld angle of the system, using multiple lenses
with opposite sign astigmatism

From those three aberrations, the only one relevant for us is the spherical
aberration because the tilt of the laser beam is chosen in such a way that the
laser beam is roughly at the optical axis compared to the distance between
the scattering point and the LIDAR. Therefore the eld angle will always be
roughly zero. The simulation and its results will be described in chapter 4
in more detail. The drawback is that the eld-of-view of this construction is
reduced compared to the former one. However, even with a smaller eld-of-
view, the laser will most likely still enter it before | desaturate our detector.
Image 11b shows the nal design of the housing. As one can see, the concept
stayed the same as for versionl1: Inner tubes with a small cut-out for the optical
components placed inside an outer tube which is closed with a ring. On the
other side, | were able to reduce the length of the whole LIDAR (including the

PMT) to less than 100 mm, which gives us more room inside the sphere.

(&) The nal design for the LIDAR. Not (b) The housing v2 as it was designed
shown: The frame for the laser in Solidworks, lens and Iter included,
side view

Figure 11: Images of the nal housing version
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3.3 the optics 20

pmt housing and laser mounting

In the last part, | will describe the mountings for the ~ PMT and the laser. The
laser is mounted on a rectangular frame that (in the end) will have a slight
tilt so that the laser beam will be sent in the simulated direction (see section
4.2.3 for details). This frame will be mounted to the housing via a clamp. This
allows for free positioning of the laser along the tube.

The idea for the PMT housing was to make it as adjustable as possible in
order to counteract errors during the assembly. Inside the housing four alu-
minium plates were placed on each side of the PMT (not on the front and
the back since it was technically not possible). Each of those plates had two
brass pins for stabilization and an M 3 screw in the middle in order to move it
forth and back. Each of these plates can be moved byl mm. In the following
drawing, | can see the the housing for the PMT as it was build:

Figure 12: Front view one the housing of the PMT and inside a simpli ed version of
the PMT

Moreover, in image 13a, one can see the nal con guration of the LIDAR.
Note that, the frame for the laser is not the nal one but a temporary solution.
The tilt of the laser is still not included and only realized through a sheet of
paper at the top. The nal one was still not nished at the time of the thesis.
Secondly, | put a foil in front of the LIDAR. It only transmits 1% of the light
intensity and therefore protects the PMT from potential damage because of
constantly too high light intensity.



3.3 the optics 21

(a) Final LIDAR with the con guration for (b) Final LIDAR including the module,
the rst test solidworks rendering

Figure 13: Images of the nal LIDAR



Part 1l

SIMULATION AND RESULTS

This part will focus on the Simulation and the rst results of the
LIDAR . 3 Different Simulations were written in the course of this
Thesis. The rst one using the pyOpTools-module for python, the
second one using geant4 were used to nd the optimal con guration
for the LIDAR. In contrast to them, the last ones focuses entirely on
simulating the return signal that we expect given a optimal con g-
uration of the LIDAR. This will be the rst part. In the second part
will be the rst results shown.



SIMULATION

In order to know which optical design is the best for this setup and to generally
learn more of what we can expect from our, several simulations were written.
They will be described in the following sections.

4.1 simulation of the lidar geometry us -
ing pyoptools

4.1.1 the pyoptools package

The pyOpTools-package is a set of packages written for Python and Cython that
allows simulations of an optical system via raytracing. It is written by the
technological development group of Combustion Ingenieros S.A.S, and the ap-
plied optics group of the Universidad Nacional de Colombia.

The goal of this simulation was to nd the most suitable optical con guration
for the LIDAR. Since the effective area of thePmMT is only 3 1 mm it was neces-
sary to guarantee that backscattered light actually hits the detector. With this
package, the user can build an optical system and can simulate the behaviour
of light in this particular system via raytracing. But it has one major drawback:

It can not simulate scattering events. So in order to simulate the path of the
backscattered photons, a workaround needed to be created.The rst idea was
to re ect the laser beam after a certain distance with a "mirror", which has
a curved surface to guarantee that the "returned signal" lled the lens of the
optical system. A different approach was to set multiple detectors to varying
distances from the origin of the beam and to see where the laser beam would
go. After that, another beam would be sent back from the position of the ini-
tial one towards the optical system, so that one could see where it would be
detected.
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4.1 simulation of the lidar geometry using pyoptools 24

Figure 14: This picture was taken from the simulation. The cyan coloured lens repre-
sents the water, the big yellow one the glass sphere surounding the module,
the red one the Iter and the small lens is the focusing lens. The returned
light rays were made by the latter method described in the section

In gure 14 an image of the optical components is shown as they were
designed with this simulation. The cyan coloured part on the left represents
the water. It is composed of two "lenses". The rst one is a cylinder-shaped
block with the refraction index of water. It has a variable size, to simulate
even hundreds of meters of water and next to it another "water lens" that ts
tightly on the sphere. To simulate the round sphere, a meniscus lens is used.
Whereby the inner and outer radius of curvature only differ in the thickness of
the lens. The next component is the Iter. It is a simple cylindrical block with
the properties of optical glass (BK7 [29]). The last component of the optical
system is the actual focusing lens. After many runs, a Plano-convex lens with
a focal length of 60 mm(for details of the lens see [23]) with a distance of
64 mm to the detector gave the best results. For modelling the laser beam and
also the returned beam, the "point_source_c" function of the pyOpTools package
was used. Another thing worth mentioning is the coordinate system because it
could lead to some confusion when comparing coordinates with the provided
images. Here the z-axis is horizontally towards the right, the y-axis is vertically
and downwards, and therefore the x-axis goes out of the drawing plane.

4.1.2 position of the lidar parts

One of the primary goals of the simulation was to nd the best distance of the
lens and the lter with respect to the detector. The following values resulting
from the study were used in Solidworks to design and build the LIDAR (See
3.3 for details). After various runs, 64 mm distance between the detector and
the centre of the lens gave the best results. Whereby best results mean that
the spot has the smallest diameter. As described in section 3.3, with the lens
used for this LIDAR, a perfect focused spot will never be possible. In gure
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15, a spot diagram, of what the detector would see, is shown. The expected
diameter of the spot is roughly 0.30mm. For this image, the point sources
coordinates were (0,0,- 149000, and its direction was along the z-axis. This,
of course, does not represent the real situation because the optical system has
a eld-of-view and the laser beam will never be exactly on the optical axis.
Therefore light not coming precisely from the optical axis of the system will
still be detected. However, the purpose of this study was to nd the optimal
distance, so we assumed that the size of the spot will not change signi cantly
for a beam, not on the optical axis. The opening angle was set to 0.009 in
x- and y-direction and the beam consisted of 50 50 rays. This guaranteed
that the whole Iter got illuminated. A stopper blocked all rays that would
not hit the Iter (compare image 14; Although, due to its 2-dimensional shape,
the stopper itself is not visible in the image). For comparison the same setup

Figure 15: The detected spot size with 64 mm distance between detector and the centre
of the lens

as in gure 15 but with a variation in the distance of 1mm can be seen
in gure 16. Clearly one can see that the diameter of the spot increases to
about 0.4- 0.6 mm.For a detector, that is only 1 mm wide, this is substantial
increase. It could lead to rays not getting detected if other errors occur in the
nal system.

(a) 63 mm between lens and detector (b) 65 mm between lens and detector

Figure 16: Same setup as in gure 15but with 1 mm difference to the ideal position
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4.1.3 ideal laserposition

The second goal was to nd the ideal tilt for the laser. To achieve this, the sim-
ulation was altered. The position of the laser source is parallel to the Iter but
with an offset of 44.5mm from the optical axis. Its direction is still primarily
the negative z-axis, but with a slight tilt "downwards" the positive y-axis. The
opening angle of it, was set to 0.05°. This this corresponds to at least a factor
5 more that what we would expect (see 5.1). Furthermore, four more sources
were added, each of them at a corner of the detector, with an opening angle of
approximately 25.2°. This angle assured that the whole lens got illuminated.
The direction was again the negative z-axis. Those spots acted, therefore, as
the boundaries of the eld-of-view. Every beam within this area will reach the
detector. To reduce unwanted refractions, a stopper was set up right after the
"sphere”.

Another thing worth mentioning is, that the spots in e.g. the images 17a or
17b are clearly not completely round shaped. The most likely explanation for
this is that not all the light get transmitted but a few percent gets re ected
instead. If this happens twice in the same object and the angle of incident is
not exactly 90°, the re ected light would still propagate in the same direction
as the rest of the rays but with a slightly different angle. A consequence of this
is that the laser light will sometimes have two spots in the plot. But due to the
limited resolution of the images the main beam can not be identi ed.

With that said in the following two images, the results are plotted. In image
17a with the ideal tilt of the source and in image 17b with the maximum offset
that the PMT would still detect the backscattered light. It yielded a tilt of  6(1)°
in the y-direction and a tilt of 0.0(4)° in the x-direction.

(a) The Laser beam is in the ideal position.  (b) The Laser beam is in the last possible po-
sition (+1° vertically and + 0.4° horizon-
tally) in which it is still in the eld-of-
view

Figure 17: Image of what a detector at 149 m distance to the LIDAR would see. The
big spots are marking the corner of the eld-of-view of the detector and the
small one the laser beam.
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