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Abstract

Open questions in cosmic ray physics persist regarding the unknown composition and accelera-
tion mechanisms at the highest energies. The Pierre Auger Observatory, measuring cosmic rays
via extensive air showers developing in the Earth’s atmosphere, has already provided evidence
suggesting a heavier composition at these highest energies and aims to definitively determine
the particle types by upgrading its detectors.

Equipping the Fluorescence Telescopes, which observe the air shower development in the
atmosphere from the side via fluorescence light, with more efficient photosensors enhances their
field of view and thus the exposure. Since the more efficient sensors do only come with round
faceplates, a new light guide is introduced to cover the dead space between the pixels of the
nearly hexagonal grid on a spherical surface. Based on the Winston cone design, a concentrator
was developed to fit into the existing camera optics. A prototype with 48 pixels was installed to
test the new system consisting of a more efficient photomultiplier (PMT) plus modified Winston
cone and a performance analysis using various calibration methods is done.

As an essential part of the AugerPrime upgrade, the Surface Detector will be equipped with an
additional scintillation detector on top of the Water-Cherenkov stations. Being more sensitive
to the electromagnetic component of the air shower in comparison to the water volume below, it
will enhance the discrimination ability to determine the mass of the primary cosmic ray. In this
work, the selection of an appropriate PMT to read out the scintillator is presented. A suitable
sensor is found in a selection process based on characteristics measured in the laboratory. The
integration of the selected PMT into the detector is achieved by introducing a voltage divider
with the emphasis on low power consumption while still keeping the high linearity over a wide
dynamic range. Their usage in the first prototype stations is presented and a first analysis of
the raw data shown.
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Kurzfassung

Offene Fragen in der Physik der kosmischen Strahlung bleiben mit der unbekannten Zusam-
mensetzung der Primérteilchen sowie den Beschleunigungsmechanismen zum Erreichen der
hochsten Energien. Das Pierre-Auger-Observatorium, welches die kosmische Strahlung {iber
ausgedehnte Luftschauer vermisst, die sich in der Erdatmosphére entwickeln, hat hierfiir bereits
erste Hinweise zu einer schwereren Zusammensetzung bei den hochsten Energien geliefert und
will durch die Aufriistung seiner Detektoren die Komposition endgiiltig kldren.

Die Ausstattung der Fluoreszenz-Teleskope, welche die Luftschauerentwicklung in der Atmo-
sphere von der Seite mittels Fluoreszenzlicht beobachten, mit leistungsfahigeren Photosensoren
vergroflert deren Sichtfeld und erhoht damit die Anzahl der beobachtbaren Luftschauer. Da
die leistungsfihigeren Sensoren jedoch nur mit runden Photokathodenflichen erhéltlich sind,
wird ein neuer Reflektor vorgestellt, um den toten Raum zwischen den einzelnen Pixeln des
nahezu sechseckigen Gitters auf einer kugelférmigen Oberflache abzudecken. Auf der Grundlage
des Winston Cone Designs wurde ein Reflektor entwickelt, der in die bestehende Kameraoptik
passt. Ein Prototyp mit 48 Sensoren wurde installiert, um das neue System zu testen, das aus
einem effizienteren Photomultiplier (PMT) und einem modifizierten Winston Cone besteht, und
es wurde eine Leistungsanalyse mit verschiedenen Kalibrierungsmethoden durchgefiihrt.

Als Hauptteil des AugerPrime-Upgrades werden die Oberflichendetektoren mit einem zu-
sitzlichen Szintillationsdetektor oberhalb der Wasser-Cherenkov-Stationen ausgestattet. Da
er empfindlicher auf die elektromagnetische Komponente des Luftschauers im Vergleich zum
darunter liegenden Wasservolumen reagiert, wird er die Unterscheidungsfahigkeit zur Bestim-
mung der Masse der priméren kosmischen Strahlung verbessern. In dieser Arbeit wird die
Auswahl eines geeigneten PMTs zum Auslesen des Szintillators vorgestellt. Ein geeigneter Sen-
sor wird in einem Auswahlverfahren auf der Grundlage von im Labor gemessenen Eigenschaften
gefunden. Die Integration des ausgewéahlten PMT in den Detektor wird durch die Einfiihrung
eines Spannungsteilers erreicht, wobei der Schwerpunkt auf einem geringen Stromverbrauch liegt,
wéhrend die hohe Linearitédt iber einen groflen dynamischen Bereich erhalten bleibt. Thre Ver-
wendung in den ersten Prototyp-Stationen wird vorgestellt und eine erste Analyse der Rohdaten
gezeigt.
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Chapter 1
Introduction

The Earth is constantly hit by particles from space. Their first detection dates back more
than 100 years ago, when the origin of radiation present at the Earth’s surface was found to
be extraterrestrial [1, 2]. This opened up the field of astroparticle physics, which led to many
great discoveries (e.g. using cloud chambers). Many questions have been answered since then,
and the spectrum of cosmic rays is one of the best measured quantities, spanning a range of 11
orders of magnitude in energy and 32 orders in flux. The low energy part is well known, but
there are still fundamental aspects to be discovered for the highest energies. Most prominent
questions include how particles can be accelerated to these extreme energies, exceeding the LHC,
the world’s highest-energy particle collider, by seven orders of magnitude. As the flux of cosmic
rays at the highest energies above 10'8 eV is steeply falling, space or airborne experiments are
not able to detect these extreme events with accurate statistics. In order to detect enough
events in a reasonable amount of time, it is necessary to utilise the detection of secondary
particles, products of a primary cosmic ray interaction with the Earth’s atmosphere that creates
an extensive air shower.

The largest detector to measure cosmic rays at the highest energies is the Pierre Auger Ob-
servatory located in the Argentinian Pampas. It combines independent detection mechanisms
to measure the cascade of secondary particles. The Surface Detector (SD), a ground array of
detector stations, is covering an area of about 3000 km? and the Fluorescence Detector (FD) is
measuring the particle shower development during dark nights. Since the start of the construc-
tion of the observatory in 2000, newer hardware components have become available and could
increase the overall performance of the detectors. This thesis is focused on upgrades of the two
main detector parts of the Pierre Auger Observatory, the fluorescence telescopes and the surface
detector stations.

With the FD’s taking data since 2004, the sensitivity of the optical sensors used in the tele-
scopes could be enhanced. A possible upgrade of these sensors is discussed, including the modi-
fications needed to implement the currently available options into the existing hardware frame.
This includes changes in the optical system to efficiently concentrate light to the sensitive area
of the sensors.

In order to tackle the question of mass composition of cosmic rays at the highest energies,
the ’AugerPrime’ upgrade will introduce new detectors to increase the discrimination power of
primary particles interacting with the Earth’s atmosphere. One new part will be an additional
scintillation detector on top of each SD station. This thesis concentrates on the optical sensor to
read-out the scintillator, covering the sensor selection, development of prototype stations, and
the first analysis of raw data from the operation in the field in Argentina.

Thesis Outline

Chapter 2 will give a brief overview on cosmic ray physics and their detection, focusing on the
highest energies. The Pierre Auger Observatory will be introduced in Chapter 3. Both major
detector systems, which are topic to an upgrade in this thesis, namely the Fluorescence Detector
and the Surface Detector, are described.



Chapter 1 Introduction

Chapter 4 will discuss a possible upgrade of the FD telescopes by using newer optical sensors.
This requires changes to the optical system, in particular the light collectors which need to be
adapted to the new sensors. Therefore the development of a Winston cone and the installation
of a prototype in one telescope will be presented.

In the course of the AugerPrime upgrade the existing detector stations will be equipped with
an additional scintillation detector on top. The selection and installation of an appropriate
photomultiplier used to read out the detector are presented in Chapter 5. Measurements of
the optical properties of the sensors were performed to ensure the sensors are satisfying the
comprehensive demands to the optical detector. Finally the first SD stations were equipped
with prototypes of these detectors and a first analysis of the raw data will be presented.

Chapter 6 gives a summary and future prospects of the performed upgrades.



Chapter 2

Cosmic Rays

This chapter gives a short introduction and brief overview of the current status in cosmic ray
physics.

High energetic particles travelling through space are called cosmic rays. Primary cosmic rays
consist mainly of protons (about 90%), 9% alpha particles, and the rest being heavier nuclei,
with the composition varying over the energy range [3]. At energies E < 10'6eV they originate
from astrophysical sources like the Sun or supernova remnants, and come from inside or outside
our galaxy. The origin at the highest energies (E > 10'® eV) remains still unknown, with possible
candidate sources being starburst galaxies, active galactic nuclei, radio galaxies or quasars [4].

Started already over 100 years ago, there are still questions to be answered regarding the
composition and origin at the highest energies.

2.1 Energy Spectrum

The energy spectrum of cosmic rays is one of the widest measured quantities, ranging several
orders of magnitude in energy and flux. It describes the number of incoming cosmic rays with
respect to their energy. Over a wide energy range, the spectrum follows a power law. The
differential flux (J) is given by
dN —y

J(E) = i E (2.1)
with the spectral index ~ which for most part is equal to 2.7. Figure 2.1 shows the all-particle
cosmic ray spectrum ranging over several orders of magnitude measured by various experiments.
The spectrum is scaled by a factor of E?6 to make prominent features more visible.

A change of the spectral index at an energy of about 5 x 109 eV from 2.7 to 3.1 is called
the knee. First reported in [6], the steepened spectrum is thought to originate in galactic
sources reaching their maximum energy to accelerate protons. This maximum energy is reached
gradually for nuclei with higher charges. A further steepening occurring at about 1069 eV is
referred to as second knee or heavy knee. This suggests that the theoretical maximum energy
for iron from galactic sources is reached.

At an energy of ~ 5 x 1018 eV, the spectrum hardens again. The index changes to about 2.5
(see Fig. 2.2), creating a kink in the spectrum, referred to as ankle. With the galactic sources
believed to have reached their maximum acceleration, this suggests a transition to sources with
extragalactic origin.

The data implies a softening at 1.4 x 10’8 eV to v = 3.08 and at an energy of about 5 x 1019 eV
a strong cutoff with a spectral index of about 5.2 is found [7]. As the sources and the composition
at the highest energies are unknown, the reason for the cutoff is under debate. A possible scenario
was proposed already in 1966 by Greisen [8] and independently by Zatsepin and Kuzmin [9],
known as the GZK cutoff. Here the assumed all-proton UHECRSs interact with the cosmic
microwave background (CMB) photons creating a A resonance, and producing pions via:

p+yemB — AT = n4 7t (2.2)
p+ycms — AT = p+ . (2.3)
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Figure 2.1: Energy spectrum of cosmic rays measured by various experiments. The spectrum is
scaled by a factor of E%9 to highlight prominent features [5].
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2.2 Detection

The cross section for this reaction has a threshold for proton energies at ~ 5x 10! eV, limiting
the distance to observe higher energies to less than 100 Mpc.

Somewhat similar to the GZK cutoff is the situation for nuclei with an A > 1. Also reacting
with the CMB or the infrared background, nuclei undergo the process of photodisintegration
[8, 9], where up to several nucleons can be ejected from the nucleus. This process gradually
reduces the range of heavier CRs, limiting the range of e.g. a 2 x 10?°eV iron nucleus to less
than 10 Mpc [10, 11].

Another explanation is the acceleration limit of extragalactic sources. Similar to the limit at
the knee for the galactic sources, extragalactic sources could reach their maximum achievable
acceleration energy. This again is proportional to the charge of the nucleus, which would imply
the composition at the highest energies is iron dominated.

Thus, measuring the composition and origin of CRs at the highest energies would help to
answer these unresolved questions.

2.2 Detection

The cosmic ray spectrum spans one of the widest ranges of energy and flux in science, respec-
tively. To cover these extreme ranges with various experiments, different approaches need to be
used. With the flux being quite high at low energies, direct detection can be done with satellite
experiments, such as the AMS-02 detector at the ISS [12]. As the flux decreases with increasing
particle energy, the detectors aperture need to get bigger in order to measure ultra high energy
particles with sufficient statistics in a reasonable amount of time. With space and airborne
experiments reaching a feasible limit at an energy of a few TeV, detectors with a suitable size
will need to be earthbound. As primary particles hit the Earth, they interact with the Earth’s
atmosphere, generating extensive air showers.

2.2.1 Extensive Air Showers

As the flux of cosmic rays decreases to less than one particle per km? and century, the direct
detection of UHECRs is no longer feasible. To build detectors with a reasonable size, it is
necessary to rely on ground based experiments. Reaching Earth, primary cosmic ray particles
interact with the Earth’s atmosphere, creating secondary particles. These cascade into further
reactions, generating many new particles travelling down to the ground, and are called extensive
air showers (EAS).

The development of such an EAS can be categorised into three different types of interactions.
At the first interaction of the incoming primary with a nucleus of e.g. an Ny molecule, the
production of charged and neutral kaons and pions along with spallation products occurs. These
particles interacting further are called the hadronic component of an extensive air shower. If
these secondary kaons and charged pions decay before further interacting, they produce muons
and neutrinos. With a long mean lifetime of 2.197 x 107%s [5] most muons reach the ground
without interacting any further in the atmosphere and are referred to as the muonic component.
If a muon does decay or gamma rays from the neutral pion decay perform pair production,
electrons and positrons are produced. If energetic enough, these will produce more gammas via
bremsstrahlung, which can perform pair production again. Thus, it develops a cascade of e*
and . This is the electromagnetic component of the particle shower and can be modelled by
the Heitler model [13].

2.2.2 Measurement Techniques

Through the measurement of these secondary particles, properties of the primary particle can be
deduced. Ranging from the recording of the shower development in the atmosphere to measuring
the "footprint’ of particles reaching the ground, a variety of different detection techniques have
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Figure 2.3: Schematic of cosmic ray interactions in the atmosphere. The air shower develop-
ment can be divided into three different parts, the electromagnetic component, the
hadronic component, and the muonic component including neutrinos. Taken from
[14].

been developed. Figure 2.4 depicts a sketch of various detection methods used by leading experi-
ments in UHECR cosmic ray physics, observing different parts of the shower. Directed searches,
such as Cherenkov telescopes, are looking for point sources at the sky, utilising Cherenkov light
emission of charged particles travelling trough the atmosphere. Similarly, radio antennas detect
the EM component in the megahertz range. When detecting particles at ground level, different
enclosed detector types come into play. Calorimeters or tracking detectors can measure the par-
ticles at ground level, while buried detectors are designed to measure only the highly penetrable
muonic component.

In this thesis the focus is on the measurement of fluorescence light, tracking the longitudinal
development of the EAS, and on water-Cherenkov detector stations and scintillator detectors.
For high energetic cosmic rays (E = 10'7eV) fluorescence telescopes can measure the particle
shower development from the side view. For particles interacting with the atmosphere, No
molecules can be excited and upon de-excitation release photons in the UV spectrum. The
release is isotropic and the measurable signal quite faint, limiting observations to dark moonless
nights. The measurement is almost calorimetric. The shower development is described by
the number of particles, N, for the traversed atmospheric depth, X, given in g/cm?. The
longitudinal shower profile can be described by the Gaisser-Hillas function [15],

Xmax—Xq

X-X A Xmax — X
N(X) = Numax (X_g(0> exp ()\) ) (2.4)

where Npax is the maximum number of particles at the shower depth Xi,.x. Xo and A are fit
parameters related to the primary particles energy and mass. Showers are typically observed
in a distance between 5 to 35km, depending on the energy and shower geometry, but due to
measurements done in moonless nights, the duty cycle is only about 10 — 15% [3].
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Figure 2.4: Illustration of the various detection techniques to measure extensive air showers.
Adopted from [19].

While the fluorescence telescopes record the shower development in the atmosphere, water-
Cherenkov detectors and scintillator detectors on the other hand detect only a small time fraction
of the EAS. Usually placed in a regular grid on the ground, these surface detectors measure
EAS by looking for time coincidences of signal in neighbouring stations. WCDs detect particles
moving faster than the speed of light in the respective medium. Scintillators emit a small flash of
light when struck by a traversing particle or radiation, due to excitation of atoms and molecules.
Coupled to a light detector, e.g. a photomultiplier, the measured signal can be converted to a
number of particles. With the timing information of each detector, the arrival direction can be
reconstructed. Due to the measurement at discrete spots on the ground, the core position can
be found by fitting a lateral distribution function (LDF) to the signal response of the detectors.
From this the energy of the primary particle can be derived (see Section 3.1.3). The energy
range of the detector is depending on the spacing of the stations as well as the atmospheric
height. Advantages of surface detectors are a duty cycle of almost 100%. But with detecting
just a fraction of the particle shower, the energy reconstruction depends on the modelling of the
shower development.

With the different detection systems being sensitive to different properties of the primary
particle, a combination enables an accurate reconstruction. A hybrid concept using at least
two independent types of measurement at the highest energies has been pioneered by the Pierre
Auger Observatory [16] and is now utilised also by experiments such as e.g. the Telescope Array
[17], and the Large High Altitude Air Shower Observatory [18].

2.3 Mass Composition

The composition of cosmic rays varies depending on their energy. The low energy spectrum
is dominated by light particles emerging from the Sun. These can be measured directly with
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Figure 2.5: (Xnax) and o(Xax) measurements of the Pierre Auger Observatory in comparison
to recent model predictions for pure proton and iron nuclei composition. From [23].

spaceborne detectors, such as the AMS.

As UHECRs are measured via secondary particles, the determination of the primary particle
depends on models describing the air shower development within the atmosphere. To derive
the primary type of an EAS, the atmospheric depth of the shower maximum is a good mea-
sure. Heavier primaries do not penetrate as deep into the atmosphere and develop their shower
maximum (Xpax) at higher altitude compared to lighter primaries. The shower development is
measured in terms of atmospheric depth, given in g/ cm?. Latest measurements of the maximum
shower depth of the Pierre Auger Observatory are shown in Fig. 2.5. For comparison, purely
proton or iron based predictions of recent hadronic interaction models, such as EPOS-LHC [20],
Sibyll2.3c [21], and QGSJetII-04 [22], are also shown. These energies cannot be reached with
current experiments, e.g. at the LHC. Thus, the models, based on collider data with relevant
statistics, are extrapolated to the highest energies. The composition at the energy of the ankle
appears to be proton dominated. Here, the Auger measurement is in agreement with the Tele-
scope Array measurement. For the highest energies though, the trend tends towards a heavier
composition in the Auger measurements.

Due to the different multiplicity of protons and heavier ions, air showers initiated by lighter
primaries have a more pronounced electromagnetic component, while those from heavier pri-
maries produce a larger number of muons. Therefore, the shower development can give a hint
on the primary as well. Measuring the ratio of electromagnetic and muonic component can
offer insights into the origin of the primary particle. Combining e.g. scintillators with water-
Cherenkov detectors (as will be done in the Auger Prime Upgrade, see Chapter 5), will increase
the detectors discrimination powers and allow a more precise determination of the primary mass.
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The Pierre Auger Observatory

The largest detector to measure cosmic rays at the highest energies is currently the Pierre
Auger Observatory. It is located in the Pampa Amarilla, near the city of Malargiie in the
Province of Mendoza, western Argentina. Constructed on a high plain at an altitude of about
1400 m, the detectors span over an area of about 3000 km? [16]. The observatory uses a hybrid
concept, with a Surface Detector (SD) array to measure the footprint of an extensive particle
shower on the ground, and a Fluorescence Detector (FD) on the sides, observing the shower
development in the atmosphere. While the SD array has a duty cycle of nearly 100% above
a primary particle energy of 10'®5 eV, the fluorescence telescopes only record particle showers
in clear moonless nights, with an observation time of about 13% [24]. With the possibility of
cross-calibration between the two independent detector systems, using hybrid events (seen in
both detector systems simultaneously), the shower energy measurement of the FD can be used
to perform an absolute calibration of the SD signal. The construction of the observatory was
finished in 2008 and was already taking data since 2004 with the first few hundred stations
starting to operate. Besides the two baseline detectors, several extensions have already been
tested with the most prominent addition, a radio antenna array, being included into the official
detection mechanism.

e
3
\

Loma Amarilla

Coihueco /2%s

P T P O O [

Figure 3.1: Map of the Pierre Auger Observatory (left), with each dot representing one of the
1660 surface detector stations. The field of view of the 24 surrounding fluorescence
telescopes is indicated in blue, and three additional telescopes with a higher elevation
angle at the Coihueco site (light blue). The AERA radio array (magenta) is shown
next to the denser infill-array. The two laser facilities, CLF and XLF, are placed in
the middle of the array. An SD station in the Pampas with an FD building next to
a communication tower in the background (right).



Chapter 3 The Pierre Auger Observatory

3.1 Surface Detector

The surface detector array of the Pierre Auger Observatory consists of about 1660 water-
Cherenkov detectors (WCD), which are arranged in a triangular grid with a spacing of 1.5km,
covering an area of about 3000km? (see Fig. 3.1). At an energy threshold of 3 x 10'8eV its
duty cycle is nearly 100% for zenith angles smaller than 60°. As an extension to the regular
array, a small area is equipped with additional stations. Placed at a denser spacing of 750 m,
the 4nfill-array reduces the energy threshold down to 3 x 107 eV [25].

A single SD station consists of a polyethylene water tank with a diameter of 3.6m and a
height of 1.2m. Inside, a highly reflective liner contains 12.000 ¢ of ultra-pure water. On top,
three 9 inch photomultiplier tubes (PMTs) look downwards into the liner volume through clear
polyethylene windows, recording the Cherenkov light produced by particles passing through or
stopping inside the water volume. The read-out electronics is combined with the communications
and power control on the Unified Board (UB). The PMT signals are digitised by 10-bit analogue-
to-digital converters (ADC) at a rate of 40 MHz [16]. To increase the dynamic range of the signal
read-out, which is limited by the ADC, each PMT signal is split into two channels. While one
channel takes the signal from the PMT’s anode, a second channel is connected to the last dynode
(inverted and amplified by a factor of 32) [26]. Combined, the two channels cover a signal range
resulting in a total dynamic range of 15 bits for one PMT.

Fach station works autonomously, with power being provided by two solar panels combined
with two 12V, 105 Ah, low-maintenance batteries. The communication is done via radio [27]
to the central data acquisition system (CDAS), while timing and positioning is done by a GPS
module.

GPS antenna

Solar panel

PHER s o T A A O RN T P 0
a1 S RS e TN

Figure 3.2: A surface detector station with labelled components [16].

3.1.1 Calibration

Due to the large amount of detectors and the remoteness of the stations, the calibration of an
SD station is automated. To level the signal of the different stations, the signal of atmospheric
muons is used to perform a calibration. With a rate of approximately 2500 Hz, single muons hit
the detector [28]. For the three large PMTSs, the peak and charge of small signals is measured
every minute. Stored in a separate memory from the event files, a histogram is obtained, giving a
mean ADC value for the single muon charge (Fig. 3.3, right). Since the atmospheric muons arrive
not only vertically but from different angles, and thus impact the mean signal due to different
trajectories inside the water volume, this needs to be corrected for. In a reference measurement
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Figure 3.3: Sample trace and charge histogram for a single SD station (St. 1727, Event 45012136).
The charge distribution gives the conversion from ADC channels to VEM units.

for a single station, additional scintillation counters were used as muon telescopes to verify the
trajectory of the muons [29]. The extracted charge is used to determine the conversion to the
energy deposition of a vertical and central through-going muon. The introduced unit is a vertical
equivalent muon (VEM) and converts the measured mean charge of the calibration histogram
to approximately 1.09 VEM for the sum of the three PMTs.

3.1.2 Trigger

Due to the large amount of stations and limited bandwidth for communication, different levels
of trigger are introduced to allow a preselection and on-site discrimination. At station level the
signal needs to pass a threshold of 3.2 VEM for a simple threshold trigger (T2) or 0.2 VEM for
13 time bins for a time-over-threshold (ToT) trigger. The data is only recorded when at least
three clustered stations fulfil these requirements (T3) [30]. The data is sent to the central data
acquisition system (CDAS). More advanced triggers based on the geometry of triggered stations
is performed offline.

3.1.3 Reconstruction

For an SD-only reconstruction the events are reconstructed by analysing the footprint on the
ground. From the sent T3 triggers, the size and start times of the signals are inspected and
quality cuts, such as minimum number of stations etc., applied to identify candidate shower
events. With the exact positioning from the GPS modules of the stations, main particle shower
properties, such as the direction of the shower axis and the shower core position on the ground,
are calculated from the timing information of the stations for these events, assuming a spherical
shower front travelling with the speed of light [31].

The shower size is estimated using the lateral distribution of the signal perpendicular to the
shower axis, which is described by a modified Nishimura-Kamata-Greisen function [32, 33],

() = S(ra) ;- )ﬁ( rtn )ﬁﬂ (3.1)

Topt Topt + 71

with a fixed r; = 700m. The optimal value for the distance rqp¢, so that the estimator S(ropt)
is minimised, is dependent on the structure and spacing of the detector array. For the iso-
metric triangular SD array with a spacing of 1500m, the optimal distance, rqpt, is about
1000m. To account for increased slant depth for inclined showers, the S(1000) is converted
to the median zenith angle, 38°, of all showers using the constant intensity cut (CIC), via
Ssg = S(1000)/ fcrc (@) [15]. This corrects for a smaller observed shower size for more inclined
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showers, which have a more attenuated electromagnetic cascade. The shower size estimator
S(1000) can be used to derive the energy of the air shower. With an additional correction for
atmospheric and geomagnetic effects, Ssg can be used as zenith independent energy estimator.
Utilising the almost-calorimetric energy measurement from the FD (see Section 3.2), using hy-
brid events with independently measured FD and SD energy estimate, one can set the energy
scale and parametrise it using a power law with the fitting parameters A and B [34]:

Erp = A(S33/ VEM)5. (3.2)
This results in an SD energy of
Esp = A(S(1000)/ feic(8)/ VEM)®, (3.3)

with a resolution of about ogg,/Esp ~ 20% at an energy of 2 x 10'® eV and tending smoothly
down to =~ 7% at the highest energies above 2 x 10! eV [34].

3.2 Fluorescence Telescope

As a complementary detection technique, fluorescence telescopes are placed around the SD array,
observing the sky during clear moonless nights. On four sites, Coihueco in the northwest, Los
Leones in the southwest, Los Morados in the southeast and Loma Amarilla in the north, the
telescopes oversee the WCD array (see Fig. 3.1). A building at each site is hosting six telescopes
(bays), covering a field of view of 30° x 30° each. In addition to these ’standard’ telescopes,
three additional telescopes are placed at the Coihueco site, which can be elevated by 30°. This
HEAT extension (High Elevation Angle Telescopes) looks higher into the atmosphere and can
see the shower stage at an earlier age, which lowers the energy threshold down to 107 eV [35].

The telescopes operate only on dark moonless nights to detect the de-excitation of nitrogen
molecules. The wavelength of the emitted light is in the near UV-range, between 300 — 430 nm.
The design of the detector is based on a Schmidt telescope, such as the previous fluorescence
telescopes at the Fly’s Eye or HiRes experiments [36, 37]. The light enters the telescope build-
ing through an entrance window, made of Schott MUG-6 glass [38], to filter stray light with
wavelengths higher than 410 nm. The total aperture has a diameter of 2.2m, with an opening
of 1.7m and a corrector ring covering the outer rim of the entrance window (see Fig. 3.5). This
enlarges the aperture by almost a factor of 2, while keeping the angular spread of the light spot
within 0.5°. The incoming light is collected by a 12m? segmented spherical mirror and directed
to a camera.

Figure 3.4: Building of the fluorescence telescopes at Los Leones (left) and the three high eleva-
tion telescopes (HEAT) at the Coihueco site (right).
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Figure 3.5: Schematic layout of the optical FD telescope system (left). Geant 4 ray tracing
simulation illustrating the working principle of the telescope (right) [24].

The camera is placed at the focal plane of the mirror and has a spherical shape as well. It
consists of 440 PMTs arranged in a 22 x 20 hexagonal grid. The FOV of a single pixel is 1.5°.
The PMTs also feature a hexagonal photocathode. To minimise dead space between the pixel
of the camera, light guides made of reflective foil cover the gaps between the sensors.

The PMT is the 1.5 inch XP3062 by Photonis [39]. It has a hexagonal bialkali photocathode
with a quantum efficiency (probability of an incoming photon to produce an electron via the
photoeffect) of about 27%. The DAQ electronics for the 440 pixel camera are split into 20
analogue boards (ABs) hosting one column of 22 PMTs each. These front-end boards handle
the triggering and data read-out, adapted for the high dynamic range of the expected signals.
The signal is digitised with a rate of 10 MHz and has a dynamic range of 15 bit. To reduce
costs of power supplies, two ABs with 44 PMTs share a single high voltage channel (one supply
per AB for the HEAT telescopes). For this reason, the PMTs were tested extensively prior to
installation and classified into groups of similar gain to keep their response homogeneous. The
PMTs are operated with positive supply voltage, keeping the photocathode and the camera
front at ground level to avoid dust deposition due to electrostatics [40].

3.2.1 Calibration

In order to get an accurate energy determination with the FDs, a proper calibration is needed.
To get the conversion factor between light entering the telescope and the measured signal at the
PMT, all components need to be considered in a calibration. For the conversion factor, a full
absolute calibration is performed. In addition, relative calibrations are done to monitor changes
in response from sensitive detector components.

3.2.1.1 Absolute Calibration

The absolute calibration of the telescope has been called 'Drum Calibration’. An absolute
calibrated light source was placed outside of the telescope in front of the diaphragm. In order to
get a uniformly distributed illumination, the drum, a cylinder coated with Tyvek!, was placed
onto the telescopes entrance window, covering the whole aperture [42, 43]. With the known
light flux, the PMT signals, measured in ADC counts, could be converted to the amount of
incoming photons. Since this calibration is quite time consuming, it cannot be performed on a
daily basis. The drum calibration is now being replaced by an XY-scanner calibration, with a
steerable calibrated light source in front of the telescope aperture [44].

! A synthetic material made from high-density polyethylene fibres, diffusely reflective in the UV range [41].
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Figure 3.6: Schematics of the different calibration systems [24]. Drum system for absolute cali-
bration (right) and different spots for relative telescope calibrations (left).

For cross-checks, the signal response from a roving laser is measured as well [45]. Here, a
nitrogen laser with a wavelength of 337 nm is driven to a distance of about 4 km to the telescope
and fired vertically, 'simulating’ an air shower event. With the known Rayleigh scattering cross
section, the photon flux can be predicted and correlated with the measured PMT signal. Since
only a small number of pixels are triggered by the corresponding light track of the roving laser,
this procedure is not suitable to calibrate a whole camera.

3.2.1.2 Relative Calibration

In addition to the absolute calibration, three relative calibrations are performed on a more
frequent basis, to identify changes in the response of different detector parts [46]. The different
types can be seen in Fig. 3.6, right. The light source for calibration A is placed in the middle of
the segmented mirror. It is a 375nm LED with an attached diffusor, illuminating the camera
directly to spot differences in the PMTs response. Calibration B is placed on the side of the
aluminium frame of the camera and directed to the telescope mirror to identify possible changes
in the mirrors reflectivity. Calibration C is placed outside of the aperture pointing outwards.
A Tyvek sheet at the inner part of the shutter doors reflects the light, measuring the response
of the complete telescope system and thus capable of detecting changes due to the filter glass
or the corrector ring. Calibration B and C use a xenon flash lamp with additional wavelength
filters for a multi-wavelength calibration [47]. All calibrations were performed every night until
2018. Since then, only calibration A is used twice per measurement night to spot a possible drift
in the cameras response.

3.2.1.3 Atmospheric Monitoring & Laser Facilities

Besides the exact calibration of the hardware components, the atmospheric conditions need to
be monitored for a precise calorimetric measurement of air showers with the FD telescopes. At
the four FD sites, lidar systems are installed to measure the atmospheric scattering and cloud
coverage during data taking every hour [48]. In addition, a scan is performed within 2 — 4
minutes to the recording of a high energy ’hybrid’ event to have a more precise modelling of
the atmosphere. While the lidar system is placed outside the FOV of each FD telescope, two
systems are designed to provide ’test beams’ for calibration purposes. The central laser facility
(CLF) [49] and the extreme laser facility (XLF) are placed in the middle of the SD array (see
Fig. 3.1, left). The lasers are steerable, making it possible not only to shoot vertically but to
'simulate’ a more horizontal shower, appearing in multiple telescopes at the same site.

14



3.2 Fluorescence Telescope

adhone Hhoo oy e

Type 5.0 Typed 1 Type 1.3 1 Type3 2 Type2 2 1

Figure 3.7: Trigger pattern for the FD second level trigger, including rotational or mirrored
transformations.

3.2.2 Trigger

The sensitive camera can detect very faint light in a large distance from the telescope. Thus,
several trigger levels are implemented to identify air showers from background light. As a first
trigger level, a threshold trigger per front-end board (22 PMTs) is required. To compensate for
changing background light, the threshold is adjusted by keeping a trigger rate of 100 Hz. In a
second stage, track identification is applied by a pattern search for at least 4 out of 5 conjunctive
pixels to fire (see Fig. 3.7). A third trigger level is implemented for background rejection, caused
by lightning or muons interacting with the camera directly.

Afterwards, events will be sent to the EyePC, where events in adjacent telescopes are merged
and a T3 trigger is sent to CDAS. This will trigger the SD readout at the stations around the
FD building (about one-quarter of the array), since the array is not fully efficient for energies
below 3 x 10'®eV. Data from both detectors is merged offline for a subsequent hybrid analysis.

3.2.3 Reconstruction

The first step in the reconstruction of an FD event is to establish the shower geometry. This is
done by determining the shower detector plane (SDP), which is defined as the plane containing
the shower axis and the observing telescope (see Fig. 3.8, left). The SDP is given by fitting
the pointing directions of the pixels, weighted by their signal. To determine the shower axis
within the SDP, the timing information of the participating pixels is fitted. While FD mono
reconstruction, with only one telescope observing the shower, is possible, the fit is improved
considerably by an additional signal in the SD stations, so called hybrid events, pinning the
shower axis on the ground. Even better reconstruction is achieved with two FD sites observing
the same particle shower simultaneously, in a stereo reconstruction.

From the shower profile the light at the aperture as a function of time is converted into
energy deposition as function of slant depth (see Fig. 3.9, left). For the energy determination,
a disentanglement of the light contributions from fluorescence light and direct and scattered
Cherenkov light is performed. The energy of the shower is derived by fitting a Gaisser-Hillas
function to the shower profile (Fig. 3.9, right). The energy is calculated by integrating the profile
and corrected for 'invisible energy’, carried by neutrinos and high energy muons. After quality
cuts, the energy resolution is < 10% and almost energy independent.
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Figure 3.8: Sketch of the shower geometry reconstruction and derived observables [50] (left).
Light track of an event recorded with the FD telescopes [24] (right). Colour-coded
is the timing sequence of the triggered pixels and the fitted line indicates the SDP.
Red squares on the bottom represent the triggered SD stations of this event.
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Figure 3.9: Example of a measured FD profile. The left plot shows the light at telescope aperture
and different light contributions. It is converted to energy deposit versus slant depth
and a Gaisser-Hillas fit is applied, as shown on the right [16].

3.3 Further Enhancements

Besides the two baseline detector systems, SD and FD, different techniques to measure extensive
air showers are tested at the observatory. The most prominent extension is an array of radio
antennas [51] close to the Coihueco site, partly in overlap with the Infill array, measuring the
electromagnetic component of the particle shower in the MHz regime. Providing a calorimetric
energy measurement with an uptime of almost 100% [52, 53], the radio detection is a promising
addition to the FD telescopes and the 20 km? array will be extended as part of the observatory
upgrade. Other detectors types include buried scintillation detectors, the Auger Muon and
Infilled Ground Array (AMIGA) to measure the muonic part of an air shower.

3.4 Upgrade

To investigate the unresolved question of the composition at the highest energies, the current
detector setup will be upgraded, i.e. to improve the discrimination between the electromagnetic
and muonic component of an air shower on an event-by-event basis. The upgrade, called Auger-
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Prime, consists of the installation of additional scintillators on top of the current WCD (see
Chapter 5). In addition, the radio antenna array will be enlarged to the SD array and the
uptime of the FD telescopes will be increased by running at a lower gain when more moonlight
is present.

3.5 Offline Framework

With a large and complex detector system such as the Pierre Auger Observatory, the analysis
is quite complex. For simulation and reconstruction of the detector data, the internal Offline
framework [54] was developed. Implemented in C++, the framework provides access to detector
information, event data, and administers the different analyses.

The read-only detector description is given in XML files, and time dependent information,
such as calibrations etc., is taken from MySQL databases. Simulation and data reconstruction
algorithms are organised in different self-contained modules. With the generalised event data
structure, different modules can be combined into a module sequence, to perform a complete
analysis.

Detector Description Algorithms Event data
Observatory «» Event
Module| ™ *
Fluorescence Fluorescence
Surface ~™ Surface
Atmosphere <«» Air shower
Module| ™ *

Figure 3.10: Basic structure of the Offline framework. Reconstruction and simulation modules
can access the event data and the read-only detector description with a generalised
event output format [54].
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Chapter 4

Fluorescence Detector Upgrade

Parts of this chapter have been published in:

S. Querchfeld, K.-H. Kampert, and J. Rautenberg,
“Development of a highly efficient PMT Winston-cone system for fluorescence measurement of
extensive air showers”, PoS(ICRC2015)677 Proceeding of 34th ICRC, 2015

The Pierre Auger fluorescence telescopes measure the faint light signal of extensive air showers
in the UV range. The light is cumulated by a spherical mirror and detected by a camera con-
sisting of photomultiplier tubes (PMTs). In combination with the Surface Detector, this hybrid
detector system is observing the same particle shower with two independent measurements, with
the FD giving a more accurate energy determination of the primary particle. The Fluorescence
Detector was constructed starting in 2002 and measures air showers in dark moonless nights.
With PMT developments ongoing, recent models have shown an increase in detection efficiency.
These more efficient devices could enhance the detection capabilities of the FD. In addition, the
original PMT model is no longer available and a potential upcoming new Auger site in the north
would need to switch to a modern model if the same FD telescope design is used. In this chapter,
the possible upgrade of the FD camera and the modifications needed for implementation are
discussed.

4.1 Motivation

In the current setup, the fluorescence telescopes are placed on the side of the observatory, with
their field of view covering the large area instrumented with surface detectors. Observing the air
shower from different sites in stereo mode, the distances between the FD buildings can be up to
60km'. With the prospect of building an even larger counterpart observatory in the northern
hemisphere to increase the exposure at the highest energies, the telescopes effective area needs
to be increased to cover even large distances?.

Relying on conventional photomultiplier tubes as pixel sensors in the FD camera, improving
the effective area would need the PMTs to be more sensitive. Photomultiplier development
has led to an increase in their efficiency in recent years. Especially focusing on the quantum
efficiency (QE), the probability of an incoming photon to create an electron at the photocathode
via the photoelectric effect has been increased, which enhances the overall performance. While
the PMTs, available for building the FD cameras with about 12.000 units in 2002, had a QE of
about 26 — 28%, refined materials and manufacturing processes have led to an increase in this
value up to 43% QE in peak. How this translates to an increased field of view is shown in the
next paragraph.

'Depending on the energy.
21f the telescope design stays the same.

19


https://pos.sissa.it/236/677/pdf

Chapter 4 Fluorescence Detector Upgrade

Following [55], the signal of an air shower observed by an ideal FD telescope depends on the
shower size and the distance to the telescope, R. At a given stage of the shower development,
the number of emitted fluorescence photons is given by N3hower(p) = Ej?gw”(h) Y(\p,T),
where Eflspower(h) is the energy deposited by the charged particles in the air volume, air pressure
p, temperature T at the altitude h and the fluorescence yield in air Y (with Y337 = 5.61 +
0.214ys photons per MeV deposited energy [56])[57]. With the fluorescence light being emitted
isotropically, the light observed by a telescope with aperture A is the fraction of ﬁ. Losses
due to Rayleigh and Mie scattering are accounted for by a combined attenuation length £&. With
the PMT’s quantum efficiency QF and gain G, the measured signal, S, in number of electrons
is:

A —R
R

An improved QE would not only result in higher signals, but also make the system more
sensitive to the night sky background. The background light observed by a pixel with solid
angle © due to the night sky photon flux ¢pg (about 40 photons per us per m? per deg?
passing a UV filter) in a time interval ¢ is given by ¢pgtQ A. This results in a PMT signal
spread of

__ rshower
S = Ejiovery .

.QE - G. (4.1)

N =+/¢patQA -QF -G, (4.2)

and a signal-to-noise ratio of

Eihovery [A.QE-G -=  [A-QE-G
— . £ - <
S/N 1R P et , . (4.3)

Thus, the signal-to-noise ratio for an ideal fluorescence telescope can be increased by either
enlarging the aperture (here the mirror size) or changing the PMT properties. While a change
in aperture of the current setup is not feasible, tweaking the PMT properties is possible. The
currently used PMTs have a QE of about 28%. Manufacturers have been able to increase the
QE, e.g., by adjusting the photocathode thickness. Hamamatsu introduced two new categories:
super-bialkali photocathodes with a QE of 35% (SBA) and ultra-bialkali cathodes with a QE
of 43% (UBA). The influence on the detection capabilities was investigated in dedicated detec-
tor simulations using the Offline framework [58]. The detector performance was evaluated for
CORSIKA [59] showers with an energy between 10'7% eV and 10?° eV and mixed composition.
Reconstructions considering the increase in quantum efficiency of the FD camera show an in-
creased trigger efficiency for particle showers further away (Fig. 4.1, left). While the relative
gain in detection efficiency of already bright high energy showers is only moderate, the main
improvement is seen for low energy events. Figure 4.1 (right) shows the effective area compared
to the current standard, which increases more than 25% for SBA photocathodes at the lowest
energy bin. Although the increase is reduced to less than 10% for both enhancements at the
highest energies. With more showers being detected and the improved S/N ratio, the resolution
for quantities derived by the Gaisser-Hillas fit to the shower profile increases as well. Figure 4.2
shows the energy (left) and Xy, resolution (right) for different QE settings. Again, the biggest
impact is seen for the low energy particles.

Ultra-bialkali PMTs with the highest QE are only available as metal packaged PMTs. With
dimensions and read-out pinning different than the head-on glass bulb PMTs, modifications to
enable implementation into the current FD system are not feasible. A super-bialkali PMT to
replace the existing XP3062 1.5inch PMT was found instead. Keeping impact on the running
system low, in a first step® only one FD telescope would be equipped with the new detectors.
To determine where the impact would be the highest, simulations considering different stages

Safter a prototype test
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Figure 4.2: Energy resolution (left) and Xy, resolution (right) for different quantum efficiencies.
From [58].

of interchanging PMTs were performed [60]. As reconstructions of low energy shower profit
the most, FD telescopes close to the low energy SD extensions (Infill and AERALet), namely
Coihueco and HEAT, seem most promising. Different setups were investigated, with changing
PMTs only in one HEAT telescope compared to changing all three cameras in HEAT or all six
cameras in the Coihueco telescopes. In Fig. 4.3 (left), the effective area for the three setups using
SBA PMTs is shown for proton and iron showers with energies between 10'6-° ¢V and 109 eV.
The standard telescopes in Coihueco are only fully efficient above 10175 eV, with low energy
showers not reaching as deep into the atmosphere. On the other hand, the HEAT telescopes
benefit at these energy ranges, with a single telescope already gaining significantly towards the
AERALet energy range. For showers resampled according to the Auger spectrum, the increase
in reconstructable showers versus the shower core distance to the telescope is shown in Fig. 4.3
(right). Due to the steep spectrum, the gain for the new PMTs in Coihueco is quite steady for
distances above 10 km. HEAT profits from the upgrade for distances up to 15km, with the SD
low energy extensions being at around 5 — 10 km distance from the building.
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Figure 4.3: Increase in effective area for different camera setups in Coihueco and HEAT by en-
ergy (left). Relative increase of reconstructable showers for core-telescope distances
(right). From [60].

4.2 PMT Candidates

To test more efficient PMT's in one of the FD cameras, several candidate PMTs were evaluated for
their usability in the Auger framework. The main requirement for the new devices is a matching
response to the light of the fluorescence spectrum of air. In Fig. 4.4, the fluorescence emission
from dry air, measured by the AIRFLY collaboration, is depicted. Ranging from about 290 nm
to 430 nm, the most prominent emission lines are at 337.1 nm and 357.7nm [57]. Matching this
spectrum and protecting the FD building from unwanted background light as well as dust, a
MUG-6 filter glass [38] covers the aperture. It reduces the spectrum to about 300 nm to 400 nm,
while becoming translucent again for wavelengths higher than 700 nm (see Fig. 4.5). Besides the
higher efficiency, a form factor and operational conditions, like supply voltage and gain, that
are similar to the existing PMTs would ease the integration into the read-out electronics. As
mentioned in Section 4.1, UBA PMTs were only available as metal-packaged PMTs, with their
form factor not fitting to the existing camera body. Thus, the selected candidate PMTs are
head-on glass tubes with SBA photocathodes.

In order to verify the higher QE and to test other properties of the PMTs, extensive test were
performed on two new candidate PMTs, matching the stated requirements.
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Figure 4.4: Fluorescence spectrum of dry air at 800 hPa and 293 K measured by AIRFLY [57].
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Figure 4.5: Filter transmission of the M-UG6 glass covering the FD entrance window [61].

Hamamatsu R9420-100

As a replacement for the Photonis XP3062 PMT in the standard telescopes, the Hamamatsu
R9420-100 was chosen [62]. It is a 1.5 inch tube PMT with 8 dynode stages and similar spec-
ifications like the Photonis PMT (see Table 4.1). The key factor is the benefit of the higher
quantum efficiency, which is 35% at peak wavelength. A drawback is the slightly higher dark
current, which might effect the ageing of the PMT. Instead of the hexagonal head of the XP3062,
the Hamamatsu PMT has a circular sensitive area. To verify the usability of this new PMT,
extensive tests were performed, considering the higher QE and problems like afterpulse and
dark current [62]. For implementation into the existing FD camera, only the voltage divider
PCB needed adjustment to offer high linearity. Since the operating supply voltage is similar,
the hybrid board of the head electronics could be attached to the active voltage divider and
connected to the DAQ.

Hamamatsu R11920-100

PMTs are used in a variety of experiments, with the

standard version being an evacuated glass bulb with

a photosensitive area at the head. They provide a Incident photon
cost-efficient way to equip a large photosensitive area. Photocathode ’,4 P Scaitm‘ngLayer
Since ultra-bialkali photocathodes are not available for  Glass =
these glass tubes, presumably due to the manufactur-
ing process and the way of applying the photocathode
into the glass tube, research is going on as how to in-
crease the efficiency even more. In a joint collabora-
tion between the Cherenkov Telescope Array [64] and s J \
manufacturers Hamamatsu and Electron Tubes, a novel
super-bialkali PMT with improved properties was devel-
oped, the R11920-100 [65]. Here, a 1.5inch R9420-100
PMT with super-bialkali photocathode was combined
with the electron multiplier system of a 1inch R8619,
to increase the collection efficiency. The glass bulb of Figure 4.6: Working principle of a

the R9420-100, which already featured a spherical pho- frosted layer applied to a
tocathode on the inside, was modified and matches the PMT surface, taken from
cathode shape on the outer part as well (see Fig. 4.7). [63].

In addition, a frosted layer was added to the PMT glass.

The idea is, to increase the net QE by introducing a scattering layer (see Fig. 4.6). While the
rough surface will enhance the reflectivity of the PMT’s front, and therefore a loss of QE, it also
enables photons to be trapped between the coating and the photocathode as well as backscatter-
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Figure 4.7: The Hamamatsu R11920-100 PMT (bottom, left) is an upgrade from the R9420-100
PMT (top, left) with a frosted, spherical entrance window and an optimised dynode
system. It is available with (black cover, left side) and without (right side) a p-metal
sheathing for magnetic field shielding.

| Phot. XP3062 | Ham. R9420 | Ham. R11920-100

Tube size 1.5 inch

Photocathode bialkali super-bialkali

Shape hexagonal round

Peak wavelength [nm]| 420 420 400

Radiant sensitivity [mA/ W] 90 110 110

Dynode stages 8/linear focussing

Gain 1 x10° 5 x 10° 4 x 10*
typ. 1000 1300 1000

Supply voltage [V] max. 1300 1500 1500
typ. 1 10 5

Dark current [nA] p— 50 100 50

Table 4.1: Datasheet comparison of the currently used Photonis XP3062 [39], the Hamamatsu
R9420-100 [66], and the R11920-100 [67].

ing of photons reflected by the cathode. In combination with the hemispherical shape, it is also
possible for scattered photons to hit the cathode twice, increasing the conversion probability
and resulting in a net plus in QE. As this PMT was still under development, individual devices
were tested for their compatibility with the FD.

4.2.1 Quantum Efficiency Measurement

The QE was measured in a dedicated test setup [62, 68]. Here, a set of deuterium and tungsten
lamps are combined to provide a spectrum ranging from 200 nm up to more than 800 nm. Con-
nected to a monochromator and a filter wheel, the PMT’s response to different wavelengths was
scanned. To get the efficiency of the PMT’s photocathode, the dynodes are short-circuited to-
gether with the anode. The PMTSs response is measured in reference to a calibrated photodiode,
taking into account the respective dark currents.

Figure 4.8 shows a QE measurement of a Hamamatsu R9420-100 and R11920-100 in com-
parison to the current Photonis XP3062. The super-bialkali photocathode of the R9420-100
already shows a large improvement versus the standard PMT. Between 300 — 400 nm, the region
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Figure 4.8: Measured quantum efficiency of the currently used FD PMT Photonis XP3062 (blue)
and the two candidate PMTs R9420-100 (red) and R11920-100 (black) by Hama-

matsu.

of interest for fluorescence light detection, it gains up to 24% in detection efficiency versus the
XP3062 (36% QE versus 29% QE at peak wavelength of about 360 nm).

The R11920-100 PMT with its frosted entrance window gains additional ~ 3% in absolute
terms at the peak wavelength. The overall response is shifted about 20 nm towards lower wave-
length, improving the overlap of high QE region with the fluorescence spectrum of dry air. The
efficiency of both new PMTs drops towards higher wavelengths, reaching a similar level as the
XP3062 just above 600 nm. With the filter glass becoming translucent just before 700 nm (see
Fig. 4.5), there is no additional noise from longer wavelengths to be expected for the more
efficient PMTs in comparison to the XP3062.

4.2.2 Uniformity Measurement

While the QE measurement gives the mean QE of the whole illuminated photocathode, local
hot spots or deficits in sensitivity can appear due to a limited collection efficiency of the specific
dynode construction or the manufacturing process of applying the photocathode material inside
the glass tube. To measure how uniform the PMT’s photocathode response is, the surface was
scanned with a small light spot. A 405 nm laser diode was attached to a fibre with a collimator,
reducing the light spot size to about 1mm in diameter. The collimator was attached to a
XY-scanner, moving perpendicular to the PMT’s axis, scanning the photosensitive area.
Figure 4.9 shows the uniformity scans of the currently used XP3062 and the R9420-100. Nor-
malised to the centre of the PMT, the scans show structural features, caused by the collection
efficiency of the first dynode or the focusing grid of the XP3062 respectively. With the pho-
tosensitive area being smaller than the glass tube, there is still some efficiency outside of the
photocathode. On the outer rim of the PMT, there is even an increase in efficiency due to a
lens effect of the glass body with its plane outer and spherical inner surface. In the full camera
this effect will be suppressed by the light guides covering this area. In comparison, the scan of
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the R11920-100 in Fig. 4.10 shows a more homogeneous output. Featuring a dip in the centre
due to the higher reflectivity of the milky surface and the asymmetrical response due to the
collection is less prominent. The hemispherical outer window and the taped glass body outside
of the photocathode results in a sharper cutoff at the edge.

50
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Figure 4.9: Space-resolved QE measurement of the Photonis XP3062 (left) and the Hamamatsu
R9420-100 (right) [62], normalised to the PMT’s centre. XY-scan performed at
405 nm with a fibre spot size of about 1 mm.
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Figure 4.10: Space-resolved QE measurement of the Hamamatsu R11920-100, normalised to the
PMT’s centre. XY-scan performed at 405 nm with a fibre spot size of about 1 mm.

4.2.3 Linearity

While the fluorescence light of air showers far from the telescope is quite faint, the light for more
energetic particles and showers closer to the telescope can be bright. Thus, the sensors need to
cover a high dynamic range to measure the variety of showers. To determine the capability of
the new PMTs to measure several orders of magnitude difference in signal heights, the setup
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from the mass production test of the FD camera was used [69]. Here, a set of calibrated neutral
density filters is used to attenuate the light of a blue LED (470nm). The mean charge of 1000
pulses of 1 us width is measured. A linear fit is applied and a deviation for large signals would
indicate an insufficient linear response. The neutral density filters used have a transmission of
30%, 10% and 1% and are combined to cover a range of three orders of magnitude, matching
the dynamic range of the 12 bit FADC used in the read-out electronics. Figure 4.11 shows
the linearity measurement of the XP3062 (left) and the R9420-100 (right). The upper plots
show the measured charge versus the light transmission and a power law fit (< Q >= po-T?') is
applied, to check whether p; is consistent with unity. The lower plots show the relative deviation
from the expected linear behaviour?. As for both PMTs the voltage divider was optimised for a
high linear output (for the Hamamatsu R9420-100 see [62]), the new Hamamatsu PMT shows
the same response as the Photonis PMT. Being capable of measuring at least three orders of
magnitude in signal difference.
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Figure 4.11: Linearity measurement of the Photonis XP3062 (left, from [70]) and the Hamamatsu
R9420-100 (right). Upper plots show measured charge versus the light transmission
and an applied power law fit. Lower plot shows the relative deviation from the
expected signal.

4Normalised to the measured charge at 30% transmission.
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The measurement was done for the R11920-100 as well. In Fig. 4.12 two measurements of
the same R11920-100 PMT are shown. On the left side the linearity measurement is shown
using the voltage divider for standard operation recommended by Hamamatsu. A clear drop in
measured versus expected charge can be seen for high light intensity. The plot on the right side
shows the voltage divider ratio optimised for high linearity output, keeping the deviation at the
percentage level.
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Figure 4.12: Linearity measurement of the R11920-100 for two different voltage dividers. Left
side shows the standard voltage divider recommended by Hamamatsu and right
side shows the linearity optimised divider ratio.

4.2.4 Afterpulsing

A drawback of using PMTs is the appearance of afterpulses. These are pulses arriving later than
the initial pulse. The main cause of these kind of pulses, especially in PMTs with a glass tube,
are residual gases in the vacuum tube. Hit by an accelerated electron, the gas atom is ionised and
accelerated towards the photocathode. Here it can release electrons, thus inducing a late pulse,
arriving up to several microseconds after the initial pulse®. Afterpulsing was investigated during
the mass production testing. While the XP3062 had a afterpulsing ratio of 0.5 —4% of the initial
pulse [70], the ratio was considerably higher for the R9420-100, with almost up to 5.5% for typical
test pulses of 1 us length [62]. For the R11920-100 besides the enhanced QE, improvements have
also been made in the afterpulse behaviour. In Fig. 4.13 an afterpulse comparison between the
Hamamatsu R9420-100 and the R11920-100 can be seen. It shows the PMT response to a LED
pulse with a width of 100 ns, averaged over 1000 individual pulses. The disappearance of the
signal after the initial LED pulse can be seen for the R11920-100 (black). This was achieved
by usage of the smaller dynode structure of the R8619 and a stronger evacuation during the
manufacturing process, leaving less residual gasses inside the glass tube.

Not important for the usage in a fluorescence telescope, but rather for the fast timing signals
in imaging Cherenkov telescopes, is the possibility of dynode glow. Here, electrons accelerated
in the dynode system can produce light while hitting the next focusing dynode. These photons
can emerge from the dynode structure with the speed of light, hit the photosensitive cathode,
and start a new cascade resulting in an afterpulse very close to the initial signal. Analogue to
[65, 71], this was investigated for the R9420-100. A DSLR camera with long exposure was used,
looking at the side of a R9420-100 in operation at a supply voltage of 1500 V. As the right

5Depending on the mass of the atom and the voltage difference between the dynode and cathode.
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Figure 4.13: Afterpulse comparison of the Hamamatsu R9420-100 (red) and the newer R11920-
100 (black). Shown is the average recorded PMT signal of 1000 LED pulses with a
width of 100 ns.

Figure 4.14: Luminous afterpulses of a R9420-100 PMT. The left side shows the glowing dynodes
(dim blue line) of a PMT in operation observed from the side. The right image
shows a superposition of the left image with a picture of the test setup, locating
the glow to the last dynode stage.

picture in Fig. 4.14 shows, a dim line of blue light was recorded, emerging from the side of the
PMT. Superimposing the image with the test setup, the origin of this light can be located to
the last dynode stages. The timing of these kind of afterpulses is determined by the electron
transit time of the PMT. For the R9420-100, the typical electron transit time is given with
17ns and a transit time spread (FWHM) of 0.55ns (see Section A.1.2) for the standard voltage
divider. For the voltage divider optimised for high linearity, this time might differ slightly but
will be in the same order®. Thus, it will be indistinguishable from the signal, digitised by the
10 MHz FADC. As will be seen in Section 4.3, in contrast to the currently used Photonis PMT,
the new PMTs will sink into the aluminium camera body. This shields each PMT from its
surrounding neighbours, preventing cross-talk by glowing dynodes. In addition, the R11920-100
can be purchased with a Mu-metal shielding to reduce the effect of external magnetic fields and
further covering the glass tube of the PMT to prevent cross-talk.

5As for the XP3062 the signal transit time for the standard divider is given with 30ns and for the linearity
optimised divider with 31 ns, see Section A.1.1.
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4.2.5 Modifications for FD Implementation

Implementing the new sensors into the existing FD setup requires only small modifications. Due
to the same tube size, the new PMTs fit into the existing aluminium frame of the camera body.
HV supply and signal read-out is provided through the head electronics [24, 40]. It consists of
three PCBs, with one hosting the voltage divider. For the new PMTs, the voltage divider ratio
was ascertained to provide high linearity (see Section 4.2.3) and a new voltage divider PCB
produced. The adjusted head electronics can be seen in Fig. 4.7, attached to the R9420-100.
Using the gain-vs-HV measurement of the FD calibration test bench [69], the new PMTs were
classified into different gain classes. PMTs with similar gain are operated at the same HV supply
to keep the camera response uniform. The main difference in using the new PMTs is the shape
of the sensitive area. With the round faceplate of the new PMTs instead of the hexagonal shape
of the XP3062, the dead space between each sensor is increased and a new type of light guide
needs to be used.

4.3 Winston Cone

The higher quantum efficiency would enlarge the field of view of the fluorescence telescopes. But
with the changed (and smaller) face plate of the new PMTs, the package density of the circular
PMTs compared to the hexagonal ones decreases. To close the gaps between the single pixels,
light guides are used to reflect the light onto the photosensitive area. The current setup with
the hexagonal PMTs uses simple prism-shaped reflectors to cover the gaps between the PMTs
(due to its shape they are called "Mercedes stars’, see Fig. 4.15). They are coated with Mylar
foil, reflecting the light onto the photocathode.

The positioning of the pixels centres is illustrated in Fig. 4.16 (left, middle). Starting with
a regular hexagon in the centre of the camera with a side length a = 26.35 mm and an area of
about 1804mm?. The pixels centres are placed with a side to side angle of AY = 1.5° which
corresponds to 45.6mm at the focal distance of 1743 mm [72]. The upper and lower rows are
displaced by Agp = 1.3° and Ad/2. In total the 440 pixels are arranged in a 20 x 22 matrix with
a coverage of 30° in azimuth and 28.6° in elevation. Towards the outer edge of the pixel grid,
the hexagons become increasingly irregular. The smallest side length is 25.45 mm and the area
of about 1693 mm?. However, the segmentation of the Mercedes stars construct offers a certain
flexibility in the hexagons sizing. With the right fit for the smallest hexagon, protruding Mylar
foil at the stars edges covers the gap of almost 1 mm. The placement of the Mercedes’ vertices
with respect to the pixels centre is obtained by moving in steps of AY/2 and Ag/3 (Fig. 4.16,
right).

Figure 4.15: Schematics of six individual light guides covering one pixel of the current FD tele-
scope (left) and photo of a single "Mercedes star’ installed (right) [24].
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Figure 4.16: Positioning of the pixel centres on the spherical focal surface with A9 = 1.5° and
Agp = 0.866° (left, middle). Vertex positioning of the Mercedes stars surrounding
a pixel centre (right).

This structure is not ideal for the circular shaped PMTs, as the current Mercedes stars would
still leave blind spots in the camera surface and an enlarged version would cover some of the
PMT’s sensitive area, unnecessarily reducing the actual pixel size. To adapt to the new circular
shape of the photocathode, a new light guide needs to be introduced. The shape facing the
mirror side is still hexagonal to ensure a high package density, but the new light guide must
provide a transition between the hexagonal entrance aperture and a round exit aperture. While
one could consider a simple cone with a straight slant, Winston cones might be a more efficient
solution. The design and production of a Winston cone will be discussed in this section.

4.3.1 Design

Starting in the mid-1960s, the field of non-imaging optics became more prominent, with appli-
cation in solar energy collectors to increase their efficiency. The main goal is to maximise the
concentration of incoming light to a smaller output area. The concentration ratio C' is defined
as

C=A/A, (4.4)

where A is the entrance aperture and A’ the exit aperture. The theoretical maximum concen-
tration ratio for 3D axisymmetric concentrators with incoming rays to a maximum angle up to
f; in a medium having a refractive index of unity is

Crnax = 1/ sin’(6;), (4.5)

with rays exiting from A’ in angles up to 7/2 [73]. Despite ideal assumptions of perfect re-
flective materials etc., there is no cylindrical symmetric 3D concentrator achieving the ideal
concentration ratio. Coming close to the ideal concentrator in terms of efficiency is the com-
pound parabolic concentrator (CPC). It was first described by Baranov [74] and for application
in Cherenkov counters in combination with a PMT by Hinterberger/Winston [75]. In this design,
the edge ray principle is applied to the cone, which has all rays from the maximum accepted
incident angle, 6,,«, forming a sharp image on the outer rim of the exit aperture with the radius
a’ (see Fig. 4.17). The focal length of the parabola is given by

f=d(1—sin(Onax))- (4.6)
This gives a total length of the concentrator of
L = d/(1 4 sin(fmax) ) €08 (Omax )/ $In? (Omax) (4.7)
and an entry aperture radius with
a=a'/sin(Omax)- (4.8)
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Figure 4.17: Construction principle of the Winston cone via the edge ray principle [76].

By rotating the parabola around the concentrator axis (see Fig. 4.18), the CPC (often called
Winston cone) can be described in polar coordinates by

. 2a’(1 + sin(fmax)) sin(¢@ — Omax) , 2a’ (1 + sin(fmax)) cos(d — Omax)

1 — cos(¢) T 27 1 — cos(¢) - (@49

Thus, the design is determined by only fixing two of the four parameters, length, radius of exit
and entrance aperture, and maximum acceptance angle.
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Figure 4.18: Coordinate system and design properties of the Winston cone [76].

The advantage of a Winston cone compared to a straight cone is illustrated in Fig. 4.19. The
transmission curves for the straight cone show the losses in efficiency especially for the larger
incident angles and its total transmission is in the order of 80%, whereas the Winston cone for
the same Oy« is at about 97% [76]. Also rays with larger incident angles are suppressed more
efficiently.

For the usage in the fluorescence telescopes the dimensions of the Winston cone are given by
the active area of the new PMT (radius of 17mm) and the area per pixel at the focusing area.
Here, the outer radius of the hexagonal space on the side of the camera is taken with a radius
of 25.6 mm. These two parameters fix the Winston cone design with a length of 48 mm. Since
by design the Winston cone is rejecting incoming light with an angle larger than Opax. The
maximum acceptance angle for this design is 41.6°. This fits well to the telescope design with
its maximum occurring angle of 40° for pixels on the outer rim of the camera (see Fig. 3.5).
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Figure 4.19: Transmission angle curves for a straight cone with € = 10° (left) and Winston
cones for multiple Opax (right) [76].

4.3.2 Simulations

The CPC seems to be an efficient choice to enlarge a single PMTs aperture. But the ideal CPC
features the same circular entrance and exit-aperture geometry. To maintain the dense packing
of the FD camera and keep dead space between the pixels to a minimum, a hexagonal structure
at the entrance aperture of the cone is required. While maximising the use of the PMTs circular
sensitive area, a transition between these two geometries is needed. There is no obvious solution
for an ideal Winston cone with a transition between different types of aperture. Therefore,
ray tracing simulations were done to investigate the influence on the performance for different
designs.

To study the concentration efficiency of different light cones, simulations were performed
using the ROBAST library” [77]. ROBAST, the ROOT-based simulator for ray tracing, is
written in C++ and uses the geometry library of the ROOT framework [78]. It was developed
to perform optical simulations for the Cherenkov Telescope Array (CTA) [64], especially to
simulate hexagonal light concentrators, and to offer an open-source solution for ray tracing in
the cosmic ray community.

For the simulations, a single cone was modelled and scanned with one ray per 100 ym? for
incident angles up to 60°. A sample distribution of the rays at the exit aperture is displayed in
Fig. 4.20. The collection efficiency is calculated as ratio of number of rays passing through the
entrance and exit aperture.

The Winston cone form as a tilted parabola has the edges of its entrance aperture in parallel
to the cones orientation. This leads to a conflict when arranging the concentrators side by side
on a spherical plane as done in the FD telescopes. Thus, a conical inclined cut, as indicated in
Fig. 4.23, is used. Figure 4.21 shows the influence of this cut on the collection efficiency for a
simulated Winston cone with a reflectivity of 85%. The overall collection efficiency decreases
linearly by about 5% in absolute terms per degree of inclination for the cut for the incident angles
of interest. In addition the effect of suppressing higher unwanted incident angles is softened.

In addition to the design, the reflectivity of the concentrator material also has an influence
on the cone’s efficiency. In Fig. 4.22, the collection efficiency of a simulated Winston cone with
an inclined cut of 0.75° is shown with its reflectivity being reduced from 100% to 80% in steps
of 5%. This effects the overall efficiency, reducing the number of incoming photons up to the
maximum acceptance angle. For higher incident angles the efficiency converges for the different
reflectivities, with the rejection power of the cone being mainly originating from the cones design.

With the given PMT parameters, the given geometry by fitting into the existing camera optics,
and the manufacturer’s constrains, there is not much room for flexibility on the cone’s design.
In order to retain the circular Winston cone shape as much as possible, a composite of a circular
Winston cone and a tilted hexagonal cone is used for the final design (see Fig. 4.23).

"This study used version 1.5.0 beta.
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Figure 4.20: Photon distribution of a hexagonal Winston cone at the detector plane for an
incident angle of 0° (left) and 10° from the left (right).
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Figure 4.21: Collection efficiency versus incident angle for simulated Winston cones with a re-

duced material reflectivity of 85% and different inclined cuts into the Winston cone
shape.
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Figure 4.22: Collection efficiency versus incident angle for simulated Winston cones with an
inclined cut of 0.75° and different reflectivities.

1°

Figure 4.23: Schematics and CAD design of the Winston cone. For a densely packed pixel
arrangement, a hexagonal structure is cut into the ideal Winston cone shape. To
account for the spherical mounting frame, the cut has an inclination of 1°.

4.3.3 Manufacturing

As shown in the simulations, the reflectivity of the cone material directly influences the overall
performance of the concentrator and also that a highly reflective material for the fluorescence
light is needed. A suitable material was found in the anodised aluminium 4300UP by Alanod
[79]. It has a high reflectivity in the UV range and can be machined to the Winston cone
shape. A measurement of the specular reflection with a commercially available spectrometer
(CM-2500 by Konica Minolta [80]) can be seen in Fig. 4.24. Within the measurement range of
the spectrometer from 360 nm to 740 nm the reflectivity is as high as 90% with an average value
of about 85%. The measurement is in agreement with the manufacturer’s specifications. The
reflectivity towards deeper UV wavelengths stays at slightly above 90%, as the mean reflectivity
between 280 nm and 380 nm is given with 90%, and drops again for the UV-C range [81].

The final cones were produced by Alux Luxar [82] in Langenfeld, Germany. The form was
cut via laser from a sheet of 4300UP with a thickness of 0.5 mm and the lower part moulded
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Figure 4.24: Reflectivity measurement of the anodised aluminium 4300UP [79] with the spec-
trometer CM-2500 by Konica Minolta [80] for the spectrometer range of 360 nm —
740 nm.

Figure 4.25: Fabricated Winston cones.

to the Winston cone shape. The upper part was bent to the hexagonal shape accordingly and
welded at the top. A slope of 1° was implemented to account for the spherical arrangement.
Figure 4.25 displays a set of finalised Winston cones. They are supplied with a protective film on
the mirror surface to prevent dust from accumulating on the surface during further installation
or shipment.

4.3.4 Efficiency Measurements

As an estimate of how well the Winston cones perform with an actual PMT, a uniformity scan
was performed. Using the same setup from Section 4.2.2, with a coarser step size of 1 mm, the
PMT’s response to a 405 nm laser LED was measured. With a point spread of about 1 mm, the
active area of the R9420-100 is scanned at the same distance to the light source without and
with an attached Winston cone. The results are depicted in Fig. 4.26. By a simple comparison
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Figure 4.26: Uniformity scan of a R9420-100 PMT without (left) and with (right) an attached
Winston cone.
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Figure 4.27: Uniformity scan of a XP3062 PMT without (left) and with (right) attached Mer-
cedes stars.

of summing up the efficiencies above a threshold of 10%, the effective area with the Winston
cone is enlarged by more than 30%. In addition, by design, the steep entrance aperture results
in a sharp cut of detection efficiency at the border of the cone.

The same measurement was done for a XP3062, and attaching a Mercedes star setup. The
QE scans are shown in Fig. 4.27. The increase in effective area (again for QE > 10%) is about
19%, in total covering the same area as the Winston cone.

A comparison of the uniformity measurements is done in Fig. 4.28, showing all entries with
a QE =2 10% from Figs. 4.26 and 4.27. With their respective light guide installed, both setups
cover the same area and with a mean QE of 29.4% + 0.14 of the Winston cone compared to the
23.6% =+ 0.08 of the Mercedes stars, the efficiency ratio is 1.245 + 0.11. This reflects nearly the
QE ratio of the PMTs from the QE measurement of the photocathode in Section 4.2.1 (about
1.23+0.06 at 410nm). Given the smaller size of the R9420-100’s photocathode, the combination
with the Winston cone compensates the loss in effective area.
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Figure 4.28: Comparison of the uniformity scans of the XP3062 and R9420-100 without and
with attached light collectors for QE values = 10%.

In order to try to measure the angular response of the Winston cone in the laboratory, unifor-
mity scans were done for different incident angles. The setup was turned from frontal 0° up to
40° to the right side in steps of 10° in one symmetry axis. The results are shown in Fig. 4.29. As
can be seen in the simulations, the highest efficiency is still achieved by hitting the photocath-
ode directly, which moves out of focus as the part of the Winston cone hit first increases with
incident angle. The lower right graph shows the integrated QE per incident angle, «, divided by
the reference QE measurement at 0° and corrected for the reduced surface area with 1/cos? a.
Although it was difficult to maintain the correct distance and the point spread of the scanning
light spot inducing high uncertainties which are not considered here the measurement shows a
qualitatively well working Winston cone with up to 84% efficiency for an incident angle of 30°
followed by a drop towards higher angles.

In a first test, the R11920-100 was measured with an attached Winston cone. Figure 4.30
shows a fine scan of the PMTs response to the 405nm LED. The weakest points in terms
of reflectivity are the corners of the cone, as the welding spots reduce the surface’s specular
reflection. Due to its curved face plate, the PMT reaches a few millimetres into the cone’s
volume. Thus, rays with a large exit angle would hit the photocathode at a shallower angle,
increasing the detection probability. Although, this will reduce the rejection power of incoming
rays with an angle larger than the maximum acceptance angle of the Winston cone.
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Figure 4.29: Measured angular response of R9420-100 with Winston cone at 405 nm. The step
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bottom right [83].
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Figure 4.30: Uniformity scan of a R11920-100 PMT with an attached Winston cone.
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4.4 Telescope Performance

To test the performance of the new setup of PMTs and Winston cones in the fluorescence
detector, a small fraction of the camera from a telescope at the Los Leones (LL) site was
equipped with new PMTs. As can be seen in Fig. 3.1, the FOV of both outermost bays in LL
is not in overlap with the SD array. For this reason, the PMTs of these parts of the cameras
were used to equip the later built three HEAT cameras, which offered the opportunity to test a
subset of the new PMTs plus Winston cones in these empty slots of LL bay 6.

4.4.1 Prototype Installation

After a suitable PMT with a higher efficiency for the FD telescopes was found, a first set of 22
R9420-100 PMTs was installed in March 2012 to test the integration and performance of the
sensors. As described in Section 4.2, the new PMTs have a similar size and fit into the existing
aluminium frame of the camera. However, with a manufacturing error of 41 mm for the slightly
larger new PMTs (tube diameter of 38 mm £ 1 mm versus max.37.3 mm for the Photonis PMT)
the foam rubber keeping the PMTs in place were replaced by thinner ones (see black stripes in
the cavities at the right side of Fig. 4.31).

In a first test to check the compatibility of the new sensors with the read-out chain, a simple
version of a light collecting cone bent from highly reflective aluminium was used. The cones were
glued to an aluminium ring, which fits into the camera body punch hole (see Fig. 4.31, left).
Five PMTs were equipped with these kind of cones. The PMTs were installed in conjunction to
the installed XP3062s. While one of the new PMTs was installed with a 'Mercedes star’ type
reflector, the rest of the PMTs next to the former installation is covered half by these type of
reflectors.

Figure 4.31: Left: Simple cone made from UV-reflective aluminium. Right: A set of five cones
was installed in Los Leones bay 6 in 2012.

With the development of a new light cone for the R9420-100, an additional part of the camera
in bay 6 was equipped with a new set of PMTs in December 2014. The prototype to test
the new system consists of 48 PMTs with attached Winston cones. Due to the limited space
between the cones, the mounting pins of the Mercedes stars could not be used to fix a single
cone. Thus, a second plate similar to the camera body was produced, holding the 48 cones all at
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Figure 4.32: Prototype of 48 Winston cones on a mounting plate (left) in Los Leones, bay 6 [83],
ending at the same focal plane as the Mercedes stars (right).

once. The plate was designed with the dimensions of 294.4 mm x 314.1 mm, a thickness of 5 mm,
and a curvature matching the outer radius of the spherical aluminium frame. The position of
the Winston cones is cut into the plate to fix their orientation. The plate was produced using
a 3D-printer with PLA material and the cones were glued to the plate with a two component
epoxy glue. Figure 4.32 shows the plate with Winston cones, which was fixed to the camera
body with screws on the outer edges.

As mentioned in the beginning of Section 4.3, the hexagons on the camera surface are not
perfectly regular. Due to the design and production of the Winston cones, their size is not as
flexible as for the Mercedes stars. Thus, the system is shifted from maximum coverage to an
evenly distributed field of view for each pixel. The total loss in active area of the detector plane
is about 3%.

Since the whole camera of 440 PMTs is operated with only ten HV power supplies, 44 PMTs
are set on the same HV. Thus, the PMTs had to be classified prior to their use in the telescope
to group PMTs with similar gain characteristics and ensuring a homogeneous response. This
has been done for the Photonis XP3062 PMTs in laboratory tests [69, 70, 84] and was repeated
for the R9420-100 as well. About 500 PMTs were measured in reference to four standard
PMTs of the setup [62] and new gain classes were defined accordingly to fit 22 PMTs each (see
Appendix A.3). The new 48 PMT arrangement is covered by four different HV supplies. The
HV was set to 811V, 816 V, 821V, and 827V (gain classes P,Q,R,S), to match the gain of 5 x 10*
of the preexisting camera.
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4.4.2 Calibration Tests

As a first test on the performance of the new light guides in combination with the more efficient
PMTs, the FD standard calibration measurements were used to compare the update to the
existing setup. As described in Section 3.2.1.2, the relative calibrations A, B, and C were
performed on a regular basis and provide different incident angles onto the camera surface. In
addition, the free-running signal of the night sky background and a pixel scanner measurement
were analysed.

4.4.2.1 Calibration A

To minimise the influence of other optical parts of the FD telescope, calibration A (CalA) was
analysed. Here, a 365nm LED?® in combination with a diffusor is placed at the distance of the
mirror, directly illuminating the camera. The charge of the 57 us square-wave pulses with a rate
of 1/3Hz is measured by a FADC [85]. In Fig. 4.33, a single pulse trace of the CalA is shown in
the event display, with the isolated ’isle’ of new PMTs on the left side of the camera. The mean
charge < QCA > ik of PMT j for the kth CalA measurement of 50 pulses is determined.

NLED=50

< QcalA > k= Z QS;II?/NLED, (4.10)
=1

where Qlcj‘l,? is the sum of FADC counts in 100 ns time bins subtracted by the signals pedestal.

Since the light sources of CalA are not calibrated, the measurement is not an absolute but
only a relative measurement. The reference is a CalA measurement which is done within one
hour after an absolute calibration. This allows a time dependent analysis of the PMTs signal.
The relative calibration constant is defined by

CalA
rel __ < Q >j,k

el _ > XTIk 4.11)
3k CalA — ref (
< Q% >

CalA is performed twice during a FD measurement night, once after a warm-up time with
HYV set for the camera at the start of the night as well as at the end before shutting down the
power supply.

With the reference CalA measurement and the absolute calibration correction C’J‘?‘bs obtained
from the drum calibration, the nightly absolute calibration constant for pixel j and the k'
measurement is

abs CalA ref
Cabs” — O _=e” > . Cabs (4.12)
Js C;e’i < QCalA >j,k J

These constants are stored in the monitoring files for the FD telescopes and used in the Offline
analyses.

Figure 4.34 (left) shows one of the first CalA responses with the installed Winston cones. In
order to compare the different sensors, subgroups are introduced in Fig. 4.34 (right). While the
"XP3062° group contains all XP3062 Photonis PMTs of LL bay 6, the 'reference set’ corresponds
only to a subset of 48 XP3062 PMTs with their positions mirroring the positions of the Winston
cones with regard to the camera symmetry. Thus, only four different gain groups’ each are
taken into account and the sensors have the same elevation with a similar sky coverage'®, which
allows a direct comparison to the "Winston cones’. Denoted as ’simple cones’, this subgroup

81n use since Nov. 2011 to better reflect the actual fluorescence spectrum of nitrogen. Prior a 470 nm LED was
used.

9With their separate HV supply.

ONot important for the calibrations with closed shutters, though.
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Figure 4.33: Event display showing the response to a single calibration A LED pulse of bay 6
in Los Leones. 48 new PMTs are at the left side (camera view) and running at the
same gain as the other PMTs.

includes all R9420-100 PMTs which were installed in 2012. Looking at the single measurement
from 14.01.2015 the Winston cone subgroup has about 22% higher signal with a mean CalA
response of 1.91 4= 0.02 while the 48 PMT's of the reference set have a mean CalA of 1.57 & 0.02
(given errors are just statistical errors). Again, this fits to the expected increase due to the
higher quantum efficiency and reflects the measurement from Section 4.3.4.

The sensors are running in parallel to the regular FD measurements since without any failure
or incidence. After a settling-in phase and looking at the sensors’ response after some time of
operation, the comparison of the daily mean CalA response of both subgroups for a full year
from mid 2018 to mid 2019 is presented in Fig. 4.35 (left) and the daily ratio (right). The mean
signal increase after a settlement phase for continuous operation is still at 19%, with the mean
CalA response of the R9420-100 at 1.91 and the XP3062’s at 1.60. The two sensors have nearly
the same spread for the full year, which means the effect of seasonal modulation is the same for
both.

Systematic uncertainties are e.g. due to the use of different gain classes and the PMTs’ in-
dividual gain within these classes. The spread within a gain class for the XP3062 is estimated
to be 5% [70]. For the Hamamatsu PMTs this spread is even smaller [62], as the classification
was strictly aligned with the new PMTs and the HV values are even closer together (details see
Appendix A.3). Since the camera is illuminated directly, there is no additional optics involved
to contribute to an inhomogeneous response despite the light source orientation itself. To cor-
rect for a bias in the light source orientation, the Winston cone PMTs are compared to the
Photonis PMTs at the same position. There was no absolute calibration of the Los Leones’ bay
6 telescope since the change of PMTs, thus the comparison to the previously installed Photonis
PMTs at the same position from 2009 can only be done via the reference group. To take time
evolution of the CalA into account (which is the original idea of CalA), the reference group was
compared to the Photonis PMTs at the Winston cone position for the last year with PMTs
present. The correction factor obtained for the old CalA measurement is 0.94 (further details
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Figure 4.34: Calibration A from 14.01.2015 at 06:13. Left side shows the camera response in sky
view of Los Leones bay 6 with the new PMTs installed in the right half. Response
of different subgroups on the right, with the new PMTs plus Winston cones in black
and a reference subgroup of the XP3062 in solid blue.
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Figure 4.35: Mean calibration A comparison of the new Winston cone PMTs and the reference
group (left) and the ratio of the CalA response of the Winston cones/reference
group (right) for a year starting from 01.07.2018.

in Appendix A.4). This would reduce the improvement to about 12% for the calibration A. But
it should be noted, that the CalA light source was changed in 2011, which might have affected
its orientation. On the other hand it is reminded that the area of the Winston cones is slightly
smaller than that of the Mercedes stars. With a fixed hexagon size equal for each pixel, the
particular 48 cones cover an area which is in total about 3% smaller. Since CalA is illuminating
the whole camera, this reduces the measured signal for the new PMTs. However, the light track
of a measured particle shower is smaller than the pixel size, and therefore this effect will be not
as prominent in the observation.

In addition, the noise level of the CalA is stored as well. Again, Fig. 4.36 shows the single
measurement from 14.01.2015. The difference between both PMTs is basically at the level of
signal increase with about 21% higher noise for the R9420-100. After a period of constant
operation, comparing the noise for a full year, the noise settles to a value of 3.06 £ 0.01 (see
Fig. 4.37). For the 48 Photonis PMTs the mean noise is at 2.94 4 0.01 and the increase of the
new system shrinks to about 5%.

Calibration B & C were only performed up until 2018, with details found in Appendix A.5.
The new PMTs showed no differences in terms of linearity or spectral response compared to the
XP3062. A more accurate comparison can be achieved by a new absolute calibration.
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Figure 4.36: Noise level of calibration A from 14.01.2015 at 06:13. Left side shows the camera
response in sky view of Los Leones bay 6 with the new PMTs installed in the
right half. Response of different subgroups on the right, with the new PMTs plus
Winston cones in black and a reference subgroup of the XP3062 in solid blue.
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Figure 4.37: Mean calibration A noise comparison of the new Winston cone PMTs and the
reference group (left) and the ratio of the CalA noise of the Winston cones/reference
group (right) for a year starting from 01.07.2018.

4.4.2.2 Night Sky Background

During observation runs, the FD camera is constantly exposed to the night sky background
light which is not blocked by the filter glass. Due to the AC coupling of the PMT signals to
the analogue read-out electronics, the shifting DC component of an increased light level can not
be observed directly. However, originating mostly from airglow and zodiacal light [86], there is
a random nature to the arrival of incoming background photons. With these photons obeying
Poisson statistics, the variance is proportional to the mean signal. For calculating the mean
and variance of the signal, a hardware integrated algorithm takes a sample size of (2!6 — 1) for
each channel. With the integration time per sample of 100ns, a total time of 6.5 ms per pixel
is analysed, with an accuracy of 0.5% [87]. To limit the disruption of the actual measurement,
the night sky background (NSB) is measured every 30s during normal operation. A sample
measurement of the NSB at a random time in the night is shown in Fig. 4.38 with the same
subgroups from Section 4.4.2.1, comparing the Winston cone group with a subgroup of old PMTs.
The NSB variance of the new PMTs is at 32.38 4 0.37 ADC counts? and for the reference set
is at 21.85 + 0.30 ADC counts®. However, individual measurements are very sensitive to the
numerous light sources passing over the night sky.
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Figure 4.38: Night sky background measurement of the 14.01.2015 at 02:11. Camera response
in sky view on the left side and different subgroups on the right side.

The measured variance is a combination of the NSB and the noise variance combining the
electronic noise and the PMT noise,

[oRpc] ™ = [oXpe] P + [oApc]"™ (4.13)

Since the NSB measurement is started during the calibration procedure before and after each
measurement night, the variance is also recorded with closed shutters'!. Analogue to [88], the
variance of these periods is considered to contain only the noise contributions and is subtracted
to retain the corresponding NSB. In Fig. 4.39 the NSB measurement from mid 2018 to mid
2019 is displayed. The noise level for the new set with 3.49 4 0.005 ADC counts? is about 6%
larger compared to the reference group with 3.28 +0.005 ADC counts?, and fits well to the noise
measurement of the previous section. With the considered noise, the increased NSB signal for
the new PMTs is at 17.57% £ 0.002. While both set cover the same elevation, the orientation of
the new PMTs is more directed towards the city of Malargiie (see map in Fig. 3.1). However, not
directly oriented at the city and at an elevation coverage from about 12° to 21°, an additional
constant contribution to the measured NSB is expected to be rather small but might be of
interest for more in-depth studies.

4.4.2.3 Pixel-by-Pixel Calibration

To identify miscabling of single pixels in the FD telescopes, the so called Pixel-by-Pixel’ calibra-
tion was introduced in 2010 [89]. While the standard calibration procedures (A, B, C) illuminate
the entire camera, here the light of an UV-light LED with a wavelength of 375 nm and a pulse
duration of 20 us is collimated to a single spot smaller than the camera pixel size. Via two
steerable mirrors the light spot can be navigated across the camera and scan the entire PMT
matrix. The system is attached to the camera frame and two arms holding the scanner in front
of the centre of the spherical segmented mirror, close to the light source of CalA. With the fixed
position of the scanner of about 1.6 m in front of the curved camera surface, the light spot size
and incident angle are not uniform across the camera. Even though no miscabling was found
after installing the prototype of the Winston cones, one can also use these measurements to
identify how well the new cones cover the dead space between the PMTs. In Fig. 4.40 a scan of
the 48 new PMTs is shown for the prototype without (left) and with (right) attached Winston
cones. The focal plane is changed for the installed light guides, and thus some of the PMTs

H1dentified by a higher repetition rate of 5s instead of the 30s.
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Figure 4.39: Night sky background measurement for the Winston cone and reference group from
mid 2018 to mid 2019. In dashed lines the measurement with closed shutters is
shown.
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Figure 4.40: Pixel scan of the new PMTs without (left) and with (right) installed Winston cones.

sensitive area is shadowed by a cone, causing less high charge measurements. However, the gaps
between the single pixels vanish almost completely and the response is more uniform.

A fine scan of a single pixel was performed. With an even finer resolution and step size
compared to the laboratory measurement in Section 4.3.4, more detailed structures of the reflec-
tivity can be seen. In Fig. 4.41 the scan of a R9420-100 with attached Winston cone at column
6 row 12 is shown. The pixel centre corresponds to an incident angle of almost 13°. Here, the
measured charge on the Winston cone decreases by less than 25% compared to the direct light
onto the PMT, whereas the charge for the Mercedes stars decreases by 1/3 [89]. However, with
its narrow incident angle, this measurement does not reflect the optics of the telescope well.
This measurement also illustrates the problem caused by the plane glass front with a curved
photocathode. The light can emerge at the edge of the PMT where the photocathode bends
away from the glass front. This is especially crucial for the Winston cone, where the focus for
the largest acceptance angles is on the outer rim of the exit aperture. The total efficiency is still
better with the Winston cone and the new PMTs compared to the XP3062 and the Mercedes
stars, despite its smaller effective area. The R11920-100 with its curved photocathode would
even benefit from the large angles. Reaching about a centimetre into the cone, the photons
could hit the cathode a second time, if not converted or scattered in the first place.
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Figure 4.41: Fine pixel scan of a new R9420-100 PMT with Winston cone at column 6 row 12
in Los Leones bay 6.

4.4.3 Long-term Performance

The system of 48 new PMTs plus Winston cones was installed in 2015. Running continuously
since, the PMTs were used along the normal detector operation. With no major incident or
failure happening, the long-term performance can be derived from the frequently executed cali-
brations and the measurement of the night sky background. Calibrations are executed regularly
before and after each measuring night.

The daily mean CalA responses of the PMTs with Winston cones and the reference set are
shown in the top of Figs. 4.42 and 4.43 from 2015 to the end of 2022. In order to look for a
trend in the long term behaviour of the CalA data, a time series analysis was done using the
Seasonal Trend decomposition using Loess (STL) procedure [90]. With a period of 365 days,
the decomposition into a trend, a seasonal, and a residual part is shown. In both cases the
fluctuations are around +5%, with the seasonal contribution accounting for about half of the
effect and the residuals. From the fit, there is no obvious connection between the two trends,
but also no hint of permanent performance loss over time.

In contrast to the calibrations, the night sky background is measured during data taking. Since
the schedule for FD measurements is based on the lunar cycle, the contribution of moonlight
may vary. Thus, a second seasonal component is introduced and the time series analysis is
extended using the Multiple-Seasonal Trend decomposition using Loess (MSTL) procedure [91]
with a period of 29 days for the lunar cycle and 365 days for a year. Figures 4.44 and 4.45
show the recorded background light data for the Winston cones and the reference group. The
daily mean value is calculated for each subgroup, with no extra cut on outliers, e.g. bright stars
crossing the field of view. While the fluctuations for the NSB are quite large, the resulting fits
show very similar patterns for both seasonal components. Also the trend is align for the two
subgroups, demonstrating that the surplus in efficiency for the new sensors did not decrease over
the last eight years of operation.
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Figure 4.42: Long term evolution of the CalA constant averaged for the 48 new PMTs with
attached Winston cones in Los Leones bay 6. Decomposition to trend, seasonal
and residual components are shown below.
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Figure 4.44: Daily mean background light measured with the 48 new PMTs plus attached Win-
ston cones from 2015 to the end of 2022 (top). Decomposition into a trend, two
seasonal components with periods of 29 and 365 days, and residuals.
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Figure 4.45: Daily mean background light measured with the 48 XP3062 reference PMTs from
2015 to the end of 2022 (top). Decomposition into a trend, two seasonal components
with periods of 29 and 365 days, and residuals.
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4.5 Conclusion & Future Prospects

The Hamamatsu R9420-100 PMT was well integrated into the FD camera and its read-out
electronics and the very first PMTs are running flawlessly since 2012. The modified Winston
cone performs well with the PMT, according to the tests of the relative calibration system.

As a further performance check, the newly introduced XY-scanner calibration [44, 92] could
be used to compare the new light guides to the current system. Different than the calibration
done in Section 4.4.2.3, this XY-scanner is installed in front of the aperture window, outside
of the FD building, and scans the field of view with a small light spot. The light source is
calibrated and it is intended to perform an absolute end-to-end calibration, replacing the Drum
calibration mentioned in Section 3.2.1.1. Due to the long time period that the PMTs are in
operation, stars could also be observed with the new PMTs. As was shown in [93] this can be
used as an alternative way to perform an absolute calibration or at least be used as a cross-check
on the sensors’ efficiency.

The more efficient PMTs in combination with the adopted Winston cones provide an increased
capability to detect light with the FD telescopes. As simulations showed, this should enhance
the field of view and thus the exposure of the detectors. After the prototype test, the next
step would be to equip one complete camera with the new system, preferably one of the HEAT
cameras. Here, the enhanced FOV in combination with the Infill-array on the ground should
result in a higher exposure.

As the laboratory tests showed, the R11920-100 PMT with its frosted window has an even
higher photon detection probability. Due to its curved entrance window, the usage in combi-
nation with the Winston cone seems promising. In context of another work, a single PMT was
installed in the prototype area in November 2017, but its supply voltage not adjusted to match
the gain of the other surrounding PMTs, needed for a direct comparison. In the future, a few
more of these types from the laboratory tests could be added to the detector and run with the
same gain as the rest of the camera. Additional 105 PMTs were bought and after a quality
measurements could be tested in the free spots of either bay 1 or 6 in Los Leones.
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Chapter 5
Surface Detector Upgrade

To answer the unresolved question on the composition of cosmic rays at the highest energies,
the Pierre Auger Observatory is upgrading the existing surface detector stations. To be more
sensitive to the composition of the primary particles, the idea is to improve the separation of
hadronic and electromagnetic shower components. Therefore, an additional scintillation detector
is placed on top of each SD station. The few cm thick plastic scintillators will mainly measure
the electromagnetic component while the signals in the Water Cherenkov Detectors (WCD) are
dominated by the muon signals.

This chapter describes the design of the Scintillation Surface Detector (SSD) as part of the
AugerPrime upgrade and focuses on the photosensitive part of the new detector component.

5.1 Design

With the current SD stations situated in the harsh environment of the Argentinian Pampas, the
upgrade of the WCD with an additional detector has to be easy to realise, reliable and keeping
maintenance as minimal as possible. This is achieved by equipping every SD station with a 4 m?
plastic scintillator on top [94]. The scintillator is packed in an aluminium box and can easily be
mounted on top of the SD detector (see Fig. 5.1). The sensitive area is split into two parts of
~ 2m? size each, with the read-out detector placed in between (Fig. 5.3). The detector consists
of extruded polystyrene scintillator bars with a length of 1.6 m, produced at the Fermi National
Accelerator Laboratory (FNAL) [95]. Each bar has a width of 5cm, a thickness of 1 cm, and is
coated with a highly reflective TiO9 layer. A total of 24 bars is used per detector part. Each bar
is perforated alongside twice, giving room for the routing of wavelength shifting (WLS) fibres,
which will pick up the particle induced scintillation light and redshift its wavelength. As WLS
fibres the Y11 by Kuraray is used. Its absorption spectrum (see Fig. 5.2, right, blue part) fits
well to the UV emission spectrum expected from the scintillator (Fig. 5.2, left) and emits light
in a spectrum peaking between 450 nm and 550 nm [96]. Within the fibres the light is guided
via total reflection. The fibres are routed in an “U”-configuration and pass the sensitive area
twice. All 96 fibre ends are routed to the centre of the detector and glued together, bundled as
a ’cookie’ with a diameter of 13 mm (Fig. 5.4). This fibre bundle is attached to a 22 mm silicon
pad on a light detector. As default option a photomultiplier (PMT) will be used to measure
the amount of light produced by the transient particles. In addition, novel detectors like silicon
photomultiplier (SiPMs) will be tested in the SSD environment.

Complementary to the SSD installation, the AugerPrime upgrade will also enhance the dy-
namic range of the WCDs. This is achieved by installing an additional PMT with smaller active
area next to the existing three large WCD PMTs, facing towards the water volume. By detect-
ing only a fraction of the light compared to the large PMTs, the small PMT (SPMT) signal will
not saturate as fast for stations detecting high energy events close to the shower core. Since the
AERA array has proved that the radio detection is an important technique to measure cosmic
rays, a radio antenna will be installed at each SSD station as well.

With the new detector components on top, additional read-out channels are needed. The
currently used Unified Board (UB) (in operation since 15 years) lacks free channels for the SSD
detector and the small PMT in the WCD, so an Upgraded Unified Board (UUB) is produced
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Figure 5.1: 3D model (left) and picture (right) of a WCD station with an assembled prototype
scintillator detector on top.
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Figure 5.2: Emission spectrum of the FNAL plastic scintillator (left). Absorption and emission
spectrum of the Kuraray Y11 wavelength shifting fibre (right) [94].

using up-to-date components. For signal digitisation a 12 bit 120 MHz FADC will be used,
increasing the sampling rate from 40 MHz to 120 MHz. With the improved power consumption
of the new components, the average power of 10 W, supplied by the existing solar panels, is
sufficient to power the new detectors. Only in the Infill area an additional power system will be
installed for the Underground Muon Detector.
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5.2 SSD PMT

The scintillation light of the mainly electromagnetic shower component will be transported to
a light detector via wavelength-shifting fibres. While the signal for a minimum ionising particle
(MIP) needs to be considerably well above the noise level, the main requirement is a high
linearity of the SSD signal to be able to measure up to 20000 MIPs. In the following section,
several PMT candidates will be compared and evaluated for their suitability in the SSD detector.

5.2.1 PMT Candidates

The demanding properties to the PMT already limit the possible detector range to only a few
matching models. To get the best performance of the detector, three different PMTs were tested
for their applicability in the SSD. The considered PMT models are the Hamamatsu R9420 [99],
which is the standard bialkali version of the R9420-100 (see Section 4.2), the Hamamatsu R8619
[100], which will also be used in the ’small PMT’ upgrade, and the 9902KB by Electron Tubes
[101].

While the R8619 is a circular 1inch PMT with an active area of 22 mm in diameter, the R9420
and the 9902KB are both 1.5inch PMTs with an active area diameter of 34 mm and 32 mm,
respectively. Thus, all PMTs are significantly larger than the cookie size of 13 mm in diameter.
All three candidates are head-on type PMTs with a flat entrance window and have a bialkali
photocathode and a borosilicate glass tube. The R8619 and the 9902KB have 10 linear focused
dynode stages while the R9420 has only 8 stages, which result in a lower gain for the R9420 at
the same supply voltage. In respect to the lower nominal supply voltage, the 9902KB also has
a typical lower dark current, compared to the Hamamatsu PMTs. The operating temperature
range given as —30°C to 50 °C for the Hamamatsu PMTs and —30°C to 60 °C for the Electron
Tubes PMT fit to the expected conditions found in the Argentinian Pampas (see Section 5.4.2).

Figure 5.5: Tested PMT candidates for the SSD upgrade. Top, the 1inch Hamamatsu R8619.
Two larger 1.5inch PMTs, the R9420 by Hamamatsu and the 9902KB by Electron
Tubes below.
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Ham. R8619 Ham. R9420 E.T. 9902

Tube size 1 15" 15"
Min. effective area [mm] 222 @34 232
Dynode stages 10 8 10
Gain 2.6 x 109 5.0 x 10° 2.0 x 10°
typ. 1000 1300 750
Supply voltage [V] max. 1800 1500 900
typ. 2 10 0.1
Dark current [nA] A 15 100 5
Operating temp. [°C] —30to+50 —30to+50 —30to+ 60

Table 5.1: Datasheet comparison of the two tested Hamamatsu PMTs R8619 [100], R9420 [99],
and the Electron Tubes PMT 9902KB [101].

5.2.2 Quantum Efficiency

A key feature of the PMT is its ability to detect photons, specified by the quantum efficiency
(QE) in percent. As described in Section 4.2.1, the QE is measured in reference to a cali-
brated photodiode, scanning the PMTs cathode response for different wavelengths. Figure 5.6
shows the measured QE of the considered PMTs in the spectral range from 200 nm to 800 nm.
All PMTs show the typical bialkali response curve with a maximum efficiency around 400 nm.
Both Hamamatsu PMTs with the standard bialkali photocathode (R8619, R9420) have nearly
the same response with a maximum QE of 29%. Since all of the tested Hamamatsu PMTs
use the same borosilicate glass, the efficiency cutoff at lower wavelength (< 290nm) is a typi-
cal feature for these tubes. The Electron Tubes 9902KB differs slightly from the Hamamatsu
PMTs response. With its maximum QE of about 26%, its efficiency is smaller compared to the
Hamamatsu PMTs. In addition, the response is slightly shifted towards larger wavelength.

For the application in the SSD, the wavelength range of interest is determined by the WLS
fibres emission spectrum (Fig. 5.2) and, combined with its absorption spectrum, has its maximum
emission between 490 nm and 550 nm. In this area the difference between the three candidate
PMT models is negligible and well within the margin of error. With the 9902KBs shifted
spectrum all three PMTs are around 15% QE at 550 nm. In addition, the QE measurement of the
Hamamatsu R9420-100, which will be implemented in the upgraded FD setup (see Section 4.2),
with a more efficient super-bialkali photocathode is shown. While its QE at peak wavelength in
the near UV region is about 30% higher, compared to the standard bialkali photocathode of the
R9420, the advantage drops from 17.6% to 9.7% in the SSDs range of interest.

5.2.3 Uniformity

The scintillator of the SSD is pervaded with WLS fibres, which are collated to a bundle, and
read out by the PMT. Thus, the PMT response needs to be uniform across the fibre bundle size
to avoid a location sensitivity bias caused by the detector. The uniformity of the PMT response,
and in particular the homogeneity of the cathode, is measured for the PMTs by a scan of the
PMTs photosensitive area. As in Section 4.2, the scan was performed with a 405 nm laser diode
with a spot size of about 1 mm. The Hamamatsu R9420 and the Electron Tubes 9902KB are
both 1.5inch PMTs, while the Hamamatsu R8619 is a 1inch PMT, and the measured area is
adjusted accordingly.

In Fig. 5.7 the QE uniformity scan of the Hamamatsu R9420 is shown. The response distribu-
tion shows an asymmetry towards the upper right corner, which is caused by the arrangement
of the first dynode. In addition ring structures can be seen, probably caused by the glass tube
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Figure 5.6: Quantum efficiency measurement of Hamamatsu R9420 (blue), R8619 (red), and
Electron Tubes 9902KB (green) PMTs. In comparison the quantum efficiency of the
R9420-100 (black) with a super-bialkali photocathode (see Section 4.2) and high-
lighted the region of interest from about 490 nm to 550 nm.

of the PMT. With a plain glass front but a spherical evaporated photocathode on the inside,
there is a lens effect at the outer part of the PMT, creating a more sensitive rim at the edges for
head-on incoming light. In the central region, which corresponds to the cookies size, the mean
QE is about (24.6 & 0.6)%. Shifting the cookie off centre would increase the QE for a relative
increase of about 5%, while still remaining the same spread.

In Fig. 5.8 the smaller Hamamatsu R8619 can be seen. Measured in the same orientation as
the R9420, the response is slightly asymmetrical in the upper right corner due to the dynode
structure. Also the lensing effect at the outer rim is visible. The sensitive area of the smaller
PMT still fits well to the size of the cookie. The mean QE is at (23.85 & 0.60)%, comparable to
the R9420 in height and spread. Shifting the cookie would only introduce a large inhomogeneity
for only a small gain in total QE.

The spatially resolved QE response of the Electron Tubes 9902KB in Fig. 5.9 has a more promi-
nent drop caused by the collection efficiency of the first dynode. In contrast to the Hamamatsu
PMTs, the 9902KB has a plain photocathode on the inside, which results in a disappearing of
the lensing effect on the outer rim. An isolating coating around the PMTs head, which is still
visible from head-on view, reduces the active area of the PMT. While there is no lensing effect
for the complete edge, there is a small gap in the housing, creating an increase in efficiency
at the right side, while the grounding contact on the left side blocks an additional part of the
photocathode. The efficiency distribution for the central part is due to the collection efficiency
drop at 23.9% with a large spread of 2.3% absolute QE. This can be reduced drastically for a
shifted cookie, while also increasing the total QE.

5.2.4 Linearity

One of the important properties of the SSD photodetector is its linearity. With the prospect
of measuring air shower events at the highest energies with up to 20000 particles, while still
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Figure 5.7: Uniformity measurement for the Hamamatsu R9420 at a wavelength of 405 nm with
a step size of 0.5 mm. Circles give the size of the optical fibre bundle, placed in the
centre (black) and shifted for higher QE (red) and the corresponding QE distribution
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Figure 5.8: Uniformity measurement for the Hamamatsu R8619 at a wavelength of 405 nm with
a step size of 0.5 mm. Circles give the size of the optical fibre bundle, placed in the
centre (black) and shifted for higher QE (red) and the corresponding QE distribution
(right).
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Figure 5.9: Uniformity measurement for the Electron Tubes 9902KB at a wavelength of 405 nm
with a step size of 0.5 mm. Circles give the size of the optical fibre bundle, placed
in the centre (black) and shifted for higher QE (red) and the corresponding QE
distribution (right).

calibrating the detector with single, atmospheric muons, the PMT has to be able to cover this
wide measurement range. The single muon signal will be needed to calibrate the entire system
consisting of scintillator, WLS fibres, and PMT, including its gain. The interesting although
rare high energy particle shower consist of several millions of particles, and especially at the
shower core the particle density is very high.

The linearity of a PMT depends on the collection efficiency of the dynodes, the amplification
factor of the single stages and the applied high voltage. With the electron multiplication through
each dynode, the applied voltage needs to increase for the later dynode stages to keep the
expanding electron cloud focused on the next dynode/anode. For the candidate PMTs different
voltage dividers were tested to find the optimum voltage distribution for a high linearity.

For the final dividers the linearity was measured in a modified setup of the FD classification
test [69]. In pulsed mode, the charge of an LED signal with different attenuation factors of
calibrated neutral density filters was measured and the deviation from a linear fit calculated
(see Appendix B.2). Figure 5.10 shows the linearity measurement for the R9420 (left) and the
9902KB (right). The R9420, measured at 900 V (gain of 8.4 x 10%), deviates from linearity by
more than 5% at a maximum peak current of about 114mA. The 9902KB was measured at
800V, which corresponds to a gain of 2.7 x 10°. It reaches the 5% deviation already at a peak
current of about 60mA. This was independently measured and confirmed by the Lecce group
[102]. While still having a higher gain than the R9420, the 9902KB has a worse linearity. The
linearity of the R8619, which will also be used as the small PMT in the dynamic range upgrade
of the WCD, has been measured by the Naples working group [103, 104]. While a peak current
over 100mA for a deviation from linearity smaller than 5% is achieved at high supply voltages,
the peak current declines with decreasing PMT gain. In Fig. 5.11 (right) the distribution of
maximum peak current at a gain of 7 x 10° is shown and it ranges from 50 mA (target minimum
linearity for the small PMT) only up to 90mA. Despite all PMTs were tested at a different
gain, the maximum peak current of the R8619 and the 9902KB fall well below 100 mA at a gain
still above 10°, while the R9420 shows a peak current above 100 mA at a gain already below
10°. Since the linearity does not decrease linearly with decreasing supply voltage, the R9420
has still a better linearity at a gain of 5 x 10* than the other contestants.
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5.2 SSD PMT

HV Gain Peak Current

R9420 900V 8.4 x 10* 114 mA
9902KB 800V 2.7 x 10° 60 mA
R8619 ~980V 7 x 10° < 90mA

Table 5.2: Linearity measurement results of the tested PMTs.
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Figure 5.10: Linearity measurement for the Hamamatsu R9420 (left) and the Electron Tubes
9902KB (right). For further details of the measurement see Appendix B.2.
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Figure 5.11: Linearity measurement for the Hamamatsu R8619 at a testing facility in Naples.
The linearity was measured for different supply voltages (left) [104]. The distri-
bution of peak current with a non-linearity deviation of 5% at a gain of 7 x 10°
for the small PMT reaches up to 90mA (right), with the red line indicating the
specification value of the small PMT upgrade of 50mA [103].
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5.2.5 Conclusion

With quite specific demands as to the PMTs properties, three PMTs were tested for their per-
formance in the SSD. All PMTs have a sufficient quantum efficiency in the wavelength range of
interest. The uniformity of the tested Hamamatsu PMTs around the centre is more homoge-
neous than the Electron Tubes 9902KB PMT. With the fixed cookie position at the centre of
the PMT, the 9902KB would introduce an inhomogeneity to the detector response. Since the
main focus for the SSD is a high linearity, the Hamamatsu R9420 performed best of the three
tested devices. As the dynamic range needs to be as large as possible, the eight-stage R9420
offers the best range and will be chosen as the photon detector for the SSDs.

5.3 PMT Application in the SSD

Parts of this section have appeared in:

S. Querchfeld, K.-H. Becker, K.-H. Kampert, and J. Rautenberg,
“Integrated HV-Supply for SSD PMTs”, GAP-Note 2017-014, 2017

The Hamamatsu R9420 is found to be a suitable and reasonable choice as the photodetector
in the SSD. The PMT will be operated with the existing power supply of the SD stations, which
are charged by solar panels. This requires an efficient power supply and a high resistance voltage
divider to keep the power usage low. With the need of additional read-out channels for the new
detectors, the electronic board of the detector station will be upgraded to the newly designed
UUB. The dedicated SSD channels are matched to the expected PMT signals.

5.3.1 UUB Integration

In order to achieve the demanding goal of detecting up to 20000 MIPs with the SSD, the PMT
as well as the electronics need to cover a large dynamic range. While the PMTs linearity needs
to cover at least 5 orders of magnitude, the electronics need to cover even more for the SSD
to perform an accurate calibration at the single MIP level. With the UB being redesigned for
the upgraded stations, the read-out channels can be planned accordingly. To get the range of
signals that need to be digitised, it is necessary to look at the total signal chain. Starting with the
detection of a single MIP, as done for the self calibration of the station, the signal height depends
on the light per MIP created inside the scintillator. This reaches the photocathode of the PMT
via the wavelength-shifting light guides and creates single photoelectrons (SPEs) at the cathode
stage of the PMT. Amplified by the PMTs gain (Gpwyr), it is then possible to determine the
total charge for a single MIP (see Eq. (5.1)). To determine the efficiency of the scintillator, the
number of single photoelectrons (SPE) per vertical equivalent muon was measured for several
SSDs in a quality test of the SSD fabrication and found to be about 28 £ 2 SPE/MIP [105]. In
order to keep the PMT at a lower supply voltage to extend its lifetime while still performing
sufficiently, the supply voltage will be adjusted to get a gain of 5 x 10*. This gives a charge (Q)
per MIP of

Qwmip = #spE - € - Gpmr (5.1)
=28-1.602 x 1079 C -5 x 10*
— 0.224pC..
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Range Intent Dynamic range

bits 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
LowGain MIP AnodeX32

HighGain Showers Anode/4

Ipeak (mA) 0.0006 0.01 0.1 1.25 10 160
Vpeak (mV) 0.03 0.5 4 62.5 500 8000
Npart (MIP) 0.07 1.2 10 156 1250 20000

Figure 5.12: Pattern of the SSD PMT signal implementation to the UUB readout electronics.
The signal will be split up into two channels, with one channel being amplified by
a factor of 32 (green) and the other channel attenuated by a factor of 4 (yellow).
Taken from [94], exact numbers will differ for the final implementation.

With the UUBs sampling time of 8.33 ns and a 50 €2 termination this results in a signal height
of about ~ 1.35mV and a corresponding peak current (IMlppeak) of 26.92 uA. For a particle
shower with up to 20000 MIPs at the inner core, the charge will increase accordingly to

QQOk =4.48nC.

While a single MIP signal has a rather sharp time structure, the expected 20 000 MIPs of a high
energy cosmic ray will be distributed over a time (7") of about 100 ns close to the shower core.
The maximum peak current for a given signal shape is:

Io0k, . = 44.86 mA for a 100 ns N signal
= 89.71mA for a 100 ns A signal

The UUB is equipped with 12-bit ADCs with a 2V input range. To match the PMTs large
signal range to the readout electronics, the signal will be split into two channels inside the UUB.
One will be amplified by a factor of 32 (LowGain) and the other attenuated by a factor of 4
(HighGain). This allows a measurement of the single MIP peak for the detector calibration in
the LowGain channel and a detection of a large amount of particles, e.g. close to the shower
core. This covers a range of 19 bits, with an overlapping region of 5bits for cross-calibration
between the two ADC channels. An illustration of the PMT signal read-out implementation in
the new UUB is shown in Fig. 5.12.

5.3.2 Photomultiplier Base

Operating the SSD photomultipliers at an autonomous station in the field gives the challenge
to have a stable HV supply connected to a solar panel/battery. Especially with integrating an

LCalculations for number of particles are from the pre-production phase with a PMT gain of 4 x 10* and only
12 photoelectrons per MIP and are obsolete for the prototype.
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Figure 5.13: A7501PB HV power supply module by CAEN.

additional detector component into the existing infrastructure, a low power consumption for the
SSD electronics is essential. In order to find the best suitable HV power supply for the SSD
PMT, two different type of modules are tested, a commercially available external HV module
developed by CAEN for the needs of the Auger Observatory, powering a passive PMT base, and
an integrated active base with build in power generator developed in cooperation with ISEG.

5.3.2.1 CAEN Module

The conventional way of operating a PMT is by using a simple voltage divider chain and applying
the full supply voltage in the order of 1kV from anode to cathode. In order to generate a high
voltage by using only the power provided by the WCDs solar panel, a very efficient HV power
supply has to be used. The A7501PB by CAEN is a high efficient HV power supply designed
for use in the Pierre Auger Surface Detector. It can generate up to +2100V with a maximum
output current of 100 pA. The high voltage output is delivered through a LEMO HV connector.
A 4-pin Mini XLR connector is used as feed-through for the PMTs current monitor and external
temperature sensor readout. The CAEN module is connected via a DB15 cable to the UUB.
The HV set by the UUB has a set-voltage between 0V and 2.5V, while the read-out of the
HYV gives a response between 0V and 5V. The module has a metal case with the dimensions
of 54mm x 29 mm x 16 mm and will be placed inside the DOM with the electronics kit of the
SD. When using the CAEN module, three cables (signal, HV and monitoring) will connect the
PMT to the UUB and HV module. The PMTs passive voltage divider is a small circular PCB
directly soldered to the PMT (see Fig. 5.15), where the full HV will be applied from anode to
cathode. The divider ratio was optimised for high linearity. To keep the bleeder current? low
and thus also the power consumption, the voltage divider needs to be high-resistive. The total
resistance of the passive base is 28.4 M(2.

This module will also be used to provide the HV for the small PMT, which is equipped with
a passive voltage divider.

5.3.2.2 ISEG Base

The ISEG base PHQ9420 is an active voltage divider with very low power consumption, which
is custom-designed for the operation of the 8-stage Hamamatsu R9420 PMT [106]. The HV
is generated by a Cockcroft-Walton generator and distributed according to the voltage divider
ratio, which was found to offer the best linearity. The base schematics is depicted in Fig. 5.14.
Since the Cockcroft-Walton generates 250 V per pass, a classical voltage divider chain is employed
for the first dynodes. Stabilisation of the last dynodes and anode is accomplished by capacitive
buffering and additional stabilisation circuitries. The total resistance of the ISEG base is about

2Current flowing through the voltage divider in parallel to the PMTs dynodes to prevent a load down of the
circuit.

66



5.3 PMT Application in the SSD

G .
Transformer | Vs
or Cockaroft- RN @
g e S _ T
.E £ et R2 |j Dynode {1)
bt g %qs} Dynode (2)
Status )
T T
s i :
3 ' 1 ' [ '
o 5 P PHQxxxx | | < |
' ' ' ' =) '
v, Dynode (d-1)
Control Components Stabilizer |
o
w3 " ﬂtn-ll['] = Cini Cla) Dynode (d)
Sine-way Inverter I stabilizer Il e
Voltage ) ﬁ_ e
l R ) Tcw T

Figure 5.14: ISEG base schematics [106]. The first few stages employ a classical voltage divider
and the last stages are actively buffered by capacitors in addition to stabilisation
circuitries.

Figure 5.15: Hamamatsu R9420 PMT with attached passive voltage divider and ISEG base
next to each other. The Cockcroft-Walton circuit only adds a few centimetre to the
PMTs length and is attached with a similar plastic spacer. The cable with Lemo
connector was used for signal readout in a test setup.

142 M€, resulting in a very small power consumption. Key specifications of the ISEG base are
included in Table 5.3 and compared to the CAEN module. Like the CAEN module, the ISEG
base is designed to be compatible to the UUB slow-control and thus is connected identically to
the CAEN HV module. In contrast to the CAEN module, the monitor voltage is the same as
the set-voltage (0V to 2.5V). Moreover, the maximum HV to be generated is limited to 1500V,
which is the PMTs maximum allowed HV as specified by Hamamatsu. A temperature sensor is
on the PCB to monitor the PMT’s environment.

Figure 5.15 shows the geometrical dimensions of the integrated base in comparison to the
passive base used with the CAEN module. While the 'voltage divider’ dimension stays the same
(circular PCB), the HV generator (rectangular PCB) adds a few extra cm to the length of the
PMT-unit. This has been accounted for in the PMT enclosure of the SSD. The ISEG base is
placed inside the SSD and is soldered to the pins of the PMT like any classical passive base. Since
the HV is generated inside the SSD at the PMT itself, only two cables from the UUB to the SSD
are needed, with the signal cable being the same as for the CAEN module and PMT monitoring

67



Chapter 5 Surface Detector Upgrade

Specification Item CAEN ISEG
Output Voltage H Vit 0—-2100V 0— 1500V
Stability AH Vs <1073 <107
Temperature Range —40°C to +70°C —20°C to +70°C
Temperature Coefficent < 6ppm/°C <5-107%/°C
Ripple and noise typ. 5bmVp_p; max. 10mVp_p <20mVp_p
Voltage Supply +12V +12V
Power Requirement < 400 mW@2100 V 200 mW@1500 V
Vsgr Input 0V to+25V 0V to+25V
Vamon Output 0V to+5V 0V to4+2.5V

Table 5.3: Datasheet comparison of the CAEN HV module [107] and the integrated ISEG PMT
base [106].

plus HV setting being combined. With the ISEG base being custom made for the SSD purpose,
some modifications have been done to improve the performance (see Appendix B.3). To test
the two HV supply options in the SSD prototype, the UUB integration was set to match both
systems. Hence the monitor HV resolution of the ISEG base is double that of the CAEN HV,
with the CAEN module introducing a difference between set- and read-voltage.

5.3.2.3 PMT-Gain as a Function of HV

To test the range of high voltages over which the PMT can be operated stably, the anode signal
response is measured for different HV settings. In this Gain-vs-HV (GHYV) test we successively
increased the HV applied to the PMT and measured the anode signal obtained from a pulsed
LED that was operated at a pulse width of 200 ns and a light intensity corresponding to about
500 MIPs. Figure 5.16 shows the measurement for a passive (left) and an ISEG base (right).
The passive base was powered by a standard external HV-supply operated in a NIM crate and
the HV has been increased in steps of 50V, starting from 600V up to the maximum allowed
value of 1500 V. For the ISEG base the set voltage Vsgr was increased by 0.1V per step, which
corresponds to an increase of 60 V. The shown range starts at 600V and also matches the
maximum HV of 1500 V. Both bases show a linear behaviour with similar slope, which only
depends on the voltage divider ratio. Despite the low bleeder current, the signal is stable up to
the maximum rated HV. Thus the SSD PMT gain can be adjusted by lowering the applied HV
within the shown range. Although it needs to be kept in mind that this also effects the PMTs
maximum pulse linearity.

5.3.2.4 Linearity and Dynamic Range

While both HV supplies are able to handle the complete HV range for the R9420, the linearity
of the PMT in general depends also on the used base. Especially the low bleeder current can
cause a limit in detectable charge for a given gain. Since the linearity is also affected by the
manufacturing process of the individual PMT which determines the exact focusing of every
dynode stage, the same PMT is used to test the two different types of HV supply. Using
the linearity test setup, described in Section 5.2.4, the resulting measurements are shown in
Fig. 5.17. The CAEN module is shown on the left side and the ISEG base on the right side.
With the expected large signals in the SSD being about a few 100 ns, the linearity is also tested
for pulses with a pulse length of 50ns (upper plots) and 200 ns (lower plots). While the exact
determination of the linearity break to a single mA remains difficult with the given setup, a
qualitative comparison can be drawn. For the two different sets the differences remain small,
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Figure 5.16: Gain-vs-HV for the passive base with external HV module (left) and an ISEG base
(right) with the same divider ratio. Both bases show a linear behaviour and are
well within the operating conditions of the PMT. The operating voltage in the field
will be around 900 V.

with a deviation from linearity > 5% for the 50 ns pulses at a peak current slightly below 120 mA.
For longer pulses the linearity decreases down to about 100 mA for both bases. With the pulse
being orders of magnitude higher than the bleeder current to feed the dynodes, the difference
in the total resistance of the bases is negligible and the pulse is fed by the buffer capacitors at
the latest stages.

When discussing the overall dynamic range and the expected signal heights, it should be noted
that the measurements reported here were done at a fixed pulse width of 200 ns, which is about
the typical pulse width that is expected for a station close to the shower core. However, a single
muon, to be used for absolute light calibration, distributes its light only over about 15 — 20 ns.
Thus, a maximum shower signal of 2 - 10* MIPs spread over 200ns that is amplified by the
PMT to a pulse height of 8 V (ADC limit), yields 8 V/2-10* x (200ns/20ns) = 4mV signals for
a single muon. This number is already well separated from the present noise level of 0.08 mV
(see next subsection) and will be more separated by the reduced noise expected from the next
generation of UUBs.

Moreover, at a gain set to 1-10° (HVpyr ~ 900V) and assuming 30 pe/MIP, a total of
2 - 10* MIPs yield a signal charge of 1-10° x 2 - 10* x 30pe ~ 1078 C, which remains in the
linear range observed in Fig. 5.17. The anode current drawn in this situation amounts to
1078 C/200ns = 50 mA, consistent with the quoted maximum linear current of 100 mA for the
standard R9420 PMT3.

5.3.2.5 Noise

To be able to use the complete dynamic range of the UUB, a low noise level of all detector
components is important. With the SSD specification to resolve the detection of a single MIP
at 1.35mV or even lower, a low-noise baseline of the PMT signal is required.

In order to test if the PMT or the use of an active base introduces additional noise to the
signal recording, both bases are tested and compared to the intrinsic UUB noise. The noise
level was determined by analysing the baseline of ADC traces recorded at one of the PMT
inputs of the UUB%. A PMT in a light-tight enclosure was connected to the signal input and the
"HIGH GAIN’ (HG) channel with an amplification of ~ 32 was analysed. To get random noise
traces without the threshold trigger, the ADC-readout is forced by a random software trigger.

SHamamatsu is also offering selected PMTs with a maximum linearity up to 200 mA.
‘A UUB V1 was used in this measurement.
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Figure 5.17: Linearity measurement of a passive base (left) and an ISEG base (right) for short
(50ns, top) and long (200ns, bottom) pulses. To extend the electronics range,
additional signal attenuators/amplifiers were used.

A total set of 1000 traces per measurement was taken and the width of the ADC distribution is
calculated as an estimate of the noise level.

For the passive base, the CAEN module is connected to the UUB by a short ribbon cable
while the HV and slow-control are connected by the same ~ 4m long cables as are used in the
detector in Argentina. The ISEG base is powered and controlled via a shielded ~ 2m long
light plastic-sheathed cable. In both cases, the PMT is connected via a short LEMO-to-SMA
cable to the UUB front-end. To isolate the measurement from the noise level in the lab, the
PMT was put into a metal tube, similar to its assembly in the SSD detector. The UUB plus
CAEN module were operated inside of another metal box with only the UUB power supply and
Ethernet cables going inside.

Figure 5.18 shows a noise measurement for the UUB with no PMT attached to the signal input.
The upper left plot shows a random sample trace of 1000 measurements. The baseline has an
offset of about 461 ADC counts. Besides several short time spikes of up to £30 ADC counts,
a underlying modulation can be seen which broadens the noise distribution. The origin of
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Figure 5.18: UUB noise measurement with no PMT connected. The upper left plot shows a
single sample trace. A Gaussian distribution is fitted to the profile (upper right) to
provide an estimate of the noise level. Bottom right shows the single trace sigma
distribution for 1000 traces. Bottom left shows the combined profile of all these

traces.
UUB baseline 2.52 +£0.17
oV 900V 1500V
CAEN 2.454+0.21 | 2.44+0.21 | 2.45+0.21
ISEG Rev.2 2.4540.21 | 2.504+£0.22 | 2.57 +£0.22

Table 5.4: UUB noise measurement (all numbers are in units of ADC channels).

the spikes is unknown and appears to be an artefact observed in most, but not all of the
UUB ADC channels (WCD and SSD). The modulation might be introduced by the power
supply input, situated right next to the front end electronics, and is currently under revision
for a UUB redesign. In the upper right plot, the profile of the trace shown in the left plot is
shown. To determine the noise level and to reduce the influence of these short term spikes,
the spread of a Gaussian distribution is calculated. The lower left plot shows the cumulated
profile of all 1000 traces. The sigma distribution of the single traces is plotted in the lower
right, resulting in an intrinsic noise of the UUB without a detector attached to the signal port
of 2.52 4+ 0.17 ADC counts. According to UUB specifications, this corresponds to a noise level
of almost 0.08 mV which is sufficient to measure the expected MIP pulse of 1.35mV.

The noise measurement of the PMT powered at 900 V by the CAEN HV-module is shown in
Fig. 5.19. With respect to the open UUB measurement no additional noise can be seen for the
passive base. The mean sigma is at 2.44 + 0.21 ADC counts. As can be seen from Table 5.4 the
noise level is also stable as a function of HV.

The measurement of the ISEG base at 900 V, shown in Fig. 5.20, results in a sigma of 2.50 +
0.22 ADC counts and is comparable to the passive base. As listed in Table 5.4, increasing the
voltage to the maximum of 1500V shows a small increase in the noise level for the ISEG base,
but is within the margin of error and close to the noise level without the PMT connected.

A separate laboratory test was performed and the PMT signal recorded with an oscilloscope.
The measurement yielded no significant differences between the passive and integrated base.
Noise levels in both cases were found to be below 0.05 mV and are at the level of the resolution
of the scope (see Appendix B.7).
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Figure 5.19: UUB noise measurement of the PMT with passive voltage divider and CAEN mod-
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ule. Upper left shows one sample trace. A Gaussian distribution is fitted to the
profile (upper right) to determine an estimate of the traces noise level. Bottom
right shows the single trace sigma distribution for 1000 traces. Bottom left shows
the combined profile of all these traces.
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Figure 5.20:
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UUB noise measurement of the PMT with the ISEG base. Upper left shows one
sample trace. A Gaussian distribution is fitted to the profile (upper right) to de-
termine an estimate of the traces noise level. Bottom right shows the single trace
sigma distribution for 1000 traces. Bottom left shows the combined profile of all
these traces.
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Figure 5.21: Measured power consumption of the ISEG and CAEN HV-modules as a function
of HV when powered by the UUB. In both cases, a PMT is operated in a dark box.
Additional power losses in the UUB are not accounted for.

5.3.2.6 Power Consumption

The total power consumption of the HV modules is of particular relevance for the solar powered
AugerPrime detector stations. The CAEN HV-module itself has been optimised for low power
consumption but still has to drive the bleeder current of the passive voltage divider chain.
Integrated bases provide the operation potentials directly to the dynodes, so that a bleeder
current is avoided and better power saving operation is achieved.

For operation in the field, both the CAEN HV-module and the integrated base obtain their
power from the extension ports of the UUB. The associated drivers used on the tested version of
the UUB consume about 1 W just for providing the power to the port, which is significantly more
than the connected consumers themselves, as CAEN and ISEG specify a maximum consumption
of 400 mW and 200 mW respectively (see Table 5.3).

To measure the power consumption of the SSD PMT system under realistic conditions, the
two different types of bases were tested with the supply voltages taken from the UUB. Like in the
SSD, the bases were connected to a PMT which was placed into in a dark environment to draw
a negligible current. The power consumption was determined by measuring the current at the
12V output-port of the UUB using a DVM, connected between PIN-5 (+12V DC) of the PMT4
connector and the supply voltage entrance of the ISEG base and CAEN module, respectively.
The HV was set by the slow-control of the UUB in steps of 150V, taking into account the
different ADC step size due to the different maximum HV of the modules. The measured
current is multiplied by the 12V of the supply voltage to calculate the power consumption of
the consumers. This is shown in Fig. 5.21 for the two different setups as a function of HV. The
error of the current measurement is estimated to be less than 0.005 mA.

While both bases have a similar power consumption at an output of 0V, the increase of the
CAEN module with HV is noticeably larger. At a HV of 900V, which is close to value to be
used in the field, the power consumption of the ISEG base is found to be about half of the value
of the CAEN module (90.4mW vs. 174 mW). The effective power consumption drawn from the
solar system will be larger due to the inefficiency of the circuitry that provides the power to the
port. The actual measurement turned out to be afflicted by large systematic uncertainties so
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Figure 5.22: Temperature stability of a CAEN-HV module when powering a passive voltage
divider at 1500 V. The upper panel shows VAion and the lower one Iyion-.

that the losses on the UUB can only be estimated to about 30 % — 60 % of the power provided
to the external consumer. The daily power saving caused by the ISEG base thus will be at
least 2.4 Wh up to about 3.5 Wh. This appears a marginal saving at present but becomes more
relevant when optimisation is done to the UUB design for more power saving operations.

5.3.2.7 Temperature Dependence

With the SSD being operated in the harsh environment of the Pampas, the PMT and its base
have to withstand large daily temperature cycles. To simulate these conditions in the lab, the
single components were tested in a climate chamber. The temperature drift was programmed
to cycle between +70°C and —20°C, with a rise-/fall-time of 1 hour. As a first test, the bases
were tested without a PMT, to verify whether the electronics is affected. During these tests,
the bases were programmed and controlled via a UUB outside of the climate chamber. All
parts were connected with the same cables as used in the engineering array. The temperature
of the base was measured with the on-board sensor. For the CAEN module the monitor voltage
Vamon and current Iyion were logged. As the prototype ISEG base available at the time of the
measurement was missing a current monitor, only Vyion was logged. Both bases were operated
at 1500 V which is the maximum HV rating for the R9420. Figure 5.22 (top) depicts the stability
of the HV during the temperature cycling for the CAEN HV-supply. As can be seen the HV
remains stable within +1V for most of the time and does not exceed a drift of 3V. Figure 5.22
(bottom) shows that the HV stability is achieved by changing the current contracyclical to the
external temperature.

Figure 5.23 shows the measured Vyion along the tracked temperature for the ISEG base.
Again, the HV remains stable within +2 V which is the single bin precision of the monitor (max.
Vamon ISEG=2.5V, see Table 5.3). Like for the CAEN module, a very few measurements show
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Figure 5.23: Temperature stability of the HV generated by an ISEG base. The temperature has
been cycled between —20°C and +70°C.

departures of about twice that value.

5.3.3 PMT Temperature Sensitivity

The temperature fluctuations in the Argentinian Pampas can be quite large. Thus, the used
sensors need to be robust in order to work for a long period of time. While the electronics
can hold up to these fluctuations quite easily, the PMT is subject to higher variations in its
response. This affects the noise level due to thermionic emission, as well as the signal response
with the cathode sensitivity and the multiplication factor of the dynode stages being sensitive to
the operation temperature, resulting in a change in gain. The cathode sensitivity change with
temperature is wavelength dependent. For bialkali cathodes the change is about —0.4%/°C at
a wavelength of 500 nm [108].

To test the temperature effect on the signal response, two PMTs, with an ISEG base and a
passive divider with CAEN module respectively, were operated inside a climate chamber (see
Fig. 5.24). The signal of a LED with a pulse length of 200 ns and a wavelength of 480 nm was
transmitted via optical fibre into the climate chamber. The temperature was cycled between
—10°C and 50°C, which is the expected temperature range for the field operation (see Sec-
tion 5.4.2), and the cycle time was set to 180 min. Each minute, 1000 LED shots were triggered
and the average amplitude determined for the PMTs. The PMTs signal read-out was done
with an UUB, which was kept at room temperature outside the climate chamber. Temperature
and HV were monitored, like in the base-only test, with the UUB as well. Figure 5.25 shows a
fraction of the measurement, with the monitored temperature of the ISEG base sensor and the
amplitudes of the two different PMTs. The test ran for a total of 32 cycles. It can be seen, that
the signal is anti-correlated with the temperature®. Figure 5.26 shows the correlation of the
PMTSs’ signal to the temperature modulation. Both PMTs show a strong anti-correlation with
a correlation factor of ~ 0.95. The slope for the PMT with ISEG base is at —1.83 ADC counts.
In reference to the signal at a temperature® of 25°C, the signal change with temperature is
at —0.416 £+ 0.008%/ K. This fits well with the expected —0.4%/K for a PMT with bialkali
photocathode and is in agreement with an independent measurement of the R9420 [109].

As seen already in the base-only test, the HV fluctuation for both types of bases is moderate
and the correlation to the temperature cycle is small (see Fig. 5.27). Again, the effect is slightly
more prominent in the ISEG base, but the overall deviation from the set HV is small. With the
ISEG HYV step size being double the passive base step size, the RMS is larger for the ISEG base.

5Due to the crowded space of the climate chamber and the limited bending power of the optical fibre, the
simultaneous measurement of the two PMTs is not perfectly aligned, with the CAENs amplitude being about
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Figure 5.24: Schematic experimental setup of the temperature measurement. Two Hamamatsu
R9420 PMTs with ISEG base and passive voltage divider plus CAEN module inside
a climate chamber. Optical signal from a LED transmitted through an optical fibre,
triggering and signal readout performed with an UUB.
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Figure 5.25: Temperature stability test of two R9420 PMTs with an ISEG base and a passive
voltage divider with CAEN power supply respectively. Temperature cycles between
—10°C and 50 °C within 180 min.

5.3.4 Photomultiplier Quality Test

With the R9420, a base line photodetector was found. But since their usage in the SSD demands
high requirements for some of the PMTs characteristics, which are defined in the manufacturing
process, these need to be tested as to whether they hold up to the high standards. To confirm
the manufacturers given properties of the individual PMTs, lab tests were performed on a first
ordered batch of PMTs. The individual PMT’s accompanying data sheet is the result of a
standardised test by the manufacturer. Here the PMTs are illuminated by a tungsten lamp at
a temperature of 2856 K [110]. The derived PMT properties include the cathode and anode
luminous sensitivity, the PMT’s dark current, and the cathode blue sensitivity index. The blue
sensitivity index is obtained by measuring the same tungsten spectrum with an additional blue
filter (Corning CS No. 5-58) with a peak transmittance at around 420 nm in front.

In the laboratory, the PMTs were tested for their QE and gain. A total of 25 PMTs were
tested, with 9 PMTs being used imminently in the SSD prototype array and 14 spare PMTs,
for further enlarging the testing site. Using the same setup as in Section 4.2, the measurement
results can be seen in Fig. 5.28 (left). The QE curves for all PMTs are well aligned and feature
the same shape, with a few exceptions at the filter changing positions at 340 nm and 540 nm of
the QE test bench.

half of the ISEGs amplitude.
SStandard temperature from the Hamamatsu data sheet.
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Due to the different specifications (Table 5.3), the step size for the ISEG base (left)
is about double as for the CAEN module (right) (1.9 V versus ~ 0.8 V).

7



Chapter 5 Surface Detector Upgrade

QE Series Test

30

— Reference PMT
—— 9 SSD EA PMTs
—— 14 Spare PMTs

25

Quantum Efficiency [%]

Delta [%]

800
Wavelength [nm]

Figure 5.28: QE test of the prototype array PMTs. Deviation to a reference PMT shown at the

bottom.
Cor. QE-BlueSensindex

2, 27 -
S C
c -

3 265
< E
c -

[N} 26—
o4 -

255

25

245

24

L | L L L | L L L | L L L | L L L | L L L
11.6 11.8 12 12.2 124

Cathode Blue Sens. Index

Figure 5.29: Correlation of the QE at 460 nm to the factory data for the blue cathode sensitivity
index.

78



5.4 SSD Engineering Array

Cor. Gain-Anode Lum.Sens.

3
= ?10 Ham. R9420_DE2757 c £ 10°
81800; Ham. R9420_DE2758 * 8 E X2/ ndf 19.19/11
F Ham. R9420_DE2763 850 po -9.062e+04 + 2.615e+04
1600— Ham. R9420_DE2764 E p1 9949 + 349.1
rC Ham. R9420_DE2765 - 800 —
1400 Ham. R9420_DE2767 T £
£ Ham. R9420_DE2769 =
[l Ham. R9420_DE2773 750
1200: HZQ R9420_DE2775 =
£ Ham. R9420_DE2778 700
1000~ Ham. R9420_DE2779 E
C Ham. R9420_DE2783 - 650F-
800— Ham. R9420_DE2786 r
600 = 600
400 ; 550 ;
200 T | | | | 500F | | | | | | | |
1100 1200 1300 1400 1500 60 65 70 75 80 85 90 95
HV [V] Anode Luminous Sens. [A/Im]

Figure 5.30: Absolute gain measurement at three different HV settings for the first batch of
R9420 PMTs (left). Correlation of the measured gain at 1300V to the factory data
for anode luminous sensitivity (right).

While the measurement of the QE is quite extensive and time-consuming, it will be done for
only a few randomly selected PMTs of the bulk order for the whole array. With the correlation
between the cathode blue sensitivity and the QE at 460 nm (Fig. 5.29), the blue sensitivity can
be used as an index for a sufficient QE.

The absolute gain of the PMTs was determined measuring the charge of single photons (details
see Appendix B.1). For different HV settings the gain of a first batch of PMTs from the prototype
is shown in Fig. 5.30 (left). As becoming more prominent for the highest HV, there are two
outlier with a higher gain compared to the bulk of the measured PMTs. As the gain is already
stressing the dynamic range of the SSD to its limits, operating the PMT at a too low HV to
meet the electronic input can cause unwanted effects. As a comparison to the factory data
shows, the gain is correlated with the given anode luminous sensitivity (Fig. 5.30, right). Thus,
a preselection can be done to avoid using PMTs with a gain too high for operation in the field.

In order to operate all PMTs of the SSDs prototype at the same gain, the HV for a gain of
5 x 10* was determined using the absolute gain measurement and a separate gain versus HV
measurement. Here, the gain dependence on the supply voltage is determined for the operating
range from 600V to 1500V and the HV for the corresponding gain calculated. An overview of
the PMTs test results can be found in Appendix B.5. While the supply voltage for the WCD
PMTs is set to match a certain rate in incoming VEMs, it is not clear yet if this automated
process will be applied to the SSD and the MIP measurement as well. With the correlation
of the gain to the anode luminous sensitivity and the performed gain versus HV measurement
of the qualification test, a preliminary alignment of the individual PMT’s supply voltage can
be performed to have all SSD PMTs at about the same gain in the array, without performing
extensive tests.

5.4 SSD Engineering Array

Before equipping the entire SD array with about 1660 additional scintillators on top of the
existing WCDs, the new detectors are tested on a smaller scale. Therefore, an engineering
array (EA) with 12 SSD units was built to test the systems stability and function in its actual
environment.
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Figure 5.31: Layout of the SSD prototype stations in the Argentinian Pampas as of February
2017. A set of 7 SSD stations with PMTs is arranged in a regular hexagon. Two
stations are installed next to a regular SD station inside the Infill area. PMTs with
a passive base and a CAEN HV supply (green dots) and PMTs with an ISEG base
(blue dots) are tested simultaneously.

5.4.1 Layout/setup

The scintillator boxes for the EA were built and tested at KIT”. Each SSD was tested in a muon
tower to determine the homogeneity and the N,./VMIP before being shipped to Argentina [98].
The EA was build in September 2016 and the prototype configuration for the following analysis
can be seen in Fig. 5.31. To study the SSD behaviour, one unitary cell, meaning a complete
hexagon around a central station, of the regular SD array were equipped with a SSD on top. In
addition, two SSD stations were installed next to a regular station in the Infill array, creating
a 'twin’ station with a high rate of coincident events to study. Three extra stations were used
to study the use of a SiPM. Of the nine stations with a PMT, four stations were equipped with
an ISEG base, while the other five stations have a passive voltage divider with a CAEN module
for HV supply.

5.4.2 Station Monitoring

To keep track of the environmental conditions and to study weather influences on the detec-
tor performance, the SSD stations of the EA were equipped with extra sensors. A dedicated
data logger records the temperature and humidity inside the SSD housing. Temperature sen-
sors are placed in the middle of the two separated scintillator parts and a combined humid-
ity /temperature sensor is put in the centre part of the SSD. A period of the recording can be
seen in Fig. 5.32. Within the first two years the extreme ratings for temperature reached about
43 °C at maximum and a minimum of —13°C. The humidity in the centre SSD part, where also
the PMT is situated, ranges between 14% and 32%. In order to keep leakage current between
the PMTs pins low, a humidity of less than 60% is advised [111]. Also, rusting of the PMT pins
must be avoided to ensure long term operation of the SSD. This has been observed for a few
of the large WCD PMTs but, isolated from the large water volume of the WCD, this is not as
likely in the SSD.

In addition to the data logger, the temperature sensor on the SSD PMT base gives the
temperature inside the sensor tube. In Fig. 5.33 (left) the PMTs temperature correlates very well
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Figure 5.32: Period of the temperature and humidity recording of the data logger. Temperature
and humidity are measured at the centre of the SSD aluminium box and separate
temperature sensors in the two scintillator compartments.
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Figure 5.33: Correlation of temperature monitors inside the SSD station 20. Left plot shows the
comparison of sensors at the PMT base inside the detector tube and an additional
data logger sensor inside one of the scintillator modules. On the right side the
correlation of the sensor at the PMT to the air temperature at the central radio
station is shown.

to the data logger temperature, with an offset of about 5°C. With the data logger being present
only in the EA stations, the sensor at the PMT base measures the temperature development
inside the SSD quite well, however an absolute value of the scintillator compartment is not logged
due to the temperature offset. Across the array, the air temperature is measured at several spots.
The closest spot for SSD station 20 is the central radio station (CRS). The correlation to the
temperature measured at the CRS is shown in Fig. 5.33 (right). While the overall correlation
is good, the spread is larger compared to the data logger measurement and the deviation of the
two sensors increases at the higher temperatures, with the slope at just 0.83. With the enclosed
aluminium box temperature changes are inert and once heated up, the thermal reservoir takes
time to cool down again. For temperatures below 10°C (red line) the behaviour is similar to
the data logger correlation.

In Fig. 5.34 the temperature dependence of the monitoring HV for the SSD PMT can be seen.
For both the CAEN module and the ISEG base, the variation of the HV is in the range of one
bit, as measured in the lab® (see Section 5.3.2.7).

8Note the different bin size for CAEN and ISEG HV.
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Figure 5.34: Monitoring data of the temperature sensor at the PMTs position inside the SSD
stations 20 with CAEN HV module (top) and 1744 with an ISEG base (bottom).

5.4.3 Baseline

In field operation the traces are recorded with the UUB, which is located inside the electronic
dome of the corresponding WCD. The baseline of the traces is set to an offset of about 5% of the
12 bit FADC range to cover a possible PMT signal undershoot after very large signals due to the
capacitive coupling of the PMT. With a record length of about 17 us, the events of the SSD arrive
just before the WCD signals at around 6 us. In this study, the first 500 time bins are defined
as the baseline of the trace. For later analysis, the integrated signal is corrected for the average
of the shifted baseline. The UUB measured baseline of the SSD traces is also correlated with
temperature. Figure 5.35 shows the recorded baseline and variance in the measurement period.
A positive correlation is found with the temperature measurement (Fig. 5.36). Independent from
the PMT’s base, the change is up to 0.10%/°C. While the baseline is moving, the variance of
the traces is not correlated with temperature. This indicates a mere shift of the baseline rather
than an impact on amplification. It will be revised in detail for future UUB iterations.

5.4.4 Calibration Histograms

The SSD will be constantly calibrated by measuring the deposited signal of minimum ionising
particles (MIPs). Like the VEM for the WCDs (see Section 3.1), these measurements are stored
as separate histograms for every event and give the charge deposited by atmospheric muons for
the last few minutes. A sample of the recorded histograms of one upgraded WCD for one event
is shown in Fig. 5.37 (left). While the VEM histograms of the WCDs large PMTs have a broad
peak, the SSD signal in grey has a narrow signal peak for the MIP. Due to the SSDs small
height, the SSD signal is more time compressed in comparison to the multiple reflections inside
the WCD. To get the maximum in dynamic range, the MIP peak needs to be put just above
noise level, while still keeping the peak to valley ratio large enough for a clear separation. In
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Figure 5.35: Baseline and variance evolution of the SSD channel for the eight prototype stations.
In addition, the exemplary temperature of the PMTs sensor from station 20 is
shown.

Temp. 3aselipe Correlat!on St|20 Temp. \{ariang:e Coyrrelatjon St'20

N
©
@

14

slope 0.2652 + 0.0012 ; ; ; slope -0.0212 + 0.0152
corr.coef. 0.9006 : ] ] | corr.coef. -0.0135

N

©

o
T

12+

N

©

i
T

N

©

N
T

101

N

©

o
T

N

@

@
T

Baseline [ADC counts]

Variance [ADC counts]

-5 (I) .;: 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 40 2—5 0 5 1‘0 1‘5 2‘0 2‘5 30 35 40
Temperature [°C] Temperature [°C]
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on 21st of May 2017. Right: Correlation of fitted MIP charge and temperature
measured at the PMT base.
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Figure 5.38: Calibration signal of single muons and SSD monitoring temperature over time.

this study, the MIP signal is extracted by fitting a Gaussian function to the second peak.

Figure 5.38 depicts the MIP signal of recorded events for different stations and the PMT
temperature measured at SSD station 20. In contrast to the UUB baseline (see Fig. 5.35),
the MIP signal is anti-correlated with temperature, although the correlation factor is only at
0.44. Figure 5.37 (right) shows the MIP peak versus temperature for the measurement period of
March to mid June 2017. The slope is ~ —0.62 ADC counts, which corresponds to —0.27%/ °C.
While this behaviour is expected due to the temperature dependence of the PMT signal with
—0.41%/°C (see Section 5.3.3), the slope is not as steep as the PMTs response. In addition,
the temperature drift of only the scintillator and WLS fibre are found to be about —0.1%/°C
[112], the total detector drift was expected to be higher. Due to the continuously performed
calibration, the temperature drift of the detector components does not effect the particle shower
measurement.

5.4.5 First Events

In the engineering array the SSDs are triggered externally by the WCD. With this, first real
cosmic ray events could already be recorded with SSDs. Figure 5.39 (left) shows the number
of recorded events with an SSD trace for each station with a mounted scintillator on top. In
black the amount of events with a signal above the threshold of 60 ADC counts is shown. The
EA stations in the regular grid (Station ID = 56) all show similar rates, with about 20% of the
events containing traces with actual signal. This is due to the different area coverage of the
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Figure 5.39: Left: Recorded events of the SSD engineering array from March to June 2017.
Black bars show number of traces with a signal above 60 ADC counts. Asterisks
indicate stations with an ISEG base. Station 60 was in maintenance during the
selected time period. Right: Maximum signal amplitude correlation of the adjacent
SSD stations 20 and 22.
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Figure 5.40: Maximum signal amplitudes of WCD and SSD for recorded events in stations 20
and 22 from March to mid June 2017.

SSD and the WCD. The twin SSD stations (ID 20 and 22) show an order of magnitude higher
number of events, with about 80% also having an SSD trace. Due to the small distance between
enough stations to create a T3, most of the traces belong to small energy events.

In Fig. 5.40 the combination of WCD and SSD can be seen. For station 20 (left, passive
base) and 22 (right, ISEG base), the maximum signal amplitudes of events in the SSD and
WCD are plotted, with good alignment of both detectors and no obvious differences for the two
different SSD bases. Colour-coded are different combinations of the high gain and low gain of
each detector, to demonstrate the boundaries of the channels. Both high gain channels saturate
at 64mV (WCD) and 62mV (SSD) respectively. While the low gain channel of the WCD clips
at 2V, the SSD can reach up to 8 V. In green, the signal of the small PMT versus the SSD’s
low gain is shown. Only very few events saturate for the SSD. With an improved noise level of
the UUB and optimising the baseline and MIP peak for each station, the SSD will be capable
to cover the large dynamic range of the WCD.

Comparing the consistency of the SSD performance, the twin stations also show a good
agreement among each other (see Fig. 5.39, right). While there is a spread for low energy
events, it narrows for the low gain channel.

With stations 20 and 22 being right next to station 1764, the SSD twin stations are at the
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Figure 5.41: Reconstructed energy (left) and theta (right) of the AERALet events.
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Figure 5.42: Reconstructed shower core of recorded events in the AERALet array from March
to June 2017.

centre of the AERALet unitary cell. AERALet is a sub-array inside the InFill array, with an
even further reduced station distance down to 433m [113]. Thus, an event reconstruction for
these low energy events using the Pierre Auger software Offline can be performed. Analysing the
data from March to June 2017, a total of 27.186 events were reconstructed, with their energy and
theta distribution shown in Fig. 5.41. Northing and easting of the reconstructed events, shown
in Fig. 5.42, is distributed around the AERALet unitary cell. With the calibration of the SSD
signals via the MIP measurement, a rough lateral distribution function can be derived for the
SSD data. In Fig. 5.43, the calibrated SSD signal in units of MIPs over energy is plotted versus
the shower core distance to the stations 20 and 22 respectively. Transparency of the entries is
weighted with cos(6)*, as the efficiency of more inclined events is expected to fall due to the flat
design of the SSD. Looking at all recorded events and calculating the fraction of events, which
have an SSD signal (high gain = 50 ADC counts), the amount is quite steady and even raises
slightly with higher inclination just before it drops after 60°. This confirms the assumption of
decreasing detection efficiency for inclined showers due to its flat construction.
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Figure 5.43: Lateral distribution of the estimated charge of SSD events over energy versus shower
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Figure 5.44: Fraction of reconstructed events with signal in the SSD (high gain =
50 ADC counts) versus inclination.

5.5 Conclusion & Future Prospects

In a selection process, the Hamamatsu R9420 was found as a suitable PMT candidate to be used
in the SSD. It offers a sufficient quantum efficiency combined with a homogeneous response for
the cookie size and a high linearity. A PMT base with integrated HV supply was introduced,
capable of keeping up with the PMTs linearity at a low power consumption. This was tested in
a first engineering array with a total of 12 stations. The temperature behaviour was as expected
for a bialkali photocathode and the monitoring data of the EA shows no abnormalities. The
recorded SSD signals of the EA correlate with the signals obtained from the WCD PMTs,
including the dynamic range extension with the ’small PMT’, and first level analysis with the
raw data were performed.

After the successfully running detectors of the EA, about 1436 SD stations will be upgraded
to an AugerPrime station with additional SSD and radio antennas on top of the WCD. As of
May 2023, all station have the scintillator boxes installed on top, whereas 1260 stations are
also equipped with the new electronics and the PMT (see Fig. 5.45). Data taken during the
deployment of the first stations shows the detectors are operating as expected [114]. E.g. the
RMS of the baseline was analysed for differences in daytime and night values to spot possible
light leaks and advanced methods introduced to monitor the long term behaviour of the SSDs
[115].

Analyses of the SSD signal are being developed, similar to the reconstruction of the WCDs
(see Section 3.1.3). With the SSD being more sensitive to the electromagnetic component of
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Figure 5.45: Map of the current deployment status of the SSDs as of May 2023. 1260 stations
with a complete SSD including PMT are shown in green, whereas 176 stations have
only the scintillator installed yet (indicated in orange) and red stations will only
get new electronics installed.
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Figure 5.46: Sample event measured in the WCD and SSD of the pre-production array (left)
and residuals to the fitted LDF (right) [116].

the shower, detector specific parameters as i.e. the VEM calibration or the integration window
[116] need to be adapted. As the trigger to build the calibration histograms from the WCD
is used, the factor to convert the MIP signal into VEM is obtained only from simulations yet.
The time window to integrate the SSD’s signal is determined by using the same algorithm as for
the WCD and merging it with the WCD’s integration window. The shower geometry is taken
from the well-studied reconstruction of the WCD signals, and the contribution of the SSD to
the improvement of the shower core position remains to be investigated. The same NKG-like
lateral distribution function is used for the SSD. As the optimal distance rqp is determined by
the detectors spacing and the SSDs are co-located with the WCD, the shower size S(1000)gsp is
fitted while the shape of the LDF is parametrised yet. A sample event measured with the new
AugerPrime stations is shown in Fig. 5.46.

As a first glimps on how the SSD contributes to the composition studies was done in [117].
Figure 5.47 shows the signal ratios Sssp/Swcep of measurements with the AugerPrime stations
for two zenith angle ranges. As the electromagnetic component is more condensed around the
shower core, the ratio decreases with increasing distance. Due to its flat design, this effect is
less prominent in more inclined showers. On the right side, only stations in a distance between
800 m and 1000 m are displayed versus the reconstructed energy. Since the EM component rising
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Figure 5.47: Signal ratio of the SSD and WCD from an AugerPrime station, divided into two
zenith angle ranges. Left shows the ratio versus distance to the reconstructed
shower core. Right shows the ratio for stations between 800 m and 1000 m to the
shower core versus reconstructed energy. From [117].

faster with increasing energy compared to the muonic component, the ratio is expected to rise
with increasing energy. This is implied by the raise for the more vertical showers. As for the
more horizontal showers the increase is expected not as pronounced but the ratio stays rather
constant. However, the number of detected events is still limited.

With more statistics and more elaborated analysis of the SSD signals, the next step towards
resolving the composition at the highest energies is taken.

In the current SSD detector design, the detector’s dynamic range is limited by the PMT’s
linearity. The PMT signal taken at the anode is split into two channels on the UUB and digitised
by two 12 bit FADC with an overlap region of 5 bits. In order to extend the dynamic range
of the detector, it is necessary to extend the linearity of the PMT. With the voltage divider
already optimised for highest linearity at the anode output, this has to be achieved in a different
way. A common technique to extend a PMT’s dynamic range is to use the signal of large
pulses already at one of the dynodes instead of the anode. With less stages participating in the
amplification process, the signal in the early stages is smaller and the divergence of the electron
cloud travelling through the PMT is smaller. This technique was already used in the bases of
the three large SD PMTs, where the signal was taken from the last dynode and the anode to
cover a large dynamic range [118, 119].

5.5.1 Dynode Decoupling

To measure the prospects of decoupling a dynode signal, the classical mono-signal voltage divider
has to be modified. Figure 5.48 shows the circuit diagram of the modified base. The standard
voltage divider based on the SSD design for high linearity output at the anode was modified by
adding a decoupling capacitor (Cp) with 100 (R;2) termination at the sixth dynode. With an
additional resistor between the divider chain and the decoupling capacitor (R11), the load onto
the divider current is kept small.

Three different divider ratios were tested (see Table 5.5). With the first ratio being the same
ratio as used for the SSD stations with an extra dynode read-out added. Another ratio was
inspired by the LHAASO collaboration, using the same approach to extend the dynamic range
[120]. Here the ratio for the latest stages is raised quite high. As third version an intermediate
ratio is tested which is not as aggressive at the latest stages.
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Figure 5.48: Modified PMT voltage divider for the Hamamatsu R9420 with additional signal
read-out at the sixth dynode.

K Dyl Dy2 Dy3 Dy4  Dyb Dy6  Dy7  Dy8 A
SSD 2 1 1 1 1.2 1.5 2 3 1.5
Intermediate| 2 1 1 1.5 2.5 3 3.5 2.5 2.5
LHAASO 2 1 1 1.5 2.5 4 6 9 )

Table 5.5: Resistor ratios for different voltage divider tested for dynode decoupling read-out.

5.5.1.1 Measurement

To determine the linearity of the new base, the same setup as in Section 5.2.4 was used. A
combination of neutral density filters and different LED driver settings are used to ’scan’ dif-
ferent light intensities, and a deviation from the expected signal is calculated. In Fig. 5.49,
the measurement for the LHAASO-like voltage divider is shown at a supply voltage of 1000V,
which corresponds to a gain of about 8 x 10%. The two plots show the simultaneously recorded
signal from the anode (left) and the sixth dynode (right). The dotted vertical line indicates the
expected signal of 20 000 MIPs within 50 ns. For the anode output the deviation from a linear re-
lation between detected light and PMT signal exceeds 5% at about 100 mA peak current, falling
short of detecting 20000 particles with the desired accuracy. But the dynode output (barely)
keeps within the range of tolerance, even up to the highest light intensity. The measurements
were done for the other ratios as well. For the ’SSD’ base the linearity did not improve for the
decoupled output and for the 'intermediate’ base the dynode signal could extend the range just
a bit, but still falling short of the maximum rating. Extended tests could further evaluate the
usefulness of this method.

5.5.1.2 Moadification of the UUB

To implement the dynode read-out in the UUB front-end, the two SSD channels need to be
decoupled. This can be done by removing the resistor between the HG and LG (see channel
schematics in [121]). In the EA this was already done for tests with SiPMs as light detector,
which needed three individual channels. A possible signal integration into the UUB read-out is
shown in Table 5.6. For a PMT gain of 8 x 10* and a dynode to anode ratio of 80, with the
assumption of 25 photons per MIP and a total signal duration of 25ns, the two channels can
cover the measurement of 20000 MIPs. Since the dynode/anode ratio is PMT dependent and
must be determined for each sensor individually, a separate calibration is needed to be performed
in the overlap region of the two channels. As the dynode signal is too small for single MIPs,
this can not be achieved by measuring atmospheric muons and a different method needs to be
introduced. It could be further investigated whether an absolute calibration of the ratio before
the installation in the SSD would be stable over time.
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Figure 5.49: Linearity measurement of a R9420 PMT with decoupled dynode signal at 1000 V for
50ns light pulses. Vertical dotted lines indicates the expected 20 000 MIPs signal.

Range Intent Dynamic Range
bits 112[3/4] 5 | 6 |7[8[9|10]11] 12 |13|14|15]|16| 17

HighGain MIP Anode X8

Ipeak [mA] 0.0012 0.195 5

Vpeak [mV] 0.061 0.97 250

Npart [MIP] 0.095 1.53 391

LowGain Showers 6th Dynode X12
Ipeakp [mA] 0.0008 3.33
Vpeakp [mV] 0.04 166.7
Npart [MIP] 5.09 20833

Table 5.6: Possible UUB integration of a signal read-out for dynode decoupled signals. Assuming
a gain of 8 x 10*, a Dynode/Anode signal ratio of 80, 25v/MIP, and a signal duration

of 25ns.

As a note to the candidate PMTSs, this method was tested for the Electron Tubes 9902KB as
well, but still fell way short of measuring a signal corresponding to 20 000 MIPs.
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Chapter 6
Summary

With the development of new sensors, a detector upgrade can take well-established experiments
like the Pierre Auger Observatory even further.

In this work, the usage of a more efficient PMT to be used as sensor in the camera of the
Fluorescence Detector was presented. Two PMTs with an increased quantum efficiency com-
pared to the currently installed PMTs were tested. With a gain of 24% and even more in photon
detection efficiency, there is the prospect of increasing the exposure of the FD telescopes with
these new sensors. Due to the discontinued hexagonal face-plate of the PMTs, a new light guide
to cover the dead space between the round pixels was introduced. For the design, a Winston
cone was modified to fit into the current camera optics. Simulations were performed on the
loss in concentration power due to the modifications needed for the usage in the Schmidt tele-
scope design. The cones were produced from a highly reflective anodised aluminium sheet. A
prototype consisting of 48 PMTs plus Winston cones was installed at the end of 2014 and is
running without incident since then. Comparisons of different calibration measurements show
the improved photon detection capabilities of this combination in the telescope environment
with about 17% more light being detected. Long term evolution of the calibration measure-
ments show no efficiency loss due to ageing or dust for the new components. As a next step, one
camera can be equipped with the new sensors, from which the HEAT telescopes would benefit
most in terms of increased exposure.

For the AugerPrime upgrade of the Pierre Auger Observatory, three candidate PMTs were
tested for their usage in the new Surface Scintillator Detector. Measuring quantum efficiency,
uniformity, and linearity, a suitable PMT was found in the Hamamatsu R9420, which can meet
the high requirements for use in the new detector. For this PMT, a base with an integrated
high voltage generator has been introduced and compared to a conservative passive divider
with separate HV supply. Stability and noise tests were performed, with special regards to the
temperature behaviour of the components. Both bases were found to behave the same, with the
integrated base reducing the additional power consumption to the existing supply of the WCD.
A prototype of 12 stations, the SSD engineering array, was installed in 2016. For this, 25 PMTs
have been tested and categorised for usage in the field. Station monitoring was evaluated and
temperature influence on signal quality discussed. With the EA, first events were recorded with
the SSD detectors. For the SSD twin stations inside the AERALet subarray, the recording of
first events with the new detector were compared to the reconstructed events measured with the
WCDs. With the successful operation of the EA, the complete upgrade of almost all 1600 WCDs
is underway. As the large dynamic range of the SSD is vital for its detection of cosmic rays
at the highest energies, a possible modification is presented to extend the range even further.
By decoupling the PMTs signal from an earlier dynode stage, the PMTs linearity exceeds the
measurement of 20000 MIPs.
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A.1 PMT Datasheets
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Photomultiplier tubes 25°0)

@ | Spectral response @ | Cathode Anode Max. ratings @ ®| Stabirity @|Pulse linearity ® Remarks
O [5] [ Dark current ®| Time response @ Typical
Out-| Spectral QE. |Lumi-| Blue Anode 10 | ;- BUEED || I Socket
Tube | Type pectral LE. | Lumi it umi . N - wverage |  pulse o @ ocket Type
diameter] ,Xg line | response %gz;e lat peak| nous " dm | Radiant| Cathode | nous | Radiant $aln Rise |Transit|T.T.S, cat:?o go | @node height I;:I:T!‘I ?ehrcr)r:‘ g0 |&% S?]};";S; & Note &5
No. | range Typ. | Typ. | 98X | Typ | supply | 1yp | Typ. yP- Typ. | Max. |time | time | Typ. current | resolution socket
(CS 5-58) voltage Typ. | Typ. |(FWHM) voltage Typ. | Typ. | Typ. | Typ. | /stage assembly
(nm) (%) fwAm) TP [maw) () |(im)| (AW) (nA) (nA) | (ns) | (ns) | (ns) W) (mA) (%) (%) | (%) | (mA) | (mA)
1omm|R1635 | @ [300t0650 | AD | 25 | 100 | 10.0 | 80 [1250 3] 100 [8.0x10¢[1.0x 10°| 1 50 [08] 9 |05 1500 | 0.08 |23/BGO‘1| 10 | 20 | 3 7 | LUNE/8 | E678-11° E | UV type (R3878) R1635
(3/8") |R2496 | @ [160t0650| C-D | 25 | 100 | 10.0 | 80 [1250 5| 100 [8.0x 10¢[1.0x10¢| 2 50 | 07| 9 |05 1500 | 0.03 |23/BGO'1| 1.0 | 20 3 7 LINE/8 | E678-11" R2496
R647-01 | © |300t0650 | A-D | 25 | 110 | 100 | 80 1000 6] 150 |1.1x 10514 x 105] 1 2 |21] 22|20 1250 | 0.1 7.8 10 | 20 | 3 7 | LINE/10 | E678-13F° 1 | SILICA (R760) and UV (R960) types  |R647-01
Rat24 | @ |300t0650 | AD | 25 | 100 | 10.0 | 80 |1000 27| 100 |8.0x 10¢[1.0x 10°| 1 15 | 11| 12 |05 1250 | 0.03 8.1 10 | 20 | 2 5 | LINE/10 | EB49-68 El | UV type (R4141) R4124
‘gg‘f;‘ R4177-06] © |300to650 | A-E | 12 | 30 | 45 | 38 [1500 6] 15 [1.9x101|5.0x105| 05 | 10 |20 20 | — 1800 | 0.02 12.0 20 | 20 | 8 13 | LINE/10 | E678-13E" Flying lead type (R4177-04) R4177-06
R12421 | @ |300t0650 | AD | 25 | 110 | 10 | 80 1000 23| 220 [1.6x10°|2.0x 10| 0.5 2 [12] 14 |14 1250 | 0.1 — — | = 3 12 | LINE/10 | E678-13F' Bl | UV types (R12421-03) R12421
Ri12421-300] @ [300to700| H | 32 [ 160 | 14 | 105 |1000 23] 320 [2.1 x 10°[2.0x 105] 1 5 [12] 14 |14 1250 | 0.1 — — | - 3 12 | LINE/10 | E678-13F" Bl | EGBA type R12421-300
R1166 | © [300t0650| A-D | 26 | 110 | 105 | 85 [1000 20| 110 [8.5x 10|1.0x 10°| 1 5 | 25| 27 |28 1250 | 0.1 7.8 10 | 20 | 4 7 | LINE/10 | E678-12L" Bl | SILICA (R762) and UV (R750) types |R1166
R1450 | @ |a00to650 | AD | 27 | 115 | 11.0 | 88 1500 2] 200 [15x105[17x105] 3 50 | 18] 19 [076 1800 | 0.1 7.8 10 | 20 | 4 8 | LINE/10 | E678-120 B R1450
19mm|R3478 | @ [300t0650 | AD | 27 | 115 | 11.0 | 88 |1700 (0| 200 [1.5x105[1.7x10°| 10 | 300 | 1.3 | 14 036 1800 | 0.1 7.8 10 | 20 | 4 8 | LINE/8 | E678-12L" E | SILICA (R2076) and UV (R3479) types |R3478
(8/4") | ago1n-04) @ [300t0650| AE | 12 | 30 | 45 | 38 [1500 | 10 [1.3x10¢[33x105| 0.1 10 |10 10] — 1800 | 0.02 11.0 10 | 20 | 20 | 40 | ceL/10 | E678-12R° R3991A-04
R4125 | @ [300t0650 | A-D | 27 | 115 | 11.0 | 88 [1500 2] 100 [7.7x 10|87 x 105] 10 50 | 25| 16 [085 1800 | 0.1 7.8 1.0 | 20 | 100 | 170 | LINE/10 | E678-12L° E R4125
Rs611A-01| @ |300t0650 | A-D | 26 | 90 | 105 | 85 [1000 2] 50 |47x101[55x105] 3 20 [13] 12|08 1250 | 0.1 8.0 10 | 20 | 10 | 20 | LNE/10 | E678-122° Glass base type (R5611A) R5611A-01
R1288A-06) © |300t0650 | A-E | 12 | 30 | 45 | 38 [1500 2] 10 [12x10|383x105| 0.1 10 [13] 18] — 1800 | 0.02 9.0 1.0 | 20 | 30 | 50 | C+L/10 | E678-14-08 | Flying lead type (R1288A-04) R1288A-06
R1924A | © |300t0650 | AD | 26 | 90 | 105 | 85 1000 2] 180 [1.7x10°|2.0x105] 3 20 [15] 17 |09 1250 | 0.1 7.8 10 | 20 | 30 | 50 | csL/10 | E678-14C' W | Flying lead type (R1924A-01) R1924A
R4998 | @ |300t0650 | AD | 23 | 80 | 9.5 | 76 |2250 19| 400 |3.8x 105[5.0x10°| 10 | 200 | 07| 10 [0.16 2500 | 0.1 8.0 10 | 20 | 40 | 70 | UNE/10 | E678-12A° SILICA type (R5320) R4998
1250 27| 190 [1.8x 105|2.0x 108 2 15 | 16| 17 | 06 1800 | 0.1 7.8 10 | 20 | 30 | s0
R7899-01| @ |300t0650 | A-D | 27 | 95 | 11.0 | 88 LINE/10 | E678-12A" Glass base type (R7899) R7899-01
25 mm 1500 29| 160 [1.5x 105|1.7x108| 2 20 [16] 16 | 07 1800 | 0.1 7.8 1.0 | 20 | 100 | 150
(") [resto | @ |300t0e50| A-D | 27 | 95 | 110 | 88 [1000 27] 250 [23x 10°[26x 10¢| 2 15 | 25| 28 | 12 1500 | 0.1 8.0 10| 20| s 8 | LINE/10 | E678-12A° RE619
Ro800 | ® |300t0650 | AD | 27 | 95 | 11.0 | 88 [1300 9] 100 |9.3x10[1.1x105| 5 50 | 1.0 ] 11 [o27 1500 | 0.1 7.8 10 | 20 | 30 | 50 | LINE/8 | E678-12A° R9800
R9800-100| ® |a00to650| F | 35 | 130 | 135 | 110 [1300 @[ 140 [12x105[1.1x105| 10 | 100 | 10| 11 [027 1500 | 0.1 — — | — | 0 | s0 | UNE/8 | E678-12A° SBA type R9800-100
R13478 | @ |300t0650 | AD | 25 | 95 | 10.0 | 80 [1500 2| 50 |42x10[5.3x105] 3 30 |09 91013 1750 | 0.1 8.0 — | — | 10 | 25 | LNE/8 | E678-208° R13478
R3998-02| ® [300t0650 | A-D | 26 | 90 | 105 | 85 1000 13] 120 [1.1x10°[1.3x 105| 2 10 | 44| 32 |35 1500 | 0.1 75 10| 10| 8 10 | B+L/9 | E678-14C°'W R3998-02
Ragos-10002| ® |300to650| F | 35 | 130 | 135 | 110 |1000 13| 130 [1.1x10°[1.0x10°| 5 25 |44 32|35 1500 | 0.1 7.0 10 | 10| 8 10 | B+L/9 | E678-14C° M | SBAtype Ra998
1500 0| 500 [4.4x 105|5.0x 106 10 | 200 | 1.7 | 16 | 05 2000 | 0.1 7.8 10 | 20 | 10 | a0
R6427 | @ |300t0650 | A-D | 27 |100 | 11.0 | 88 LINE/ 10 | E678-14C" BB | UV type (R7056) R6427
28 mm 1500 )| 190 [1.7x 105|20x 10°| 4 80 |18 17 |05 2000 | o041 7.8 1.0 | 20 | 100 | 150
(-18) 7111 | @ [300t0650| AD | 26 | 90 | 105 | 85 [1000 2 180 [1.7x 105|20x 105 3 20 |16 18 |09 1250 | 0.1 7.8 10 | 20 | 30 | 50 | ceL/10 | E678-14C'W R7111
1500 6| 45 [4.7x10¢|53x105| 5 100 | 13| 14 [055 1750 | 0.2 7.8 10 | 20 | 10 | 30
R7525 | @ |300t0650 | AD | 27 | 95 | 11.0 | 88 LINE/8 | E678-14C" R7525
1500 7| 19 [1.8x10%|2.1x105| 2 40 |13 15 |058 1750 | 02 7.8 1.0 | 20 | 100 | 150
R13449 | @ |300t0650 | AD | 25 | 95 | 100 | 80 [1500 2| 50 |42x10[5.3x105] 3 30 |09/ 10 [017 1750 | 0.1 8.0 — | — | 10 | 80 | LNE/8 | E678-208" R13449
1250 23] 100 [4.7x 104 1.1x 10°| 3 20 |27 37 |45 1750 | 0.1 77 10 | 10 | 40 | 60
R580 @ |300t0650 | AD | 27 | 95 | 11.0 | 88 LINE/ 10 | E678-12A" [ R580
1500 20| 75 |7.0x10¢|7.9x105| 2 15 | 27 | 40 | 45 1750 | o1 77 1.0 | 1.0 | 150 | 200
R11102 | @ |300t0650 | A-D | 28 | 120 | 115 | 89 1000 23] 120 [8.9x 101[1.0x105] 2 20 |32 34 a8 1250 | 0.1 76 05 | 05 | 10 | 30 | ceL/10 | E678-12a @ R11102
(318{/"2"; RagecA | @ |300t0650 | AD | 26 | 90 | 105 | 85 [1000 23] 180 [1.7x105[2.0x 105] 3 20 |26 30 |20 1250 | 0.1 75 10 | 20 | 20 | 30 | ceL/10 | E678-12A° W R3886A
Ro420 | @ |300t0650 | A-D | 27 | 95 | 11.0 | 88 [1300 ©| 47 |44x10¢[5.0x105| 10 | 100 | 16| 17 |055 1500 | 0.1 7.8 10 | 20 | 30 | 50 | LINE/s | E678-12A R9420
Ro420-100] @ |a00to650| F | 35 | 130 | 135 | 110 [1300 © | 65 |55x10¢[5.0x105| 10 | 100 | 16| 17 |055 1500 | 0.1 7.0 10 | 20 | 30 | 50 | LINE/8 | E678-12A° SBA type R9420-100
R13408 | @ |300t0650 | A-D | 25 | 95 | 100 | 80 [1500 2| 50 |42x10[5.3x105] 3 30 |12 13 [o19 1750 | 0.1 8.0 — | — | 20 | 50 | unE/s | E678-208° R13408

20

Note: The data shown in [__] is measured with tapered voltage distribution ratio.
Please refer to page 18 and 19 for each item in the above list.

Note 1: This data is measured with 2Na source and BGO scintillator.
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( TECHNICAL INFORMATION | TENTATIVE
Jul. 2012

R11920-100-05
For Gamma-ray Telescope (CTA project), Fast time response, CC window
38 mm (1.5 inch) Diameter, Super Bialkali Photocathode, 8-stage, Head-On Type

GENERAL
Parameters Ratings Units
Spectral Response 300 to 650 nm
Peak Wavelength of Cathode Radiant Sensitivity 400 nm
. Material Borosilicate glass -
Window Shape Concave-Convex (R20) -
Material Super Bialkali -
Photocathode Minimum Effective Area ° 30 mm dia.
Dynode Structure / Number of Stages Linear Focused / 8 -
Base JEDEC No.B12-43 -
Operating Ambient Temperature -30 to +50 °Cc
Storage Temperature -80 to +50 °C
Suitable Socket E678-12A (option) -

MAXIMUM RATINGS (Absolute Maximum Values)

Parameter Maximum Ratings Units
Between Anode and Cathode 1500
Supply Voltage | Between Cathode and 1™ Dynode 400 \Y
Between Anode and Last Dynode 250
Average Anode Current 0.1 mA

CHARACTERISTICS (at 25 °C)

Parameters Min. Typ. Max. Unit
Cathode Sensitivity [ Luminous (2856K) - 100 - uA/lm
Cathode Blue Sensitivity Index (Cs 5-58) - 135 - -
Radiant Sensitivity (at peak wavelength) - 110 - mA/W
Quantum Efficiency [ at peak wavelength 32 35 - %

[ from 300nm to 450nm 25 - -
Collection Efficiency (at 400nm, simulation)** - 95 - %
1% Dynode Gain 6 10 - -
Anode Sensitivity [ Luminous (2856K) - 4 - Allm
Gain - 4x10° - -
Single Photon counting Peak to Vally Ratio 1.8 2.5 - -
Anode Dark Current (after 30min storage in the darkness) - 5 20 nA
After Pulseing (threshold 4p.e. and Gain 4x10” voltage) - 0.02 - %
Anode Pulse Rise Time** - 2.6 - ns
Anode Pulse Width (FWHM)** - - 35 ns
Electron Transit Time** - 23 - ns
Transit Time Spread (FWHM with single p.e.)** - - 2.0 ns
Pulse Linearity (+/-2% deviation) 15 20 - mA
Life (50% drop in Gain) 200 - - C

NOTE : Anode characteristics are measured with a voltage distribution ratio and supply voltage shown below.
(** Collection Efficiency and Time response are defined with effective area of 30 mm in diameter.)

AMAMATSU

HAMAMATSU PHOTONICS K.K. Electron Tube Division

( TECHNICAL INFORMATION |

VOLTAGE DIVIDER AND SUPPLY VOLTAGE

TENTATIVE
Jul. 2012

[ Electrodes | K

Dyl Dy2 Dy3 Dy4 Dy5 Dy6

Ratio |  350V(zenerdiode) 1 2 1 1 1

Supply Voltage: 1000 V,

K: Cathode, Dy: Dynode, P: Anode

DIMENSIONAL OUTLINE AND BASING DIAGRAM

a7+2 ) 73 MIN

B21 PHOTOGATHODE (R20 13 My

205

39,61
$30 MIN

®31.

T

o

i
\IWN BASE
\JEDEC No.B12-43

HA_TREATMENT AND MAGNETIC SHIELD 6D 230
WITH HEAT SHRINKABLE TUBE SEMIFLEX [BLE LEADS 16-0.7

Note : Semiflexible leads are soldered with 12PIN BASE

Figure 1: Dimensional Outline (Unit: mm)

This information is furnished for your Information only.
No warranty, expressed or implied, is created by furnishing this information.

NOTES

TEMPORARY BASE REMOVED

UNOJCICH
@) ove
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BOTTOM VIEW
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”‘“@,Ci Gy

RO &3 e Ok

12PIN BASE
JEDEC No. B12-43

The material in the R11920-100-05 contains Copper-Beryllium (CuBe) Alloy. Please follow the
applicable regulations regarding disposal of hazardous materials and industrial wastes in your
country, state, region or province.

Subject to local technical

and

of products included in this promotional material may:
vary. Please consult with our sales office. Information furnished by HAMAMATSU is believed to be reliable. However,
no responsibility is assumed for possible inaccuracies or omissions. Specifications are subjected to change without notice.
No patent right are granted to any of the circuits described herein.

AMAMATSU

HAMAMATSU PHOTONICS K.K. Electron Tube Division

[29]
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A.2 Winston Cone Design

A.2 Winston Cone Design
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Figure A.1: Technical drawing of the PMT and reflector placement for the Photonis XP3062 with
"Mercedes stars’ (left) and the Hamamatsu R9420-100 with Winston cone (right).
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Appendix A FD Upgrade

A.3 Gain Classes of the R9420-100

The photomultiplier of the Fluorescence Telescopes have only 10 HV supplies (20 in the HEAT
telescopes) for 440 PMTs for each camera. Thus, PMTs are measured before instalment and
classified into different gain classes to keep their response homogeneous. With the same setup
used for the qualification tests for the Photonis XP3062 PMTs [69, 70], about 520 Hamamatsu
R9420-100 PMTs were tested as well [62]. With a 'Gain vs High Voltage’ (GHV) test, the
correlation between the PMTs gain and the supply voltage, which is individual for each PMT,
was determined and in combination with four reference PMTs with known gain the supply
voltage for a gain of 2 x 10° is determined. With the narrow distribution and that few PMTs,
the gain classes were specifically defined fitting 22 PMTs each, matching the total PMTs per
power supply in the HEAT cameras.

3 F HV_distr
S 35 Entries 519
= - Mean 1026
w E RMS 38.31
- Underflow 0
30 - Overflow 1
25
20
15
10
5
E il 1 FRTT NS T SR S SN S S S ' [l PR
800 950 1000 1050 1100 1150 1200
Ul

Figure A.2: High voltage distribution of the Hamamatsu R9420-100 for a gain of 2 x 10° from

[62].
Gain Class | HV [V] || Gain Class | HV [V] || Gain Class | HV [V] | Gain Class | HV [V]
A 954 F 1000 K 1023 P 1049
B 971 G 1006 L 1027 Q 1056
C 981 H 1011 M 1032 R 1062
D 987 I 1015 N 1038 S 1070
E 993 J 1019 (0) 1043 T 1083

Table A.1: Gain classes and their respective mean high voltage values of the 520 Hamamatsu
R9420-100 PMTs for a gain of 2 x 10°.

For the installation in the FD camera the gain was calculated for a gain of 5 x 10* via

o K- (HV)“7 (A1)

C

with K and «a obtained from the GHV measurements and ¢ combining constants for the specific
experimental setup [70].

102



A.4 Correction Factor for Calibration A Comparison

A.4 Correction Factor for Calibration A Comparison

The last calibration A with a fully equipped camera in bay 6 was taken on the 30.06.2009.
Afterwards, about half of the sensors were used to instrument the new HEAT cameras. To test
more efficient PMTs in the FD environment, these empty slots were used, running in parallel to
the normal observation. Due to a time-dependent drift in the CalA response, a direct comparison
of the new PMTs with the data from 2009 is not meaningful. In order to compare the different
sensors and to determine the gain in efficiency, a reference group of the remaining PMTs was
introduced. To account for similar sky coverage and for symmetry reasons a reference set of 48
PMTs, point-symmetrical to the centre of the camera, was chosen.

Calibration A 30.06.2009 10:21 Calibration A (30.06.2009 10:21)

old setup
Entries 264
Mean 1.989
Std Dev 0.2556

25

old subset
Entries 48
Mean 2.044
Std Dev 0.1484

Number of Entries

20

< C
8 15—

s bare cone position
T Entries 21
2 Mean 2.052
18 Std Dev_ 0.1384
10 10
Winston cone position
16 Entries 48
5 Mean 2177
5 Std Dev_ 0.1506
14
o) NI I BRI B B
150 155 160 165 170 175 180 1 12 14 16 2.6 2.8
Azimuth [*] Calibration A

Figure A.3: Last calibration A from 30.06.2009 at 10:21 with the whole camera equipped with
Photonis XP3062 PMTs. Left side shows the camera response in sky view of Los
Leones bay6. Response of different subgroups on the right, with the positions the

new cones replaced in black and the mirrored subgroup of the old setup in solid
blue.

Figure A.3 shows the CalA data of the last full equipped camera. On the right side the
data for each pixel is displayed in sky view and the left side shows the grouped data similar
to Section 4.4.2.1. As can be deduced by the camera plot and inferred from the histograms
that the alignment of the CalA light source is not exactly centred, with the mean CalA of the
reference group is only 2.044 and the same sensor type at the Winston cone position measuring
2.177. This is consolidated by looking at the CalA data for a whole year. In Fig. A.4 the ratio
of the mean CalA for the reference set and the Winston cone positions is shown for the period
from 01.07.2008 to 30.06.2009. The correction to apply for the comparison of the new positions
to the reference group is 0.94 with the assumption that the alignment of the CalA light source
did not change since 2009.
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Appendix A FD Upgrade

Calibration A 01.07.2008-30.06.2009 CalA Correction for 01.07.2008 to 01.07.2009
refecence subset
o [ Entries 365 @ [ -
',GE, 160— Mean 2123 g 70— Entries 365
o F Std Dev_0.04817 g °F Mean 0.9418
5 [ 5 C Std Dev_ 0.004138
~ 140— g C
2 rC Winston cone position 2 60—
E F Entries 365 B E
2 120 Mean 2.254 z _E
= Std Dev_ 0.05183 50—
lOOj C
F 40—
80— E
E 30—
60— C
40i 2E
20 10—
N P R RPN PR IR S AR I A S R AP PP RS (o EURRTE e VR RPN PR
1 12 14 16 1.8 2 22 24 2.6 28 1991 0.92 0.93 0.94 0.95 0.96 0.97 0.98
Calibration A (mean CalA reference set)/(mean CalA Winston cone position)

Figure A.4: Correction factor for the PMT comparison to account for the asymmetrical camera
illumination of the CalA light source.
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A.5 Calibration B & C

A.5 Calibration B & C

Up until 2018 the two relative calibrations B (CalB) and C (CalC) were performed on a regular
basis, once at the end of each measurement night. Intended to identify the optical components
responsible for possible variations in the telescopes response, the calibrations are installed in
different placed than calibration A.

A.5.1 Calibration B

CalB is placed on the side of the camera frame, next to the PMTs, and is directed at the spherical
mirror. Its light source is a xenon flash lamp, which is situated in a calibration room and the
light is distributed via optical fibres to the telescope bays. In combination with a filter wheel
plus five different neutral density filters, CalB is performing a linearity measurement. The used
filters settings have a transmission of about 100%, 50%, 10%, 5%, and 1% for all wavelengths.
The measured response to a single shot of CalB is shown in the EventDisplay in Fig. A.5.

Event Display | all minors |

Trace. Col 6. Row 13

Trace. Col 4. Row 10
000

3500

3000

2500

2000

1500

1000

500

i e eSS RSN SR RPEIT T PSS ISR PR SO SIEN DYSM
3 350 400 450 500 550 600 650 700

- Display - Event Trigger
£ Single selection Run 10302 - Evt  4- GPS 1095067413 = 5LT View | FLT Vnew| Multiplicity View
& Multiple selection Run 10302 - Evt 10 - GPS 1035087414 | Second Level Trigger

I wirtual Channel Run 10302 - Evt 12 - GPS 1095087418 20—
W Pedestal Subtraction Run 10302 - Evt 13 - GPS 1095087417

T Sky wiew

™ Show time colors

[ = |4 |
Reload | 14
|

¥ Show signal colors

Quit

EYE 1 Mirror 6
335 pix. trig. T3id 0

GPS Time 1095067415

Mirrar & is in DAG

8
6
GPS NanoTime 360444200 4
2

Figure A.5: Calibration B response of bay 6 in Los Leones. New PMTs (left side, camera view)
show an increased response while running at the same gain as the other PMTs.

CalB values are stored on the monitoring server. The respective mean of the five CalB values
for the Winston cone position is between 13.3% + 0.5 and 14% + 0.4 higher than the reference
set in 2015 (see Fig. A.6, left). This corresponds to the result from CalA (Section 4.4.2.1), but
although a diffuser is used at the fibres exit the camera is not homogeneously illuminated by the
reflection of the mirror. As it was not clear from the documentation, how to obtain the linearity
plot in [122] from the monitoring data, the CalB values were normalised to the first entry for a
comparison of the two different PMTs (Fig. A.6, right). The differences are negligible.

A.5.2 Calibration C

Calibration C is positioned at the telescope’s aperture, directed outwards. The light of a xenon
flash lamp is reflected from the backside of the closed shutter door, which is covered with
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Mean Calibration B of 2015 Mean Calibration B Ratio of 2015
4400

4‘

4200

Calibration B
—
(CalB)/(CalB #1)

4000

3800

-
N

N
i
%4\\\4‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

3600

3400

3200

3000 | | L L |

1 1
Filter Transmission Filter Transmission

Figure A.6: Mean calibration B entries from the monitoring server for the Winston cone position
(black) and the reference set (blue) from 2015 (left) and the ratio to filter setting

#1 (right).
Calibration C 14.01.2015 06:23 Calibration C 14.01.2015 06:23
30 1600

0, r
9) F
1400 § 14—
2 R‘ F
0 F
1200 S 12—
20 C
- 1000 € 10—
- s C
s 2 F
=1 ® 8—
g15 800 r
w ] .
6—
600 [~
10 F
4=
400 C
5 2;

200 C d

OilwHwMHw\wHw\mww\mm\mm\mm\mmlw
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Figure A.7: Calibration C from 14.01.2015 at 06:23. Left side shows the camera response in sky
view of Los Leones bay 6 with the new PMTs installed in the right half. On the right
side, the relative response to the different wavelength filters is shown for the new
PMTs plus Winston cones in black and a reference subgroup of the XP3062 in blue.
Single pixels (dashed lines) and the mean (solid lines) are displayed, normalised to
the signal at 410 nm.

reflective Tyvek foil. Five different interference filters, centred at wavelengths 330 nm, 350 nm,
370nm, 390 nm and 410 nm, are covering the spectral acceptance of the telescope with the intend
to spot wavelength dependent changes of the different telescope components. As calibration B,
the calibration C was discontinued in 2018. A sample CalC measurement from 14.01.2015
is displayed in Fig. A.7. As can be seen on the left side, the illumination of the camera is
not homogeneous at all which makes a direct comparison of the different PMTs in terms of
efficiency gain rather difficult. But the spectral response can be investigated. On the right side,
the obtained CalC values for the PMTs plus Winston cones (black) and the reference set (blue),
normalised to the value at 410 nm, are shown. Both PMTs show an expected similar behaviour,
as the measurement of the quantum efficiency in Section 4.2.1 already showed a similar but
scaled response with respect to the wavelength in the range of interest. Indicated by the dashed
lines for single pixels and the solid lines for the mean values, the spread for the new PMTs is
smaller.
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B.1 Single Photon Measurement

In order to determine the absolute gain of the first batch of PMTs to be used in the SSD
engineering array, a calibration via the single photon peak was performed. For this purpose, a
picosecond diode laser with a wavelength of 405 nm [123] was used with a pulse rate of 5kHz.
In combination with a neutral density filter, the light was attenuated to a signal to noise ratio
of about 1 to 10, to ensure measuring the single photon peak within a sample time of 100s. Due
to the small signals of the R9420 with an expected gain of the order of 10° at a supply voltage
of 1300V, the single photon measurements were performed with a sensitive DAQ designed for
the CBM experiment [124]. With a new readout chip, the n-XYTER, an ASIC was developed
for high rate multi-channel neutron counting at GSI in Darmstadt [125].

Calibration of the n-XYTER

With the n-XYTER chip being too sensitive for the single photon signals, an additional atten-
uator board was used with different channels to be able to test the linearity of the PMTs from
single photons up to about 10 photons. To extend the limited range of the n-XYTER with the
needed precision, different attenuator channels were modified to be used with the R9420 PMT
and fitting the expected signal. For the conversion from ADC counts to charge, the attenuator
board was calibrated using a high-resistive current source. Well defined rectangular pulses with
known width and amplitude were used with a 10k() resistor to obtain a conversion for each
channel (example shown in Fig. B.1).

calib_nxyter
x10712
o [
- -
9 -
E -
G 04—
03
02— X2/ ndf 8.031/4
- po 3.145e-15 + 9.181e-16
C pl 2.722e-16 + 1.302e-18
01—
0;
N T R B R R R S A
0 200 400 600 800 1000 1200 1400 1600

ADC counts

Figure B.1: Calibration measurement of one attenuator channel with the n-XYTER for the
ADC counts to charge conversion.

R9420 Single Photon Measurements

The single photon peaks were measured for the first batch of PMTs to be used in the SSD EA
at 1100V, 1300V, and 1500 V respectively. An example is presented in Fig. B.2. With the exact
gain and an additional charge versus supply voltage measurement, the gain for a specific HV (or
vice versa) can be calculated.
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Figure B.2: Single photon peak measurements for a supply voltage of 1100 V, 1300V, and 1500 V
for a R9420 PMT.
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B.2 SSD Linearity Measurement

The linearity for the SSD PMTs was measured using a modified setup of the FD classification
test [70, 69]. Here, the linearity is measured in pulsed mode and a light source is attenuated by
calibrated neutral density filters. The charge (Q) is measured for different transmission settings
(T') and a linear fit is applied to the data,

Q =pl-T + p0. (B.1)

Since the break from linear behaviour is expected for the large signals, the fit is limited up to
10% transmission. For the charge measurement the non-linearity (NL) for each transmission
(T) is calculated:

NL(T) = Smeas.(T) (B.2)

pl-T + p0

The neutral density filters have a transmission of 30%, 10%, 1%, 0.1%. To extend the mea-
surement range, different combinations of those filters are used, covering a dynamic range in
the order of 10%. The light source is a blue high power LED with a wavelength of 470 nm. In
order to fine scan the break from linearity, the light source intensity was adjusted as well. This
is done by altering the driver voltage of the LED pulse between 8 V and 16V in steps of 2 V.
Since the LED light output is not linear to the applied pulsed voltage, the linearity fit is done
for every LED power setting separately. The PMT signal was recorded using a VME crate with
a Struck SIS3300 FADC card [126] with 100 MHz and 12 bit (1 mV) amplitude resolution. With
a maximum of 2V input signal, a 12db attenuator was used to match the largest PMT signals
to the recording ADC range.

Figure B.3 shows the linearity measurement for the Hamamatsu R9420 and the Electron Tubes
9902KB, with the upper plots showing the measured charge for different filter settings and the
applied fits. The lower plots show the deviation from the linear fit, colour-coded the different
LED driver voltages. The R9420 was measured at 900V, with a gain of 8.4 x 10* and the the
9902KB was measured at 800 V with a gain of 2.7 x10°. The gain was measured at the Lecce test
facility [102]. The linearity of the 9902KB was measured in a different setup using the two LED
technique [127]. Here the signal of two LEDs is measured separately and simultaneously. The
measurement is in consistence with the filter measurement and shows a deviation from linearity
at about 60 mA.
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Figure B.3: Linearity measurement for the Hamamatsu R9420 and the Electron Tubes 9902KB.

The upper plots show the measured charge for different calibrated neutral density
filter settings with the applied fit from Eq. (B.1). The lower plots show the deviation
from the linear fit
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Figure B.4: Linearity measurement for the Electron Tubes 9902KB at 800V with the double

LED method [102].
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B.3 ISEG Base Modifications

The ISEG base was customly made for the purpose of being used in the SSD. The dimensions
were given by the possible space inside the plastic tube, where the PMT is sitting in. In
alignment with the FD use of the same type of PMT, the fixation of the active base to the
PMT was enhanced by a plastic spacer, to provide a stress relief towards the PMTs pins. The
connection between spacer and base is done by having a small hole in the middle of the voltage
divider PCB. As will be discussed in Appendix B.3, the limited space on the ’voltage divider’
PCB for revision 1 and 2 induces some minor additional noise. The limited space was caused by
the originally made requirement of leaving a hole in the centre of the PCB in order to ease the
fixation of the PCB during soldering to the PMT. Moreover, revision 1 was designed for much
larger average anode currents than expected for the operation in the SSD. Revision 2 relaxes the
overpowered generator by removing a diode in the last stage of the multiplier chain. Moreover,
it introduces two thin copper plates to the voltage divider PCB to serve as electromagnetic
shielding of the signal decoupling capacitor (see Fig. B.5). Currently, revision 3 is produced
by ISEG. It will eliminate the hole in the centre of the PCB to allow for an optimised routing
and thereby better shielding of the signal lines by construction and it will also add a current
monitor. This new version will be delivered by mid February 2017 for lab and field tests.

®e¢0

(] 4]
e

00w @

Figure B.5: ISEG revision2 modifications to reduce the noise level. Revision 2 has a diode
removed to reduce power of the Cockroft-Walton generator (left) and has two ad-
ditional copper plates introduced to shield the decoupling capacitor of the signal
output (right).

Noise

The noise measurement with the UUB as in Section 5.3.2.5 shows the noise was reduced from
revision 1 to 2. By reducing the power of the Cockroft-Walton generator and introducing two
small copper shield to the decoupling capacitors, the noise level of the ISEG base rev. 2 could
achieve the same noise level as the CAEN base.

UUB baseline 2.524 + 0.166

ov 900V 1500V
ISEG Rev.1 2.47540.247 | 3.049 £ 0.187 | 3.424 £0.184
ISEG Rev.2 2.458 £0.209 | 2.496 £ 0.224 | 2.573 £0.220

Table B.1: UUB noise measurement (all numbers are in units of ADC channels).
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Figure B.6: UUB noise measurement of a PMT with ISEG Rev.1 base. Upper left shows one

sample trace. A Gaussian distribution is fitted to the profile (upper right) to de-
termine an estimate of the traces noise level. Bottom right shows the single trace
sigma distribution for 1000 traces. Bottom left shows the combined profile of all
these traces.
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Figure B.7: UUB noise measurement of a PMT with ISEG Rev.2 base. Upper left shows one

sample trace. A Gaussian distribution is fitted to the profile (upper right) to de-
termine an estimate of the traces noise level. Bottom right shows the single trace
sigma distribution for 1000 traces. Bottom left shows the combined profile of all
these traces.
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B.4 PMT Base Temperature Test

A temperature test of the ISEG base and the CAEN module with a passive voltage divider was
also performed without an attached PMT in a climate chamber. The temperature is cycled
between —20°C and 70 °C, with a rise and fall time of 60 min. The high voltage is set to the
maximum rating for the ISEG base (about 1500 V) and to 1500V for the CAEN module, which
is the maximum voltage for the R9420 PMT. The HV is set and monitored via an UUB, which
is kept at room temperature outside the climate chamber. For the CAEN module the bleeder
current is monitored as well, while for the used ISEG base (Rev. 2) the current monitor was
missing. The temperature is measured with the dedicated sensors of the SSD engineering array’s
PMT module, which is installed on the ISEG base and is a separate sensor for the CAEN module.
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Figure B.8: Temperature test of the ISEG base without PMT. Temperature cycle from —10°C
to 70°C. HV monitoring with an UUB at room temperature.

In Fig. B.8 the monitored HV is shown for the ISEG base, which is mainly distributed around
1518 V with an RMS of 1.28 V. Figure B.9 shows the same measurement for the CAEN module,
with a mean of 1501V and an RMS of 1.00 V. For the bulk of both measurements, the values
are distribute within a 5 bit range of the corresponding ADC which is used to monitor the HV.
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Figure B.9: Temperature test of the CAEN module and passive base without PMT. Temperature
cycle from —10°C to 70°C. HV- and bleeder current monitoring with an UUB at
room temperature.
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B.5 SSD EA PMT Test Results

For the PMTs to be used in the SSD engineering array, the absolute gain was measured at a
supply voltage of 1300 V. In addition, a gain versus high voltage measurement was performed
for each PMT (see for example in Fig. 5.16) and the gain to expect at 900 V calculated. Later
it can be used to determine the individual supply voltage of the PMTs to be used at a specific
gain, depending on the performance of the self calibration with atmospheric muons.

Detector* | PMT type* | PMT SN* | Station name | Gain@1300V | Gain@900V | Np./MIP*
SSD EA 01 CAEN DE2757 | Pichi Peni Hue | 6.357E +5 8.814F + 4 31.1
SSD EA 02 CAEN DE2786 Diddi 6.671E+5 9.373F + 4 29.1
SSD EA 03 ISEG DE3184 Le Qui Don 864484F 1.227TE +5 30.0
SSD EA 04 ISEG DE3179 Jaco 8684631 1.232E +5 32.2
SSD EA 05 CAEN DE2778 Granada 6.032E 4+ 5 8.413F + 4 31.8
SSD EA 06 CAEN DE2769 Ruca Malen 5.750E 4+ 5 7.999F + 4 29.5
SSD EA 07 CAEN DE2775 Trak 8.486F + 5 1.136E + 5 30.5
SSD EA 08 CAEN DE2765 Clais 5213E+5 7.231E + 4 30.8
SSD EA 09 SiPM - Svenja 24.3
SSD EA 10 SiPM - Cristian 25.4
SSD EA 11 CAEN DE2767 Nuria 6.234E 4+ 5 8.571E + 4 29.9
SSD EA 12 SiPM - Peteroa 24.8

Table B.2: SSD PMT voltages from the absolute gain measurement at 1300 V and the GHV mea-
surements. *Information from [98],! estimated from PMT’s data sheet of correlation
between anode luminous sensitivity and gain.
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B.6 SSD Afterpulse

As the afterpulse was more prominent in the Hamamatsu R9420-100 than in the currently
used FD PMT (see Section 4.2.4), it is checked for the standard bialkali version used in the
SSD as well. For the afterpulse check, the signal from the linearity measurement at 10% filter
transmission is used, being a rather large signal but not saturating the electron multiplier of
the PMT. The pulse width is 50 ns and the pulse height about 2V. In Figs. B.10 and B.11 the
signal is shown for the Hamamatsu R9420 and the Electron Tubes 9902KB, respectively. Both
PMTs show similar pulse heights. The afterpulse is defined as the ratio of charge 2 us after the
initial signal region and the measured signal of the LED pulse. The R9420 afterpulse is at 1.0%,
while for the 9902KB the charge after the signal is about 1.6%. While both PMTs are not as
low as the Photonis XP3062, they are well below the super-bialkali version, the R9420-100.
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Figure B.10: PMT signal of the Hamamatsu R9420 from the linearity measurement at 10%
transmission, averaged over 1000 pulses.
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Figure B.11: PMT signal of the Electron Tubes 9902KB from the linearity measurement at 10%
transmission, averaged over 1000 pulses.
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B.7 SSD PMT Oscilloscope Noise Measurement

The noise measurement performed with the UUB and reported in Section 5.3.2.5 were inde-
pendently verified also with an oscilloscope. In the same setup as described in Section 5.3.2.5,
the signal cable was attached to the scope outside the metal box. A black cover was placed
in front of the PMT window so that only cosmic muons hitting the photocathode or a dynode
could cause a trigger, which was set for this measurement at a threshold of —1mV. The band-
width of the scope was limited to 200 MHz and an additional 100 MHz digital filter was used to
provide comparable conditions as with the UUB which employs 120 MHz FADCs and 60 MHz
anti-aliasing filtering.

Figure B.12 presents the noise measurement for the passive base with CAEN HV-module. In
the top left one sample trace of 100 triggered signals is shown. The average pulse height is about
2mV with a width < 12ns. The total time per trace is 400ns. The upper right plot shows the
profile of the sample trace while the cumulative profile of 100 traces is shown in the bottom left.
A Gaussian distribution is fitted in the range of —1mV to +1mV to get an estimate of the noise
level. The sigma distribution for all 100 individual traces is plotted in the bottom right, with a
mean spread of 0.047mV. As can be seen from the trace, the noise fluctuations are in the single
bin precision of the oscilloscope.

The same measurement is shown in Fig. B.13 for a PMT with an ISEG base. With a mean
spread of 0.046 mV, there is no difference to the passive base within the oscilloscopes resolution.
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Figure B.12: Noise of the CAEN module and PMT with passive voltage divider measured with
a scope. Upper left shows one sample trace. A Gaussian distribution is fitted to
the profile (upper right) to determine an estimate of the traces noise level. Bottom
right shows the single trace sigma distribution for 1000 traces. Bottom left shows
the combined profile of all these traces.
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Figure B.13: Noise of a PMT with ISEG Rev.2 base measured with a scope. Upper left shows
one sample trace. A Gaussian distribution is fitted to the profile (upper right) to
determine an estimate of the traces noise level. Bottom right shows the single trace
sigma distribution for 1000 traces. Bottom left shows the combined profile of all

these traces.
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