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Abstract

Abstract

This thesis investigates whether the photomultiplier tubes (PMTs) recovered
from the ANTARES neutrino telescope can be reused in the Southern Wide-
field Gamma-ray Observatory (SWGO). To answer this, a simple but careful
laboratory setup was built and used to record single-photoelectron (SPE)
signals under stable, low light. From these data, the PMT gain was measured
at several voltages and a standard power-law relation was calibrated. The
nominal operating high voltage for each PMT was then derived for a target
gain of 5 % 10”. The workflow was kept reproducible, with automated scripts
for acquisition, fitting, and summary plots, so that the steps can be repeated,
edited and checked in future.

It was found that most ANTARES PMTs reach the required gain at moderate
voltages, typically around 1350-1500 V, which is compatible with SWGO elec-
tronics and leaves comfortable operating headroom. The spread of gain—voltage
slopes is compact, so calibration across many channels should be e Lcieht.
Overall, the results indicate that reuse of ANTARES PMTs is feasible and
cost-e [edtive, o [ering a fast and environmentally sustainable route to support
SWGO construction.
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Introduction

1 Introduction

1.1 Motivation and Goals

Our challenge to understand the universe often begins with the dimmest
icker of light a photon that has travelled across the cosmic distances to
tell its story. The Southern Wide- eld Gamma-ray Observatory (SWGO) is
one of the future ground-based gamma-ray detectors that are being developed
to capture that story [3]. It follows the water-Cherenkov detection technique,
which includes the production of Cherenkov light by secondary patrticles, gen-
erated from extensive air showers, which are detected by the photomultiplier
tubes (PMTs) [3]. For the construction of such a detector, a few hundred to
potentially a thousand PMTs are required, and hence, the cost and feasibility
play a role in the development of such projects.

One of the favourable approaches to reduce both the cost and environmental
impacts is to reuse the PMTs extracted from other decommissioned detectors.
One such recently disassembled detector is the ANTARES neutrino telescope,
which served its purposes for almost two decades in the Mediterranean Sea [3].
It 0 ered a signi cant stock of functional PMTs, whose performance has yet
to be systematically evaluated before they can be reused for SWGO. Hence,
each of these PMTs must be tested to determine their usability, which includes
computing the electrical characteristics, such as achievable gain and stability
under high voltage, which can satisfy the requirements of SWGO [3].

This thesis aims to investigate whether ANTARES PMTs can be reused for the
construction of SWGO by conducting a detailed gain characterisation, which
will be compared to reference values of a new PMT. For this characterisation,
a dedicated laboratory setup is established exclusively to acquire, process
and analyse single photoelectron signals from ANTARES PMTs. This study
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emphasises computing the gain as a function of applied high voltage (HV).
The ultimate objective is to identify the operational HV range for which the
used ANTARES PMTs can achieve values of gains compatible with SWGO's
speci cations.

1.2 Cosmic Rays and Gamma-Ray Astronomy

Cosmic rays are high-energy particles coming from space that continuously
bombard the Earth's atmosphere. These were discovered by Victor Hess
in 1912 through the famous balloon-borne experiments, which initiated the
whole eld of experimental astroparticle physics. Cosmic Rays are primar-
ily consist of protons ( 90%), alpha particles (9%) and a small fraction of
heavier nuclei and electrons. When these enters the Earth's atmosphere, they
interact with atmospheric nuclei that creates cascades of secondary particles,
known as extensive air showers (EAS) [9, 13].

The energy spectrum of cosmic rays, as seen in Figure 1.1, covers a vast
range of more than twelve orders of magnitude, and across this range, the
ux drops by roughly thirty orders of magnitude. It roughly follows a power

law distribution, (E) / E , Where the spectral indices slightly changes
at two characteristic points known as 'knee' ( 3 10 *®eV) and the 'ankle’

( 10 8eV). These characteristics are associated with transitions between
di erent acceleration mechanisms and possible source populations [9].

The primary particles collides with atmospheric nuclei while entering the at-
mosphere. This results into the formation of a cascade of secondary particles.
Its electromagnetic component mainly arises from bremsstrahlung and pair
production, whereas the hadronic component produces mesons which then
decays into muons and neutrinos. When these processes combine, it leads
to the formation of an EAS as shown in Figure 1.2. When such showers are
detected and studied, we get information about the energy, direction, and
identity of the primary particle [13].
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Figure 1.1: All-particle cosmic-ray energy spectrum compiled from multi-
ple air-shower experiments, showing the characteristic features
known as the knee and the ankle. Data from HEGRA,
CASA-MIA, KASCADE, IceTop, Tunka, HiRes, Telescope Ar-
ray, and Auger are shown for comparison. Adapted from Gaisser
and Stanev [9].

Figure 1.2: Schematic representation of an extensive air shower showing its
hadronic, electromagnetic, and muonic components. Adapted
from Pawlicki [23].
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A particular subclass of cosmic radiation certainly includes high-energy gamma
rays. Being electrically neutral, gamma rays propagate through interstellar
magnetic elds without de ection. Consequently, they point back to their
astrophysical source, and the astronomy of gamma rays is a direct probe of
perhaps the most energetic processes in the universe. The processes which
incorporate such energy will involve interactions in Supernova remnants, pul-
sar wind nebulae, Active Galactic Nuclei, and Gamma-Ray Bursts. Gamma
rays result from inverse Compton scattering and neutral pion decay as an end
product of proton-proton interactions [6].

Figure 1.3: Global distribution of major ground-based gamma-ray observa-
tories. Current facilities are shown in green, planned or future
observatories in blue, and past experiments in red. The planned
SWGO site in South America will provide wide- eld coverage of
the southern sky. Figure adapted from [29]

The study of the gamma-ray sky is pursued with both space and ground-based
observatories. While space missions like Fermi-LAT cover energies up to a
few hundred GeV, ground-based detectors cover sensitivity into the TeV PeV
range by observing air-shower signatures. A World map of all past, cur-
rent and future gamma-ray observatories is shown in g 1.3. In these, the
HAWC observatory and LHAASO have reported exceptional performances in
the identi cation of TeV PeV gamma-ray sources, including the discovery of
so-called PeVatrons capable of accelerating beyond16V [2, 6]. Despite such
great development, the southern sky remains largely unexplored. This gap
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in observations basically justi es the construction of the SWGO that will be
able to continuously provide a wide- eld coverage of the southern hemisphere
with unparalleled sensitivity [3].

1.3 Southern Wide- eld Gamma-ray
Observatory (SWGO)

The Southern Wide- eld Gamma-ray Observatory (SWGO) is a next-generation
ground-based experiment planned for the exploration of the high-energy gamma-
ray sky of the Southern hemisphere. By its establishment, it addresses one of
the most important observational gaps in gamma-ray astronomy: the absence
of a wide- eld, high-duty-cycle detector in the south that can continuously
monitor the sky for sources up to the PeV range. While northern facilities
like the HAWC and LHAASO have achieved remarkable discoveries, the in-
ner regions of our Galaxy that is, the Galactic Centre and much of the
plane remain inaccessible from their locations [3].

In Figure 1.3, it has been already shown that the majority of the existing or
planned wide- eld gamma-ray observatories are located in the Northern hemi-
sphere. This geographical bias implies a poor coverage factor for transient
sources and only moderate coverage factors for a proper study of extended
structures such as the Fermi Bubbles and the central molecular zone. SWGO
will overcome this limitation by providing full-time access to the Southern
sky from a high-altitude site in South America.

1.3.1 Scienti ¢ Motivation and Objectives

SWGO is proposed to address a host of questions in high-energy astrophysics.
For instance, the precise location of galactic accelerators (PeVatrons), the
mechanism of propagation and di use emission of cosmic rays, and prospective
new physics like dark matter signatures and Lorentz-invariance violation. This
continuous all-sky monitor will further provide transient alerts and survey
context to IACT arrays like CTAO [3].
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The observable region of the sky from the SWGO site is displayed in Fig-
ure 1.4, showing the Galactic Plane in color and highlighting in grey those
zones that fall outside the instrument's eld of view. This visualize capability
of SWGO to monitor the Galactic Centre region directly overhead, and allows
deep observations of the most active regions in the Milky Way.

Figure 1.4: Sky visibility of the Southern Wide- eld Gamma-ray Observa-
tory (SWGO). The colored band represents the Galactic Plane
and the regions visible to SWGO above 45and 60 elevation
from its planned southern-hemisphere site. Adapted from Abreu
et al. [3].

1.3.2 Detector Concept and Design

SWGO will use the water-Cherenkov detector technique common in princi-
ple to HAWC and LHAASO but optimized for southern-sky coverage. Each
detector unit is a container of water instrumented with two PMTSs, one looking
upwards and another one downwards, separated by a re ective Tyvek barrier.
This dual-layer con guration increases muon tagging and gamma-hadron sep-
aration, hence increasing the background rejection.

A scheme of a single SWGO detector unit is shown in Figure 1.5. This dual-
PMT con guration improves event reconstruction and enables e cient muon-

tagging capability [18]. Thousands of detector units would comprise the ar-
ray in a graded-density pattern with a compact, high-density central core
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surrounded by regions of successively lower detector density covering an ef-
fective area of approximately one square kilometer. This arrangement enables
the e ective detection in a huge energy range, from hundreds of GeV to sev-
eral PeV in a very e cient way. Figure 1.6 gives the schematic drawing of
the planned layout of the SWGO-A array consisting of seven detector clusters,
each with 55 water-Cherenkov detectors (WCDs) with a central eld node rep-
resented by the rectangle in blue. This modular, cluster-based structure not
only simpli es calibration and maintenance but also allows for exible expan-
sion in array building during future stages of the observatory's development

3].

Figure 1.5: Schematic view of a water-Cherenkov detector (WCD) unit de-
signed for the Southern Wide- eld Gamma-ray Observatory
(SWGO). The cylindrical tank contains two PMTs mounted
vertically one facing upward and one facing downward to en-
able muon tagging and gamma hadron discrimination. Adapted
from Leitl [18].
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Figure 1.6: Planned SWGO-A layout showing seven detector clusters, each
consisting of 55 water-Cherenkov detectors (WCDs) and a cen-
tral eld node (blue rectangle). This con guration forms the
prototype subarray of the full SWGO design. Adapted from
Abreu et al. [3].

1.3.3 Site and Development Timeline

The primary site selected for SWGO is the Pampa La Bola, part of the At-
acama Astronomical Park in Northern Chile at 4,770 m a.s.l. It o ers out-
standing atmospheric transparency, very low humidity, proximity to major
facilities like ALMA, and by its latitude, most Galactic Centre observations
are close to the zenith as can be seen in Figure 1.4.

In this collaboration, the roadmap has been structured through the series
of milestones summarized in Table 1.1. These milestones indicate progress
that evolves from an initial R&D phase to a full-scale deployment with the
construction of the rst operational subarray SWGO-A: the initial scienti ¢
phase of the observatory.
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Milestone Completed
M1 R&D Phase Plan Established Q1 2020
M2 Science Benchmarks De ned Q2 2020
M3 Reference Con guration & Options De ned Q4 2020
M4 Site Shortlist Complete Q3 2022
M5 Candidate Con gurations De ned Q1 2022
M6 Performance of Candidate Con gurations Evaluated | Q3 2023
M7 Preferred Site Identi ed Q2 2024
M8 Design Finalised

M9 Construction & Operation Proposal Complete

Table 1.1: Milestones of the SWGO R&D phase, together with completion
dates for milestones already completed [3].

1.4 ANTARES Neutrino Detector

The ANTARES (Astronomy with a Neutrino Telescope and Abyss environ-
mental RESearch) detector was a deep-sea neutrino telescope located in the
Mediterranean Sea at about 40 km o shore from Toulon, France, built at a
depth of about 2475 m. It was operated between 2008 and 2022, and it was
the rst underwater neutrino telescope that reached continuous long-term
operation. It was designed to detect high-energy neutrinos coming from as-
trophysical sources by detecting the Cherenkov light emitted by the charged
secondary patrticles produced in neutrino interactions within or around the
instrumented water volume [11, 27].

1.4.1 Design and Con guration

ANTARES is made up of twelve exible detection lines moored to the sea oor
and held straight by buoys. Each line was equipped with 25 storeys, each
hosting three optical modules (OMs) oriented 45downwards to optimize
the sensitivity for up-going neutrino-induced muons. Each optical module
contained a 10-inch PMT enclosed within a 17-inch glass sphere together
with the front-end electronics, power supply, and calibration components.
The array therefore was made up of 885 PMTs in total [27].
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The layout and geometry of ANTARES are sketched schematically in Fig-
ure 1.7. The lines were spaced about 70 m apart, covering a footprint of
0.1 km 2, while vertically the instrumented height was about 350 m. A sepa-
rate instrumentation line provided environmental monitoring, calibration and
acoustic positioning to counteract misalignment under sea currents.

Figure 1.7: Schematic view of the ANTARES neutrino telescope in the
Mediterranean Sea, showing the arrangement of the detection
lines with storeys and optical modules, the sea-bed junction box,
and the 40 km cable connecting the detector to the onshore sta-
tion. Adapted from Zornoza and Zufiga [7].

ANTARES was designed based on the observation of Cherenkov light emit-
ted when relativistic charged particles, basically muons produced by neutrino
interactions in seawater, are traversed by this medium. Such photons are fo-
cused by the PMTs, which transform them into electrical pulses. The times

of arrival and the pulse amplitudes were measured with the purpose of recon-
structing the trajectory and energy of the incoming neutrino.

The PMTs used in ANTARES, that is shown in Figure 1.8, were Hamamatsu
R7081-20 PMTs, featuring a 10-inch hemispherical photocathode, a gain of

10
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approximately 10/, and excellent single photoelectron timing resolution [22].
Their long-time reliability in such a hostile deep-sea environment already
proved them as promising candidates to be reused in other large astroparticle
experiments. For SWGO, these recovered ANTARES PMTs o er the pos-
sibility to evaluate the feasibility of sustainable detector construction while
reducing costs and material waste. Therefore, it is relevant that this work
tries to decide whether these refurbished PMTs can still provide adequate
gain stability and linearity after so many years of operation.

Figure 1.8: Schematic view of a single ANTARES optical module (OM),
showing the internal components including the 10-inch Hama-
matsu R7081-20 PMT, optical gel, magnetic shield, LED cali-
bration device, and the pressure-resistant glass sphere. Adapted
from Zornoza and Zudiga [7].

1.4.2 Decommissioning and Legacy

After over a decade of operation, ANTARES was shut o in 2022, allowing for
the deployment of its successor, KM3NeT a fully new-generation Mediter-
ranean neutrino telescope with larger instrumented volume and angular reso-
lution [28]. During this decommissioning, thousands of optical modules were
recovered and will be preserved for possible reuse in future projects. Those
recovered PMTs, after being refurbished and characterized, may extend their

11
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scienti ¢ contribution within SWGO by o ering an innovative case of sustain-
able hardware re-deployment in astroparticle physics.

In this thesis, the gain characterization of these extracted ANTARES PMTs
forms the bedrock for their suitability studies for inclusion in the SWGO
detector array.

12
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2 Theoretical Background

While the previous chapter introduced the motivation and experimental con-
text, this chapter provides the physical principles underlying the detection of
cosmic rays and the measurement of PMT response.

2.1 Cosmic Rays and Extensive Air Showers

As discussed earlier, cosmic rays are high-energy charged particles that orig-
inate from extraterrestrial sources, the energy range starting from approxi-
mately 1 eV to over 16° eV. While they reach Earth, an accelerator lab-
oratory forms, and hence high-energy interaction studies which are beyond
the reaches of far terrestrial accelerators are enabled. Cosmic rays are mainly
protons and helium nuclei, and heavier ions, but a small part are electrons
and positrons. Their di erential ux of primary cosmic rays follows the steep
power-law distribution,

(EY/E 2.1)

where (E) denotes the number of particles per unit energy, area, time, and
solid angle; E is the particle energy, and is the spectral index that charac-
terizes the slope of the spectrum, with spectral indices of 2:7 below the
knee and  3:1 above the knee [9, 5].

2.1.1 Particle Interactions and Shower Development

An energetic primary while entering the atmosphere interacts with air nuclei,
mostly nitrogen and oxygen, at a height of around 15 25 km. Highly abundant

13
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secondary mesons are produced from the rst hadronic collision, dominated
by pions and kaons. These secondaries further interact and decay to give rise
to an EAS.

Longitudinal development of the shower may be crudely approximated by
the Heitler Matthews model, in which the cascade is treated as a series
of particle multiplications until the average energy per secondary falls below
a critical energy E.. As a function of depth t in radiation lengths, the total

number of particles in the electromagnetic component may be expressed as,

N max E—C; (2.2)

where K is the primary energy. For air, EE 85 MeV for electrons and
positrons. The depth of the shower maximum, X, scales logarithmically
with the primary energy and depends on the mass of the primary particle,
providing a handle for composition studies [20].

The schematic representations in Figure 2.1 illustrate the basic structure of (a)
electromagnetic and (b) hadronic cascades as described by the Heitler Matthews
model, emphasizing the multiplicative branching of particles through bremsstrahlung,
pair production, and pion decay.

Figure 2.1: Schematic views of (a) an electromagnetic cascade and (b) a
hadronic shower. In the hadronic cascade, dashed lines indi-
cate neutral pions that decay rapidly into photons, generating
electromagnetic sub-showers. The diagrams illustrate the mul-
tiplicative nature of shower development as described by the
Heitler Matthews model. Adapted from Matthews [20].

14
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2.1.2 Electromagnetic and Hadronic Showers

The electromagnetic (EM) component of an EAS arises from the decay of neu-
tral pions, °!2, whose photons initiate cascades through pair production
and bremsstrahlung,

+

le "+e ; e le +: (2.3)

This process continues, until the energies of the secondary particles drop below
E. or exactly where ionization losses become dominant. The charged pions
and kaons initiate a good hadronic component which maintains the cascade
through successive interactions and decays like ! + (). Muons
thus produced are relatively long-lived, reach the ground, and turn out to be
a very good tracer for the hadronic content of the shower [15].

This same balance between the electromagnetic and hadronic processes de-
termines not only the particle composition of an air shower but also its lon-
gitudinal development. The most important observable characterizing this
evolution is the depth of the shower maximum, X.x, which de nes the point

at which the atmospheric depth attains its maximum value: As can be seen

in Figure 2.2, lighter primaries like protons produce showers that are devel-
oping deeper in the atmosphere, while heavier nuclei, such as iron, interact
earlier, producing shallower cascades. The separation of thesg,Xdistribu-
tions across energies provides an essential diagnostic for the inference of the
primary mass composition of cosmic rays [15, 1].

15
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Figure 2.2: Simulated depth of shower maximum Xm.x versus calorimetric
energy Eg for proton (red) and iron (blue) primaries using
three hadronic-interaction models: EPOS1.99, Sibyll2.1, and
QGSJetll-03. The separation of the distributions illustrates
the sensitivity of X to the primary mass and to the rela-
tive contributions of electromagnetic and hadronic components
in shower development. Adapted from Kampert and Unger [15].

2.2 Cherenkov Radiation

Charged particles travelling through a dielectric medium at velocities exceed-
ing the phase velocity of light in that medium emit electromagnetic radiation
known as Cherenkov radiation. This e ect, discovered experimentally by Pavel
Cherenkov in 1934 and theoretically described by Tamm and Frank in 1937,
forms the fundamental detection principle for many astroparticle experiments
including HAWC, LHAASO, and SWGO. In extensive air showers, relativistic
electrons, positrons, and muons produce Cherenkov photons both in the at-
mosphere and within the water of detector tanks, where they are subsequently
detected by photomultiplier tubes (PMTs) [8, 12, 9].

16
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2.2.1 Physical Principles

When a charged particle is passing in a medium of refractive index n at a
velocity v = c larger than the phase velocity of light (c=n) of the light
wave in that medium, its electromagnetic eld distorts to induce coherent
polarization along its path. The polarized atoms relax by emitting light along

a cone wavefront, similar to a sonic boom generated by a supersonic object.
Thus, the condition for Cherenkov emission is given by,

n>1; (2.4)

or equivalently, L

where . is the Cherenkov angle between the particle trajectory and the emit-
ted light [8, 12].

For ultrarelativistic particles (1), the Cherenkov angle in water (n  1:33)

is approximately 41, while in air at sea level (n  1:0003) it is about 1:3.
The number of photons emitted per unit path length and per unit wavelength
interval is given by the Frank Tamm formula:

#N 2 1
dxd =~ 2 2n2()

(2.6)

where is the ne-structure constant and is the wavelength of emitted
light [8]. Equation 2.6 shows that the photon yield increases strongly to-
wards shorter wavelengths, which explains the bluish colour of Cherenkov
radiation.

Figure 2.3 illustrates the emission geometry of Cherenkov light produced by
a relativistic charged particle traversing a medium.

17
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Figure 2.3: Schematic representation of Cherenkov radiation showing the
characteristic light cone emitted by a charged particle moving
faster than the phase velocity of light in a dielectric medium.
The opening angle . satis es cos . = 1=(n). Adapted from
Alaeian [4].

2.2.2 Cherenkov Emission in Extensive Air Showers

In the context of cosmic-ray and gamma-ray detection, the Cherenkov light
is produced both in the atmosphere and in the water-Cherenkov detectors
employed at ground. In air, the Cherenkov photons emitted by secondary
electrons and positrons form large light pools of about 120 m radius on the
ground. It can be recorded by IACTs. At ground level, the charged particles
entering water produce additional Cherenkov light that is focused by sub-
merged PMTs. In the amplitude and time structure of the Cherenkov signal,
information on the amount, direction, and energy of the primary patrticles is
included. Since the Cherenkov emission is prompt and directional, then this
allows the precise reconstruction of the particle arrival times enabling the
air-shower front reconstruction and the coincidence measurements between
detectors. In large arrays, such as those considered for the SWGO, signals
from water-Cherenkov detectors integrate to provide a continuous monitoring
of extensive air showers with high duty cycle and wide eld of view [3, 30].

Figure 2.4 illustrates how Cherenkov radiation produced by secondary charged
particles is detected in a water-Cherenkov detector (WCD). As these relativis-
tic particles traverse the water volume, they emit Cherenkov photons along
a cone de ned by the angle .. The resulting light front propagates toward

18
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the base of the tank, where PMTs record the arrival time and intensity of the
signals. The geometry of the Cherenkov cone and the time distribution of
detected photons are key observables for reconstructing the shower direction
and for distinguishing gamma-induced events from hadronic backgrounds.

Figure 2.4: Schematic illustration of Cherenkov light production and de-
tection in a water-Cherenkov detector (WCD). A relativistic
charged particle from an extensive air shower passes through
the water volume, emitting Cherenkov photons at an angle,
with respect to its trajectory. The light front reaches the PMTs
mounted at the bottom, where the resulting photoelectrons are
ampli ed to produce measurable signals. Adapted from Abreu
et al. [3].

2.3 Photomultiplier Tubes (PMTs)

PMTs are very sensitive photon detectors, converting weak optical signals
into proportionate electrical pulses of measurable strength. Since their dis-
covery many decades ago, they have been playing a very important role in
astroparticle and nuclear physics experiments. In fact, IceCube, HAWC, and

19
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ANTARES provide just a few examples of observatories where PMTs are
used as primary sensors. The detection concept for SWGO is based on an
underwater-Cherenkov detector using PMTs, which will provide a readout of
Cherenkov light produced by charged secondary particles crossing the water
volume. Their high gain and nanosecond response and low noise make them
peculiarly suitable to detect weak and fast optical signals [16, 19, 26].

2.3.1 Structure and Operational Principle

A PMT is an evacuated glass tube comprising a photosensitive cathode, fo-
cusing electrodes, a cascade of secondary-emission dynodes, and a collecting
anode. When photons strike the photocathode, they liberate electrons via the
photoelectric e ect. These photoelectrons are then accelerated and directed
by focusing electrodes onto the rst dynode, where each impact releases sev-
eral secondary electrons. This process repeats across successive dynodes, pro-
ducing an avalanche of electrons that are nally collected at the anode to
yield a measurable current pulse [25, 17].

Figure 2.5 schematically illustrates the basic internal structure of a PMT.
The multiplication mechanism relies on the principle of secondary electron
emission, where the overall gain G is given by

G= K ks (2.7)
k=1

with N being the number of dynodes,  the secondary emission ratio of the
k" dynode, and  the collection e ciency between dynodes [17].
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Figure 2.5: Schematic representation of a PMT showing the photocathode,
focusing electrodes, dynode chain, and anode. Incident pho-
tons release photoelectrons at the photocathode, which are ac-
celerated toward the rst dynode, generating secondary elec-
trons that are successively multiplied and collected at the anode.
Adapted from Hamamatsu Photonics [24].

The photocathode, usually composed of alkali or bialkali compounds such as
SbKCs, converts incident photons to electrons according to the relation

E=h ; (2.8)

where E is the electron kinetic energy, h the photon energy, and the work
function of the cathode material.

The probability that a photon produces an emitted electron de nes the quan-
tum e ciency (QE), which peaks around 420 nm for bialkali cathodes used
in the R7081-20 PMTs [25, 17].

The voltage distribution across dynodes is maintained by a resistive divider
network, typically integrated into the PMT base. Capacitors are often added
across the nal dynodes to stabilize potentials during large current pulses,
ensuring a consistent gain and pulse linearity [17, 14]. A simpli ed electrical
schematic of the base circuitry is shown in Figure 2.6.
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Figure 2.6: Simpli ed base-circuit schematic of the Hamamatsu R7081-20
PMT. The high-voltage divider network distributes the bias
across 14 dynode stages and focusing electrodes, while capac-
itors stabilize the potential di erences to ensure gain linearity
and timing stability. The signal output is coupled capacitively
to the readout electronics. Redrawn taking inspiration from [14,
17].

2.3.2 Characteristics and Important Parameters

The most relevant performance parameters for PMTs used in astroparticle
physics include the gain, quantum e ciency, single-photoelectron (SPE) re-
sponse, dark current, and transit-time spread (TTS). Their interplay deter-
mines the achievable energy and timing resolutions of Cherenkov detectors.

Gain

The gain measures the overall increase or multiplication in the number of elec-
trons from the photocathode to the anode. It follows a power-law dependence
on the applied high voltage,

G(V) =Gy \\,’0 ; (2.9)
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where 6 10 depends on the dynode material, dynode count and secondary-
emission properties. [26, 25]. For the Hamamatsu R7081-20, a gain of &0
typically achieved at 1:7 2:0 kV [25].

Figure 2.7 illustrates an example of the gain voltage relationship for one of
the tested ANTARES PMTs (ID: ST5498), showing a logarithmic t to the
measured data.

Figure 2.7: Measured gain voltage relation for the ANTARES PMT
ST5498. The logarithmic t illustrates the expected power-law
dependence, G/V , where is obtained from the slope of the
tted line. In this case, the value of 8:5

Single Photoelectron (SPE) Response

The response to a single photoelectron is characterized by the charge distri-
bution of the output pulse. The peak-to-valley (P/V) ratio measures the sep-
aration between the single-photoelectron peak and the noise pedestal, which
provides a measure of signal quality. A clear separation of this SPE peak is
shown in Figure 2.8, within the SPE charge spectrum. For the R7081-20, a
typical P/V ratio is about 2.5 [25]. This parameter is crucial for precise gain
calibration and for distinguishing real photon events from dark noise.
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Figure 2.8: Single-photoelectron charge spectrum with a clearly separated
SPE peak.

Dark Current and Noise

Even in the absence of light, thermionic emission, leakage currents, and ra-
dioactive impurities can produce spurious signals known as dark counts. For
large-area bialkali PMTs like the R7081-20, the dark count rate ranges be-
tween 9 and 19 kHz after 15 hours in darkness at room temperature [25]. A
stable dark current level below 5 A is required for low-noise operation in
Cherenkov detectors [17].

Timing Characteristics

Timing precision in PMTs is governed by the electron transit time and its
spread (TTS), which determines how accurately photon arrival times can
be measured. For the R7081-20, the mean transit time is approximately
78 ns with a TTS of 3.3 ns [25]. Such timing stability ensures nanosecond-
level coincidence precision across multiple detector modules, a prerequisite for
reconstructing shower directions in ANTARES and SWGO [22].
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Quantum E ciency

The quantum e ciency (QE) of a PMT represents the probability that an
incident photon striking the photocathode will release a photoelectron. It is
de ned as

QE = I':'le; (2.10)

where N, is the number of emitted photoelectrons and Nis the number of
incident photons. The QE depends strongly on the photocathode material and
the wavelength of the incoming light, typically peaking in the blue ultraviolet
region for bialkali cathodes used in the Hamamatsu R7081 20 PMTs [25,
19].

In the case of Cherenkov detectors, where the light spectrum is concentrated
in the near UV to blue range, an even high QE in the same region is required
to maximize photon detection e ciency. Shown in Figure 2.9 is a typical
QE curve for a bialkali photocathode, which peaks at about 25 30% around
400 nm.

Figure 2.9: Quantum e ciency and photocathode radiant sensitivity of the
Hamamatsu R7081-20 PMT as a function of wavelength. The
bialkali photocathode exhibits peak sensitivity in the blue region
near 400 nm. Adapted from Hamamatsu Photonics [10].
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2.3.3 ANTARES PMTs

The ANTARES detector used the Hamamatsu R7081-20 PMT, a 10-inch
hemispherical head-on type, developed for deep-sea operations at depths of
up to 2500 m. It features a 14-stage box-and-line dynode structure as earlier
shown in Fiigure 2.6, which balances large collection area at the rst dynode
with uniform focusing through later stages [17]. The PMT's borosilicate-
glass window allows wavelengths above 300 nm, with maximum sensitivity
around 420 nm, which matching the Cherenkov spectrum in water. Table 2.1
summarizes its key speci cations.

Table 2.1: Main parameters of the Hamamatsu R7081-20 PMT [25, 22, 17].

Parameter Typical Value Unit
Photocathode material Bialkali (SbKCs)

Spectral response range 300 650 nm
Peak wavelength 420 nm
Quantum e ciency at 390 nm 25 %
Dynode structure Box-and-Line, 14 stages
Applied voltage for G =10 1700 2000 \%
Transit time / spread 78 /3.3 ns
P/V ratio (SPE) 2.5

Dark count rate (15 h dark) 919 kHz
Weight 1.15 kg

In this thesis, a new R7081-20 PMT (SR:TMO0007) is used to compare the
testing results of the ANTARES PMTs.
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3 Experimental Setup and
Instrumentation

3.1 Measurement concept

To determine the gain voltage relation as shown in Figure 2.7, of 10 ANTARES
PMTs, the photocathode is illuminated with short laser pulses at xed geom-
etry and recording the anode response as waveforms for single photoelectron
(SPE) analysis. A Rigol DG1022 waveform generator gates an Alphalas
PLDD-50MHYV pulsed laser driver and simultaneously provides a hardware
trigger to a Tektronix MSO54 oscilloscope. The oscilloscope acquires at
6.25 GS/s with a 200 ns acquisition window (20 ns/div). The PMT

is mounted in a custom cradle, and the light is delivered via a bre cable
pointed at the photocathode; the source to PMT distance is kept constant for
the whole run. The PMT base divider used here is the same design as shown
in Figure 2.6 (anode readout with 50 ).

3.2 Light-tight environment

All measurements are performed inside a dedicated dark room as shown in
Figure 3.1. Remaining door gaps were taped and lled alongwith the tiniest
gaps and the door stayed locked during data taking with dark room lights
0.
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Figure 3.1: Dark room with the light-tight measurement box. Cables are
routed via feedthroughs.

Power strips and signal/HV cables are routed along the walls and into a
light-tight dark box as shown in Figure 3.2a. The box provides light-proof
feedthroughs, matte black interior, and a small ber mount that xes the
laser position with respect to the photocathode which is shown in Figure
3.2b. Before each session | performed a quick light-leak check (laser o, HV
on) and con rmed a stable baseline.

(a) Dark box closed. (b) Dark box open.

Figure 3.2: Light-tight measurement setup: (a) with the dark box closed and
(b) with the dark box open, showing the PMT placed inside.
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3.3 Instruments and signal chain

The instruments setup in the lab is shown in Figure 3.3.

Figure 3.3: Whole instrument setup in the lab.

3.3.1 High voltage.

Bias is supplied by an iseg SHR high-voltage (HV) source, which is shown
in 3.4. | used conservative ramping and current-limit settings and veri ed
grounding before operation. HV and return (ground) are routed with shielded
cables to the custom base.
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Figure 3.4: iseg SHR high-voltage supply used for PMT biasing.

3.3.2 PMT base and signal pick-o .

Both the divider base (Figure 3.5b) and the signal pick-o (Figure 3.5a) en-
closure were manufactured in the FAU Physics Department Mechanical Work-
shop. The pick-o provides AC-coupled anode output to the scope with 50
termination. Short, impedance-matched coax cables are used throughout to
avoid re ections.

(a) Signal pick-o device (b) 14 pin adapter

Figure 3.5: (a) Signal pick-o device for HV and signal routing, and (b) 14-
pin socket adapter interfacing the 10 PMT.
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3.3.3 Light source and Pulse Generator

The light source is gated by an Alphalas PLDD-50MHYV driver which is shown
in Figure 3.6. Light is delivered as free ber to the photocathode (no di user).
During all measurements the laser driver was operated in DDS mode at a
xed repetition rate of 100 kHz. The Rigol DG1022 produces a pulse gate at
1 kHz with 50% duty and 1.0V ,, for the laser and a synchronous trigger for
the scope. The channel that generates the pulse in pulse generator is synced
by providing a manual delay of 140 ns from the generator settings itself. This
is done to acquire the waveform in the Oscilloscope at a speci c and correct
position, ensuring uniformity across all measurements. The rep-rate and gate
width were set such that the average occupancy stays in the SPE regime
(veri ed in data).

Figure 3.6: Signal generation: Rigol DG1022 gating the Alphalas PLDD-
50MHYV pulsed driver.
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3.3.4 Oscilloscope

Data are recorded with a Tektronix MSO54 which is shown in Figure 3.7.
The acquisition settings (synchronized to the DG1022 trigger) are:

" Sample rate f 3 = 6:25 GS=s,

" Record length T = 200 ns (20 ns=div),

" 50 input, vertical scale chosen to avoid saturation,
" FastFrame/sequence mode for e cient bursts,

~ Sample size N = 10;000.

Figure 3.7: Representative PMT pulse on the MSO54 together with the ac-
quisition settings visible in a window at bottom (6.25 GSI/s,
200 ns, 20 ns/div). The displayed pulse is generated from one
of the ANTARES PMTs.
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3.4 Acquisition settings and procedure

Before starting to record waveforms from each ANTARES PMT, the HV is
kept on for about 20 minutes. This is done to let the dark current settle,
which is initially higher due to thermionic emission or residual gas ionisa-
tion. This then gradually decreases when cathode and dynodes equilibrate
under the applied eld, and absorbed gases on the surfaces are reabsorbed or
neutralised.

The measurement proceeds over an HV ladder from a lower starting HV (be-
tween 1100V and 1200V) up to a higher operating HV (between 1500V to
1600V), in uniform steps of 100V. At each HV point | wait for stabilization,
then record a xed number (10,000 waveforms) of triggered waveforms in se-
qguence mode. Periodically, short dark runs (laser o ) are also done to monitor
baseline noise and dark-count activity. Trigger level and polarity are set to
capture the full pulse with adequate pre- and post-samples inside the 200 ns
window.

Inside the dark box, the 10 PMT sits in the custom cradle; the ber is aimed
at the center of the photocathode and kept at a xed stand-o for the entire
period of thesis (as already shown in Figure 3.2b).

Logging of several controls during data taking is done:

~ Baseline and noise: short runs with HV on/laser o to track noise
oor and identify potential light leaks.

" Delay in pulse generator: The desired delay of 140ns is fed to the
pulse generator to ensure the position of waveform remains at a desired
uniform place (50ns in the 200ns window).

~ Saturation watch: quick amplitude check at every HV setting to en-
sure pulses remain within the linear vertical range.

Cable/impedance check: stable pulse shape and no ringing indicate
good matching along the pick-o scope chain.

" Laser stability: occupancy monitored over time; any drift triggers a
short alignment check.

33



Experimental Setup and Instrumentation

The entire procedure, which includes setting the instruments to the correct
con gurations, starting the measurements, recording the waveforms, saving
the data, and performing the necessary calculations and analysis, is automated
by the Python scripts developed during the period of my thesis. These scripts
allows to control of all instruments remotely via LAN (SCPI over TCP/IP
via PyVISA), except for the high voltage (HV) equipment, which must be
adjusted manually each time.

3.4.1 ANTARES optical-module extraction (context)

The 10 PMTs used in this work were previously extracted from ANTARES
optical modules (OMs) by a group of colleagues at ECAP before the start
of the measurements. An ANTARES OM is a pressure-resistant glass sphere
that houses the PMT with a -metal shield, the divider base, and ancillary
cabling, all xed in an optically clear potting gel. Extraction, therefore, has
three practical constraints: (i) opening the sphere safely without cracking or
implosion-like failures, (ii) separating the PMT and base from the gel without
breaking the neck, and (iii) preserving the photocathode surface and HV
contacts from contamination. In practice, the sphere is secured in a padded
cradle, the equatorial seal is carefully released, and the two hemispheres are
lifted apart under full PPE. The gel around the PMT front is cut back in small
steps; residual gel on the envelope is later removed with approved solvents and
lint-free wipes. These PMTs are then kept for several weeks in a dark place
with dark black plastic covers. Only then are these PMTs tested in the dark
room lab [21].
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