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Abstract

The Paci�c Ocean Neutrino Experiment (P-ONE) is a water-based multi-cubic-kilometre neutrino
telescope in the Paci�c Ocean to be located in the Cascadia Basin o� the shore of Canada. It is currently
under intense development and the �rst line will be deployed later this year. A simulation of the line
is needed to properly understand the measurements after the deployment. One important part of this
simulation is the response of the Photomultiplier Tubes (PMTs) that are used in the detector’s optical
modules. This thesis aims to develop an algorithm to simulate the response of a 3-inch Hamamatsu
Photomultiplier Tube (PMT) in the single Photo Electron (PE) regime using empirical models. The
Variation of voltage and intensity was measured using the Optical Module Calibration Unit (OMCU)
setup at TUM with two PMTs. The simulation can predict the gain, transit time and pulse width for
di�erent waveforms for arbitrary conditions.
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1 Introduction of Neutrino Astronomy and the Paci�c Ocean Neu-
trino Experiment

1.1 Theoretical Basis of Neutrinos

Discovery of Neutrinos
Neutrinos were �rst postulated by Pauli in 1930 while studying the � -decay (Eqn. 1). A neutron n, part of
a bigger nucleus, decays into an electrone� and a slightly lighter proton p.

A
Z X ! A

Z +1 X 0+ e� + �� e (1)

As for any two-body decay, the energy distribution is �xed in this case, thus if one were to measure the energy
of the emitted electron, one would expect a distinct monochromatic line at a �xed value. The spectrum that
was observed was continuous, which led Pauli to the conclusion that another, very light, invisible particle,
which carries away momentum, should be emitted as well. Pauli �rst called it the neutron, but since James
Chadwick had already discovered a heavy neutral particle and already named it the neutron a new name was
needed, and it was Edoardo Amaldi who named Paulis Particle `neutrino', little neutron [1].
Almost thirty years later, Cowan and Reines managed to detect the �rst anti-neutrinos created in an inverse
beta decay (Eqn. 2) using reactor neutrinos [2].

�� e + p ! n + e+ (2)

In the inverse beta-decay, an anti-neutrino interacts with a proton to turn into a neutron and a positron via
the weak interaction. Cowan and Reines looked for this decay using a tank �lled with water and cadmium
chloride. The anti-neutrinos from the reactor would interact with the protons in the water and perform
an inverse beta decay. The positron almost instantly decays when interacting with matter, resulting in the
creation of two 511keV photons, which are emitted in opposite directions. The neutron travels a little longer
and is then captured by the Cadmium. When the capture happens, energy is released in the form of a few
gamma-rays of about 9MeV. Together, those two-photon signatures were a clear sign of the inverse-beta
decay, which could only happen if the neutrino existed. Thus, neutrinos were discovered [2].

Theoretical Background of Neutrinos
The previous experiment discovered only one of the three possible neutrino 
avours, the electron neutrino.
There are also the muon- and tau-neutrino, which are members of the leptonic part of the standard model.
Their families are analogous to the ones of the electron, muon and tauon. Neutrinos only interact gravita-
tionally and via weak interaction, meaning their strong and electric charge is zero. The weak interaction is,
as the name suggests, very weak due to very small cross sections (of the order of 10� 38cm2 [3]).

Their gravitational interaction is also very weak due to their small mass, m� < 0:8eV [4]. This non-zero
mass means that the neutrino mass eigenstates are not equivalent to the weak interaction eigenstates, which
results in so-called neutrino oscillations. This means that a neutrino of a certain 
avour can change its 
avour
according to transition rates de�ned by the PMNS-Matrix [5]. Neutrino-oscillations and the non-zero mass
of neutrinos are not predicted by the standard model of particle physics. Therefore, high-energy neutrinos
are an interesting candidate for beyond standard model physics, e.g dark matter or dark energy[5, 6].

Neutrinos in Astronomy
In the universe, there are a lot of di�erent neutrino sources around us, such as geo-neutrinos, produced by
the decay of radioactive isotopes inside the Earth [7], solar neutrinos, originating from the fusion processes
in the sun [8], or reactor neutrinos that are produced in the� -decays inside nuclear reactors [2]. The possible
neutrino sources are all included in the Grand Uni�ed Neutrino Spectrum (GUNS), which spans 24 orders of
magnitude in energy (Fig. 1)[9].
It also includes atmospheric neutrinos created in Cherenkov showers in the atmosphere. These showers
originate from Cosmic Rays (CRs), charged, highly energetic particles such as protons and heavier nuclei
generated in space. Atmospheric neutrinos make up the main background component for astrophysical
neutrinos, the type of neutrinos that this work will focus on.
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Figure 1: The Grand Uni�ed Neutrino Spectrum (GUNS) at Earth integrated over directions and 
avours.
Dotted lines stand for only �� , and dashed lines for both� and �� [9].

Astrophysical neutrinos were �rst detected by the IceCube detector (see Sec. 1.3) in 2013 [10]. They are the
most energetic neutrinos that can be seen and give insight into complicated astrophysical objects and still
unknown physical processes happening in their vicinity.
To create neutrinos at such high energies, the particles that produce them need to be accelerated to very high
energies. Therefore, at potential acceleration sites, extreme conditions are needed, such as strong magnetic
�elds or high temperatures, although the exact mechanisms of cosmic accelerators are still unknown [5].
Measuring neutrinos from a source would be a clear sign of non-thermal processes happening in its vicinity.
Protons are accelerated by, e.g. shock di�usion [5], and collide with one another or interact with surrounding
photons via photo production.

p + p ! X + � � ; � 0 p + 
 ! � + ! � � + n=p (3)

In these processes, neutral or charged pions� 0; � � are created, which in turn decay into photons or muons
and muon-neutrinos based on their charge.

� � ! � � = �� � + � � ; � 0 ! 

 (4)

The muons then can, in turn, decay weakly and produce further neutrinos.

� � ! e� + � e= �� e + �� � =� � (5)

Photons and neutrinos are created with almost the same probability in the same processes. Thus, scientists
expect to see both in the spectrum at around the same 
ux.
Possible candidates for cosmic accelerators in our galaxy are Supernova Remnants (SNRs) and Pulsar Wind
Nebula (PWN). Particles like protons are accelerated to very high energies in the supernova explosions and
subsequent shock fronts, resulting in high energy CRs that could produce neutrinos via the process described
in (3)-(5) when interacting with the Interstellar Medium (ISM). The pulsar contained in the PWN creates a
very high magnetic �eld, which could also lead to particle acceleration [11, 12]. Another possible source in
our galaxy would be binary systems where a fast-spinning pulsar accreting matter from its companion star
can exhibit a jet, creating a very extreme environment where particle acceleration can happen [13].
Extra-galactic cosmic accelerator candidates include Active Galactic Nuclei (AGNs), where the acceleration
processes happen in the vicinity of supermassive black holes, the accretion disk or the jet where matter is
ejected at relativistic speeds [14]. An example of neutrino emission likely associated with an AGN has been
seen in the AGN NGC1068 [15]. Another proposed candidate are Starburst Galaxies (SBGs), which are
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galaxies with a high star formation rate, meaning a lot of supernovae and shocks that can accelerate particles
to high energies [16]. Up to now, only a possible correlation of SBGs with Ultra-High-Energy Cosmic Rays
(UHECRs) has been found by the Pierre Auger Observatory [17]. Another possibility would be Gamma Ray
Bursts (GRBs), which are highly energetic bursts of gamma radiation that can happen during a core-collapse
supernova or a merger between neutron stars and/or black holes. However, at the moment, no evidence for
astrophysical neutrinos associated with GRBs has been found [18].
The one great advantage of studying neutrinos instead of Cosmic Rays (CRs) is that they are not de
ected
by magnetic �elds, unlike charged particles in the CRs. Photons, although not carrying an electric charge,
are in
uenced by gravitational �elds and change their path, whereas neutrinos have almost no mass and
are, therefore, not really in
uenced by massive objects on their way. This makes the neutrino an optimal
candidate for an astronomy messenger since they can propagate undisturbed over great distances, allowing
for point source search.
Furthermore, the energy spectrum of CRs and photons only goes up to an energy threshold of a few TeV since,
at this point, due to the interaction with the CMB and the extragalactic background light, the photons start
to get absorbed, and the interstellar medium becomes opaque meaning no more particles can be detected at
higher energies. For neutrinos, there is no such constraint at these energies. Thus, they are optimal particle
candidates for �nding and probing cosmic accelerators [15]. Therefore, by observing neutrinos, one can gather
completely new information that one would not have been able to get by measuring CRs or photons [5].
However, due to the small cross sections and the fact that neutrinos solely interact weakly, their detection is
complicated and requires very large detector volumes.

1.2 The Cherenkov E�ect

One of the most successful ways of detecting neutrinos is via Cherenkov radiation, a detection method used
by many di�erent experiments e.g. SuperK, SNO and Borexino [19, 20, 21].
This phenomenon occurs when a charged particle passes through a dielectric medium with a velocity greater
than the speed of light in this medium. The medium gets polarised by the particle's charge, and upon re-
relaxing, it creates an electromagnetic wave that travels with the speed of light. Since the particle is faster
than light, a conical wavefront develops due to constructive interference (see Fig. 2). The opening angle� of
the light cone is given by

cos� =
1

�n
; (6)

where� is the ratio of the particle's velocity to the speed of light, and n is the refractive index of the medium.
[22]. This equation leads to a minimum velocity � th

� th =
1
n

(7)

corresponding to a threshold energy of

E th = mc2
 th =
mc2

p
1 � � 2

th

=
mc2

q
1 � 1

n 2

(8)

required for Cherenkov radiation [23]. In water (n = 1.33), this corresponds to 0.8MeV for electrons (me =
511keV) and 160MeV for muons (m� = 106MeV).
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Figure 2: Cherenkov cone for a charged particle passing through a dielectric medium with a velocityu greater
than the speed of light in that medium. The coherent superposition of spherical light wavefronts results in a
cone-shaped light emission [24].

One can imagine the Cherenkov e�ect as the electromagnetic analogue of a supersonic boom that occurs
when an object is travelling through the atmosphere faster than sound. The Cherenkov light cone is highly
directional and occurs mostly in the near-UV range.
Since the Cherenkov light yield is usually very low, highly sensitive detectors with fast timing and a low
background need to be used. The detection time can be quite important for event reconstruction since the
Cherenkov 
ashes can be fairly short [22].

1.3 The IceCube Detector

The IceCube Experiment is a neutrino detector located at the geographical south pole at the Amundsen-
Scott South Pole Station. It contains a detector volume of about one cubic kilometre inside the antarctic
ice, frozen at a depth of around 1500m under the surface. It consists of 86 strings spaced 125m apart (see
Fig. 3) and is built for detecting neutrino events with energies above 100GeV. In the centre, the strings
are closer together and form the so-called Deep Core, which allows for the measurement of lower energies of
around 10GeV and the reconstruction of so-called `cascade' events. The full detector contains 5160 Digital
Optical Modules (DOMs) that form a three-dimensional cluster in the ice. Each DOM contains a PMT that
detects the Cherenkov photons. Placing the detector in transparent ice uses the medium as detector material
without absorbing, however scattering, the created Cherenkov photons. This makes it fairly easy to create a
detector with a large e�ective area, which increases the probability of detecting neutrinos. Furthermore, the
ice above the detector shields background noise, such as atmospheric neutrinos, produced by the CRs.
IceCube detects neutrinos travelling through the ice at relativistic speeds. Sometimes, they interact weakly
with the Ice and produce other particles, which continue to travel through the ice at very high speeds, which
results in Cherenkov radiation. Two types of signatures can be seen in the detector: Cascades and Tracks.
There are two possible interactions that can happen in the ice: Charged Current (CC) events, where the weak
interaction between the neutrino and a proton in the ice produces a charged lepton, and Neutral Current
(NC) events, where the weak interaction is mediated by the neutralZ 0-Boson and no lepton is created.
If a muon is created in a CC interaction, it will travel along a straight path for up to over a kilometre, leading
to a `track' signature in the detector. This is due to the higher mass of the muon compared to the electron
mass. The higher the mass the less the particle's energy loss per travelled distance (see the Bethe Bloch
Formula [26]). Along its track, it will radiate Cherenkov photons that allow for direction reconstruction by
looking at their timing information. While losing energy, particles will be created, which produce hadronic
cascades visible in the detector.
Muon tracks are used to reconstruct the neutrino's direction since, at high energies, they align to the trajectory
the primary neutrino was taking, thus functioning as a neutrino telescope. The average angular resolution of
IceCube lies at around 0.5°; it can reach a maximum achievable resolution of 0.1°, which makes it possible to
conduct a point source search. Muon tracks are not very good for energy reconstruction, especially if part of
the track lies outside the detector because the full neutrino energy is not contained in the detector.
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Figure 3: Schematic view of the IceCube detector [25]

Cascade events are produced by CC events with electron- or tau-neutrinos and NC events.
If an electron is created, it loses its energy more quickly, resulting in one large electromagnetic cascade at
the interaction point carrying away most of the neutrino's energy. A hadronic cascade is created close to
the interaction point due to the nuclear fragments of the interaction, using the remaining neutrino energy
(around 20%).

Figure 4: Di�erent signatures of neutrino interactions in the ice. a) - c) describe a charged current event,
where the di�erent 
avours of neutrinos show a di�erent track topology in the medium. d) shows a neutral
current event for an arbitrary neutrino 
avour [27].

Electron events are mainly used to reconstruct the energy of the incident neutrino using the detector as a
calorimeter. Since all the energy is lost in the detector, the whole event is contained in the detector, and
the neutrino energy can be reconstructed. Reconstructing the neutrino's direction using electron signatures
is very hard to do since both electromagnetic and hadronic cascades have a very short characteristic length
in the medium, around 10m in water or ice, which is less than the spacing of the optical modules. However,
in the deep core, where the strings are closer together, cascade reconstruction is indeed possible.
In the case of a tau neutrino interacting with the detector medium, it will result in a hadronic cascade created
at the neutrino vertex. The created tauon has a relatively short path length (� 50m at E � = 1PeV) and will
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produce a second cascade upon decaying due to its large branching ratio in the hadronic sector. It can also
decay into ��� or e�� via weak interaction. At energies above� 1PeV, the two vertices can be separated,
leading to the characteristic `double bang' signature in the detector [27].
NC events will create a single hadronic cascade at the interaction point due to the interacting quark, which
is emitted from the proton. The outgoing neutrino is invisible to the detector but carries away most of the
energy. Thus, an energy reconstruction for neutral current events is di�cult as well.
It is worth mentioning, that in all these cases, anti-neutrinos cannot be distinguished from neutrinos [5, 27].
The observed events contain a lot of background from the atmospheric showers induced by CRs. One method
to reduce background is to only look at `up-going' tracks coming from the north. From the north, muons
produced in atmospheric showers are not able to travel through the Earth, resulting in only neutrinos making
their way to the detector. However, these also include atmospheric neutrinos. These can be partially �ltered
by cutting on the energy of the event, but at high energies, the Earth becomes intransparent for neutrinos.
If including `down-going' events from the south, one can cut out possible atmospheric neutrinos by vetoing
events where a muon and neutrino go in the same direction, as they are most likely created in the same
process, the atmospheric shower [28].

1.4 The Paci�c Ocean Neutrino Experiment

Figure 5: The P-ONE op-
tical module containing 16
PMTs. [29]

A new experiment in development which follows a similar principle as the Ice-
Cube detector is the Paci�c Ocean Neutrino Experiment (P-ONE). The detector
is in its design phase and will be located in the Cascadia Basin in the Paci�c
Ocean on the west coast of Canada at a depth of around 2.6 km. Instead of
ice, the medium used to observe the Cherenkov e�ect is water, which poses
some advantages compared to ice. Contrary to a detector frozen in the ice,
for a water-based detector some level of maintenance is possible. However, the
attenuation length of UV-light in water ( � 20-40m) is signi�cantly lower than
in ice (� 120-200m)[30, 31] as it is dominated by absorption. At the same time,
the scattering length in water is much longer than in ice, providing potential
superior angular resolution.
The experiment will connect to an established infrastructure of Ocean Networks
Canada (ONC) in the deep sea. Therefore, there is no need to plan for infras-
tructure and data transfer to shore, which is a great advantage of the site. All
the power supply, communication with the detector, and deployment of the
strings will be done in collaboration with ONC. This allows for highly 
exible
deployment and maintenance of the detector [29].
The site has been monitored since 2018 by the two path�nder missions STRAW-
a and STRAW-b. The goal of the STRAW mission was to investigate the optical
properties of the site, such as the background light from bioluminescence and
the optical transparency. It is crucial for the design of P-ONE to have detailed
knowledge about the absorption and scattering length of the deep-sea water in
the range of 350-600nm, where the Cherenkov light will be detected [32, 29].
P-ONE is planned to be a multi cubic kilometre detector aiming to reach even
higher energies than IceCube beyond the 1TeV range to probe the highest neu-
trino energies in the universe.
It will also contribute to an e�ort to cover the whole neutrino sky using various
neutrino telescopes worldwide. This ongoing e�ort includes the neutrino tele-
scopes ANTARES [33], KM3NeT [34], Baikal-GVD [35] and IceCube. Since the

Earth becomes opaque for neutrinos at energies above� 50TeV, neutrino telescopes are eventually blind for
high-energy neutrinos from below. Therefore, a combined coverage of the sky at all times will be necessary
to search for the most energetic sources of neutrinos in the universe [6].
Whereas IceCube has a uniformly �lled detector volume, P-ONE will be segmented (see Fig. 6), which allows
for easy expansion and coverage of a larger volume [29]. This geometry is primarily designed for horizontal
high-energy muon tracks; however, the clusters will also allow for sensitivity towards cascades. [6]
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The P-ONE optical modules comprise two hemispheres, each containing 8 3inch Photomultiplier Tubes
(PMTs) (see Fig. 5), which will be described in detail in Sec. 2. The optical modules will detect the
Cherenkov photons, with which the neutrino event can then be reconstructed. To correctly interpret the
detector's data it is necessary to simulate the occurring processes as accurately as possible.

Figure 6: The current design of the P-ONE at the �nal stage of instrumentation [29]. This design comprises
7 segments of 10 strings with 20 optical modules each. The detector geometry is still being optimised and,
as such, might change in the future.

1.5 Typical Simulation Chain for Neutrino Telescopes

The typical way to build a simulation for a neutrino telescope is described in the following section [36].

ˆ The �rst step is to simulate the initial particle, the neutrino that will be measured, and the primary
interaction in the medium, e.g. a charged current event in the ice or in the case of P-ONE water. This
interaction produces hadronic showers and outgoing leptons that are also simulated in the �rst step.

ˆ As a next step, the created lepton needs to be propagated. Along the way, the energy loss and creation
of secondary particles in the form of further hadronic showers or speci�c particles need to be simulated,
as well as the propagated lepton produced in the primary interaction.

ˆ After the propagation, the shower development needs to be simulated as well. The leptons created in
the showers are again propagated, and these two steps are repeated until everything is simulated.

ˆ Once all particles are simulated, it is necessary to �nd the light yield, which means the number, energy,
and spatial distribution of Cherenkov photons created during these processes.

ˆ Subsequently, these photons must be propagated to the optical modules containing Photomultiplier
Tubes (PMTs) to measure them. During this step, e�ects such as scattering and absorption of the
photons in the medium and on the surface of the optical modules are simulated. Once the photons
reach the PMT, the conversion of photons into Photo Electrons (PEs) also needs to be simulated.

ˆ After PEs are created, the response of the PMT needs to be simulated. This is the simulation step
that this thesis is focusing on. At this stage, the PEs are converted into so-called pulses, and typical
characteristics of the PMT are simulated to predict the exact response of the PMT. A clear simulation
of this step is necessary to correctly interpret the data from the detector and make a good estimate of
the data's uncertainties.
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ˆ The last two steps of the simulation chain are the digitization and the detector trigger. At this point,
the pulses are converted into electrical signal waveforms and special conditions are triggered that might
lead to a detection.
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2 Theoretical Background on Photomultiplier Tubes (PMTs)

Before looking into the simulation development, it is important to investigate the working principles and
typical characteristics of PMTs. In the following sections, PMTs are introduced, and their most important
characteristics are discussed. Furthermore, the various types of observable pulses are listed, and possible
external in
uences on the detector response are described.

2.1 Basics of PMTs

2.1.1 Structure and Working Principle

A Photomultiplier Tube (PMT) consists of a tube kept under a strong vacuum of 10� 5 to 10� 6Pa. A glass
window on one end of the tube allows incoming photons to enter the tube (see Fig. 7). The photons enter a
photocathode and release electrons from the cathode into the vacuum via theExternal Photoelectric E�ect
[37].
External Photoelectric E�ect
Inside the photocathode, the electrons occupy di�erent energy levels up to theFermi Energy. When they
gain energy, e.g. from an incident photon, they can be excited to higher energy levels. If the transferred
energy exceeds the material's work function, which is the energy an electron needs to escape the material,
the electron can be ejected completely and emitted into the vacuum [22].
These electrons are called Photo Electrons (PEs). The emission of PEs is a statistical process described by
the Quantum E�ciency � (� ), which is de�ned as the ratio of emitted Photo Electrons to incident photons
(see Sec. 2.2.2).

Figure 7: Schematic view of a PMT with a linear focused dynode structure [38]. For a circular-cage dynode
structure, see Sec. A.2. The electron paths are shown in red for single PE emission.

The emitted electrons are accelerated towards the other end of the PMT by focusing electrodes. Their tra-
jectory will depend on the layout of the PMT and the applied voltage. Once the PEs reach the �rst dynode,
they undergo secondary electron emission and are multiplied.

Secondary Electron Emission
The secondary emission process is very similar to the initial photoemission at the photocathode. In the case
of secondary emission, however, the additionally needed energy comes from an incident photoelectron, not a
photon. The incoming electron loses its energy in the dynode material and subsequently produces a varying
number of excited electrons. Those electrons then need to travel through the dynode to its surface, losing
their energy on the way due to collisions with other electrons or optical phonons [22]. The electrons lose their
energy very quickly; thus, only electrons that are excited close to the surface manage to reach it before their
energy is decreased too much. Once at the surface, the electron's energy needs to be high enough for the
electron to escape into the vacuum. Only then can it be emitted from the dynode as a secondary electron.
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The secondary emission is characterised by theSecondary Emission Ratio

� =
Ns

Np
(9)

which is the ratio of secondary outgoing to primary incoming electrons, essentially how many secondary
electrons are emitted per incoming photo electron [22, 38].
At each dynode, the process repeats, and the secondary electrons get multiplied, resulting in a total current
ampli�cation factor of up to 10 8.
It is crucial that as many PEs as possible reach the �rst dynode. If some electrons, however, deviate from the
planned trajectory at a later stage it is less relevant, as their number is small compared to the multiplication
factor. This process is quanti�ed by the Collection E�ciency , which is de�ned as the ratio of collected PEs
at the �rst dynode and the number of PEs emitted by the photocathode. This e�ciency ranges from 85% to
98%. It is below 100% due to cases where some electrons with unfavourable ejection angles take trajectories
that do not reach the anode [22].
After travelling through all the dynode stages, a cascade of electrons is collected at the anode and measured
as an electrical pulse [38].

2.1.2 Typical Materials Used in PMTs

Most photocathodes are semiconductors with a low work function [38], which means they have a very small
band gap between the conduction and the vacuum band [22]. Therefore, the photocathode material limits
the range where the PMT will be sensitive for longer wavelengths, since there is a speci�c energy threshold
that needs to be overcome by the energy that is transferred to the photocathode material by the incident
photon. Many di�erent materials can be used. Some typical examples include Cs-I, which is insensitive to
any wavelengths longer than 200nm and is, therefore, called `solar-blind', or Sb-Cs, which has a very low
resistance and is, therefore, suitable for measuring relatively high light 
uxes. Bialkali photocathodes have
high sensitivities and low dark currents. GaAsP photocathodes have, although non-sensitive in the ultraviolet
region, a very high quantum e�ciency (around 40%) in the visible range but are very prone to losing their
sensitivity [38].

For higher energies - shorter wavelengths - the photocathode is usually not the limiting factor. Instead, the
PMT is limited by its window material, as ultra-violet radiation tends to be absorbed by the glass (see Fig.
8). Again, there are a variety of materials available which can be used and that need to be selected according
to the PMT's intended purpose. Some commonly used window materials are MgF2 crystals, which can
transmit radiation in the ultraviolet range down to 150nm, Sapphire and Silica Glasses, which also transmit
down to 160-150nm and borosilicate glass, which is most commonly used since it has a similar heat expansion
coe�cient as the PMT tube material. However, it does not transmit wavelengths smaller than 300nm, thus
making it unsuitable for ultra-violet light detection. It may also contain amounts of radioactive potassium,
which can cause noise (see Sec. 2.2.6). Fig. 8 shows the transmittance for the di�erent window materials
[38].

Lastly, there is a variety of di�erent dynode types and materials that in
uence the PMT's response. It is
generally useful to choose materials with a low work function, similar to the photocathode. It also depends
on the desired ampli�cation results for the PMT. A PMT with a higher secondary emission ratio dynode
material requires fewer dynode stages and, thus, has reduced statistical noise. A high secondary emission
ratio also decreases the variation of the gain when the applied voltage is changed. Some of the materials
with high secondary emission ratios that are used are alkali antimonide (Sb), beryllium oxide (BeO), and
magnesium oxide (MgO). These are then coated onto a substrate electrode made from, for example, Nickel
or stainless steel [38].
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Figure 8: Transmittance for di�erent window materials [38]. At smaller wavelengths, the window material
transmittance shows a cuto�.

2.2 Important Characteristics of PMTs

It is necessary to also understand some of the most important characteristics of the PMT, such as the PMT
gain, linearity, or timing characteristics, since these quantities will be used later to develop the PMT response
simulation.

2.2.1 Gain

The Gain G of a PMT is essentially the charge ampli�cation factor, i.e. the ratio of how many secondary
electrons arrive at the anode per electron impinging on the �rst dynode. In general, the gain can be calculated
by integrating the pulse, which gives the deposited chargeQ. The gain is then given by

G =
Q
e

; (10)

where e is the elementary charge. The gain exhibits a characteristic behaviour which can be derived in
the following way. As the multiplication factor for all the dynodes in total is given as the product of the
multiplication at the single stages, the gain can be thought of as the secondary emission ratio of all the
dynodes combined.
The secondary emission ratio of a single dynode is given by

� / V k
I (11)

where VI is the interstage voltage of the dynodes andk is a constant determined by the dynodes' structure
and material in the range of 0.7-0.8 [38, 39]. On the other hand, the secondary emission ratio can also be
seen as the ratio of the current impinging on the dynode and the current that is subsequently emitted from
the dynode. For the n-th dynode, one obtains

� n =
I D n

I D n � 1

(12)

and for the �rst one

� 1 =
I D 1

I C
(13)
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Figure 9: Secondary emission ratios of various dynode materials depending on the supply voltage [38]

where I C is the current coming from the photocathode. Using Eqns. (12) and (13), the current measured at
the anode can be written as

I A = I C � � � � 1 � ::: � � n ; (14)

with � as the collection e�ciency. This can be rewritten as the ratio of the incoming cathode current and the
output current measured at the anode, which is de�ned as the gain of the PMT. Therefore the gain describes
the current ampli�cation of the signal that was originally measured.

G =
I A

I C
= � � � 1 � ::: � � n (15)

Using (11) for a PMT with n dynodes and the supply voltageV evenly distributed between the single dynodes,
it becomes

G = ( C � V k
I )n /

�
V

n + 1

� kn

(16)

This means that the gain follows a power law depending onV and is, therefore, very sensitive to 
uctuations
in the voltage supply [38].
The gain is also in
uenced by the external temperature. With higher temperatures, the gain decreases since
the number of phonons in the dynodes increases (see Sec. 2.2.2). Thus, the energy loss of excited electrons via
interaction with the photons while travelling to the dynode surface is more likely, resulting in fewer secondary
electrons being released, which in turn leads to a lower gain.

2.2.2 Quantum E�ciency

The Quantum E�ciency � (� ) of a PMT describes how many incident photons are needed to emit a PE from
the photocathode. For an ideal photocathode, the quantum e�ciency would be 100%, which means every
photon creates an electron [22, 39].
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Figure 10: Behaviour of the gain depending on the applied voltage on a semi-logarithmic scale [38]

It is given by

� (� ) = (1 � R) �
P�

k
�
�

1
1 + 1

kL

�
� Ps (17)

where R is the re
ection coe�cient, k is the full absorption coe�cient of photons, P� is the probability that
the absorbed photon energy excites an electron to a higher level than the vacuum level,L is the mean escape
length of excited electrons,Ps is the probability of the electrons reaching the cathode surface and� the
frequency of the incident photon. Obviously, for higher photon energies, the quantum e�ciency increases,
since more energy is transferred to the electrons in the photocathode.
For most materials, the quantum e�ciency is relatively small at around 20-30% [38].
During the whole process of a photon releasing electrons, which subsequently travel through the PMT, there
are three principal ways energy could be lost, resulting in such a low quantum e�ciency.

ˆ Energy can be lost during the collection of the photon by the photocathode due to either the re
ection
or the transmission of the photon at the cathode. In these cases, the photon does not transfer its energy
to an electron, and no photoelectron is emitted from the atoms inside the photocathode. This e�ect
has an especially high impact on metals that re
ect most of the light in the visible spectrum.

ˆ The next potential source for energy loss is the trajectory of the electron towards the cathode surface.
The photoelectron can lose its energy in collisions with free electrons (so-called electron scattering) or
by interacting with phonons (phonon scattering). For metal cathodes, in which there are many free
electrons, this means a great energy loss and only photoelectrons that are created near the surface can
escape the cathode. In metals, the distance the electron can travel through the cathode material is
typically only a few nanometres [22].

ˆ Lastly, the photoelectron has to overcome the potential barrier to be released into the vacuum, which
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in itself requires a certain amount of energy. If the electron's energy is not high enough, it will not be
emitted into the vacuum, and all transferred energy will be lost in the cathode.

All of these e�ects result in a very low quantum e�ciency for metal photocathodes. Alkali metals that have
the lowest work function exhibit a quantum e�ciency in the order of 0.1% in the visible range.
Instead, the use of semiconductors as photocathodes is preferred. Semiconductors have very few free elec-
trons in the conduction band. Thus, energy loss via electron scattering is reduced, and the phonon-scattering
dominates the energy loss. Furthermore, they absorb a much higher fraction of visible light than metals.
Therefore, semiconductors are the preferred cathode material to increase the quantum e�ciency as much as
possible.

2.2.3 Timing Characteristics

Figure 11: Explanation of transit time and rise time for an exemplary pulse. The original light signal is
assumed to be a� -peak, e.g. emitted by a laser [38].

Photomultiplier Tubes are known for their fast response, which makes them good detectors since the events
can be reconstructed very precisely. Especially for a detection method based on the Cherenkov e�ect, as the
Cherenkov pulses tend to be very short.
Their response time is mainly determined by theTransit Time . It is de�ned as the time it takes to generate
the photoelectrons at the photocathode, the electrons to travel from the photocathode to the anode, and
the electronics to respond. When measuring a signal, this corresponds to the time measures between the
light signal and the observed pulse peak (see Fig. 11). Increasing the applied voltage shortens the transit
time since the electrons are accelerated to higher speeds and traverse the PMT faster. In general, the time
response changes proportional to 1=

p
V , where V is the applied voltage [22, 38]. This can be derived from

classical conservation of energy since the speeds that the electrons reach in the PMT are non-relativistic [39].

The rising tail of the pulse is called Rise Time and shows the transit time di�erences between the single
electrons of the pulse. It is de�ned as the mean time di�erence between the 10% and 90% amplitude points
of the rising part of the output waveform. Analogously, the Fall Time can be de�ned as the time di�erence
between 90% and 10% amplitude points of the falling tail of the waveform.
Another quantity that characterises the PMT's response is the so-calledTransit Time Spread (TTS) . It
describes the spread of transit times for multiple single PE signals. It is de�ned as the FWHM of the PMT's
transit time distribution of a set of pulses for that individual event.
The transit time spread generally improves when the number of Photo Electrons per pulse is increased [38].
This relation was seen in measurements and is due to the fact that for more photoelectrons, more charge is
deposited, therefore, the spread on a single pulse is smaller.
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All these de�nitions assume that the incident photon signal follows a � peak shape. A� -function pulse, in
this case, is de�ned as a pulse whose duration is signi�cantly shorter than that of the output pulse to be
measured.
The PMT pulses sometimes show a phenomenon calledringing. In this case, the waveform exhibits multiple
peaks after the primary peak, decreasing with ascending number.

Figure 12: Ringing seen in a waveform [38]

This high-frequency oscillation on top of the anode pulses can be caused by faulty electronics of the PMT
and might cause poor time resolution or a misidenti�cation of the pulse as multiple PEs. This usually a�ects
the linearity (see Sec. 2.2.4) of the PMT and may be caused by the anode current exceeding a certain level.
Ringing may be decreased by connecting resistors to the last few dynodes [40].

2.2.4 Linearity

A PMT should exhibit a good linearity over a wide range of light intensities. This means that the number of
emitted PEs depends linearly on the incident radiation 
ux [22]. The number of emitted secondary electrons,
in turn, depends linearly on the number of incoming PEs. Thus, the measured anode current depends linearly
on the magnitude of the incident 
ux.
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Figure 13: The linearity relation of a PMT [39]. In the limit of high laser intensity the behaviour will not be
linear anymore.

This also means that the PMT's gain grows linearly for increased light intensity. If the supply voltage
is constant, the linearity characteristics of both the photocathode and anode are wavelength-independent.
However, if the incident light intensity is too high, the behaviour will deviate from the linear expectation.
This is due to space charges forming between the last dynode and the anode (because the voltage gradient
is at its highest at this stage). If there are too many space charges, the current is saturated and no longer
follows linearity [22, 38].

2.2.5 Uniformity and Stability

Spatial Uniformity
Spatial uniformity is de�ned as the variation of the output signal with the incident light position on the
photocathode. Ideally, there should not be any di�erence, but non-uniformities can be introduced by struc-
tural di�erences in the photocathode or dynodes. The uniformity, in general, deteriorates when the light
is shifted to longer wavelengths since the cathode sensitivity depends strongly on the surface conditions in
the long-wavelength limit. Only surface electrons can escape the photocathode at low energies [38]. The
photocathode sensitivity also greatly su�ers if it is illuminated by light concentrated on small areas. In
general, high-intensity illumination should be avoided. If the PMT contains too many residual gases, the
photocathode can also be damaged by ion bombardment (see Sec. 2.2.6). The potential gradient across the
photocathode can also cause damage to the uniformity, and therefore, result in sensitivity losses [22]. The
overall uniformity is also in
uenced by the anode sensitivity.

Angular Response
The PMT response will also depend on the incident angle at which the photons fall onto the photocathode.
Normally, the photocathode response decreases with a higher incident angle (measured with respect to the
normal of the photocathode surface) since the photon needs to travel a greater distance [38]. The PMT's
shape also in
uences the angular response, e.g. a 
at-head PMT can have issues with electrons that get
emitted at the outer edges of the photocathode that can lead to time di�erences of the order of nanoseconds,
whereas a round-head PMT does not exhibit this issue. Thus, for detecting Cherenkov photons round head
PMTs are preferred [39].

Time Stability
The PMT's output can vary during its operation period. This behaviour is called Drift or Time Stability .
The photocathode sensitivity is usually quite stable even after long periods of operation, but the secondary
emission ratio of the dynodes may 
uctuate, resulting in a change of the gain. High output currents will
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Figure 14: A typical curve for the angular response [38]

worsen this e�ect. This e�ect can be reduced by applying a technique calledageing. Operating the PMT for
several hours at a constant light level, not exceeding the maximum output current, may reduce the drift [38,
40].

2.2.6 Dark Current

Even if there is no incident light, the PMT may still measure a signal, the titular Dark Current . This signal
usually consists of several small pulses, similar to the photon pulses, in the nano-ampere region [38]. Several
e�ects contribute to background signals in the PMT:

ˆ Thermionic Emission is the main component of the dark current. At room temperature, there is
enough thermal energy that electrons might be emitted from the cathode without an incoming photon
since its work function is usually very low. This contribution to the dark current is independent of the
applied voltage and the gain but depends on the absolute temperatureT. It behaves according to the
Richardson Law (Eqn. 18)[38],

I (T) / T5=4 � exp
�

�
e	

kB T

�
(18)

where e is the electron charge,kB the Boltzmann constant and 	 the photocathode work function.
It is worth noting, that the dynodes can also contribute to the dark current, but this contribution is
much smaller than the one from the photocathode. This is because the size of the photocathode is
much larger than the dynodes. Additionally, the dynodes, especially the later ones, do not contribute
as much to the output current as the cathode. The behaviour of the thermionic emission vs supply
voltage is expected to be almost the same as the gain vs supply voltage [38].

ˆ Ohmic Leakage can occur. Since PMTs are operated at quite high voltages but measure very low
currents in the nano- to microampere region, they require very good insulation. The ohmic leakage
is determined by Ohms Law [41] using the resistance of the insulation. This leakage current does not
depend on the gain, and since the thermionic emission drops exponentially with lower voltages, the
leakage current dominates the dark current for low voltages (see region a) in Fig. 16).

The leakage current can be generated between the anode and the last dynode inside the PMT and may
also be caused by imperfections in the insulation and residual dirt or moisture inside the PMT. There-
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Figure 15: Example of a PMT exhibiting drift characteristics [38]

fore, for optimal results, the PMT should be kept clean and operated in a low humidity environment
[38].

ˆ Scintillation can happen when secondary electrons deviate from their designated trajectory. The
emitted electrons get scattered in the wrong direction and can interact with the window material and
glass envelope of the PMT. They excite the atoms in the material, and scintillation processes happen.
The photons, which are emitted by these scintillation processes, will, in turn, set an electron free via
the photoelectric e�ect, which will then be detected as a dark pulse [38].

ˆ Field Emissions happen when the applied voltage is high enough for the electrons in the dynodes to
be spontaneously emitted from the material due to the high electric �eld. These electrons produce an
additional current, which adds to the main signal. This can be seen in section c) of Fig. 16. Since this
considerably shortens the lifetime of the PMT, it is best to operate it at a lower voltage to prevent �eld
emissions.

ˆ Ion Feedback is the ionization of residual gases that remain in the evacuated tube of the PMT. The
gas molecules may be ionised in collisions with the electrons travelling through the PMT. The positive
ions are then accelerated towards the photocathode. Upon impact with either the photocathode or
the front-stage dynodes, secondary electrons are released. Since these pulses happen with a slight time
delay, they contribute to the afterpulse rate (see Sec. 2.3.4).

A thing to keep in mind is Helium Penetration. Since Helium can easily permeate through the PMT's
glass window, it will gradually enter the evacuated tube if it is present in the environment. It is an
inert gas and will thus not interact with the photocathode or dynodes, producing no immediate noise,
but it will contribute to the noise by the ionization of the helium gas. It is, therefore, necessary to keep
the PMT in an environment that does not contain too much He, since the tube will be unusable once
enough Helium has entered [22].

ˆ Radioactivity, Bioluminescence, Environmental Gamma- and Cosmic Rays can further con-
tribute to noise levels. If muons, from for example CRs, travel through the glass window of the PMT,
they can create Cherenkov radiation in the window material, which creates an additional signal in the
PMT, which can be confused with real signal photons. However, given the size of the P-ONE detector,
this is very unlikely and will not contribute a signi�cant amount to the dark current.
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Figure 16: Typical behaviour of dark current vs supply voltage. Region a) is dominated by leakage current,
b) by thermionic emission, and c) by �eld emission and scintillation [38].

Furthermore, the glass window may contain trace amounts of radioactive materials, such as the potas-
sium isotope40K, which emits gamma and beta radiation upon decaying. This contributes to the noise
level, as well as radioactivity that stems from the surroundings, although these contributions are almost
negligible [38]. These radioactive signatures can be distinguished from the Cherenkov signals using the
data from the STRAW missions [32].

The environment may also contain organisms that are bioluminescent and contribute to the noise level.
However, these signals have very di�erent time signatures compared to Cherenkov pulses and can be
distinguished using STRAW data [32].

2.3 Di�erent Types of PMT Pulses

Another important aspect to consider is the di�erent types of pulses that can be measured with the PMT.
The pulses contained in the measured datasets need to be distinguished to simulate them correctly. This
is most e�ciently done by their respective timing characteristics, although their charge properties may also
hint towards the correct population of pulses.

2.3.1 Prepulses

Prepulsesoccur, as the name suggests, before theregular pulses. There are two kinds of prepulses:
The �rst kind occurs if the incident photon goes through the whole photocathode without interacting and
instead falls on the �rst dynode (see Fig. 17). An electron is then emitted via the photoelectric e�ect
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Figure 17: Electron paths inside the PMT for the di�erent pulse scenarios. The late pulses may be elastic or
inelastic.

and accelerated in the usual manner. Since the photoelectric e�ect happened already on the �rst dynode,
the distance to the anode is smaller, and the electron cascade arrives earlier. Therefore, it is considered a
prepulse. The time di�erence is of the same magnitude as the transit time between the photocathode and
the �rst dynode.
The second kind of prepulse happens if the electron avalanche skips the last dynode and goes directly from
the second-to-last dynode to the anode.
The transit time di�erence between these pulses and regular pulses is in the order of nanoseconds. The
probability for a prepulse is proportional to the number of incoming photons, which in turn is proportional
to the applied voltage. Since prepulses have a very small amplitude compared to the main signal, these do
not disturb the measurement as much as late pulses (2.3.3) and afterpulses (2.3.4)[42].

2.3.2 Main Pulses

Main Pulses are the type of pulses that are the expected signal from the laser. However, some minor
di�erentiations can be made to classify this group further:

ˆ Early Pulses
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This type of pulse occurs when the photoelectrons are elastically forward scattered at the �rst dynode
(Fig. 17). They keep their kinetic energy and directly hit the second dynode, where secondary electron
emission happens just a few nanoseconds earlier than regular pulses, thus making themearly pulses
[42]. They can also be scattered inelastically, making them just slightly earlier than regular pulses.
This process may also happen at later dynodes. The transit time distribution of these pulses is best
approximated by a series of Gaussians [43]. In this work, the proposed model is a single Gaussian since
the rate is very small compared to the regular pulses. Early pulses also have a lower charge than regular
pulses since they are skipping one ampli�cation stage.

ˆ Regular Pulses
In this case, the PMT works as intended, and the electrons travel from the photocathode along the
intended path to the anode (Fig. 17). The transit time and charge distributions of these pulses follow
a Gaussian.

The transit time spread of these pulses is caused by the photoelectrons' di�erent trajectories, which
mainly depend on their initial positions and velocities. The electron multiplication, later on, causes
a broadening of the pulse instead of increasing the transit time spread due to the sheer amount of
secondary electrons [42].

ˆ Delayed Pulses
These pulses are seen just after the regular pulses and can be explained by PEs that are created at the
outer cathode side experiencing non-optimal acceleration due to �eld inhomogeneities in that region
(Fig. 17). Furthermore, the angle and position at which they are impinging on the �rst dynode could
result in a non-optimal generation of secondary electrons. Both cases will cause a lower multiplication
factor at the �rst dynode stage and a slight delay of the pulse. These pulses are expected to have a
lower charge than regular pulses, and their timing distribution is well described by a convolution of a
Gaussian and an exponentially decaying distribution [42, 43].

2.3.3 Late Pulses

Late Pulses (Fig. 17) usually have a very short time delay with respect to the main pulse from 5 to 20 ns.
There are two kinds of late pulses:

ˆ Elastic Late Pulses
These pulses are caused by elastic scattering of the electrons on the �rst dynode. Their time delay is in
the range of a few tens of nanoseconds. Since this is quite small, it will often coincide with the regular
pulses and will not pose a large issue to the measurements [22, 38, 42].

ˆ Inelastic Late Pulses
These are the same as elastic late pulses, with the di�erence that the scattering process happens
inelastically. A small part of the initial electron energy is dissipated in the form of heat transferred to
the dynode, resulting in a decreased remaining electron energy, which is less than in the elastic case.
Thus, an asymmetrical transit time spectrum is expected, best described by a convolution of a Gaussian
and an exponential decay, whereas for elastically scattered electrons, a simple Gaussian distribution is
expected for the late pulse transit times [42, 43].

2.3.4 Afterpulses

As already discussed in Sec. 2.2.6,Afterpulses are caused by the ionization of residual gases in the PMT. These
pulses usually have a long delay in the range of several hundred nanoseconds up to microseconds, depending
on the supply voltage. The amplitude of these pulses depends on the kind of ions that were produced and the
position in the PMT where the ionization happened. The generated signal is usually of several electron-pulse
heights. Depending on the location, the acceleration length di�ers and the ion gathers a di�erent amount
of kinetic energy, which is, in turn, given to the electron that is emitted from the electrode the ion collides
with. Said di�erently: di�erent residual gases produce di�erent signals. The most troublesome residual is
H +

2 , which can enter as water vapour during the PMT's construction. Another important contributor is the
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Helium that might enter the PMT (see Sec. 2.2.6).
The afterpulses can be reduced byageing the PMT but this only works temporarily and also does not help
against inert gases like Helium [22, 38].
These afterpulses are especially problematic if the PMT is operated at high voltages since they carry a high
charge. Combined with a higher gain, this charge can cross the maximum charge threshold of the PMT [38].
Afterpulses can act as an important background for the PMT signal.

2.4 External In
uences

The PMT's housing protects it against the light from the outside, however, external light can enter the PMT
through seams where components are connected, at the connection point for signal in- or output, and mount-
ing or screw holes. This will create additional unwanted noise. It can be prevented by ensuring a light-tight
room. The housing of the PMT can also be coated in black paint to prevent scattered light from re
ecting
and spreading inside the PMT. It is thus recommended to keep the PMT in a dark environment, as light will
increase the dark noise by a signi�cant amount.

To shield the PMT from electrostatic �elds, it su�ces to make the housing a conducting material. The
housing is kept grounded, so any charges from outside will not enter the PMT. However, magnetic �elds will
a�ect the PMT response because it is very sensitive to magnetic �elds, such that even the Earth's magnetic
�eld plays a role. The magnetic �eld inside the PMT is also in
uenced by the dynode structure and PMT
geometry. Since the electrons travel in a vacuum, they are strongly in
uenced by any magnetic �elds and will
be diverted from their trajectories. It is even possible that permanent magnetization is induced into parts of
the PMT, e.g. the dynodes [22]. Head-on PMTs, in particular, are very susceptible to the e�ects of external
magnetic �elds. A metal shield with high permeability can be wrapped around the bulb, reducing magnetic
�elds as much as possible. Still, the magnetic �elds cannot be blocked out completely [38].

Another important in
uence on the PMT is temperature, which has already been mentioned in sections
2.2.6 and 2.2.1. It is best to keep the PMT in an environment where the temperature is controlled. If the
temperature is too high, it will increase the dark current, and if kept at too high temperatures for a longer
amount of time, even the chemical composition of the photocathode may change, resulting in a loss or shift of
the spectral response [22]. Too low temperatures, on the other hand, might result in damage to the material
of the PMT and the possible condensation of moisture inside the PMT, which is to be avoided [22]. Any
change of temperature will change the PMT response.
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3 Gathering the Experimental Data

3.1 The P-ONE PMTs

Figure 18: The model of a
Hamamatsu R14374 PMT.
This is the PMT type used
in the experimental setup
of the OMCU [44]

The simulation is based on experimental data taken at the Optical Module
Calibration Unit (OMCU) setup at TUM. Hamamatsu R14374 PMTs were used
in the setup, with 10 dynode stages and a bialkali photocathode. The PMTs
have an 80mm diameter and are of the head-on type (see Appendix A.1).
Bialkali photocathodes are especially useful because of their wide working range,
which goes into the UV range and their low dark noise [38]. The PMT's window
is made of borosilicate glass, which does not transmit light with wavelengths
shorter than 300nm and cannot detect light with shorter wavelengths [38].
The dynode structure of the PMTs is circular and linear-focused, which results
in a fast time response, good time resolution, and excellent pulse linearity, as is
characteristic for the linear-focused type, while still granting the compactness of
the circular-cage type (see Sec. A.2 for the di�erent dynode types). A schematic
view of the Hamamatsu PMTs for P-ONE can be found in Appendix A.1.

3.2 Experimental Setup - The OMCU

The Optical Module Calibration Unit (OMCU), developed at TUM, was used
to gather the experimental data this work uses. The OMCU was designed to
test the PMTs for P-ONE and probe their behaviour under di�erent conditions,
e.g. variation of voltage, laser intensity and angular response.

The OMCU consists of a metal box acting as a Faraday cage, shielding the PMT from any external magnetic
�elds that might in
uence the measurements (see Sec. 2.4). This so-called `dark box' has also been lined
with dark cloth on the inside and has been insulated against any light from the outside, helping to reduce
noise in the measurements [45].
The dark box contains two PMTs, one for reference to monitor temperature or laser 
uctuations, the optical
�bres, that propagate the laser, and the rotation stage (see Fig. 20).
These PMTs are connected to a HV base that produces the supply voltage needed to operate them. It also
provides a connection for the anode output that is measured by an ADC [45].
The main PMT is connected via the � Base to a picoscope, which measures the output voltage and digitises
the pulses into waveforms that are then stored on the main computer [45]. The measured signals are stored
in time slices of around 0.8ns.
The main PMT itself is mounted on a rotation stage, which enables it to be rotated both around its longi-
tudinal axis ( ' ) and in the plane formed by the optical �bres ( � ).
A 405nm laser is �rst attenuated and then split 90/10, where only 10% are sent to the PMTs. 90% of the
signal is measured to monitor the laser output. The remaining 10% are split again 50/50 and sent to the
main PMT and the reference PMT respectively.

3.3 Data Taking

Three scans were taken - the linearity scan, the photocathode scan, and the high voltage frontal scan. During
each one of these scans, one of the PMT settings was varied and the measured waveforms were recorded.
Firstly, a cooldown time was waited for to ensure that the dark box contained no light. Then, the laser was
turned on. The measurement did not start immediately after, to ensure that the laser had time to stabilise
before starting the run.
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Figure 19: A picture of the setup with the reference PMT installed. On the left, the main PMT can be seen,
mounted on the rotation stage, with some additional PMTs stored in the background. The reference PMT
can be seen on the right.

Figure 20: Schematic view of the setup inside the dark box. The angles� and ' are shown in black, and the
path of the light is depicted with red arrows.

ˆ The Linearity Scan was taken changing the laser intensity while the PMT was in a frontal setting at
a �xed supply voltage. The laser tune was gradually reduced, which is equal to a gradual increase in
laser intensity. It was, however, later discovered that the laser tune and laser intensity do not depend
linearly on each other. For each laser tune a dataset of 105 waveforms was taken, which included the
trigger signal, the PMT signal and the reference PMT signal. Using this scan, the linearity of the PMT
can be shown.
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ˆ The Photocathode Scan aims to �nd the angular response of the PMT. The position of the PMT
was changed with respect to the laser position. This means that the incident angle of the light was
changed throughout the scan. Two angles were gradually changed, the azimuthal angle' which meant
the PMT turning along its main axis, and the angle � , which changed the angle between the laser and
the PMT's main axis (see Fig. 20). During the procedure, both supply voltage and laser tune were
kept constant.

ˆ The High Voltage(HV) Frontal Scan changed the supply voltage while being at a frontal position
and keeping the laser tune constant. This scan can be used to calibrate the gain to 5�106, which is
used for the experiment. With the recorded data the characteristic gain vs. voltage behaviour already
discussed in Sec. 2.2.1 can be found.

The detailed settings for the scans can be found in Appendix A.3. Each scan takes multiple measurements
- one for each setting - with each measurement containing multiple thousands of waveforms. For each time
the laser is triggered, the time window, laser signal, PMT signal and reference PMT signal are saved.
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4 Developing the Simulation of the PMT Waveforms

Once all the experimental data is collected, the waveform simulation pipeline can be developed. It consists
of four parts, which will be discussed in detail in the following paragraphs. For more details, see the code for
the waveform simulation chain on https://github.com/pone-software/PMT_simulation/ .

1. Extracting characteristic parameters, such as the gain, transit time and pulse width, from the recorded
waveforms

2. Fitting the distributions of the gain, transit time and pulse width

3. Finding the behaviour of these distribution shapes for the applied settings, i.e. the supply voltage,
incident angle and laser intensity

4. Generating simulated waveforms at an arbitrary set of settings

Figure 21: Sketch of the simulation steps with the in- and output �les.

4.1 Extracting Information from the Experimental Data

Each of the recorded datasets is needed to extract the necessary information from the waveform.
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First, the measured signal is converted into a current by dividing by the termination resistance.
Then, the Trigger Time t trigger is determined as the time when the measured laser signal crosses a threshold
of 3V. Since there have been cases where there was a jitter of about 10-20ns, which would in
uence the timing
measurement signi�cantly, it was decided to calculate the trigger time from the dataset for more accuracy,
instead of using the trigger time speci�ed in the OMCU settings.
Once t trigger is determined, the time is adjusted, so the laser triggers att = 0ns. This is done to ensure that
measuring the location of the peak coincides with measuring the transit time (see Sec. 2.2.3), a quantity
needed for the simulation.
To properly use the signal, a baseline correction (see Fig. 22) needs to be done because the �t does not
consider shifts along the y-axis. To do so, only the signal before the trigger time is considered, as this signal
is purely due to noise and not the laser signal. This noise is produced by any source of radio-frequency noise,
e.g. by electronic noise.
A mean and standard deviation are calculated for this part of the signal. The mean� noise is then subtracted
from the whole signal, which resets the baseline to zero. The waveform peak is then de�ned as everything
above the 3� band around zero, where� is de�ned as the standard deviation � noise .

Figure 22: Example of a measured waveform with the trigger time and� noise and the 3� band shown.

This was done for both the waveform of the PMT and the reference PMT. Then, the corrected time and
current are �tted by a Gumbel distribution[46], which is given by

f (x) = exp
�
� (x + e� x )

�
: (19)

This form has been empirically proven to be a good �t and has been commonly used for �tting PMT pulses
[47, 48, 49]. Another function that could describe the waveforms adequately is the lognormal distribution,
which is also frequently used[50, 51]. For a comparison, Fig. 23 shows both functions �tted onto the mean
waveform for one data set. Although the lognormal distribution seems to be a better �t for the falling part
of the waveform, the Gumbel distribution is a better �t for the rising part, which is needed to calculate the
rise time (see Sec. 2.2.3) later on (see Fig. 25). Therefore, the Gumbel distribution was considered a better
�t and was chosen for the following steps.

The waveforms are in
uenced by the applied voltage, the light's incident angle and intensity. Further-
more, properties of the PMT such as photocathode uniformity and linearity may in
uence the pulse shape.
Therefore, an adapted version of this distribution is used to �t the waveforms,

I (t) = A � exp
�

�
�

t � �
�

+ e � t � �
�

��
�

1
�

(20)
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Figure 23: Comparison of the di�erent �t functions �tted onto the average waveform of the dataset: a
Gaussian �t, a log-norm �t, and a Gumbel distribution �t. The Gumbel �t was chosen to �t the data best.

where � denotes the location of the peak,� corresponds to the width of the peak, andA is the amplitude of
the distribution.

This �t is applied to all waveforms measured and the �tting parameters are extracted. Furthermore, to
validate the �t, the deposited charge is calculated by integrating the waveform and by using the �t parameters.

Figure 25: De�nition of the rise time and charge calculated using the �t parameters.

Lastly, the rise time, gain and � 2 of the �t are calculated. The gain is obtained by dividing the charge
calculated by integrating over the �t by the elementary charge e (see Eqn. 10).
The � 2 value is calculated in the peak region, de�ned as the region where the measured signal is above the

Developing a Photomultiplier Tube Response Simulation for the Paci�c Ocean Neutrino Experiment



4 Developing the Simulation of the PMT Waveforms 33

Figure 24: Example of a waveform with the Gumbel distribution �t to the data points.

3� noise region, using the obtained� noise as the uncertainty in each bin.

� 2 =
X

i

(F it i � Signal i )2

� 2
noise;i

(21)

4.2 Fitting the Parameter Distributions

Once all the parameters are extracted, the distribution of the parameters can be analysed. In the scope of
this project, three parameters were analysed and later on used to generate the simulated waveforms: the
gain, the transit time of the pulse, which corresponds to the� parameter, and the pulse width, which refers
to the scale parameter� .
Before looking at the distributions, all the waveforms that contained only noise or for which the �tting failed
are �ltered out.
The next set of cuts is applied to guarantee that the results for the reference PMT are real. This means that
the amplitude, mean, and standard deviation of the distribution should be positive, and the scale should
maximally be half as much as the measurement window, which was 320ns. A bigger pulse width would mean
that the pulse was not entirely captured inside the measurement window and any attempt at reconstructing
it would give unreliable results and bias the distributions.

ˆ A > 0, t trigger > 0, G > 0

ˆ 0ns < � < 320=2 ns

Once the reference PMT waveforms are �ltered, the main PMT waveforms can be corrected using the refer-
ence's waveforms. This is done because of temperature and laser 
uctuations. The correction was applied as
follows:

Acorrected = A � (A ref;mean � A ref ) (22)

After the amplitude is corrected, cuts are also applied to the original waveforms.

ˆ � 2 > 150

ˆ 0 < G corrected < 1:25� 107
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ˆ Acorrected > 3 � � noise

ˆ Aerr;corrected < A corrected , � err;corrected < � corrected

ˆ Qf it =Qdata = Qaverage � 0:8

These were the same cuts as above plus cuts that ensured the goodness of �t, such as a cut on the� 2 value
that was obtained from the �t. Furthermore, the deposited charge measured by �tting the waveform and
integrating should follow a linear correlation, since they represent the same quantity. This linear correlation
can be seen in Fig. 26 showing that the �t is adequately describing the waveforms. Another cut is applied
to the errors obtained from the �t by computing the covariance of the �t parameters. The amplitude of the
waveform should also be bigger than the 3� band determined from the noise, to ensure that there was a
signal contained in the waveform.

Figure 26: Comparison of the charges obtained by a) integrating over the �t between the 5th and 95th
quantile or b) integrating over the data. The charges show a clear correlation, which is used to cut out events
where the �t did not work, thus resulting in non-matching charges. The population that can be seen above
the main line was cut out.

Lastly, a cut is applied to examine only the single PE spectrum. Since, in the end, the aim is to decompose
the detected waveforms into single PE pulses, this waveform simulation focuses only on these pulses. It was
decided to use a threshold allowing a maximum amplitude for the main pulse of 15mV.
The remaining waveforms are then divided into populations of prepulses, regular pulses, and late pulses based
on their transit time. The mode of the transit time distribution is found and assigned as the regular pulse
transit time. This assumption is justi�ed since these pulses are far more common than pre- or late pulses [42].
In order to classify prepulses, a 10ns time window was taken before the regular pulse transit time. Analogue,
everything 10ns after the regular pulse transit time is classi�ed as a late pulse (see Fig. 31). The 10ns are
based on empirical tests trying to separate the populations in the best way.
After all these preparations are made, a histogram is made for each speci�c variable that is examined (e.g.
see Fig. 27). The histogram is then �tted with the corresponding distribution, and the �t parameters are
stored in a �le.
Due to the current method of data-taking, prepulses and late pulses could not be �tted since there were not
enough events that survived the cuts. It was, therefore, decided to only analyse regular pulses in the scope
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of this thesis, although all pulse populations were fully implemented in the code and can be analysed once
there are large enough datasets.
The three parameters that were investigated are needed to generate simulated waveforms later on, but in
principle, it is possible to investigate any variable that was extracted from the waveforms in the �rst step,
such as the charge deposition spectrum.

4.2.1 Gain

The gain distribution was modelled using an exponentially modi�ed Gaussian distribution [52], which, in its
most general shape, follows

SEMG (x; K ) =
1

2K
� exp

�
1

2K 2 �
x
K

�
� erfc

�
�

x � 1=K
p

2

�
(23)

where x is real and K > 0. It can be interpreted as a standard Gaussian distribution, convoluted with an
exponential distribution with a rate of 1 =K . In a more modi�ed form, one can replacex with ( x � � )=�
and divide everything by � to shift the distribution along the x-axis and change its scale. Since this is a
probability density function, it is normalised to 1 by default. Therefore, an additional normalisation factor
A was added when �tting the shape to the histogram.

S(x; A; K; �; � ) = A �
1

2K�
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�
1

2K 2 �
x � �
K�

�
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�
�
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p

2

�
(24)

Figure 27: One example of a gain distribution from a linearity scan at a laser tune of 610.

It was at a later point decided to instead use a more physical approach since this distribution approximates
the gain very well but is not motivated by anything happening inside the PMT.
Alternatively, another �tting model was implemented. This other �tting model is based on the physics of
how a PMT operates. The capture of the photons by the PMT follows a Poissonian distribution given by

P(n; � ) =
� n e� �

n!
; (25)
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Figure 28: The expected gain spectrum including the two noise components [53].

which describes the probability that n photoelectrons will be observed, where� is the mean number of
photoelectrons collected by the �rst dynode.
The multiplication process at the single dynode stages can be approximated by a Gaussian distribution,

G1(x) =
1

� 1
p

2�
exp

�
�

(x � g1)2

2� 2
1

�
(26)

where g1 is the average gain in case of a single PE event. Under the assumption that for each PE the
ampli�cation process is independent of other PEs and behaves exactly the same, the case for multiple PE
can be derived from the single PE case

Gn (x) =
1

� 1
p

2�n
exp

�
�

(x � ng1)2

2n� 2
1

�
(27)

where n denotes the number of PE. In the zero-PE case Eqn. 27 behaves like a delta peak at 0, which is to
be expected since it means that no charge collected results in no signal.

Sideal (x) = P(n; � ) 
 Gn (x)

=
1X

n =0

� n e� �

n!
1

� 1
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2�n
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�
�
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2n� 2
1

�
(28)

Of course, a real PMT signal also has noise components (see Fig. 28). The �rst peak at zero shows the noise
contribution from the baseline when there is no laser signal. It is due to e�ects like ohmic leakage (see Sec.
2.2.6), where small charges are detected, even though no incident light hits the PMT.

Bped(x) =
1

� 0
p

2�
exp

�
�

x2

2� 2
0

�
(29)
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Lastly, there is an exponentially decaying noise component added to the model which is suspected to be due
to noise, such as the aforementioned thermionic emission, ionisation or radioactivity. These processes get
exponentially less likely the higher the gain [53],

Bnoise (x) = exp( � �x ) � � (x) (30)

with � (x) the heavy-side theta function.
These noise waveforms are �ltered out by the applied cuts, which is why only the ideal signal (Eqn. 28) is
used for �tting.
A small study was conducted to see how the �t would be in
uenced by the newly implemented model (Eqn.
28). The distribution that was shown in Fig. 29 was �tted again using the new model. Since multiple PE
cases are also considered in the new model, the cut on the maximum voltage of 15mV was not used. In this
case, only up to 2PE cases were considered since the occupancy was set to 10%, and thus, detecting more
than two PEs is highly improbable. Even if n was left as a free parameter, only two Gaussians were �tted.

Figure 29: Gain distribution �tted with the model (Eqn. 28) based on [53].

In Fig. 30 a comparison of the two models is shown. Since the parametrisation is quite di�erent between the
two models, other quantities, such as the distribution's moments, were compared with each other as shown
in Table 1.

EMG Model New Model relative di�erence
Mean 5:436� 106 5:571� 106 2.4%
Standard Deviation 2:6 � 106 2:6 � 106 � 0%
Skewness 0.59 0.66 9.6%
Distribution Height 481.78 490.72 1.8%

Table 1: Comparison of characteristics quantities of the gain �t distributions. The relatively big di�erence
in skewness is due to slightly di�erent spectra being �tted since multiple-PE pulses are included for the
physically accurate model. The relative di�erences are calculated with the exact values, whereas those listed
here are rounded for better readability.
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Figure 30: The two models compared with each other, with the di�erence between the two �ts plotted below.

The most important value that can be obtained from this distribution is the average gain of the PMT, which
corresponds to the mean of the distribution. Since the relative di�erence is around 2.4%, it was decided that
the �rst implemented model (Eqn. 24) is adequate. It was decided to use Eqn. 24 as the �tting model,
since its �t was easier to control. This decision was also made in other studies, where this model was used
to describe the gain distribution of PMTs [42].
Still, the physical model is fully implemented in the code and can be used for the analysis.

4.2.2 Transit Time

As discussed in Sec. 2.3.2, there are di�erent types of main pulses, which follow di�erent distributions. The
early and regular pulses follow a Gaussian, whereas the delayed pulses are distributed according to a Gaussian
with an asymmetrical part due to the inelastic nature of these pulses.
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Figure 31: Total transit time distribution with applied cuts as seen for one of the measurements (Linearity
Scan, laser tune of 610). The main (left) and late pulses (right) are clearly visible; prepulses, however, are
not visible in the measurements. The asymmetric behaviour of the late pulses can also be seen.

Since early pulses are about two orders of magnitudes less likely than main pulses [42], they could unfortu-
nately not be seen in the data that was collected. A composite model of a Gaussian and EMG was used to
�t the main and delayed pulses.

F (x; A 0; A1; K; � 0; � 1; � 0; � 1)

= A0 � Norm (x; � 0; � 0) + A1 � EMG (x; K; � 1; � 1)
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The same issue was seen for late and prepulses, which are almost three orders of magnitude less likely than
main pulses [42]. Since the datasets containing prepulse waveforms and late pulse waveforms, obtained from
the experimental setup, were too small to �t anything meaningful, the prepulse and late pulse distributions
were not �tted. However, preliminary measurements done for 370 di�erent PMTs showed an expected rate
of 2% for prepulses and 3% for late pulses. A Gaussian prepulse distribution is expected, since they are fully
elastic processes.
The late pulses should follow a Gaussian distribution due to the elastic late pulse component and an asym-
metric distribution with a left-side tail due to the inelastic late pulse component. In the inelastic case, the
photoelectron's energy is lost, it is not back-scattered as much and arrives earlier at the dynode.
Both models for prepulses and late pulses have been implemented in the code and have been tested for small
datasets.
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Figure 32: Example of a transit time distribution �t for main pulses (Linearity Scan with laser tune 610). The
normal distribution (Norm) describes the regular pulses, and the exponentially modi�ed Gaussian (EMG)
the delayed pulses. Early pulses were not part of the �tting model.

4.2.3 Pulse Width

Similar to the gain, an asymmetric behaviour is also seen in the pulse width distribution (see Fig. 33), which
is why the same distribution is used to �t the pulse width. This has been the case in other studies as well
[54]. The asymmetry is believed to be introduced by ringing (see Sec. 2.2.3) in the PMT, since the ringing
changes the baseline of the pulse and hence could impact the pulse width. If the ringing is larger than half
of the maximum amplitude, the pulse width distribution is shifted to the right.
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Figure 33: Example of a pulse with distribution �t for regular pulses. As suggested by the scipy parameter
names for the Gumbel distribution, this is called scale distribution in the code.

Unlike for gain, where the value scales linearly with the number of PEs, or the transit time where the value is
independent of the number of PEs, in this case, the behaviour seen is not linearly when trying to �t another
EMG distribution to describe the 2PE pulses. Since only the single PE regime is of interest to the project's
intended purpose, it was decided to continue using the single EMG distribution (see Eqn. 24).

4.2.4 PMT to PMT Fluctuations

Another important factor of this analysis is the capacity to simulate waveforms of di�erent PMTs. Hence,
a comparison of the PMT to PMT di�erences was needed. All previous measurements were using the same
PMT. Therefore, the scans were repeated using another PMT. The distributions that were found (see Figs.
34 - 39) all showed similar behaviour. The �tting procedure worked as expected and the �ts converged which
suggests that this method is reproducible. Of course, the individual parameters were di�erent, but they were
all in the same order of magnitude and had a similar value.
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Figure 34: Gain distribution at a laser tune of
620 for the main PMT.

Figure 35: Gain distribution at a laser tune of
620 for another PMT. Even though the

distribution parameters assume di�erent values,
the model works for an arbitrary PMT.

Figure 36: Transit time distribution at a laser
tune of 610 for the main PMT.

Figure 37: transit time distribution at a laser
tune of 610 for another PMT.

Figure 38: Pulse width distribution at a laser
tune of 610 for the main PMT.

Figure 39: Pulse width distribution at a laser
tune of 610 for another PMT.
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4.3 Finding the Distribution Behaviour

The distribution �tting was repeated for all settings where data was taken. Then, the behaviour of the gain,
transit time and pulse width distributions needed to be determined. Three types of scans were taken, varying
supply voltage, laser intensity and incident angle. For each measurement of the scan, the three parameter
distributions were �tted, and the �t parameters were extracted. The behaviour of these �t parameters with
respect to the voltage, intensity and angle was determined by �tting them with arbitrary functions, such as
a constant, linear, or power-law. The errors determined by the �t covariance were used as the uncertainties
for each data point. The best model was determined by looking at the� 2 value obtained from each �t. The
process for each scan and the characteristic relations of the parameter distributions that could be obtained
from it are described in the following sections. All the results from the Linearity Scan, Photocathode Scan
and HV Frontal Scan can be found in A.5.

4.3.1 Linearity Scan

With the results from the Linearity Scan, the linearity relation (see Sec. 2.2.4) between the mode of the gain
and the occupancy, corresponding to the laser intensity, could be seen in the data. Using an older version of
the setup, this expected behaviour could be seen more clearly. However, using the version of the experimental
setup which is described in Sec. 3.2, the data points are oscillating around the �t (see Fig. 40). This is not
due to an issue with the setup but simply the fact that all the intensities measured in the new setup are
below one PE. The previous �bre was using� 70% of the signal, whereas the current version uses only� 30%.
Therefore, using the same range of laser tuning will not change the number of PEs and thus not vary the
gain as much.

Figure 40: The linear relation between the laser intensity and the gain seen with the setup described in Sec.
3.2.

4.3.2 High Voltage Frontal Scan

Using the HV Frontal Scan results, the characteristic relation (see Sec. 2.2.1) between gain and supply voltage
could be found (see Fig. 41). The data points, which show the mode of the gain, were inferred from the �tted
distributions. No error bar was assigned to these because more investigation for a thorough error calculation
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is still needed. The data points were �tted using a Power law model

G(V ) = c � V n (32)

resulting in c = (1 :30 � 1:44) � 10� 4 and n = 5 :37 � 0:24. The value for n is expected to be around 0.7-0.8
times the number of dynodes of the PMT [38]. The obtained result is less than expected, which might be due
to the �t. The current �t doesn't include the pedestal at this moment since waveforms that do not contain
any signal are discarded before saving the OMCU output.
Studies conducted in Aachen in a PMT Testing Facility developed for the IceCube Upgrade [55] showed
the expected behaviour for the gain-voltage-relation (see Fig. 42). Therefore, some investigation, such as
implementing the same �t before discarding the noisy waveforms, might be needed.

Figure 41: Typical gain behaviour depending on the supply voltage obtained from a HV Frontal Scan taken
at the OMCU for the P-ONE PMTs (see Sec. 3.1) with 105 waveforms measured per data point.

Developing a Photomultiplier Tube Response Simulation for the Paci�c Ocean Neutrino Experiment



4 Developing the Simulation of the PMT Waveforms 45

Figure 42: Gain behaviour found in an independent study conducted with the Aachen PMT testing facility
for the IceCube Upgrade [55] by Lasse Halve in January 2023.

Furthermore, the dependence of the transit time of the regular pulses to the supply voltage can be seen (see
Fig. 43).

Figure 43: Typical behaviour of the transit time obtained from a HV Frontal Scan taken at the OMCU for the
P-ONE PMTs (see Sec. 3.1) with 105 waveforms measured per data point. The transit time is proportional
to the inverse square root of the supply voltage.

As mentioned in (see Sec.2.2.3) and derived in [39], the transit time should be proportional to the inverse
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square root of the supply voltage. Using a �t function

� (V ) =
a

p
V

+ b (33)

parametersa = (305:6 � 2:6)nsV� 1=2 and b = (84 :0 � 0:3)ns were obtained.

4.3.3 Photocathode Scan

For the photocathode scan, �tting the parameter distribution behaviour is more complicated since instead of
�nding the behaviour with respect to one variable (e.g. voltage, laser tune), two variables ('; � ) are changing,
which means a two-dimensional interpolation tool is needed.
Therefore, it was decided that an interpolation would be used instead of �tting the two-dimensional dataset,
which was obtained. This helps get more realistic results since there isn't a clear theory of how the result
should look like. Fig. 44 shows an example of the interpolation for the gain location parameter� (see Eqn.
24) with respect to the two angles. To correctly interpret the obtained results, some investigation still needs
to be done, as they are in
uenced by the photocathode uniformity as well as the PMT's geometry.

Figure 44: Interpolation of the location parameter for the pulse width distribution of regular pulses with
respect to � and ' . The points, which were obtained as described in Sec. 4.2 and used as input for the inter-
polation, are marked with black circles. The colour bar shows the location� of the pulse width distribution
(see Eqn. 24) in ns.

In the interpolation, it was impossible to include the data point uncertainties obtained from the �ts in the
previous step, unlike for the HV-Frontal Scan and the Linearity Scan, where the errors were considered for
the �t. Therefore, it was decided to exclude data points where the� 2 obtained from the �ts was not between
0.5 and 2. The limits of this range were empirically determined by looking at cases where the �t worked well
enough for the thesis' purposes.

4.4 Generating Simulated Waveforms

As a �rst step, the �t parameters, from �tting the distribution behaviours, are read from the output �les
produced in the previous step. The distribution for each variable - gain, transit time and pulse width -
is plotted using parameters at an arbitrary setting, which are inferred from their behaviour. A random
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value is drawn according to the probability density function associated with the variable, e.g. from an EMG
distribution (Eqn. 24) for the gain. In the future case, where late and prepulses are implemented as well, there
will be an additional step before, where it is decided from which distribution to draw, based on a binomial
statistic, which is determined by the relative amplitudes of the distributions to each other - a parameter that
is also extracted from the distribution in the previous steps. This process is done for the gain, pulse width,
and transit time, which means that three random values were drawn from the distributions in the end. These
values can, in the last step, be converted back into the parameters of the Gumbel distribution (see Eqn. 20),
which is then used to create a generated waveform (see Fig. 45).

Figure 45: Example of a generated waveform for laser tune 630.

For an increased sample size, meaning an increased number of waveforms to be generated, the random sample,
which is drawn from the distribution, is increased in size. Furthermore, higher intensity waveforms can also
be generated by simply creating the simulation from higher order PE waveforms. The voltage and time
datasets are �nally stored in a �le, which looks exactly like the input OMCU scan.
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5 Outlook and Discussion

5.1 Possible Utilisation of the PMT Response Simulation

The waveform simulation developed in the scope of this thesis has more than one sole usage. It can be
used as an analysis tool, producing the necessary plots and statistics to analyse the PMT output and �nd
the behaviour of key parameters, or to conduct studies on the relative probabilities of the di�erent types of
prepulses, late pulse and after pulses, which are determined by the resulting normalisation factors. This is
important since the probability of each of these pulses will have an e�ect on the reconstruction.
Secondly, it can be used as a calibration tool. Given the upcoming instrumentation of the �rst few P-ONE
strings, a string simulation is needed to understand the uncertainty of the measurements. To achieve this
goal, it is essential to calibrate the used PMTs, which can be done using the output at the second stage of
the simulation, ensuring that the PMT's output follows the expected behaviour.
Lastly, it can be used as the simulation tool it was intended to be. When running the full simulation, a
dataset of simulated waveforms can be produced, which can be used to decompose the measured signals of
the �rst P-ONE string. Thus, valuable experimental information can be extracted from the measurements,
making this tool an important addition to the P-ONE software. All previous steps work independently, which
makes it possible to stop at any stage and use the output for di�erent purposes.

5.2 Caveats and Missing Elements

One thing that is still missing and needs to be implemented in the code is a special type of pulses, which are
called fast afterpulses [56]. For these speci�c pulses, the photoelectron is backscattered from the �rst dynode
inelastically but already releases some secondary electrons in the process. The back-scattered electron is then
re-accelerated towards the �rst dynode and produces a second shower (see Appendix A.4). This results in
two pulses that are very close to each other [39]. Previously, waveforms that contained multiple peaks were
cut out as the �t was designed for waveforms with just a single peak. It was also important to cut them
out since they could contain afterpulses from preceding pulses, which would mess up the measurement. The
measurement time window is not big enough to see afterpulses. Thus, it would be impossible to distinguish
them. However, this scenario would be very unlikely, resulting in a very small probability of this happening.
Nonetheless, these fast afterpulses pulses make up a non-negligible component of pulses and may falsify the
statistics of how likely late pulses are compared with regular pulses if they are not considered. For this thesis,
these pulses are not a�ecting the results since late pulses are not used for results at this point, but it will be
an issue once the analysis of combined runs, including late pulse studies, is possible.
Furthermore, the parameter behaviour with respect to � and ' is currently found using solely an interpolation.
At a later point, it would be bene�cial to implement an algorithm, which �ts a model that lies closer to the
physical solution.
Lastly, a combined interpolation is still missing. Right now, the free parameters, i.e. voltage, incident angle
and laser intensity, can be adjusted one at a time. In the future, a complete interpolation, allowing for an
arbitrary combination of all variables, is needed.

5.3 Next Steps

The next step will be - following the general simulation chain discussed in Sec. 1.5 - implementing a simulation
of the digitisation, i.e. to make the waveforms more realistic looking and similar to the electronics that will
be used.
Another possible improvement would be fully implementing the more complicated gain model, including
higher than 2nd-order PE events. The occupancy in the experimental setup can be adjusted accordingly
to mainly produce multiple PE pulses so that the study may be repeated for higher order PE pulses in the
future.
Further planned studies using the OMCU setup include taking scans where further external variables, such
as wavelength or polarisation of the light, which might a�ect the PMT response, are varied by using a
di�erent light source. Another planned study is using a robotic arm to manually move the laser in the plane
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perpendicular to the PMT, thus scanning the entire photocathode along two directions. The code is written
as modularly as possible, making it very easy to integrate future scans.
As the number of possible settings, i.e. the number of variables, increases, the interpolation becomes quite
large. This could justify the need for training a neural network with the generated waveforms, which then
simulates the PMT response.
As a next step, instead of a single PMT, it is also planned to integrate a whole P-ONE optical module
hemisphere, consisting of eight PMTs, in the dark box, and then digitise all the signals from multiple PMTs
simultaneously. This can technically already be achieved with this code, provided a method is used to analyse
the signal from all PMTs independently before merging the measurements accordingly
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A Appendix

A.1 Data Sheet for the P-ONE PMTs
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A.2 Types of Dynode Structures

Figure 46: Possible ways of dynode structure in the PMT, these are all head-on type PMTs [38]

Figure 47: A PMT with circular cage dynode structure with the electron paths visible. [38]
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A.3 OMCU Settings for Scans

Listing 1: Settings of the con�g.py �le for the linearity scan.

#======================================================
#=========== CHARGE LINEARITY SCAN ==============
#======================================================

# a scan o f d i f f e r e n t l a s e r tunes at f r o n t a l f a c i n g l i g h t source

CLS DATAFILE = " d a t a l i n e a r i t y . hdf5 "

#======================================================

# tune

CLS TUNE MODE = " i t e r " # ( none , i t e r , s i n g l e , on ly ga in , on l y occ )
CLS TUNE MAX ITER = 15 # max i t e r s f o r i t e r tune mode

# gain tune
CLS TUNE GAIN MIN = 4 .9 e6
CLS TUNE GAIN MAX = 5 .1 e6
CLS TUNE V START = 85 # w i l l s t a r t a t cu r ren t v o l t a g e i f None
CLS TUNE V STEP = 1

# occ tune
CLS TUNE OCC MIN = 0.09
CLS TUNE OCC MAX = 0.10
CLS TUNE LASER START = 710 # w i l l s t a r t a t cu r ren t l a s e r tune i f None
CLS TUNE LASER STEP = 1

CLS TUNE NR OF WAVEFORMS = 100000
CLS TUNE SIGNAL THRESHOLD = = 3.5

#======================================================

CLS LASER TUNE LIST = np . arange (690 ,610 ,= 5) # Laser tunes to s e t wh i l e
data tak i ng ( s t a r t , s top , s t ep )

CLS NR OF WAVEFORMS = 100000 # Number o f waveforms the
p icoscope shou ld record per c o n f i g u r a t i o n

CLS SIGNAL THRESHOLD = = 3.5 # Determines when a waveform
i s cons idered a s i g n a l and w i l l be w r i t t e n in the d a t a f i l e

CLS MEASUREMENT SLEEP = 60 # Time in seconds t h a t are
wai ted b e f o r e each record ing o f data

CLS FILTER DATASET = True # determines i f d a t a s e t
shou ld be f i l t e r e d by s i g n a l t h r e s h o l d b e f o r e w r i t i n g to d i s k

Listing 2: Settings of the con�g.py �le for the photocathode scan.

#======================================================
#============== PHOTOCATHODE SCAN =================
#======================================================

# an angu lar scan under cons tan t ga in / HV
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PCS DATAFILE = " data photocathode scan . hdf5 "

#=====================================================

# tune

PCSTUNE MODE = " i t e r " # ( none , i t e r , s i n g l e , on ly ga in , on l y occ )
PCS TUNE MAX ITER = 15 # max i t e r s f o r i t e r tune mode

# gain tune
PCS TUNE GAIN MIN = 4 .9 e6
PCS TUNE GAIN MAX = 5.1 e6
PCS TUNE V START = 85 # w i l l s t a r t a t cu r ren t v o l t a g e i f None
PCS TUNE V STEP = 3

# occ tune
PCS TUNE OCC MIN = 0.08
PCS TUNE OCC MAX = 0.11
PCS TUNE LASER START = 710 # w i l l s t a r t a t cu r ren t l a s e r tune i f None
PCS TUNE LASER STEP = 1

PCSTUNE NR OF WAVEFORMS = 10
PCS TUNE SIGNAL THRESHOLD = = 3.5

#=====================================================

PCS PHI LIST = np . arange (0 , 360 , 60) # ph i ang les to s e t wh i l e
da ta tak i ng ( s t a r t , s top , s t ep )

PCS THETA LIST = np . arange (0 , 80 , 10) # t h e t a ang les to s e t wh i l e
da ta tak i ng ( s t a r t , s top , s t ep ) j DO NOT GO ABOVE 100

PCSNR OF WAVEFORMS = 100000 # Number o f waveforms the
p icoscope shou ld record per HV, phi , t h e t a= c o n f i g u r a t i o n

PCS SIGNAL THRESHOLD = = 3.5 # Determines when a waveform
i s cons idered a s i g n a l and w i l l be w r i t t e n in the d a t a f i l e

PCSMEASUREMENT SLEEP = 1 # Time in seconds t h a t are
wai ted b e f o r e each record ing o f data

PCS FILTER DATASET = Fa lse # determines i f d a t a s e t
shou ld be f i l t e r e d by s i g n a l t h r e s h o l d b e f o r e w r i t i n g to d i s k

Listing 3: Settings of the con�g.py �le for the HV Frontal scan.

#======================================================
#============== FRONTAL HV SCAN =================
#======================================================

# a scan o f d i f f e r e n t HVs at f r o n t a l f a c i n g l i g h t source

FHVS DATAFILE = " data f ron ta l HV . hdf5 "

#======================================================

# tune
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FHVS TUNE MODE = " on ly occ " # ( none , i t e r , s i n g l e , on ly ga in ,
on l y occ )

FHVS TUNE MAX ITER = 15 # max i t e r s f o r i t e r tune mode

# gain tune
FHVS TUNE GAIN MIN = None
FHVS TUNE GAIN MAX = None
FHVS TUNE V START = 85 # w i l l s t a r t a t cu r ren t v o l t a g e i f None
FHVS TUNE V STEP = None

# occ tune
FHVS TUNE OCC MIN = 0.29
FHVS TUNE OCC MAX = 0.31
FHVS TUNE LASER START = 680 # w i l l s t a r t a t cu r ren t l a s e r tune i f

None
FHVS TUNE LASER STEP = 1

FHVS TUNE NR OF WAVEFORMS = 100000
FHVS TUNE SIGNAL THRESHOLD = = 3.5

#======================================================
FHVS HV LIST = np . arange (85 ,103 ,2 ) # HVs to s e t wh i l e

da ta tak i ng ( s t a r t , s top , s t ep )

FHVS NR OF WAVEFORMS = 100000 # Number o f waveforms the
p icoscope shou ld record per HV, phi , t h e t a= c o n f i g u r a t i o n

FHVS SIGNAL THRESHOLD = = 3.5 # Determines when a waveform
i s cons idered a s i g n a l and w i l l be w r i t t e n in the d a t a f i l e

FHVS MEASUREMENT SLEEP = 1 # Time in seconds t h a t are
wai ted b e f o r e each record ing o f data

FHVS FILTER DATASET = True # determines i f d a t a s e t
shou ld be f i l t e r e d by s i g n a l t h r e s h o l d b e f o r e w r i t i n g to d i s k

A.4 Fast Afterpulses

Figure 48: Schematic view of the electron path inside the PMT in the case of fast afterpulses.
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A.5 Further Results

The following plots show further parameter relations obtained from �tting the regular pulse parameter dis-
tributions for the Linearity Scan and HV Frontal Scan. The �tting models that were used are: constant
f (x) = c, linear f (x) = a � x + b, quadratic f (x) = a � (x � c)2 + b. The obtained �t parameters are shown in
the plots.

A.5.1 HV Frontal Scan

Figure 49: The Amplitude A, skewness parameterK , scale� and location � behaviour for the gain distribution
described in 24 for the HV Frontal Scan.
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Figure 50: The Amplitudes A0 and A1,
skewness parameterK , scales� 0 and � 1,
and locations � 0 and � 1 behaviour for the
transit time distribution described in (31)

for the HV Frontal Scan. The location
parameters were �tted with the inverse
square root model that was described in

(33

).
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Figure 51: The Amplitude A, skewness parameterK , scale� and location � behaviour for the pulse width
distribution described in (24) for the HV Frontal Scan.
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A.5.2 Linearity Scan

Figure 52: The Amplitude A, skewness parameterK , scale� and location � behaviour for the gain distribution
described in (24) for the Linearity Scan.
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Figure 53: The Amplitudes A0 and A1,
skewness parameterK , scales� 0 and � 1,
and locations � 0 and � 1 behaviour for the
transit time distribution described in (31)

for the Linearity Scan.
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Figure 54: The Amplitude A, skewness parameterK , scale� and location � behaviour for the pulse width
distribution described in (24) for the Linearity Scan.
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