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Abstract
The PANDA  experiment (antiproton annihilation at Darmstadt) is designed for studies of the strong force in the transition
region between perturbative and non-perturbative quantum chromo dynamics (QCD). It will be built and placed at the high-
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2025. In the HESR antiprotons with a momentum in the range 1.5 GeV/c to 15 GeV/c will collide with a fixed hydrogen or
nuclear target. The PANDA detector is designed for e.g. detailed spectroscopy of hadrons produced in antiproton-proton
interactions. In 2026 PANDA will be upgraded with the implementation and completion of some subdetectors, e.g. the
EDD (end disc detector of internal reflected Cherenkov light) for charged particle velocity measurements in the forward
direction.

This thesis summarizes preparatory experiments with a PANDA forward endcap electromagnetic calorimeter (EMC)
prototype, performed at the tagged photon facility at the MAX IV laboratory in Lund to study the response to photons
with energies below 100 MeV using vacuum photo tetrodes (VPTTs) as photo sensors. The results show that with VPTT
photo sensors, in combination with sampling ADCs, the technical design report (TDR) requirement, with regard to energy
resolution, can be fulfilled even for energies below 100 MeV. It is also shown that the energy resolution is not significantly
influenced by the insertion of the EDD in front of the forward endcap EMC.
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Abstract
The PANDA experiment (antiproton annihilation at Darmstadt) is designed
for studies of the strong force in the transition region between perturbative
and non-perturbative quantum chromo dynamics (QCD). It will be built and
placed at the high-energy storage ring, HESR, at FAIR (Facility for antiproton
and ion research) in Darmstadt and start its first experiments in 2025. In the
HESR antiprotons with a momentum in the range 1.5 GeV/c to 15 GeV/c will
collide with a fixed hydrogen or nuclear target. The PANDA detector is de-
signed for e.g. detailed spectroscopy of hadrons produced in antiproton-proton
interactions. In 2026 PANDA will be upgraded with the implementation and
completion of some subdetectors, e.g. the EDD (end disc detector of internal
reflected Cherenkov light) for charged particle velocity measurements in the
forward direction.

This thesis summarizes preparatory experiments with a PANDA forward
endcap electromagnetic calorimeter (EMC) prototype, performed at the tagged
photon facility at the MAX IV laboratory in Lund to study the response to
photons with energies below 100 MeV using vacuum photo tetrodes (VPTTs) as
photo sensors. The results show that with VPTT photo sensors, in combination
with sampling ADCs, the technical design report (TDR) requirement, with
regard to energy resolution, can be fulfilled even for energies below 100 MeV.
It is also shown that the energy resolution is not significantly influenced by the
insertion of the EDD in front of the forward endcap EMC.
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This Thesis
The thesis is composed of a written section (part I) and two articles in manuscripts
(part II).

I. D. Wölbing et al. Photon calorimetry below 100 MeV at PANDA us-
ing vacuum photo tetrodes as photo sensors. To be submitted to Nucl.
Instrum. Meth.

II. D. Wölbing et al. Influence Cherenkov detector EDD on the PANDA
electromagnetic calorimeter for energies below 100 MeV. To be submitted
to Nucl. Instrum. Meth.

Parts of the chapters 1, 2, 3 and 4 and some results concerning the energy
resolution limits study in chapter 5 have to some extent been presented in my
Licentiate thesis Response of a PANDA electromagnetic calorimeter prototype
to energies below 100 MeV Dirk Wölbing Department of Physics, Stockholm
University (2019).
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Nomenclature

PANDA: antiProton ANnihilation at DArmstadt

ADC: Analog to Digital Converter

ALICE: A Large Ion Collider Experiment

ALPHA: Anti-hydrogen Laser PHysics Apparatus
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EDD: Endcap Disc DIRC detector

EMC: ElectroMagnetic Calorimeter

FAIR: Facility for Antiproton and Ion Research

Fermilab: Fermi national accelerator laboratory

FPGA: Field Programmable Gate Array
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FWHM: Full Width at Half Maximum

GEM: Gas Electron Multiplier

HESR: High Energy Storage Ring

IP: Interaction Point

LHCb: Large Hadron Collider beauty

LINAC: LINear ACcelerator

MCP: Micro Channel Plates

MVD: Micro Vertex Detector

PCB: Printed Circuit Board

PMT: PhotoMultiplier Tubes

PWO: Lead tungstate

QCD: Quantum Chromo Dynamics

QED: Quantum Electro Dynamics

QFD: Quantum Flavor Dynamics

RICH: Ring Imaging CHerenkov counter

STT: Straw Tube Tracker

TDR: Technical Design Report

TOF: Time-Of-Flight

VPT: Vacuum Photo Triode

VPTT: Vacuum Photo TeTrode
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Sammanfattning på svenska
PANDA-experimentet (AntiProton ANnihilation at DArmstadt är utformat för
studier av den starka kraften i ett energiområde där kvantitativa beräkningar
inte är möjliga inom teorin för den starka kraften, QCD (Quantum ChromoDy-
namics). Experimentet ska placeras vid acceleratorringen HESR (High-Energy
Storage Ring) vid anläggningen FAIR (Facility for Antiproton and Ion Re-
search). Första experimenten beräknas ske under 2025. I HESR kommer la-
grade antiprotoner med en rörelsemängd mellan 1,5 och 15 GeV/c växelverka
med ett strålmål bestående av väte eller tyngre atomer. PANDA-detektorn är
optimerad för bl.a. spektroskopi av hadroner som produceras i annihilationer
mellan antiprotoner och protoner. Under 2026 kommer detektorn uppgraderas
med bl.a. den s.k. EDD-detektorn (en Cherenkovdetektor) för mätning av
laddade partiklars hastighet i framåtriktningen.

Denna avhandling summerar förberedande studier av PANDA-detektorns
elektromagnetiska kalorimeter (EMC) som utförts vid den ”taggade” fotonfa-
ciliteten på MAX IV i Lund. Med en prototyp av kalorimetern har responsen
för fotoner med energi mellan 13 och 97 MeV studerats i detalj för det fall
utläsningen av kalorimeterns scintillatorer görs med hjälp av s.k. vakumfo-
totetroder (VPTT, en fotomultiplikator med endast två dynoder). Resultaten
visar att denna typ av utläsning, i kombination digitalisering av signalerna i
en s.k. sampling-ADC, medger en energiupplösning som uppfyller de villkor
som ställts i den tekniska designrapporten för kalorimetern. I avhandlingen
visas dessutom att effekterna på energiupplösningen av placeringen av detek-
torn EDD precis framför kalorimetern är begränsade.
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Zusammenfassung
Das PANDA Experiment (Antiproton Annihilation in Darmstadt) untersucht
die starke Wechselwirkung im Übergangsbereich von berechenbarer und nicht
berechenbarer Quantenchromodynamik. PANDA wird im Hochenergetischen
SpeicherRing (HESR) bei der Anlage für Antiproton- und Ionenforschung
(FAIR) in Darmstadt errichtet. Die ersten Experimente von PANDA sind
für das Jahr 2025 geplant. Antiprotonen werden im HESR auf ein Momen-
tum von 1.5 GeV/c bis zu 15 GeV/c beschleunigt und dann mit einen partiell
fixierten Wasserstoff- oder Kernobjekt kollidiert. Die fundamentale Idee des
PANDA Experiments bezieht sich auf die Untersuchung bzw. Spectroscopie
von Hadronen bei Anitprotoon-proton interaktionen. Im Jahr 2026 wird der
PANDA-Detektor vervollständigt, wobei einige neue Detektorsysteme hinzuge-
fügt werden, der Scheibenendkappendetektor für intern reflektierte Cherenkov
Strahlung (EDD) ist notwendig um die Geschwindigkeit der geladenen Teilchen,
welche in Vorwärtsrichtung emittiert werden, zu bestimmen.

Diese Arbeit fasst vorbereitende Experimente, mit einem entwickelten
PANDA Vorwärtsendkappen Elektromagnetischen Kalorimeter (EMC) Proto-
typs, welcher mit Vakuum Phototetroden (VPTT) Photosensoren und Bleiwol-
framat (PWO) Szintillation Kristallen verbunden ist, zusammen. Die Exper-
imente wurden im Max IV Labor in Lund in der Kernphysiksektion durchge-
führt, in welcher die Energyauflösunge des Prototyps in Bezug auf 13 MeV bis
100 MeV markierte Photonen untersucht wurde. Die Ergebnisse zeigen, dass
VPTTs in Kombination mit dem vorgeschlagenen sampling ADC die Vorraus-
setzung des technischen Entwurfs der PANDA Kollaboration erfüllen, im Bezug
auf die Energieauflösung für Energien kleiner als 100 MeV. Des Weiteren wird
gezeigt das die Aufwertung PANDAs mit dem EDD die Energieauflösung das
Vorwärtsendkappen EMCs nicht signifikant beeinflusst.





Chapter 1

Introduction

Early humans as well as their fellow animals were forced to rely on their sensory
organs to survive in their environment. However simple tools from sticks and
stones could be used to extend their physical reach. Later more sophistical tools
were developed that facilitated trade and constructions. Some of these tools
such as scales, the sun dial and the calendar or more abstract, mathematics and
geometry, were eventually used to predict regular physical phenomena. The
prediction of these phenomena helped to make the world more understandable.
An understanding that also helped to improve the living conditions of humans.
The ancient Greeks already understood that instruments are necessary in order
to explore the beauty of nature. This means that although the human is limited
by his body and he can develop special instruments to make phenomena visible.
In order to develop an instrument or a theory several steps are necessary. In
most cases, theory has to be combined with experiment and breakthroughs were
usually the result of long processes.

An example from the macroscopic world: The motion of the stars in the
sky was investigated by the Greek philosopher Thales of Milet. He descended
into wells and discovered that with a restricted field of view the motion of the
stars could be observed. With this reduced field of view he was able to detect a
periodic motion of the stars and was also able to predict the solar eclipse in May
28th 585 BC [1]. Two millennial down the road, Galilei (1610) observed, with
his own modified telescope, the moons of Jupiter and deduced that the earth
turns around the sun, which some Greeks had known a long time before. Some
decades afterwards, a young physicist Isaac Newton (1687), is said to have
dropped an apple and from this deduced the law of the gravitational force,
which is one of the most important physical laws and one of the foundations of
the following development in science and astronomy. Thus via the idea of using
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a well as an instrument, and the development of the telescope, the definition of
the gravitational law was possible.

Another example, this time from the microscopic world: Democritus had
2500 years ago conceived the idea of the atom by breaking a piece of wood
several times a part [2]. The modern theory of atoms was attributed to the
British physicist and chemist John Dalton. He again proposed that each basic
element consisted of one kind of atom (1803). With that knowledge elements
were ordered into a periodic table (1867 by Mendeleev). Other components
of the atom, called subatomic particles, were also observed in different exper-
iments e.g. the discovery of the electron made by JJ. Thompson by studying
a cathode ray tube (1897). With help of the Millikan experiment (1909 Mil-
likan and Fletcher), the elementary charge of an electron was determined. With
Rutherford´s back scattering method, the existence of a small atomic nucleus
carrying the mass of an atom was proved by Geiger and Mardsen. In the 20th
century, with the design (Ising 1924) and construction (Widerøe 1928) of parti-
cle accelerators, humans were even able to break the "‘original piece of wood"’
further apart and hitherto unknown particles were discovered. The latest high
impact example is the discovery of the Higgs boson in ATLAS (a toroidal LHC
apparatus) and in CMS (compact muon solenoid) experiment at the LHC (large
hadron collider) at CERN (European Organization for Nuclear Research) [3].
The research for discovering new particles is still ongoing. New particle acceler-
ators and complex detector systems are also under construction to investigate
regions of the atomic nucleus that are still not completely understood.

PANDA (Anti-proton annihilation Darstamdt) [4] is one new experiment at
the FAIR (facility for anti-proton and ion research) [5]. PANDA are under con-
struction and will start in 2025. In PANDA an anti-proton beam, accelerated
to momenta between 1.5 GeV/c and 15 GeV/c, interacts with a fixed hydrogen
or nuclear target. A complex detector system with challenging requirements is
necessary to detect physics channels of interests and especially for PANDA to
understand the strong force and hadrons.

1.1 Standard model

Most of what we know today about our physical environment is explained by the
standard model. It explains how the smallest entities, the elementary particles,
interact via fundamental forces - how they are created, how they decay and
how they gain mass.
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1.1.1 Forces of the standard model

natural exchange mass charge range strength
force particle [GeV/c2] [e] [m] at 10−15m

gravitation graviton (?) 0 0 ∞ 10−38

electromag. photon (γ) 0 0 ∞ 10−2

weak W-boson (W±) mW = 80.41 ±1 10−18 10−14

Z-boson (Z0) mZ = 91.19 0

strong gluon (g) 0 0 10−15 1

Table 1.1. Fundamental forces properties and exchange particles [6].

Table 1.1 and Figure 1.1 summarize the four known fundamental forces in
nature.

The gravitational force acts on for all particles and has an infinite range. It
is described by the the theory of relativity which is not included in the standard
model.

The electromagnetic force acts on particles that carry electric charge and
has as well an infinite range. It is described by quantum electrodynamics (QED)
and is e.g. responsible for keeping the electrons in orbits around the nucleus.

The range of the weak force is of the order of 10−18 m. It acts on particles
with weak charge (e.g. leptons and quarks) and is described by the electroweak
interaction and quantum flavor dynamics (QFD). The weak force is responsible
for beta decay.

The strong force has a range of 10−15 m and acts on particles with color
charge. It is the force that binds the nucleus. It is described by quantum
chromodynamics (QCD).

1.1.2 Particles of the standard model
The particles of the standard model are displayed in Figure 1.1. The model
contains 61 elementary particles divided into fermions and bosons. Fermions
have a half-integer spin whereas bosons have integer spin. Fermions are divided
into 6 quarks and 6 leptons along with their anti-particles. Besides being elec-
trically charged, quarks also have color charge. There are three color charges
denoted by red, blue and green. The standard model contains 12 vector (spin
1) bosons (8 gluons, the W± bosons, the photon (γ) and the Z boson). The
anti-particle of the W+ boson is the W− boson, whereas the γ (photon) and
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Figure 1.1. Standard model of the particles [7].

the Z boson are their own anti-particles. The standard model also contains the
scalar Higgs boson. It has spin 0, zero charge and a mass of 125 GeV/c2.

The standard model is however not complete. It e.g. tells that protons,
neutrons, and electrons are responsible for the existence of matter. But 95 %
of the energy content of the universe is not explained by the standard model
and is nowadays denoted dark energy and dark matter.

1.2 Hadrons and the strong interaction

Hadrons are strongly interacting particles and are mainly described as states
consisting of quarks. It is believed that hadrons have to be colorless (confine-
ment). Hadrons are divided into two groups, mesons and baryons.

Mesons are normally described as a state of a pair of quark and anti-quark
qq̄, and have integer spin, which defines them as bosons. Mesons decay into
mesons or/and leptons and photons. Examples of mesons are pions ( π±, π0),
kaons (K±, K0) and J/ψ-mesons.

Baryons are described in terms of three quarks (qqq) (or three anti-quarks
(qqq)). The spin of baryons is half-integer. Thus the baryons are fermions. All
baryons except the lightest, the proton, decay into baryons.
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Nothing in the theory of the strong interaction, (QCD) seems to exclude the
existence of more complex multi-quark states. Examples of such multi-quark
systems are pentaquarks (four quarks and one anti-quark), tetraquarks (two
quarks and two anti-quarks), hybrids (quark, anti-quark and gluons) and glue-
balls (consisting only of gluons). Some experiments have claimed observations
of such states, e.g BELLE [8], BABAR in 2009 [9], BesIII [10] ,LHCb detector
in 2015 and 2016 [11, 12], and DØ in 2018 [13].

1.3 Non-pertubative and pertubative regime

The QCD Lagrangian density is given by:

L = −1

4
Gµν
a G

a
µν + q̄i[iγ

µDµ −m]qj , (1.1)

where q̄i is the quark field (SU(3) gauged group indexed by i, j...),m is the quark
mass matrix, γµ are the Dirac matrices and Dµ are the covariant matrices. The
gluon-field strength tensor Gµν

a (a = 1, ..., 8) can be written as

Gµν
a = ∂µAν

a − ∂νAµ
a + gf bca A

µ
bA

ν
c , (1.2)

where Aµ
a is the gluon field, f stands for the quark flavor and g the strong

coupling constant.
In QED photons do not carry electrical charge and hence they may not

directly interact with other photons whereas in QCD this kind of interaction
is possible since the gluons carry color charge. The gluon-gluon interaction is
described by the third term of the gluon field strength equation 1.2. Following
the assumption that the quark masses are fixed, the only running parameter
in equation 1.1 is the coupling constant. In that case the coupling constant
is a function of the scale at which it is measured (energy or distance). By
increasing the energies the coupling constant decreases, being small at high
energies. This relation is called asymptotic freedom (as energy→∞ or distance
→ 0). QCD is characterized by a scale parameter ΛQCD = 200 MeV/c, above
which perturbation theory can be applied.

QCD is well tested in the perturbative region (high energy) but nuclear
forces and hadronic resonances are part of the non-perturbative region (low
energy). This non-perturbative region is quantitatively not well understood.
This is where PANDA will operate and may deliver light into the darkness.
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Figure 1.2. The strong coupling constant as function of the momentum scale q [6, 14].

1.4 PANDA physics case

One topic of the PANDA physics program is hadron spectroscopy in the char-
monium energy region. Charmonium is a meson, described as a state of a charm
and an anit-charm quark. In many facilities for hadron spectroscopy, electrons
and positrons are collided. Since the annihilation of an e+e−-pair creates one
virtual photon, only states with the photon quantum number JPC = 1−− can
be directly formed, for instance the charmonium state J/ψ. This was the first
discovered charmonium state and is described as the lowest 3S1 cc̄ state. For
states formed directly, the energy and width can be determined by scanning the
cross section as a function of the beam energy. The accuracy is given by the
momentum spread of the colliding beams. States with other quantum numbers
may be observed in the decay of 1−−-states, but the precision of the measured
mass and width then rather relies on the resolution of the detector system.

Many of the states in the predicted charmonium spectrum, see Figure 1.3,
have been observed especially those below the DD̄ threshold at 3720 MeV.
However, some experimentally observed states above that threshold do not fit
into the model description of cc̄-states. It has been argued that some of those
states, at the time of their observation denoted by X, Y and Z may correspond
to hybrids (meson+gluons), mesonic molecules (D-D) or compact tetraquark
(qqq̄q̄) states.
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At PANDA, anti-proton - proton annihilations will be used for hadron spec-
troscopy. The advantage of using pp̄ instead of e+e− is that all states with quan-
tum numbers allowed for a fermion - anti-fermion pair can be directly formed,
such as e.g. the charmonium 0−+ ground state (denoted ηC , a 1S0 cc̄-state).

The anti-proton beam will be stochastically cooled leading to a good beam
momentum precision, and the luminosity aimed for is 1032 s−1cm−2. Thus,
hitherto observed states in the charmonium region, both below and above the
DD̄ threshold, may be investigated at PANDA with high precision when it
comes to their mass, width and decay branching ratios. The potential discov-
ery of possible missing states is high due to high luminosity and good beam
momentum resolution.

An example of a state under discussion is Ψ(4260) previously denoted
Y(4260). This state was reported from BaBar [15] and will be one of the
benchmark channels for PANDA. It has a reported average mass of 4230 ± 8
MeV/c2 and a width of Γ = 55 ± 19 MeV/c2 [16] and lies above the DD̄
threshold. A hypothesis is that this state is a hybrid state. One decay channel
of the Ψ(4260). is

Ψ(4260)→ J/ψπ+π− → e+e−π+π− . (1.3)

PANDA is expected to identify this channel and hopefully clarify the nature of
this state.

Another example of a state above the DD̄ threshold is Xc(3872) with a
reported average mass of 3871 ± 0.2 MeV/c2 and an unusually small width
Γ ≤ 1.2 MeV [16]. A dominating decay channel is again:

Xc(3872)→ J/ψπ+π− → e+e−π+π− . (1.4)

This state is an candidate for an exotic state e.g. a four quark state. A detailed
investigation with PANDA is possible, and may lead the obviously needed
clarification. For more information the author refers to the PANDA physics
book [17].

Charmonium spectroscopy is only one topic on the physics program of
PANDA. Other topics are the meson and baryon spectroscopy, the study of
hadrons in nuclear matter, hypernuclear physics, electromagnetic processes and
electroweak physics.

Proton - anti-proton annihilation investigations have been conducted at
CERN [18] and at Fermilab (fermi national accelerator laboratory) [19]. In the
present facility at CERN, the energy range at the AD (anti-proton decelerator)
is from 0.1 MeV to 5.3 MeV. The major purpose of AD is the trapping and
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spectroscopy of anti-hydrogen atoms. (E.g. anti-hydrogen atoms were trapped
for sixteen minutes by the ALPHA (anti-hydrogen laser physics apparatus)
collaboration [18]).

In the tevatron of Fermilab, anti-protons and protons were accelerated to
between 150 GeV and 900 GeV and then collided. The major purpose of the
tevatron at Fermilab was the production of heavy particles and investigations
in the bottonium (bb̄) energy region. Examples of physics results at Fermilab

Figure 1.3. The status of the charmonium spectrum. Data is taken from T. Schröder [20].

are the discovery of the top quark and the BS oscillation [19, 21]. A scan over
energy regions by varying the energy of the anti-proton and proton beam with
an energy width accuracy of 500 keV was possible. Until 2010, the tevatron at
Fermilab had a luminosity of L = 2 × 1031 cm−2 s−1 and a beam momentum
resolution of 10−4 [22, 23]. An beam upgrade by increasing the luminosity to
L = 4 × 1032 cm−2 s−1 was provided for an additional year until the facility
was closed in 2011.

For the high-energy storage ring (HESR) [17] at FAIR, providing PANDA
with antiprotons in the momentum range (1.5 - 15) GeV/c, the aim has been
to maximize both the luminosity and the momentum resolution of the beam.
With a relative beam momentum resolution of 10−5, an energy width accuracy
by varying the energy of the anti-proton beam of 50 keV [24] can be obtained.
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The beam energy range of PANDA, in between AD and Fermilab, is chosen for
the investigation of the strong force where phenomena appear in a transition
region between non-perturbative and perturbative QCD [17].

In order to benefit from the excellent conditions provided by the beam
properties, very high requirements for the experiment, and especially for the
detectors are requested. PANDA must regardless detect the final state particles
with high efficiency and accuracy. The PANDA detector design is presented in
chapter 2.

1.5 This work
In this work the EMC (electromagnetic calorimeter) of PANDA, made up of
15744 individual scintillator crystals and its response to photons in the low
energy range, (10 – 100) MeV, is presented. The objective is to understand
if the EMC fulfills the requirements, regarding energy resolution needed for
the physics program, in particular for the scintillators of the forward endcap
equipped with VPTT (vacuum photo tetrods) as photo sensors. Aspects like
how the resolution varies with respect to where, relative to the borders of an
individual crystal, the photon impinge and how attenuation by other detectors
affects the resolution have been investigated.

The PANDA detector is described in chapter 2. In chapter 3 the experi-
mental setup is discussed followed in chapter 4, by a general description of the
analysis methods used. In chapter 5 the more general limits of the energy reso-
lution of the EMC is studied. In chapter 6 the main conclusions regarding the
energy resolution as a function of photon energy and as a function of incident
position of the photons on the crystal front surface are presented. The influence
of the EDD (endcap disc DIRC) on the forward endcap EMC is discussed in
chapter 7. A summary of the results, a conclusion and an outlook is given in
chapter 8.





Chapter 2

The PANDA detector

2.1 The detector

For the PANDA experiment a construction of a multilayer detector system is
under way. A schematic drawing of the PANDA detector is shown in Fig.
2.1. Several detector layers will surround the interaction point to enable for a

Figure 2.1. Cross section of the PANDA detector [23].

high accuracy determination of energy, momentum and identity of the particles.
Closest to the interaction point is the MVD (micro vertex detector), followed
by the STT (straw tube tracker). The next detection layer consists of the
TOF (time-of-flight) and DIRC (detection of internal reflected Cherenkov light)
detector. Behind the DIRC, the EMC (electromagnetic calorimeter) is placed
followed by a muon detector. The TDRs (Technical design reports) for most of
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pellet target
pellet size (25− 40) µm

frequency (1.0− 1.5)× 104 1
s

velocity 60 m
s

lateral spread σ ≈ 1 mm

cluster-jet target
density 1015 atoms

cm2

lateral spread 10 mm

size 103 − 106 hydrogen molecules

Table 2.1. Properties of the different targets [26].

the detector components have been approved by the committee of experts at
FAIR [23].

2.1.1 The target

Two different kinds of hydrogen targets, capable of providing a luminosity of
L = 2× 1032 cm−2s−1 (4× 1015 hydrogen atoms per cm2), are under develop-
ment. They have different impacts on the beam quality and on the definition
of the interaction point. The main characteristics of the targets are displayed
in Table 2.1.

For the cluster-jet target, cold hydrogen travels through vacuum and a
lavaltype nozzel. Here condensation of hydrogen molecules will create a narrow
jet of hydrogen clusters. In the case of the the pellet target a stream of frozen
hydrogen spheres crosses the anti-proton beam.

The advantage of the pellet target system is the well defined interaction
point. The precision should be of the order of a few hundred micrometers using
an optical pellet tracking device [25]. A disadvantage of the pellet target is the
possibility of varying luminosity (burst) if the distance between pellets varies,
leading to situations with zero, one or perhaps two pellets inside the beam. The
density fluctuations are small in the case of the cluster jet target. Hence, the
luminosity will be more stable.

In the first phase of PANDA the cluster jet target will be used.
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2.1.2 The Micro Vertex Detector (MVD)

The MVD will track charged particles that leave the interaction point. The
momentum can be determined by the trajectory of the particles in the magnetic
field. For low particle momentum the MVD can additionally be used for the
identification and separation of photons, pions and kaons [27]. The spatial
resolution will be better than 100 µm. The MVD consists of silicon pixel and
silicon strip detectors. The detectors are arranged after a four layer barrel
principle. The two innermost layers, starting at a radius of 2.5 cm, consist of
silicon pixel detectors. The following layers, with an outer radius of 13 cm,
will be equipped with silicon strip detectors. Additionally, a forward part of
the detector is planned. In this particular case eight detectors wheels, arranged
perpendicular to the anti-proton beam, with pixel detectors in the inner part
and silicon strip detectors in the outer part, will be used. Due to the position
of the MVD it must consist of unusual radiation-hard material [28].

2.1.3 The Straw Tube Tracker (STT)

The STT will be the central tracking detector system, for detecting the trajec-
tories of charged particles. The expected transverse and longitudiual resolution
is 0.15 mm and 3 mm, respectively. It consists of 24 planar layers of aluminum
mylar tubes arranged in a hexagonal shape around the MVD. In total there
are 4200 straws which will create a hollow cylinder-like shape, with an inner
radius of 15 cm and an outer radius of 42 cm, surrounding the beam pipe for
a length of 150 cm. The straws are filled with a mixture of argon (Ar) and
carbon dioxide (CO2) gas. It operates at a 1 bar over pressure [29].

2.1.4 The Cherenkov detectors (DIRC)

The velocity of charged particles will be measured by using the DIRC detector.
When charged particles with velocity vp travel through a dielectric medium,
with refraction index n, Cherenkov radiation is emitted, provided that vp > c

n

or vp
c == β > 1

n . The radiation is emitted under the angle Θc = arcos( 1
nβ ).

Fused silica will be used as a radiator medium. The produced radiation of the
radiator travels through an optical system and will be detected in micro channel
plates - photo multiplier tubes (MCP-PMTs). The detector is insensitive to
magnetic fields. The DIRC is subdivided into a barrel and a forward end cap
disc. The barrel will cover particles scattered under a polar angle between 22◦

and 140◦ and the EDD between 5◦ and 22◦.
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2.1.5 The Time-of-Flight detector (TOF)

After a collision, particles travel (50−100) cm until these particles interact with
the TOF detector yielding a timing with 100 ps resolution. Relative timing will
be applied in connection with the STT. Plastic scintillator detectors with (28,5
× 28,5) mm2 tiles and a thickness of 2 cm, connected to two silicon PMTs
(photo multiplier tubes) per tiles will be used. In total there is a need of 5760
tiles for the barrel and 1000 tiles for the forward endcap of this detector system
[26]. Using ∆E information, the TOF will serve as a particle identification
detector below 700 MeV/c. In addition it will signal photo conversion directly
before the EMC.

2.1.6 The Muon detector

In order to detect certain J/Ψ - decays, semi lepton D-meson decays and Drell
Yan processes, a muon detector is necessary. The time resolution will be in
the order of 12.5 ns - 25 ns. The detector consists of 13 interleaving layers of
absorbers (lead) and tracking detectors (mini drift tubes). Each layer is 3 cm
thick. The detector is embedded in the yoke of the solenoid magnet.

2.2 The electromagnetic calorimeter

A proposed benchmark measurement for the first phase of experiments in
PANDA is the study of the suggested hybrid ηc,1 in the production channel:

pp̄→ ηc,1η , (2.1)

with a possible decay channel:

ηc,1η → χc,1π
0π0η → J/ψγπ0π0η → e+e−γγγγγγγ . (2.2)

This means that 7 photons and one e+ e− lepton pair must be detected by
the EMC for the identification of this channel. A second example with fewer
photons is the hc production channel:

pp̄→ hc → ηcγ → γγγ , (2.3)
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where 3 photons need to be detected and separated from the background. Im-
portant background channels are:

pp̄→ K+K−K+K−π0 , (2.4)
pp̄→ ΦK+K−π0 , (2.5)
pp̄→ ΦΦπ0 . (2.6)

The expected photon energy spectrum for the signal and for the background
are displayed in Figure 2.2 [30].

Figure 2.2. Photon energy distribution of the hc production channel (2.3) and of the
background [30].

That means in order to detect ηc,1 an EMC with special requirements is
necessary.

The major objective of the EMC is to efficiently detect all necessary elec-
trons, positrons and photons. Photons from the background need to be distin-
guishable from photons of radiatively decaying charmoniums as a loss of one
photon of a certain decay channel of interest leads to a loss of an event. The
detection efficiency can be increased by the geometrical coverage of the exper-
iment, a short dead time period and a high energy resolution of the system
[30].
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Figure 2.3. Measured energy resolution of the EMC at higher energies [30]: Geant 4
simulation results (black points), experimental data with APDs (avalanche photo diodes)
(red points) and results of an exploratory run with VPTTs using a high threshold of 6 MeV
from 2012 [31, 32] (blue dashed).

Another important issue is to consider the pileup rate in the experiment.
A good timing resolution and fine granularity system will decrease the pileup
problem.

The EMC needs to provide energy and momentum information and lateral
shower shape information to discriminate the pions from electrons and positrons
and to discriminate electrons and positrons from the background. Thus a very
good energy resolution is necessary.

In order to fulfill all of these objectives the EMC needs to satisfy the fol-
lowing requirements [30]:

• energy resolution σE/E ≤ b√
E/GeV

⊕ c 1 with c ≤ 1% and b ≤ 2%

• rms noise below 1 MeV

• time resolution between 50 ps - 100 ps

1x⊕ y =
√
x2 + y2
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• demands for the spatial resolution, which is given by the required width
of the π0 invariant mass peak

• dynamical energy range:

1. forward endcap: 10 MeV - 14.6 GeV

2. backward endcap: 10 MeV - 0.7 GeV

3. barrel: 10 MeV - 7.3 GeV

• geometrical coverage of 99% for photons in the pp̄ center-of-mass system

• radiation components

• cost effective

A perfect matching between the readout electronics and the detector design
needs to be achieved in order to fulfill the demands. A radiation hard scintillator
material will reduce the maintenance costs when PANDA is running and the
smaller the radiation damage the better the optical transmission.

This work will focus on the properties of the forward endcap EMC. A sum-
mary of the requirements for the forward endcap EMC is given in Table 2.2. In
Figure 2.3 some results for the EMC energy resolution at higher energies are
presented. The focus of this work is the energy region below 100 MeV.

2.3 Design of the EMC
Figure 2.4 shows a schematic view of the EMC. It is divided into three parts:
the backward endcap located upstream 0.8 m from the interaction point (not
shown in Figure 2.4), the barrel with 2.5 m length and an inner radius of 0.57
m and the forward endcap located 2.1 m downstream with a diameter of 0.92
m. The whole EMC will consist of 15744 scintillator detectors, whereof 528
scintillators will be used for the backward endcap and 3856 scintillators for the
forward endcap.

APDs (avalanche photo diodes) will be used as photo sensors for the major
part of the EMC. Signal rates up to 500 kHz per scintillator are expected close
to the center of the forward endcap EMC and APDs will not be fast enough
for processing that signal rate. Thus faster photo sensors are necessary for the
inner part of the forward endcap. VPTTs are proposed to be used here.
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property required value

energy resolution σE
E ≤ 1 % ⊕ ≤ 2 %/

√
E

GeV

energy threshold (photons) 10 MeV

energy threshold (single scintillator) 3 MeV

root mean square noise (single scintillator) ≤ 1 MeV

angular coverage % 4π 99 %

Energy range 10 MeV − 14.6 GeV

angle equivalent of scintillator size δθ 4◦

spatial resolution σθ 0.1◦

maximum signal load 500 kHz

shaping time ts Forward endcap ≤100 ns
shaping time ts Barrel ≤400 ns
radiation hardness (max annual dose) 125 Gy

Table 2.2. Requirements for the EMC [26].

The main aim of the present work is to map out the response of the forward
encap EMC, using VPTT read-out, to photons below 100 MeV.

Figure 2.4. Schematic view of the PANDA EMC. The Barrel part and the Forward endcap
is visible [30].
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2.3.1 The scintillator

In a scintillation detector the energy deposited by ionizing radiation is trans-
formed into light. The number of produced photons is then a measure of the
deposited energy.

For a scintillator the band structure model of an insulator is applicable. The
valance band is filled with weakly bound electrons and the conduction band is
empty. Between both bands there is an energy gap. Excitation of electrons
across the band gap occurs if radiation enters the scintillator and after a while
de-excitation will take place whereby a photon may be emitted. Impurities
(activators) in the material lead to transparency of the scintillator [33, 34].
These activators add additional energy states in the energy gap. Hence the
de-excitation energy of the electrons from the activator energy states will be
smaller than the re-excitation energy of the main material, as visualized in
Figure 2.5.

Figure 2.6. The measured light yield (photoelectrons per MeV) as a function of temperature
for PWO-II scintillators in PANDA EMC. The measurement has been made with standard
PMTs (bi-alkali photocathode and quantum efficiency of 20%) covering the whole short end
of the crystal [36].

Lead tungstate, PbWO4 (PWO) will be used as scintillator material for the
PANDA EMC with molybdenum (Mo) as activator element [37].

The most important properties of PWO are the relatively short radiation
length, the large scale production possibilities and the radiation hardness. Fur-
thermore, the knowledge, experience and usage of PWO in the EMC of the
CMS experiment and photon spectrometer of ALICE at CERN [38, 39] were
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Figure 2.5. Band structure of an insulator without activator states (a) and with activator
states (b). a) Radiation enters the scintillator and excites electrons. After the de-excitation,
a photon is created which has enough energy to re-excite an electron, thus the scintillator is
not transparent to its own scintillation light. b) If radiation enters the scintillator, electrons
will move from the valance band to the conduction band (black arrows) and to activator states
(red arrow). The de-excitation electron of the activator states (red arrow) and creation of a
photon will not cause another excitation of electrons from the valence band. The scintillator
is transparent to its scintillation light [35].

additional reasons for this decision. The material composition has been slightly
modified in order to increase the light yield (i.e. the number of photoelectrons
at the light sensor cathode per unit energy) (PWO-II). Because of the thermal
quenching effect, the light yield increases as the temperature of the PWO ma-
terial decreases [40]. For that reason in PANDA the EMC will be cooled down
to −25◦. The light yield as a function of temperature is shown in Figure 2.6.
In the region of interest from, -25◦C to 25◦C, the curve is almost exponential
with a slope constant between -2% and -3% per Kelvin [28, 41].

It is demanded that the delivered scintillators have a light yield of 17− 20
photoelectrons per MeV ( phe

MeV) at 18◦C. Hence at a −25◦C operational temper-
ature the light yield increases to ≈ 100 phe

MeV if the whole scintillator is covered
by a photo sensor. In PANDA the corners of the scintillator are not covered
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leading to a light yield of approximately 30 photoelectrons per MeV at −25◦C
[30].

The radiation hardness represents the sensitivity (damage or malfunctions)
of a material to ionizing radiation. Figure 2.7 shows for PWO the relative light
output dependence on dose and temperature. At a certain dose the optical
transmission of a scintillator drops below an acceptable level for PANDA (56,6
%) [40]. The scintillation material PWO is more resistant to radiation at higher
temperatures in comparison to lower temperatures. An increase of the dose
rate leads to a faster decline of the optical transmission. The most relevant
parameters of PWO-II are summarized in Table 2.3.

Figure 2.7. Relative light output as a function of time for PWO (two individual crystals)
for different radiation doses and different temperatures. The curves are normalized to the
initial light yield at T = 20 °C [30].

All 3856 scintillators of the forward end-cap have the same shape, see Figure
2.8. The front (rear) short end is quadratic with a size 2.44× 2.44 cm2 (2.60×
2.60 cm2). The length is 20.0 cm. The crystal is slightly tapered with a
tapering angle of 0.465◦ in one of the corners. Besides being dense, the PWO
material is rather fragile. The high index of refraction reduces the likelihood
of scintillation light escaping from the crystal. Each crystal is wrapped with
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the highly reflective material VM2000 in order to additionally decrease the
probability of escape [30].

Due to geometrical effects, the light yield is not uniform throughout the
crystal. Since the electromagnetic shower distribution depends on energy and
is also different between incoming photons, a non-uniformity will make the
energy calibration non-linear and will also impair the energy resolution. The
non-uniformity is quite pronounced for the more tapered crystals of the barrel
EMC. For the forward end-cap crystals the effect is not significant [30].

parameter PWO-scintillator
density 8.28 g/cm3

radiation length 0.89 cm

molière radius 2.00 cm

dE/dx (minimum ionizing particle) 10.2 MeV
cm

decay time 6.5 ns

wavelength at max 420 nm
light yield relative to NaI
at room temperature 0.6 %

at -25 ◦C 2.5 %

dLY/dT at room temperature −3.0 %
◦C

Table 2.3. Properties of a PWO scintillator as stated in technical design report [30].

The PWO material is slightly radioactive. The presence of small amounts
the alpha-decaying isotope 210Pb in the lead used for the crystal production
leads to a count rate of the order of 1 kHz per crystal at approximately 1.3
MeV in the energy spectrum. This will not in any significant way affect the
measurements at PANDA, due to the limited rate and rather small pulse-height
(compared to the threshold to be set, see Figures 4.5 and 5.3 in section 4.2 and
5.1 respectively) [30]

The crystals are mounted in arrays of four in the four compartments of a
carbon fiber container (alveol). In PANDA, the symmetry axis of each alveol
containing 16 crystals crosses the beam axis at a point 95.0 cm upstream of the
interaction point [30].
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Figure 2.8. Schematic drawing of a scintillator type for the forward endcap.

2.3.2 Photon interactions in PWO

Figure 2.9. Mass attenuation coefficient as a function of photon energy in PWO for pair
production (violet), photo absorption (green), coherent- (black) and incoherent Compton
scattering (red) and total attenuation (pink). The data is taken from XCOM: photon cross-
section database [42].

The attenuation coefficient for photons in PWO as a function of photon
energy is presented in Figure 2.9. Below 0.3 MeV, the major contribution to
the attenuation is given by photo-electric absorption. Between 1 MeV and
10 MeV photo-electric absorption, Compton scattering and pair production
contributes. Above 10 MeV, pair production is the dominant process. The
attenuation coefficient corresponds to the average depth of the first interaction
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of the photon. Thus with increasing photon energy, above approximately 5
MeV, a decrease of the depth of the first interaction point in the scintillator
is expected. In the energy range of PANDA pair production dominates. In
pair production the created electrons and positrons will lose energy due to
scattering, bremsstrahlung and annihilation in the scintillator. The created
photons can create new electron-positron-pairs. This will cause an escalation
in the material, called electromagnetic shower. With each production of a new
electron-positron pair, the energy of that pair is reduced. That means the
escalation will end at some point.

Two important properties of the PWO scintillator, related to these pro-
cesses, are the radiation length (X0) and the Molière radius (Rm), see Table
2.3. The radiation length is the mean distance over which an electron loses
energy due to bremsstrahlung until a fraction 1/e remains.

The Moliére radius is the measure of the transverse extent of a fully con-
tained electromagnetic shower. A smaller Molière radius gives a better shower
separation and a better shower position resolution. The relation between the
Molière radius Rm and the radiation length X0 is

Rm = 0.0265X0(Z + 1.2) , (2.7)

where Z is the atomic number of the material.

2.3.3 The photo sensor

The light output of the scintillator needs to be converted into an electrical signal
and recorded. The first step is done by the photo sensor. There are different
kinds of photo sensors which potentially could be used for the forward endcap
EMC: PMT, APDs, VPTs (vacuum photo triodes) and VPTTs.

APDs will be used in the barrel, backward endcap and outer rings of the for-
ward endcap EMC. The slow response of the APDs leads to non linear behavior
for high count rates (500 kHz). Due to the high expected count rates around
the center of the forward endcap, a faster device like PMTs, VPTTs or VPTs
should be applied. VPTs and VPTTs are relatively insensitive to magnetic
fields (typically B ≈ 1 T in PANDA) in comparison to PMTs [43]. Thus PMTs
are ruled out for the application in the forward endcap EMC. Makónyi et al.
[44] showed that the usage of VPTs is no solution for the forward endcap EMC
due to the rather high noise contribution of these photo sensors. The conclusion
is that VPTTs should be tried out in the center of the forward endcap.
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Figure 2.10. a) Schematic cross section of a VPTT unit with typical potentials. b) Effect
on the electron trajectory of a magnetic field perpendicular to the VPTT symmetrie axis.
The track of the electrons is redirected and might not hit the essential components of the
VPTT unit.

parameter value
external diameter 23.9 mm

overall length 45 mm

gain 31− 60

operation in Magnetic Field 1.2 T

rate capacity 500 kHZ

Photo cathode
quantum efficiency 0.23
diameter < 16 mm

material (K-Cs) Bialkali
range of spectral response 300− 620 nm

Table 2.4. Specification for the PANDA VPTTs [30, 45].
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Figure 2.11. Relative gain as a function of the magnetic field for VPTTs aligned with the
anti-proton beam. Data taken from [32].

Figure 2.10 shows a schematic drawing of a Hamamatsu VPTT unit. The
VPTT is a two-dynode multiplier. The first dynode and the anode are meshed.
The second dynode is solid. The probability a photon will create an electron
at the cathode of the VPTT is called quantum efficiency which depends on
the scintillation light spectrum in combination with the cathode material. The
measured gain of the detector with respect to the magnetic field is shown in
Figure 2.11. This influence is minimized when the magnetic field is aligned with
the symmetry axis of the VPTTs. Nevertheless, the relatively high magnetic
field of 1 T will cause a 50 % drop in the gain for VPTTs in the forward endcap
[31, 32]. The specifications of a PANDA VPTT are listed in Table 2.4 The
working principle of the individual components of the VPTT is discussed in
section 2.3.4.

2.3.4 Gain of a VPTT
Due to the geometry of the VPTT, with a meshed dynode and anode, the gain
will not be simply δd like for the PMT, where δ is the multiplication factor of
the dynode material and d the number of dynodes.

The characteristic parameters: multiplication factor (δ), gain (g) and reso-
lution (VA), of a VPTT will be compared to the respective parameters of other
photo sensor units like PMT and VPT. The calculation is done in terms of
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standard statistical distributions: the Poisson distribution and the binomial
distribution (see Appendix A).

An incoming high-energy photon will deposit its energy in the scintillation
material through several interaction processes (Figure 2.9) and create scintil-
lating photons. The number of created photons can be described by a binomial
distribution. With a large number of interactions (n0) and a small probabil-
ity of creating a scintillating photon (p0) this relation will approach a Poisson
distribution where the mean value N0 will be given by the product of the
number of interactions and the probability of creating a scintillating photon
n0 · p0 = N0. The dependence between the energy deposition (E) and the
number of scintillating photons is, for inorganic scintillators, linear over a large
energy range: N0 = n0p0 = kE. Thus the probability for a certain num-
ber of scintillating photons (S) can be expressed by the Poisson distribution
P (S; kE) = (kE)SekE/S! with mean kE.

With a probability PR for a photon to reach the cathode and a quantum effi-
ciency Qe, the probability to have N photoelectrons is given by the convolution:

Y (N ; kE, p) =
∞∑

S=N

B(N ;S, p)P (S; kE) = P (N ; pkE) , (2.8)

where p = PR ·Qe which is a Poisson distribution.
The average number of electrons at the cathode is Nc = pkE and pk is the

expected number of emitted photoelectrons per unit deposited energy in the
scintillator.

Würtemberg showed in his thesis the calculation of the expectation value
of the number of electrons at the anode < NA > and its variance VA and the
relative standard deviation

√
Va

<NA>
for a PMT and a VPT unit [45]. The results

are shown in Table 2.5.
A schematic drawing of a VPTT unit with the different potentials and

the probability functions is given in Figure 2.12. The "optimal" path of the
electron for a maximized multiplication (amplification) occurs if the created
electron from the cathode hit dynode 1, all secondary electrons reach dynode
2 and the sum of the electrons in the system will be detected by the anode.
This is not always the case. The worst case scenario happens if an electron just
passes dynode 1 and is detected by the anode. The intermediate case is when
the electron only interacts with one dynode; for example the electron passes
through dynode 1 and hits dynode 2 and all produced electrons are detected
by the anode. Due to the potential difference no electron from dynode 2 will
be able to hit dynode 1.
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We assume that a fraction (1−pt) of the N photoelectrons (with an average
Nc) hit dynode 1 and create N ′′ secondary electrons, which follows the Poisson
distribution P (N ′′; δ(N−N ′)). The remaining electrons (N ′) will pass, dynode
1 described by the binomial distribution B(N ′;N, pt). Similar, at the anode
a fraction pt passes the anode, the number given by the binomial distribution
B(N ′′′;N ′′ +N ′, pt).

Figure 2.12. Schematic drawing of the multiplication process in a Hamamatsu VPTT type
R11375-mod. The different colors of the electrons explain their different track possibilities.
The VPTT units are supplied with 750 V in the experiments of this thesis.

The remaining electrons N ′′ + N ′ − N ′′′ are captured by the anode. The
passing N ′′′ electrons create secondary electrons at the dynode 2, following a
Poisson distribution P (N ′′′′; δN ′′′). These electrons are accelerated back and
picked up by the anode. All second grade effects are impossible because of the
potential difference from the anode at +750 V and dynode 1 at +300 V. Thus
the total number of electrons at the anode is NA = N ′ + N ′′ − N ′′′ + N ′′′′.
The calculation of < NA > and VA are shown in the Appendix B and are
summarized in Table 2.5. For pt = 1

2 we obtain the following relation between
the gain g and the multiplication factor δ:

δ
V PTT

= −1 + 2
√
g
V PTT

. (2.9)

In comparison for the VPT the multiplication factor is:

δ
V PT

= −1 + 2g
V PT

. (2.10)
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δ represents the multiplication of electrons at a dynode. The multiplication
factor of a photomultiplier tube depends on the dynode material and energy
of incoming electrons. Entering, for example, δ = 13 in Equation (2.9) and
(2.10) gives for a VPTT g

V PTT
≈ 49 and for a VPT g

V PT
≈ 7 which seems

quite reasonable to tabulated measured gain values in Table 2.6. The variation
may be caused by the production process of the tubes by Hamamatsu (e.g
potential differences in the tubes or inhomogeneous production procedure of
the dynodes).

VPT gain g
V PT

VPTT gain g
V PTT

serial number serial number
ZG4374 9.65 UA0086 54.46
ZG4383 9.82 UA0087 59.89
ZG4408 7.30 UA0089 53.05
ZG4425 6.71 UA0125 45.89
ZG4431 7.80 UA0210 47.30
ZG4434 6.44 UA0229 47.36
ZG4435 7.78 UA0249 47.46
ZG4436 6.85 UA0303 66.04
ZG4437 7.80 UA0346 49.06
ZG4438 8.63 UA0529 67.93

Table 2.6. Gain of VPT and VPTT units.The data is taken from the data sheet of the
ordered units from Hamamatsu.

2.3.5 The analog to digital converter (ADC)

A general ADC is characterized by the conversion speed, the linearity of the con-
version (sometimes called faithfulness where the digital output is proportional
to the amplitude input) and the resolution of the conversion. The resolution
of an ADC is given by the number of channels. Each channel represents a bin
and corresponds to the input voltage. The conversion speed of an ADC has an
upper restriction. The restriction becomes visible if an unproportional behavior
between the input pulse and the output digital number is recognizable. There
are different conversion principles e.g. the Linear Ramp Converter technique
(used in peak-sensing ADC units) and the flash analog-to-digital converter (is



2.3 Design of the EMC 31

sometimes used in sampling ADC units). Additional information can be taken
from [46].

The sampling ADC version Virtex 6

A sampling ADC digitizes the pulse as a function of time. A very fast conversion
time (of the order of tens of nano seconds) can be achieved with the sampling
ADC. With the usage of a field programmable gate array (FPGA) or a digital
signal processor (DSP) the main properties of the pulse can be read out by the
sampling ADC. An ADC is composed by a number of single channel analyzers
(SCA) NSCA of different equidistant ascending voltage thresholds. That means
the function of each SCA is a threshold comparator. The number of thresholds
Nt and the number of channels Nc are given by:

Nt = NSCA , (2.11)

Nc = NSCA + 1 . (2.12)

The first comparator has a voltage threshold V1 > 0. The voltage threshold of
the last comparator is determined by the total number of channels (Nc) and the
channel width (C) with VNc = Nc ·C. That means a standard 14 bit sampling
ADC is composed of 214 + 1 = 16385 comparators. The input signal pulse is
sent simultaneously to all parallel connected comparators. If the signal pulse is
above the threshold of a comparator, the logic output signal of this comparator
is switched from 0 to 1. This is comparable with a flash sent as an output signal
[46].

technical specification
resolution 14 bit for each sampling ADC input
sampling frequency 80 MHz
scale range 1.22× 10−4V − 1.8V

input signal 64 channels

Table 2.7. Technical specifications of the sampling ADC [47].

The sampling ADC version Virtex 6 provides for 64 inputs (32 positive
polarity and 32 negative polarity) a high-gain channel and a low-gain channel
output (see Figure 2.13) to analyze the response to low energy photons and high
energy photons, respectively. Properties of the sampling ADC version Virtex 6
are shown in Table 2.7.
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Figure 2.13. Basic circuit diagram of the sampling ADC version Virtex 6. There are
8 different ADC chips with 8 different input signals which makes a total number of 64
ADC channels. 64 different pulses could simultaneously be read in. Every ADC channel is
constructed after the above described sampling ADC principle with a voltage channel width
C = 1.22−4V up to 1.8 V. Each ADC channel has a 14 bit resolution while analog shaping
and amplification is done with the input signal. The digital amplification and shaping is
done with the output signal in the FPGA unit [47].

2.4 Response requirements
A simplified schematic drawing and working principle of one scintillation de-
tector for the central part of the forward endcap EMC is shown in Figure 2.14.
For PMT, VPT and VPTT units the average number of electrons at the anode
is given by

< NA >= gNC = gPRQekE , (2.13)
for an energy deposition E in terms of photon light yield k, probability of a
photon to reach the cathode PR, quantum efficiency Qe and gain g. Assuming
δ << δ2 the variance of the number of electrons at the anode of the VPTT is
approximately:

VA = 4g2NC . (2.14)
Regarding the electronic noise, a main contribution is picked up at the anode
stage (e.g. at the input of the preamplifier). A fluctuation (variance) Vnoise in
number of electrons gives a total variance of electrons at the anode stage:

VE = VA + Vnoise . (2.15)
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Figure 2.14. Schematic drawing and working principle of one forward end-cap EMC scin-
tillation detector.

This translates into a variance of the measured energy,

VE =
1

(gPRQek)2
Ve =

1

(gPRQek)2
(4g2Nc + Vnoise) (2.16)

=
4

(PRQek)
E +

Vnoise
(gPRQek)2

= σ2
poisson + σ2

noise ,

which motivates the standard parametrization

σ2
E =

4

β
E + a2 , (2.17)

where β = PRQek is the number of photoelectrons per unit energy and a =√
Vnoise
gβ the electronic noise expressed in energy units. According to Equation

(2.16) the noise contribution decreases with the gain (g). That is the main
reason why VPTTs instead of VPTs will be used for PANDA.

However there are other effects contributing to the one-detector resolution.
One important effect is that the light transport, expressed by PR, varies de-
pending on the emission point in the crystal. This non-uniformity effect is
rather big for the most tapered crystals of the barrel EMC but rather small for
the forward endcap crystals.
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In PANDA the total deposited energy is obtained by summing the signals
from several crystals. Most often a third term (σlinear) is added in the ex-
pression 2.17, which is linear in the energy to compensate for, e.g. calibration
mismatches. Equation (2.17) then turns into

σ2
E = σ2

poisson + σ2
noise + σ2

linear =
4

β
E + a2 + (cE)2 . (2.18)

Obviously the term σ2
linear has a higher impact on the response of the EMC at

larger energies (GeV) whereas σ2
noise has the largest impact on the response of

the EMC at lower energies (MeV). In general the noise term will also depend on
the energy, since the number of crystals that appear in the summation of signals
depends on the photon energy. An explicit noise term is normally disregarded
for the response of the EMC at higher energy regions (GeV). Thus one usually
uses the expression:

σE
E

=

√
4

βE
⊕ c . (2.19)

This work is investigating the energy region below 100 MeV. Thus the noise
term needs to be taken into account. The relative energy resolution including
all terms is:

σE
E

=

√
4

βE
⊕ a

E
⊕ c . (2.20)

The PANDA TDR states the following requirement on these parameters for
the forward endcap EMC:

• a < 1 MeV ,

• β > 10photoelectrons per MeV ,

• c < 0.01 .

Equation (2.18) and (2.19) can be used to fit the data (resolution vs photon
energy). A discussion regarding the fitting is given in Appendix B.2.



Chapter 3

The Experiments

3.1 Overview of the Max IV facility
The experiments (see Table 3.4) are performed at the tagged photon facility at
the Max IV laboratory in Lund see Figure 3.1 in November 2013, April 2014
and March 2015. The 550 MeV MAX I electron storage ring is fed by two
consecutive linear accelerators (LINACs) which accelerate the electrons from
an energy of 2.3 MeV to approximately 250 MeV. The electrons are produced
by a thermionic electron emission gun [48]. A continuous beam is provided for
the nuclear physics section by stretching the pulses from 200 ns to 100 ms in
the MAX I storage ring [49].

Figure 3.1. MAX laboratory in Lund Sweden [50].

The MAX I storage ring is also used in a synchrotron boosting mode in order
to feed the MAX II ring [51]. Thus the MAX I nuclear physics experiments
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have to be offline while the refilling of the MAX II ring is in process. The
maximum energy of the MAX II ring is 1.5 GeV. Due to beam instabilities
caused by overloading the MAX II ring from the MAX I, a third ring MAX III
is placed in between both rings and accelerates the electrons to 700 MeV.

The MAX laboratory was closed on 13 December 2015. The new MAX IV
lab replaces the old facility with a 1.5 GeV and a 3 GeV storage ring.

3.2 The tagged photon facility
Due to the beam properties of a stretched pulse up to 100 ms with a frequency of
10 Hz and the given electron energy 164.7 MeV, the laboratory is a suitable place
for this kind of investigation since the task of the experiments is to characterize
the response of the PANDA forward endcap to photons below 100 MeV.

For that an EMC prototype, consisting of 9 or 16 PWO crystals attached
to PMTs or VPTTs is arranged in a 3×3 or 4×4 detector matrix designed
consistently with the proposed construction of the PANDA forward endcap
EMC.

Figure 3.2. Schematic drawing of the tagged photon facility. The electron beam hits the
radiator and creates a photon beam due to bremsstrahlung. The trajectories of the scattered
electrons are bent in the magnetic field. The photon beam enters the measurement hall
and hits the detector. Each event is registered in the data acquisition system outside the
measurement hall. A synchronization of the electron detector and the detector is necessary
for the reconstruction of the energy of the individual photons.
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The basic principle of the tagged photon facility is shown in Figure 3.2.
The stretched electron hits a radiator. These electrons (energy Ee−) create
photons (energy Eγ) by bremsstrahlung losing a fraction of their initial energy.
If E ′e− is the energy of an electron after the bremsstrahlung process, then the
corresponding photon energy Egamma can be obtained from:

Ee− = Eγ + E ′e− (3.1)

Thus by measuring the scattered electron energy E ′e−the photon energy Eγ

is determined. To achieve this, a dipole magnet provides a magnetic field ~B
directed orthogonally to the incoming beam direction, changing the path and
focusing electrons onto a focal plane electron detector. The path of the electrons
follows the Lorentz law:

~F = q(~ve × ~B) (3.2)

The same B-field setting is used in all reported experiments. In the present
experiment the electron beam energy is set to approximately 164.7 MeV.

Figure 3.3. Top view of the electron detector. A channel is defined by a 50% overlap of
two detectors. A valid electron event demands a signal from both detectors of one channel.

The focal-plane electron detector, sometimes called tagger, comprises 63
plastic scintillators (each 3 mm thick, 50 mm high and 25 mm wide) (see Figure
3.3) attached to PMTs. With the present settings, the focal-plane detector
covers an energy range of approximately 50 MeV.

In order to measure a larger energy range the electron detector could be
moved parallel to the focal plane. The arrangement of the detectors into two
rows is shown in Figure 3.3. Each channel (electron detector channel) is defined
by two overlapping plastic scintillators (requireing coincident signals from both
detectors), yielding 62 electron detector channels and thus 62 possible tagged
photon energies in the given energy range. Two electron detector positions are
used in the present experiments, corresponding to photon energies from 13 MeV
to 63 MeV and from 45 MeV to 97 MeV, respectively.
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In order to limit the photon beam diameter on the EMC prototype surface
a collimator with an opening diameter of 5.4 mm, is placed in the photon beam.
The EMC prototype consisting of 9 or 16 PWO crystals arranged in a 3×3 ore
4×4 detector matrix is placed approximately 1 m away from the collimator, in
a climate chamber providing a temperature of - 25 ◦C.

Figure 3.4. The electron detector: Each yellow label marks an individual detector. The
black strips represent the plastic scintillators which are connected to photo multiplier tubes
(grey). The whole spectrometer could be moved along the focal plane.

3.3 The coordinate table

The EMC prototype is mounted on a coordinate table. The coordinate table is
equipped with two stepping motors, enabling the positioning of the prototype
in the transverse plane relative to the photon beam. Thus the photo beam
can be directed at any point of the prototype front surface. The positioning
of the table is done remotely with a PC from the DAQ-room. The positioning
accuracy of each engine is ±0.1 mm.
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3.4 The climate chamber
The operational temperature of the PANDA EMC will be −25 ◦C. In order to
simulate the same measurement circumstances, a climate chamber (Vötsch VT
4021, see Figure 3.5) is used for the experiments. It has a temperature range
from −40◦C to +180 ◦C with a temperature gradient for heating 2.3 K/min
and cooling −3.1 K/min and a volume of 200 l. The deviation over time of
the temperature is between ±0.1 ◦C and ±0.5 ◦C [52]. The climate chamber
is supplied with dried pressurized air in order to protect the inner part of the
climate chamber (e.g. the electronics) from condensation and frost. On one side
of the climate chamber there is an opening, covered with a thin rubber layer,
for the beam. Insulated signal (BNC) and high voltage (SHV) feed through
panels enable the possibility to read out and control the detector system in the
climate chamber.

Figure 3.5. The detector setup: the EMC prototype is placed on the coordinate table
inside the climate chamber. The beam enters the measurement hall and the chamber from
the right hand side, through the opening in the lead brick wall.

3.5 The EMC prototype
The EMC prototype (see Figure 3.5) used in this thesis is designed according
to the guideline of the PANDA TDR of the forward endcap EMC.

Each PWO scintillator is wrapped in the highly reflective 0.066 mm thick
material VM2000 [53]. The usage of the highly reflective material VM2000
leads to an increase of the light yield. A matrix support structure with four
4×4 alveolus is used (see Figure 3.6) with each alveol holding 4×4 crystals. The
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crystal matrix (4×4 or 3×3) is placed almost in the center of the matrix support
structure. Then all four 4×4 alveolus are filled to some extend. The empty
spaces below the crystals are filled with brass dummies shaped as PANDA
forward endcap PWO scintillators. The total weight of the matrix is 15.4 kg.
Each PWO scintillator is attached to a photon sensor (Hamamatsu R11375-01
VPTT or Photonis XP1912 PMT) unit (see Table 3.4) using a silicon optical
compound, Visolex V-788. In case of the VPTT units the voltage divider (Basel
Physics, round PCB) and the preamplifier (Basel physic Sp883d ) are soldered
directly onto the pins of the unit (see Table 3.4). The coaxial signal output,
the high voltage input (+750) V and low voltage input (±6 V) cables are
soldered onto the preamplifier pins. Electronic glue is used to fix the cables
permanently onto the electronics and increase the mechanical stability during
transport and setup. The VPTT and electronics are covered with isolating
material (rubber). To stabilize the system all components are placed in the
matrix support structure. Iron tubes are used to surround the electronics and
the coaxial signal cables [44]. The whole setup is grounded to the common
potential in the measurement hall. All used PMT units are pre-assembled in
Uppsala in 2010 [45].

The photo sensor units are beforehand independently investigated regarding
noise and gain, using lanthanum bromide (LaBr3) scintillators, which are radi-
ated by a 137Cs source. The timing property of the light production in LaBr3

is similar to that in PWO, e.g. decay time of the order of 10 ns, while the light
yield is much higher. The light yield in LaBr3, due to the full absorbtion of 662
keV gamma rays is similar to the light yield in PWO for an energy deposition
of 400 MeV energy [44].

Figure 3.7 shows a gamma-ray spectrum for 137Csfor a VPTT attached to
a LaBr3 crystal. The resolution (Full width at half Maximum (FWHM)) of
the 662 keV peak and the 32 keV X-ray peak(s) is used for the evaluation of
the individual photo sensors. The results for all photo sensors are summarized
in Table 3.1, 3.2 and 3.3. The aim of the measurement is to identify the best
units in terms of energy resolution to optimize the configuration of the 3×3
matrix. Thus the one with the best energy resolution is attached to the central
scintillator and those with the worst energy resolution are attached to the corner
scintillators.
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(a)

(b)

Figure 3.6. a) Disassembled detector unit: PWO crystal wrapped in high reflective material
DF2000MA, iron tube and a VPTT unit connected to the voltage divider and the preamplifier
with three connector cabels: low voltage supply (gold cable connector), high voltage supply
(black cable) and signal cable (silver cable), b) assembling in progress of the matrix: gray
iron tubes cover the VPTTs electronics and cablings, one VPTT unit is loosely attached
to a PWO crystals, the rear surface of two PWO crystals not attached to VPTTs, are seen
surrounded by the black carbon fiber aveoles matrix. The brass cylinders belong to the PMT
units.
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Figure 3.7. Gamma-ray spectrum of 137C measured with a LaBr3 scintillator connected to
one of the VPTTs (ZG5984) used in this work. The prominent feature is the peak at 662
keV with the corresponding Compton distribution, and the X-ray peak at approximately 31
keV. The X-ray peak consists of serveral closely lying X-ray lines.

PMT(sr. no.) σ(31 keV) σ
E σ(662 keV) σ

E

2X25 4.17 0.13 11.02 0.017
15X9 4.85 0.16 14.30 0.022
16X1 4.38 0.14 11.70 0.018
28X21 5.36 0.17 12.60 0.019
27X4 4.72 0.15 13.40 0.02
30X2 4.34 0.14 12.51 0.019
31X24 5.19 0.17 12.51 0.019
22X6 4.38 0.14 12.98 0.020
19X20 5.19 0.17 14.0 0.021

Table 3.1. Resolution for Photonis XP1912 PMTs (assembled in Uppsala), measured with
a LaBr3 scintillator using a 137Cs source. The high voltage is set to −1000 V.
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VPTT(sr. no.) σ(31 keV) σ
E σ(662 keV) σ

E

ZG5997 4.43 0.14 13.49 0.02
ZG6006 4.04 0.13 11.96 0.018
ZG5999 4.26 0.14 14.17 0.021
ZG5984 3.62 0.12 11.36 0.017
ZG5991 3.91 0.13 12.55 0.019
ZG5996 4.34 0.14 13.11 0.20
ZG5994 4.43 0.14 13.66 0.021
ZG5995 4.04 0.13 12.38 0.019
ZG6005 3.96 0.13 12.21 0.018

Table 3.2. Resolution for VPTTs (assembled in Bochum) measured with a LaBr3 scintil-
lator using a 137Cs source. The high voltage is set to +750 V.

VPTT(sr. no.) σ(31 keV) σ
E σ(662 keV) σ

E

UA0086.809 3.96 0.13 13.11 0.020
UA0087.814 3.91 0.13 11.28 0.017
UA0125.812 3.79 0.12 11.49 0.017
UA0210.806 3.87 0.12 12.00 0.018
UA0229.807 3.91 0.13 12.60 0.019
UA0249.808 4.09 0.13 12.68 0.019
UA0303.813 3.83 0.12 12.55 0.019
UA0346.816 4.04 0.13 12.85 0.019
UA0529.810 3.87 0.12 12.51 0.019

Table 3.3. Resolution for VPTTs1(assembled in Stockholm) measured with a LaBr3 scin-
tillator using Cs137 source. HV is set to +750 V with a measurement time of 1200 s.

The relative resolution σ/E at 662 keV is of the order of 1.9 %, both for
VPTT and PMT read-out, implying that the noise, which is assumed to be
quite different for the two photo sensors, does not affect the result significantly.
Rather the resolution is dominated by the light yield statistics. This value can
be compared to the resolution results presented in Figure 2.3 for a PWO matrix

1UA and the first 4 digits is the serial number of a VPTT the last three digits is the serial number of the
Basel preamplifier.
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at several hundreds of MeV where the photon statistics contribution should be
similar. The result there, of the order of 3 - 4 % also receives contributions due
to the summing of signals from several crystals and due to the fact that the
matrix is limited to 3×3 crystals.

Two different sets of VPTTs are used. One set of VPTTs is assembled (the
connection of photo sensors with PCB and preamplifier) in Bochum and the
other set is assembled in Stockholm (see section 3.6.2). The final arrangement
of the detectors in the matrix is shown in Figure 3.11 for the PMT prototype,
in Figure 3.8 for the Bochum VPTT prototype and in Figure 3.10 for the
Stockholm VPTT prototype.

3.6 Experiments with the prototype

The performed experiments are based on the accumulated knowledge of the
previous Ph.D. thesis from Grape and Würtemberg. The investigation of PWO
crystals using PMTs and the conclusion that PWO is applicable for the PANDA
EMC is done in the Grape dissertation [54]. The final conclusion of Würtem-
bergs thesis is that the investigated VPT could not be used in the PANDA
forward endcap EMC, because the high noise contribution leads to an energy
resolution that does not fulfill the requirements in the PANDA EMC TDR
[45]. Hence using a next generation two dynode magnetic field resistant vac-
uum photo multiplier tube, VPTT, is proposed by the PANDA collaboration.

In the present work, five different experiments are performed. Firstly, the
response dependence of PWO on the photo sensor is studied, to find out the
possible limits of the resolution for different photo sensors in combination with
PWO. For this investigation the EMC prototype with the same read-out elec-
tronics (shaper and peak-sensing ADC) as in the previous experiments (see [44]
and [53]), is used. This experiment is labeled BoPs08-62, where Bo stands for
Bochum VPTT units, Ps stands for peak-sensing ADC, 08 corresponds to the
shaping time in micro seconds and 62 corresponds to the number of electron
detector channels used in the trigger. The shaping time here and in the fol-
lowing discussion is defined as the standard deviation (σ) of a semi Gaussian
output pulse [44].

Secondly, investigations regarding more realistic conditions with a reduced
shaping time to the smallest possible value in the Mysetec MSCF-16 shaper-
amplifier unit is used in connection with the peak-sensing ADC. The label of
that experiment is BoPs0125-62 (Bochum VPTTs, Peak-sensing ADC, 0.125 µs
shaping time and 62 electron detector channels).
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Thirdly, a replacement of the shaper and peak-sensing ADC with a sampling
ADC, is done. In this experiment the central detector channel X5 has a longer
shaping-time setting than the peripheral ones. The label of the experiment is
BoS0160046-4 (Bochum VPTTs, sampling ADC, 0.16 µs shaping time in central
and 0.046 µs in peripheral detector channels and 4 electron detector channels).

Fourthly, the main measurement of the response in PANDA to photons with
energies below 100 MeV, the set of photo sensors is exchanged to Stockholm
VPTTs and the energy range is extended to cover 13 to 97 MeV photons. This
experiment is labeled StS0046-16e (Stockholm VPTTs, sampling ADC, 0.046 µs
shaping time and 16 electron detector channels for each of two electron detec-
tor positions positions). The prototype is extended to a 4×4 with additional
7 Photonis XP1912 PMTs. The photon response in the whole energy range
was measured for three different beam incident positions on the surface of the
prototype.

Fifthly, to emulate the effect of the future EDD (Endcap Disc DIRC) detec-
tor in front of the forward endcap, an glass piece attenuator is placed in front
of the prototype. A peak-sensing ADC and the MSCF-16 Mysetec shaper-
amplifier is used as digitizer. The shaping time is selected to be 0.8 µs. The
label of the experiment is PMTPs08-62e. (photo multiplier tubes, peaks-sensing
ADC, 0.8 µs shaping time and 62 electron detector channels for each of two
electron detector positions.)

Table 3.4 summarizes the different experiments. In the following work the
experiments will be referred to the given experiment acronym name.

3.6.1 Experiments using peak-sensing ADCs, BoPs08-62,
BoPs0125-62 and PMTPs08-62e

The aim of the experiments is to study the energy resolution limits of the EMC
for photons below 100 MeV using VPTT read out as it was done earlier for
PMT [53] and VPT [44] read out. For this purpose a shaping-amplifier with a
long shaping (0.8 µs) time combined with a peak-sensing ADC is used.

In a second step with the same setup the influence of the shaping time, set
by the Mesytec MSCF-16 shaper-amplifier to the energy resolution is examined.
Both the longest possible shaping time 0.8 µs, and the smallest possible shaping
time 0.125 µs are studied.
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Figure 3.8. Schematic back view of the EMC Prototype with Bochum VPTTs (BoPs08-
62, BoPs0125-62 and BoS0160046-4): The serial numbers of the VPTTs (ZG and four digit
numbers) and the detector channel names (X*) are shown.

The schematic drawing of the readout system is visualized in Figure 3.9.
The status of the MSCF-16 shaper-amplifier is continuously observed by a usb
camera, and is remotely controlled from the DAQ room. All 9 detector channels
are connected to the MSCF-16 shaper-amplifier. The logic «or» signal taken
from the built-in constant-fraction discriminator in coincidence with the logic
«or» signal of the electron detector and in anti-coincidence with the machine 3
ms signal, constitutes in this case the main trigger signal. The machine signal
blocks the data acquisition during the first 3 ms of the stretched 100 ms electron
beam pulse. The main trigger is also used to produce a gate signal for the ADC,
and as a start signal for the TDCs. All data are stored in .root files.
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Figure 3.9. Setup of experiments using the peak-sensing ADC
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3.6.2 Experiments using sampling ADCs, BoS0160046-4
and StS0046-16e

Figure 3.10. Schematic back view of the EMC Prototype with Stockholm VPTTs (StS0046-
16e): The serial numbers of the VPTTs (seven digit numbers) and the detector channel names
(X*) are shown.

Common to these experiments is that a 3×3 PWO matrix equpped with VPTTs
was used. The purpose of BoS0160046-4 is to check if the EMC Prototype will
stand the requirements of the PANDA EMC TDR using the type of sampling
ADC (Virtex 6), as proposed for the PANDA experiment. Here the Bochum
VPTT units are used (see Table 3.2 and Figure 3.8). Additionally, the cen-
tral detector channel is connected to an ADC channel with a longer analogue
shaping time than the surrounding channels. This experiment was performed
in 2014.
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The experiment StS0046-16e, in 2015, is using a second set of VPTT (Hama-
matsu) and preamplifier (Basel electronics) units (see Table 3.3 and Figure
3.10). The same shaping is used for all channels of the ADC board and an
extended photon energy range is investigated. The matrix is further extend
by 7 crystals equipped with PMTs to a 4×4 Matrix design(the top 7 PMTs
of Table 3.1) in order to more fully catch the electro magnetic shower when
the photon incident positions is moved across the crystal surface using VPTT
readout and digitization of the Virtex 6 sampling ADC. The average noise of
a VPTT is added to the PMTs to mimic VPTTs. The beam is aimed onto
three different positions related to the central crystal, namely the «center »,
«halfway» and «corner» (see Figure 2 in Paper I.) position. This experiment
constitutes the main investigation of the energy resolution in the PANDA EMC
for photon energies below 100 MeV and for different photon incident positions
on the crystal surface using VPTT readout and digitization with the Virtex
sampling ADC. In Figure 3.13, the DAQ (data acquisition) logics is schemati-
cally depicted. The sampling ADC is placed in the measurement triggered by
the electron detector. Due to a rather high dead-time, only 4 (BoS0160046-
4) or 16 (StS0046-16e) of the 62 energies provided by the electron detector are
selected in the trigger. The TDC registered the individual signals from the elec-
tron detector, thereby identifying the relevant tagger channel. The sampling
ADC is connected to the VME crate, in the DAQ room, via an optical cable.
In each event, beside all TDC information, the full waveform, consisting of 62
samples, for each PWO detector is stored. The data are stored on the DAQ
PC connected to the VMA crate. A Jtag cable is used to connect the sampling
ADC and a PC in the measurement hall. In order to monitor and program the
sampling ADC from outside without unnecessary beam interruptions, a Local
Area Network between the PC in the measurement hall and the one in the DAQ
room is arranged.

3.6.3 Influence of the EDD detector: PMTPs08-62e

The purpose of experiment PMTPs08-62e is to study the influence of atten-
uation material in front of the prototype. Figure 3.11 is showing the matrix
configuration. The shaping-amplifier with 0.8 µs shaping time combined with
a peak-sensing ADC is used. Two different trigger conditions has been here
used, firstly the trigger is set to the Prototype and to the electron detector and
secondly to the electron detector only (see Figure 3.9).
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Figure 3.11. Schematic back view of the EMC Prototype (PMTPs08-62e) with PMTs:
The serial numbers given by the Uppsala University (*X*) and the detector channel names
in bold (X*) are shown.

Figure 3.12. Experimental design of PMTPs08-62e to investigate the influence of
Cherenkov material on the EMC.
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In order to emulate the effect of the 2.0 cm thick fused silica plate of the
EDD detector a 2.2 cm thick glass plate which is sandwiched between two plastic
detectors, denoted intensity monitor and charged particle monitor (closed to the
matrix), respectively, connected to PMTs (Hamamatsu R647-01 and Photonis
XP1912, respectively) is used. The thickness of the plastic detectors is 0.3 cm
and 0.5 cm, respectively. The setup is displayed in Figure 3.12.

Figure 3.13. Setup of experiments using the Sampling ADC.
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Chapter 4

Analysis methods

The procedures presented in this chapter are used in all presented experiments
in a similar way. In all examples discussed in this chapter the photon beam has
been aimed at the center of the central crystal (X5). After data extraction (see
chapter 4.1) the prototype is energy calibrated and the energies pertaining to
the detectors are summed up for each event. The contribution to the resolution
from the electron spectrometer is corrected for.

4.1 Data extraction
In the peak-sensing ADC case, pulse-height values are recorded directly together
with the TDC information from the prototype and the electron detector. Events
corresponding to two or more detected electrons are not considered.

In the case of the sampling ADC the raw wave forms are stored. An addi-
tional offline data extraction method is developed in connection to this work.
The extracted pulse-height data are stored afterwards in ROOT files and treated
in the same way as the peak-sensing ADC data.

4.1.1 Data extraction for the sampling ADC
In Figure 4.1 waveforms from the 80 MHz sampling ADC for tagged photon
energies 30 MeV and 41 MeV are presented. The stored waveforms consist of
66 samples, each corresponding to 0.0125 µs. Due to the trigger condition, set
to the detection of an electron in the electron detector only, approximately 4
- 6 % of the events correspond to high-energy photons in the EMC prototype.
The remaining photons are not going through the rather narrow opening of the
collimator. Thus the majority of the measured waveforms corresponds to the
base-line. In the experiment BoS0160046-4 the analogue shaping time of one
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Figure 4.1. Examples of raw signal waveforms (pulse) from the sampling ADC input
channel 49 (high gain and ts = 0.046µs) and channel 1 (high gain and ts = 0.16µs) for two
different photon energies.

ADC input is 0.16 µs while it is 0.046 µs for the remaining input channels. The
shorter shaping time is close to what will be finally used in PANDA and the
longer one is used for comparison reasons. In the experiment StS0046-16e, all
input signals are shaped with the shorter shaping time.

In order to extract the signal (the «pulse-height») from the waveforms, two
different methods are considered in the present analysis, both based on the
integral method. In the future PANDA experiment, a finally chosen extraction
method will be implemented in the FPGAs of the ADC board. The general
idea of the integral method is to determine the integral of the signal. One
alternative is to integrate the raw waveform over the whole sampling range
(Method A), thereby being more insensitive to the exact location of the signal
relative to the trigger. A second alternative is to use the knowledge of when the
signal appears and integrate over a limited range including the signal (Method
B). Both methods are working well only if the signal is not stretched over the
whole sampling range of 66 samples thereby rivaling to lose part of the signal
integral. The result of both methods is shown in Figure 4.2 for photons with
an energy of 30 MeV. Method A yields a broader noise (base-line) peak than
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Figure 4.2. Pulse-height spectra for 30 MeV tagged photons in detector X5 using integration
of the whole sample range(blue) and integration of the signal part (red). The same data set
has been used in both cases. The base-line peak is centered at 0. The signal peak appears
between 20 and 35 MeV.

Method B which can be understood by the following discussion. If the standard
deviation (rms noise) of each base-line sample is σ0, then for the integrated
base-line noise we get:

σnoise =

√∑
n

(σ0)2 , (4.1)

where n is that sampling range.
We conclude the more samples that are included in this summation the

larger the noise contribution. To decrease σnoise, fewer samples n should be
used. This can be done with the knowledge of the position of the signal and
restrict the range correspondingly (Method B).

4.1.2 Pulse-height spectra after data extraction

The integral method (Method B) with a fixed sampling range covering the
position of the signal is chosen in this work for extracting the pulse-height. It
is used for both experiments in which the Virtex 6 sampling ADC board is
used. Figure 4.3 displays pulse-height spectra at two different tagged energies
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(40 MeV and 13 MeV) for the central detector channel X5 with the photon
beam aimed at the center obtained in four different experimental situations.

I)

(a) (b)

II)

(c) (d)

III)

(e) (f)

IV)

(g) (h)

Figure 4.3. Pulse-height spectra for 13 MeV tagged photons (left column) and 40 MeV
tagged photons (right column) in detector X5 obtained in four different experiments: I)
BoPs08-62 , II) BoPs0125-62, III) BoS0160046-4 and IV) StS0046-16e. The red histogram
is scaled to make the signal peak visible and the black histogram scaled to the noise peak.
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Row I) of Figure 4.3 shows the peak-sensing ADC run with a shaping time of
ts = 0.8 µs (BoPs08-62). In row II) the peak-sensing ADC run with ts = 0.125
µs (BoPs0125-62) is illustrated. The sampling ADC run with ts = 0.16 µs
(BoS0160046-4) is shown in row III) and in row IV) the sampling ADC run
with ts = 0.046 µs (StS0046-16e) is shown. The width of the base-line peak
increases with respect to a decreased shaping time setting. In case of the peak-
sensing ADC the base-line peak is not visible, since a signal from the PWO
matrix above a certain threshold is required in the trigger.

4.1.3 Energy calibration

In order to add signals from all detectors in the prototype, each detector has
to be individually energy calibrated. The individual characteristics of each
detector channel depend on the individual production and assembling process
of the scintillation crystals, photo sensor and preamplifiers. The scintillation
efficiency, light transport and light transmission in terms of optical coupling
are characteristics of the crystals (PWO). Quantum efficiency, and secondary
electron yield (see Table 2.6) characterize the photo sensor unit (VPTT). The
amplification factor of the preamplifier and shaping of the ADC unit have an
additional impact on the individuality of the detector channel.

The temperature of the prototype is set to −25◦C. First, spectra of cos-
mic muons are acquired over night, which gives the first preliminary energy
calibration of each detector.

In order to perform the final calibration, using the tagged photon beam,
the position of the individual PWO detectors relative to the beam has to be
precisely known.

The prototype is aligned with respect to the incoming photon beam with
the help of lasers which are in line with the photon beam.

In order to precisely confirm the position of the beam relative to the nominal
position of the prototype, an inspection of the energy spectra for the 9 detectors
is performed in the situation when the beam is aimed at the center of the central
(X5) detector. Figure 4.4 shows such an example where the photon beam
hits the central detector. A symmetric behavior in the surrounding detectors
is expected and visible when taking the preliminary energy calibration into
account.

For the individual energy calibration the prototype is moved relative to the
photon beam position (see chapter 3.4) in order to individually aim the beam
into each detector.
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Figure 4.4. Pulse-height spectra for all nine detectors while the beam is aimed into the
center (X5) of the prototype (experiment BoPs0125-64), for all tagged photon energies.

In combination with this, a GEANT4 simulation is made to calculate the
expected deposited energy in an individual detector. The simulated energy
deposition spectra are fitted with Novosibirsk functions to determine the mode
(see Appendix B). The relation between the mode of the deposited energy Edep

and the mode of the measured pulse-height spectrum Xmode is assumed to be
described by a first order polynomial fit:

Edep = mi ·Xmode + ni , (4.2)

where mi and ni are the parameters characterizing detector i. An additional
low energy calibration point at 0 MeV is chosen as the position of the noise
peak. In Figure 4.5 the result of fitting Equation (4.2) to the calibration data
in experiment BoPs0125-64 is shown.
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Figure 4.5. The expected deposited energy Edep as a function of the mode Xmode of mea-
sured pulse-height spectra for all 9 detectors and 62 different photon energies for the exper-
iment BoPs0125-64. Full drawn lines correspond to first order polynomial fits. Statistical
uncertainties are considered the error bars are in the size of the data points.
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4.2 The summing procedure

An electromagnetic shower appears when a photon interacts in a crystal (see
section 2.3.2). The probability that electrons, positrons and photons will leak
into neighboring crystals increases with energy. Escaping electrons, positrons
and photons will deposit energy in neighboring crystals or even leave the pro-
totype. The multiplicity, which is the number of active detector channels in
each event, is thus expected to increase with increasing photon energy.

In order to obtain the deposited energy in the PWO matrix the full electro-
magnetic shower must be recorded and summed up. The summation is done
according to

Esum =
9∑
i=1

Ẽi , (4.3)

with

Ẽi =

{
Ei, if Ei ≥ T ,

0, if Ei < T ,
(4.4)

where Ei is the deposited energy in detector i and T is the threshold. In Fig-
ure 4.6 examples of summed pulse-height spectra are shown for the experiment
BoPs08-62.

Missing parts of the electromagnetic shower caused by, for example, escape
from the EMC prototype or suppressed signals due to the threshold will lead
to a tail in the summed pulse-height spectrum towards lower energies. Thus
the more fully the electromagnetic shower is recorded the better the energy
resolution of the system.

In the left column of Figure 4.6 we see the effect of different threshold values
on the spectra of 63 MeV tagged photons observations while in the right-hand
column we see the effect of different photon energies for the optimal threshold
setting of 0.75 MeV for the experiment BoPS08-62 (see discussion below).

Increasing the threshold while keeping the photon energy constant causes
that only the central detector channel is responding. A reduction of the photon
energy while keeping the threshold setting constant leads to the same observa-
tion. The summed pulse-height spectra are fitted with Novosibirsk functions
(see Appendix B) and the relative resolution was determined by σ

Emode
, where

the mode Emode is the location of the pulse-height.
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I)

(a) (b)

II)

(c) (d)

III)

(e) (f)

IV)

(g) (h)

Figure 4.6. Summed pulse-height spectra (black) showing the contribution from the central
detector X5 (red) and the surrounding 8 detectors (blue). The left column shows the response
to a photon energy of 63 MeV for the threshold settings: a) 0 MeV c) 0.75 MeV e) 1.5 MeV
g) and 6 MeV. The right column shows the response using a threshold setting of 0.75 MeV
to the photon energies b) 63 MeV d) 49 MeV f) 31 MeV h) 13 MeV. Data is taken from
experiment BoPs08-62.
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4.3 Noise and threshold

A physical signal is always superimposed by unwanted, periodic and aperiodic,
fluctuations called noise. For example, periodic fluctuations are caused by the
used electronic components. This particular noise is called electronic noise.
Pick-up noise can be periodic and aperiodic. The origin of pick-up noise is
caused by other electronic elements which interact or disturb each other without
any wired connection. A more detailed discussion is given in [55]. The earlier a
certain noise infects the signal in the amplification chain the smaller the signal-
to-noise ratio may appear, since the amplification of the noise and signal is
similar (but depending on e.g the frequency components). It is essential to
use shielding methods (e.g. a Faraday cage) in the signal chain to reduce the
probability of pick-up noise (see chapter 3.5).

In the summing procedure, the influence of the noise is limited by accepting
signals only above a certain threshold T .

exp. acronym BoPs08-62 BoPs0125-62 BoS0160046-4
detector σnoise[MeV] σnoise[MeV] σnoise[MeV]
X1 0.48 0.80 1.49
X2 0.60 0.96 1.85
X3 0.37 0.52 0.88
X4 0.47 0.69 1.38
X5 0.38 0.51 0.55
X6 0.44 0.58 1.11
X7 0.51 0.83 1.58
X8 0.40 0.53 0.93
X9 0.42 0.62 1.11√

(
∑
σ2
i ) 1.31± 0.04 1.99± 0.07 3.79± 0.08

Table 4.1. Energy-equivalent, rms noise, in three experiments using VPTTs concted to
PWO scintillators.

All incoming signals are amplified and shaped over time to, just before
digitzation, approximate Gaussian pulses. Shorter shaping times will normally
result in larger noises compared to longer ones. Longer shaping times have the
disadvantage to increase the dead time of the system since the integration time
is increased.
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Figure 4.7. Examples of noise distributions in detector X2 for: BoPs08-62 (red), BoPs0125-
62 (black) and BoS0160046-4 (blue).

Table 4.1 shows for experiments BoPs08-64, BoPs0125-64 and BoS0160046-
4 the rms noise. Examples of noise distributions are shown in Figure 4.7. Since
the shaping time is for experiment BoPs08-62 the longest its noise contribution
is the shortest. In case of the experiment BoS0160046-4 the shaping time is the
shortest and consequently the noise contribution is the largest.

The ideal situation would be to adjust the threshold to include all physical
signals in the sum without adding any noise. This ideal case scenario is, of
course, impossible. If the threshold equals 0, noise may be summed in, even
if there is no physical signal, whereas larger thresholds, leads to an exclusion
of physical signals and a stronger low energy tail in the resulting pulse-height
spectrum. In practice an optimal threshold (Topt), which optimizes the reso-
lution, is sought for. One often used choice is to choose a threshold level TI
which equals three times the standard deviation of the noise. In this case, for
all detector channels, the threshold would be chosen as:

TI = 3 ·
∑n

i=1 σi
n

= 3 < σ > , (4.5)

where σi is the individual rms noise in detector i, found in Table 6.1 and n is
the number of detector channels in the prototype. This choice will hereafter
be called Method I. A validation of that choice can be checked by varying
the threshold and analyzing the energy resolution. The results of such an
investigation are shown in Figure 4.8.

As expected, the general trend is that the resolution as a function of thresh-
old has a minimum. Let TII(Eγ) denote the threshold value where the resolution
has a minimum for a certain photon energy Eγ. For smaller threshold values
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than that the noise contributes to the resolution impairment. For larger thresh-
old values physical signals are excluded, leading again to worse resolution that
approaches the resolution value of the central detector alone. For all tagged
photon energies, the trend is the same but statistical fluctuations will lead to
a shift of this minimum. The distribution of TII is shown in Figure 4.8 (right
column). As a second choice of the optimal threshold T IIopt the average of TII
is chosen (called Method II). In Table 4.2 and Figure 4.9 we see the results for
the two threshold values for ≈ 41 MeV photons. T IIopt gives a better energy res-
olution for all experiments. For peak-sensing cases a higher optimal threshold
level, for BoPs0125-64 in comparison to BoPs08-64, is obtained. This is con-
sistent with the values in Table 6.1. Both T IIopt levels are within an acceptable
range as stated in the TDR, which is below 3 MeV.

exp. acronym photon energy method Topt mode σ3×3

BoPs08-62 41 MeV II 0.75 MeV 40.19 3.42
BoPs08-62 41 MeV I 1.3 MeV 37.36 3.63
BoPs0125-62 41 MeV II 0.9 MeV 38.65 3.91
BoPs0125-62 41 MeV I 2.1 MeV 37.16 4.16
BoS0160046-4 41 MeV II 1.5 MeV 39.71 3.66
BoS0160046-4 41 MeV I 3.6 MeV 35.77 4.56

Table 4.2. Measures of the pulse-height spectra from Figure 4.9.
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I)

(a) (b)

II)

(c) (d)

III)

(e) (f)

Figure 4.8. Left column: Resolution of the prototype as a function of threshold for different
tagged photo energies. The minimum gives the optimal threshold level for the certain tagged
photon energy. Right column: Distribution of the optimal threshold level for all tagged
photon energies. The average value T̄ corresponds to the optimal threshold setting for I)
BoPs08-62 with T̄ = 0, 75MeV, II) BoPs0125-62 with T̄ = 0, 90MeV and III) BoS0160046-4
with T̄ = 1, 5MeV.
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(a)

(b) (c)

Figure 4.9. Pulse height spectra for ≈ 41 MeV photons for all experiments with two Topt
values. Red histogram shows the signal response using T I

opt from Method I. Blue histogram
shows the signal response using T II

opt from Method II. Counts as a function of pulse-height for
a) BoPs08-62 for 38.69 MeV photon energy, b) BoPs0125-62 for 38.69 MeV photon energy
of and c) BoS0160046-4 for 38.69 MeV photon energy.

4.4 Multiplicity distributions
Further understanding for the interpretation of the results can be obtained
by studying the multiplicity. The multiplicity m is the number of respond-
ing detectors for one event. As an example, Figure 4.10 shows the average
multiplicity as a function of threshold for the photon energy 63 MeV. For a
threshold T = 0, a detector with no physical signal has a 50% probability to
be counted, and due to the beam position, the central detector always responds
⇒ m ≥ 1 + 8 · 0.5 = 5. But indeed the multiplicity is almost 6 for a threshold
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of 0 MeV, due to the presence of physical signals in the peripheral detectors.
For high threshold values the multiplicity approaches 1 and corresponds to a
signal in the central detector only. Larger noise contributions lead to higher
multiplicity values for smaller threshold settings.

Figure 4.10. Average multiplicity < m > as a function of threshold for all experiments for
63 MeV photon energy. The statistical uncertainty of the underlying multiplicity distribu-
tions is considered being smaller than the data points.

4.5 Contribution of the electron detector reso-
lution to the detector resolution

The tagged photon facility can be regarded as a semi-mono energetic source
of photons. In Figure 4.11 the schematic path of the electrons is shown. In
the magnetic field the scattered electrons will be redirected and focused to the
electron detector. If the focusing would be perfect, the energy resolution of
the electron detector would correspond to the geometric size of the individ-
ual detector channels, thus approximately equal the standard deviation of a
uniform energy distribution σe−spect ≈ ∆E√

12
where ∆E is the energy difference

between neighboring electron detector channels. With ∆E = 0.8 MeV this
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gives σe−spect ≈ 0.23 MeV. However, the focusing is not perfect and most elec-
trons pass from vacuum to air through rather thin windows, but a thicker wall
between a two-window opening disturbed their path significantly. This distur-
bance was measured by Würtemberg et al. in 2011 with the CATS detector
[53]. The dimensions of the CATS detector are: length is 63.5 cm and the di-
ameter is 37.5 cm. The detector uses NaI(Tl) as scintillation material and has
a shielding of a 10 cm lead layer for the suppression of background radiation
(e.g. cosmic muons). Figure 4.12 displays the result of this experiment [53]. It
shows the influence of this scatter barrier on the energy resolution in the energy
range 15 MeV - 32 MeV.

Figure 4.11. Schematic drawing of the path of the electrons and the passage through
thicker parts of the vacuum cahmber wall.

Another visible effect in Figure 4.12 is the alternating resolution from chan-
nel to channel. This is due to the fact that electrons do not hit the electron
detector orthogonally. Following this assumption, the detectors of the two rows
have a quite accurate 50 % geometric overlap. But for an incidences at an
angle relative to the detector surface normal, every second electron detector
channel covers a smaller part of the scattered electron distribution (see Fig-
ure 3.3). Thus the odd number electron detector channels will have a higher
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response rate than every second. This leads to an alternation of smaller and
larger resolution values (σe−spect) in Figure 4.12.

Thus the corrected energy resolution of the prototype to mono energetic
photons is:

σ2
Prototype = σ2

3×3 − σ2
e−spect , (4.6)

where σ3×3 is the measured energy resolution.
Further information regarding the experiment for the determination of the

electron detector resolution is given in [45]. An example of a corrected energy
resolution as a function of photon energy is displayed in Figure 4.13. For all
experiments in the energy range (15 - 32) MeV, the influence of the finite
electron detector resolution is visible in the shape of a "‘hunchback"’ and is
corrected for.

Figure 4.12. Energy resolution of the electron detector as a function of photon energy
measured with the CATS detector [53].
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Figure 4.13. Energy resolution as a function of photon energy. The red curves correspond
to the energy resolution σPrototype corrected for the electron detector resolution. The black
curves correspond to the uncorrected energy resolution σ3×3. The data pertain to experiment
StS0046-16e. The threshold setting is 1.4 MeV. The error bars correspond to the statistical,
one standard deviation, uncertainties.



Chapter 5

Reference measurements -
limiting resolution of PWO
with different photo sensors
and the influence of shaping

In this study the energy resolution limits of a VPTT attached to PWO are
explored using data from the experiments BoPs08-62, BoPs0125-62
and BoS0160046-4.

5.1 Resolution limits for different photo sensors
In this section the obtained energy resolution when using a VPTT unit (BoPs08-
62) is compared to the results using VPTs or PMTs as a photo sensors. The
longer shaping time used here, 0.8 µs is not realistic for PANDA but is used here
to show the achievable energy resolution of PWO, for different photo sensors
in the photon energy range from 13 MeV to 63 MeV. The experiments are
conducted under similar experimental conditions, except for the photo sensors
used. In addition, the experiment by Würtemberg et al. [45] used a 5×5 matrix
configuration instead of the 3×3 matrix used in the two other experiments. The
applied thresholds are 0.5 MeV, 4.9 MeV and 0.75 MeV for the PMT, VPT and
VPTT case respectively. In all cases the tagged photon beam was directed to
the center of the central crystal of the matrix. A summary of the setups is
shown in Table 5.1. In Figure 5.1 the results of three experiments are shown.

The results follow the expectations described in section 2.4. It is expected
that the experiment with the PMT gives the best possible energy resolution,
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whereas a one-stage tube, the VPT, gives the worst energy resolution. The
results for the two-stage tube, the VPTT, lie in between the PMT and VPT
results. Even with the best possible conditions (long shaping time), the VPT
does not fulfill the requiremts of the EMC TDR, in contrast to the PMT and
VPTT cases.

In Figure 5.2a the average multiplicity obtained in the VPTT and PMT
[53] case is compared. Here the difference can be understood by the differ-
ence in thresholds and different matrix sizes. Figure 5.2b shows an example
of the underlying multiplicity distribution for the photon energy of 63 MeV of
experiment BoPs08-62.

work matrix design ADC shaping photo sensor
Würtemberg[53] PWO II 5×5 peak-sensing 0.8 µs PMT
K. Makónyi[44] PWO II 3×3 peak-sensing 0.8 µs VPT
present work PWO II 3×3 peak-sensing 0.8 µs VPTT

Table 5.1. Comparison of setups in previous work and the present work.

Figure 5.1. Relative resolution for different experiments using a peak-sensing ADC with
shaping time 0.8 µs and the EMC TDR requirements.
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(a)

(b)

Figure 5.2. a) Multiplicity as a function of photon energy for the listed experiments
except for the VPT. T II

opt is the used threshold setting for BoPs08-62 and 0.5 MeV for the
results of Würtemberg et. al [53]. The statistical uncertainty of the underlying multiplicity
distributions is of the order of the data points. In b) we see the multiplicity distribution for
BoPs08-62 of 63 MeV photons.

5.2 Shaping time and DAQ

In this section the relative energy resolution obtained from the 3 different ex-
periments, using VPTTs, (BoPs08-62, BoPs0125-62 and BoS0160046-4) is pre-
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sented. The dependence of the energy resolution on the shaping time and the
ADC type is discussed here. In PANDA, high rates of photons are expected in
the forward endcap. Thus there will be a trade-off between the high-resolution
possibility using long shaping times and the possibility to resolve in time, pileup
events using shorter shaping times.

Figure 5.3. Relative resolution as a function photon energy for all three experiments (with
T II
opt setting) and the EMC TDR requirements. Lines between the data points are there to

guide the eye.

The experiment BoPS0125-62 is done to check the influence of the shaping
time on the energy resolution. In this case the shaping time of the shaper is
set to ts = 0.125 µs. A decrease in the shaping time leads to a worse energy
resolution, compared to the results from BoPs08-62, as expected from the dis-
cussion in section 4.3. The experiment BoS0160046-4 is done to check how the
specific ADC type influences the energy resolution or not. The energy resolu-
tion in experiment BoS0160046-4 is similar to the energy resolution behavior
of experiment BoPS0125-62. All three experiments are fulfilling the PANDA
EMC TDR requirements.

In PANDA the analogue shaping will be done at the input stage of the
sampling ADC. A shaping of the order of 0.05 µs has been discussed in order
to have the possibility to resolve pulses in the high-rate situation. In Figure 5.3
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we can see the results from experiment BoS0160046-4 where such a shaping is
used for the detectors around the central one, which has a longer shaping. The
resolution results are close to these for the shaper-peak-sensing ADC combina-
tion with ts = 0.125 µs. Admittedly, the integration of the waveforms of the
sampling ADC can in itself be regarded as an additional digital shaping.

5.3 Summary and Conclusion
For energies below 65 MeV the energy resolution using VPTTs lies between the
energy resolution values when using PMTs and VPTs, as expected and fulfill
the PANDA TDR requirement.

At these energies it is shown that with a reduction of the shaping time gives
an increase of the noise contribution which in turn requireing an increase of the
applied threshold setting. A higher threshold setting turns into a negligence
of physical signals which in combination with the larger noise deteriorates the
energy resolution of the prototype. This is not completely true if the ADC
method is exchanged since the waveform is recorded in a different way.

The results obtained here of the discussed experiments fulfill the PANDA
TDR requirements with respect to energy resolution. That means VPTTs can
be used for the central part of the forward endcap PANDA EMC. However due
to dead time reduction and to resolve pileups, PANDA aims for shorter shaping
time settings (see chapter 6).





Chapter 6

The energy resolution of
PANDA

In PANDA the signals are digitized in sampling ADCs. The analogue shaping
time is relatively short, of the order 50 ns, in order to obtain a good pile-up
resolution. In order to predict the expected resolution in the PANDA forward
endcap EMC, sampling ADCs have been employed. Here also an investigation
regarding the influence on the resolution for photons not impinging in the center
of a PWO crystal is done. Here tagged photon energies corresponding to two
setting of the electron detector within the range 13 - 99 MeV photons are
covered. The results of Paper I are summarized this chapter.

6.1 Analysis of the experiment

To check the influence of the interaction point in PANDA the photon beam
was aimed onto three different location on the matrix surface (see Figure 6.1).

In Figure 6.2 the effect of different incident photon positions is clearly seen.
The shift of the beam towards the »corner« position modifies the energy dis-
tribution in the matrix.

All detector channels are individually investigated with respect to their noise
contribution (see Table 6.1). Detector channel X9 (see Figure 6.3) has with 2.6
MeV a higher noise contribution than the average noise contribution (which is
1.2 MeV) of the other VPTT detector channels. For all PMT detector channels
noise is added in the analysis to mimic VPTTs.

The optimal threshold is determined to be the same for all photon incident
positions (see Figure 6.4), namely 1.4 MeV. For all measurements the further
analysis the threshold is set to 1.4 MeV for all detector channels expect for
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detector channel X9 where a threshold of 10 MeV is applied. This removes
effectively that channel from the analysis.

Figure 6.1. Schematic front view of the matrix including the three photon incident position
points.

Figure 6.2. Pulse-height spectra of the prototype (only VPTT detector channels) for all
tagged photon energies of the first electron detector position and for three different photon
incident positions »center«(black), »halfway«(red) and »corner«(blue).
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VPTT detector ch. σnoise[MeV] PMT detector ch. σnoise[MeV]
X1 1.18 X4 1.2
X2 1.28 X8 1.2
X3 0.90 X12 1.2
X5 1.05 X13 1.2
X6 1.04 X14 1.2
X7 1.44 X15 1.2
X9 2.60 X16 1.2
X10 1.10
X11 1.62√

(
∑
σ2
i ) 3.45± 0.12

√
(
∑
σ2
i ) 3.2± 0.1

Table 6.1. Energy-equivalent (rms noise) of the VPTT photo sensors attached to PWO
scintillators for experiment StS0046-16e.

Figure 6.3. Noise distribution for detector channel X5 (red), X13 (blue) and X9 (green).
The photon beam is aimed onto the center of detector X6. Full drawn lines correspond to
Gaussian fits of the noise peak.
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(a) (b)

(c) (d)

Figure 6.4. Resolution as a function of threshold for different tagged photon energies for
a) center photon incident position b) halfway and c) corner. d) Distribution of the optimal
threshold level for all three photon incident positions. The average of each histogram is at
1.4 MeV.

6.2 Results

The electromagnetic shower is, on average, developing in the forward direction
with the shape of a cone where the radius of the cone is dependent on the
photon energy. If the photon incident position is shifted towards the corner of
a crystal the cone of the electromagnetic shower overlaps more with neighboring
crystals. This increases the average multiplicity, see Figure 6.5, and thus the
average noise contribution. The optimal threshold setting is for all three photon
incident positions the same. However the threshold setting has another impact
on the resolution for the three different cases. More physical signal is lost for the
»corner« position measurement than for the »center « position measurement
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since the majority of the physical signal is shared by up to 4 crystals. This
leads to the fact that parts of the electromagnetic shower are suppressed by the
threshold, which increases the tailing and shifts the mode to smaller energies,
for the »corner« position measurement with respect to the »halfway« and the
»center« position measurements, respectively (see Figure 6.6).

Figure 6.7 shows the relative energy resolution as a function of photon
energy for all three photon incident positions. As expected for the »corner«
position measurement the relative resolution is significantly worse compared to
the resolution obtained for the »center« position due to both, the increased
width and the shift of the mode.

Figure 6.5. Avarage multiplicity as a function of photon energy for three photon incident
positions. Statistical (one standard deviation) uncertainties are considered. The error bars
are smaller than the data point symbols.

In Figure 6.8 we see the results of the experiment compared to the TDR re-
quirements. The »halfway« and the »center« position results fulfill the PANDA
TDR requirements while the »corner« position results below 50 MeV do not.
However the expression for the TDR requirement does not contain an explicit
noise term, Equation (2.18), since it is adjusted mainly to higher photon ener-
gies.
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(a) (b)

(c) (d)

Figure 6.6. Summed pulse-height spectra for three photon incident positions, »cen-
ter«(black), »halfway«(red) and »corner«(blue), at four tagged photon energies a) 68 MeV
b) 51 MeV c) 31 MeV and d) 20 MeV.

Figure 6.7. Relative resolution as a function of photon energy for three photon incident
positions. Lines between the data points are there to guide the eye. Error bars correspond
to statistical (one standard deviation) uncertainty.
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In Figure 6.8 a modified TDR requirement curve is shown which includes
an explicit noise term by taking the average noise contribution, measured in
this study, of 1.2 MeV into account. It is clearly visible that the noise term is
significant for lower photon energies in comparison to higher ones. In that case
the »corner« measurement, fulfill also the modified TDR requirement.

Figure 6.8. Relative resolution as a function of photon energy for three photon incident po-
sitions. The TDR requirement (full drawn red) and the modified TDR requirement (dashed
line green) which includes the noise term are shown for comparison. Error bars correspond
to the statistical (one standard deviation) uncertainty.

6.3 Reconstruction of a fully operating proto-
type

Since the noise contribution of detector channel X9 is more than two times
higher than the average noise contribution of the other VPTT detector chan-
nels a threshold of 10 MeV is applied in order to effectively exclude that channel.
However for a fully operating prototype, the resolution is expected to be im-
proved when compared to the present results.

In order to understand the effect of the missing corner detector and to re-
construct the expected energy resolution of an fully operating prototype the
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remaining corner detector channels X3, X11 and X1 are removed step by step
by applying an individual threshold of 10 MeV. The resulting resolutions are
displayed in Figure 6.9a. In Figure 6.9b the results are shown for several pho-
ton energies as a function of the number of missing detector channels. Since
the electromagnetic shower is for smaller energies more forward directed it is
expected that the variation of the resolution as a function of number of missing
detectors will decrease with decreasing photon energy, as verified by the data
in Figure 6.9b. It seems reasonable to use a linear extrapolation to obtain the
resolution that corresponds to zero missing detector channels.

(a) (b)

Figure 6.9. a) Resolution as a function of photon energy for the prototype with missing
detector channels X9 (green), X9 and X3 (blue), X9, X3 and X1 (red) and X9, X3, X1 and
X11 (black). The data corresponding to 0 missing detector channels is the extrapolated
result (orange). Lines between the data points are there to guide the eye. b) Resolution
as a function of the number of missing detector channels with the corresponding linear
extrapolation (full drawn line) to 0 missing detectors.

If we assume that the slope of the linear extrapolation, shown in Figure
6.10a, changes linearly with the photon energy, we get an overall expression for
the correction:

σcorrection = 0.0033 · Ephoton − 0.0358MeV , (6.1)

from where the expected energy resolution for a fully operating matrix can be
computed:

σfully = σX9missing − σcorrection . (6.2)

The reconstructed energy resolution is displayed in Figure 6.10b for the »center
« position. A similar behavior is expected for the outer two positions, even if
the condition of the missing detector channel is smaller.
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(a) (b)

Figure 6.10. a) The slope of the extrapolation function in Figure 6.9b as a function of
photon energy. b) Reconstructed resolution as a function of photon energy, according to
Equation (6.2).

6.4 Summary and Conclusion
In this study it is shown that the photon incident position has an influence
on the energy resolution of the prototype. For photon energies above approx-
imately 45 MeV the PANDA TDR requirements are fulfilled, irrespective of
the incident position. For photon energies below approximately 45 MeV the
»corner« position results are not fulfilling the PANDA TDR requirement (see
Figure 6.8), but would do it, if an explicit noise term is included.

It can be concluded that VPTTs attached to PWO scintillators can be used
for the central part of the forward endcap EMC.

But to consider more realistic conditions the DIRC detector EDD will be
placed in front of the EMC, which will increase the probability of creating
electrons-positron pairs, directed to the EMC. In fact this physical effects will
have a negative influence on the energy resolution of the EMC see Chapter 7.





Chapter 7

Towards a more realistic
setup

(a) (b)

Figure 7.1. The PANDA target spectrometer. (a) start setup and (b) phase 2 setup
including GEM and EDD [4].

The first measurements with PANDA will start in 2025. At the end of 2026
PANDA will be upgraded to phase 2. The phase 2 upgrade of the target
spectrometer contains the completion of the barrel EMC, the installation of
additional gas electron multiplier (GEM) detectors and the endcap disc DIRC
(EDD) detector (see Figure 7.1) [56]. The gas based detectors (STT, GEM)
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and silicon based micro vertex detector are not expected to influence the perfor-
mance of the forward endcap EMC in a significant way but the EDD contributes
to a significant attenuation of the photon field in front of the EMC and may
deteriorate the resolution of the EMC.

According to [30, 57] the EDD will be positioned 24.2 cm behind the GEM
detector and 4.1 cm in front of the forward endcap EMC and will fit into the
clearance of the solenoid and the forward endcap EMC. The EDD consists of a
2.0 cm thick fused silica (SiO2) radiator, divided into four quadrants to cover
the whole surface of the forward endcap EMC [57].

The high-energy photon interaction probability in the fused silica radiator
is up to approximately 10 % for energies below 100 MeV (see Figure 7.2). The
effect on the energy resolution is studied here in the photon energy range 14 to
97 MeV. In this chapter the results of Paper II are discussed.

(a) (b)

Figure 7.2. (a) Pair production as a function of photon energy in a 2.2 cm thick glass
plate and in a 0.5 cm thick plastic layer. Data is taken from [42]. (b) Average energy loss
of electrons (and positrons) in a 2.2 cm thick glass plate (red) and in a 0.5 cm thick plastic
layer (black). Data is taken from [58].

7.1 Conception of the experiment
In section 3.6.1 and Figure 3.12 the setup of the experiment PMTPs08-62e is
described. The conception of the experiment is shown in Figure 7.3.

The idea is to compare the response of the prototype with and without
a glass plate, which simulates the effect of the EDD while the photon beam
is aimed onto the center of the glass plate. The plastic detector in front of
the glass plate (towards the incoming photon beam) serves as a beam intensity
monitor. The plastic detector between the glass plate and the prototype signals



7.2 Analysis of the experiment 89

additional charged particles (electron-positron pairs) created in the glass. The
pair production probability in the plastic detectors is much smaller than that
in the glass plate (see Figure 7.2)

Two different electron detector (further called tagger) positions have been
used in order to cover a larger energy range, tagger position one for 14 to 67
MeV tagged photon energies and tagger position two for 49 to 97 MeV tagged
photons energies.

Figure 7.3. The conception of the experiment. The glass plate, which simulates the
presence of the EDD fused silica plate, can be removed without changing the setup of the
experiment. The intensity monitor (plastic detector on the left side of the glass) measures
the photon beam intensity. The charged particle monitor (plastic detector on the right side
of the glass) measures the charged particle intensity.

7.2 Analysis of the experiment

As a first step the prototype and the EDD dummy setup (see Figure 3.12) are
geometrically aligned to the photon beam with the help of alignment lasers and
without the glass plate in position that the photon beam is hitting the central
matrix element of the prototype. The prototype is energy calibrated according
to the principles in section 4.1.3 and without the glass plate in position. The
optimal threshold is determined to be 0.45 MeV. All calibrated pulse-height
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spectra of the prototype detector channels are summed up for each event to
record the electromagnetic shower of each event.

For the data taking, two different triggers were used, one (trigger A) un-
biased in the sense that the trigger is given by a signal in then tagger, i.e.
corresponding to a produce bremsstrahlung photon. The second trigger (trig-
ger B) corresponds to the coincidence between a signal in the tagger and a
signal from either any of the plastic detectors or a signal in the PWO matrix.
Trigger A is used where the different data sets need to be normalized relative
each other. A disadvantage with trigger A is that only approximately 4 – 6 %
of the triggers correspond to a photon in the PWO matrix. Trigger B is used
for the more detailed studies of resolution.

7.2.1 The intensity monitor

Figure 7.4 shows the uncalibrated pulse-height spectra of the intensity monitor
corresponding to all tagged photon energies at both tagger positions. Red and
blue histograms corresponds to the measurements with and without the glass
slab, respectively. The physical signal (above the noise appearing below 4 a.u.)
in the intensity monitor comes mainly from pair production inside the monitor
itself (of the order of 0.3 % probability, Figure 7.2) and possible charged particle
contamination of the photon beam. The shape of the spectra obtained «with
glass» and «without-glass» indicates that the presence of glass does not affect
the counting in the intensity monitor significantly. Assuming the conditions
regarding the contamination of the photon beam are constant in time, the
beam intensity monitor can be used for normalization purposes.

(a) (b)

Figure 7.4. Pulse-height spectrum of the beam intensity monitor for a) tagger position 1
and b) tagger position 2. Blue and red histograms correspond to «with glass» and «without
glass» measurements, respectivly. Trigger condition B has been used.
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7.2.2 The charged particle monitor

The Idea of the charged particle monitor is to detect the charged particles that
contaminates the photon beam. In Figure 7.5 pulse-height spectra are shown for
the measurements «with glass»(red) and «without glass»(blue). The monitor
shows two characteristics, «peak structures» above the noise peak. The «peak
structures» probably correspond to that either one or two electrons/positrons
pass the detector. From Figure 7.2b we conclude that an electron detected in the
charged particle monitor corresponds to an energy deposition of approximately
1 MeV. Also we clearly see the higher intensity of charged particles in the «with
glass» due to pair production in the glass, as expected. In Figure 7.6 we see
for 5 different photon energies the pulse-height spectra of the charged particle
monitor. The higher the photon energy the more pronounced is the second
bump around channel 12, implying a higher probability that both the electron
and the positron of the produced pair is detected.

(a) (b)

Figure 7.5. Pulse-height spectrum from the charged particle monitor for a) tagger posi-
tion 1 and b) tagger position 2. Blue and red histograms correspond to «with glass» and
«without glass» measurements, respectively. Trigger B data have been used. The spectra
are normalized using the intensity monitor.
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(a) (b)

(c) (d)

(e)

Figure 7.6. Pulse-height spectrum of the charged particle monitor for a) 15 MeV, b) 35
MeV, c) 55 MeV, d) 75 MeV and e)95 MeV tagged photon energies where blue corresponds
to «without glass» measurement and red to «with glass» measurement. The spectra are
normalized using the intensity monitor. Trigger B data have been used.

7.3 Results

Figure 7.7 shows the multiplicity in the prototype as a function of photon
energy. With the glass in place the multiplicity is higher compared to the
measurement where the glass is not in place. The higher multipliciy indicates
that the beam contains now electron/positron - pairs, are wider than the pure
photon beam.
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The mode (see Figure B.2 in Appendix B) of the summed pulse-height spec-
tra, as a function of energy, is shown in Figure 7.8. The mode shift, which is
the difference of the modes in the «with glass» and «without glass» measure-
ments, increases with photon energy, approaching approximately 2 MeV, which
seems reasonable considering the average energy loss of electrons/positrons in
the glass piece and the increasing pair production probability with energy (see
Figure 7.2).

Additional material in front of the prototype is causing a beam broadening
and a modified pulse-height response. This is expected to worsen the energy
resolution due to an increased tailing and mode shift of the summed pulse-
height spectra. The relative resolution and the resolution as a function of
photon energy is for both measurements displayed in Figure 7.9 combined with
7.10, respectively.

Figure 7.7. Average multiplicity as a function of photon energy for blue: «with glass» and
red: «without glass». The threshold is set to 0.45 MeV. Error bars corresponding to the (one
standard deviation) statistical uncertainty are smaller than the data point size. Trigger B
data have been used.
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Figure 7.8. The mode as a function of photon energy for blue: «with glass», red: «without
glass» and black the mode shift ( «without glass» - «with glass»). The full drawn lines
correspond to first order polynomial fit. Statistical uncertainties are considered and the
error bars are smaller than the data point size. Trigger B data has been used.
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Figure 7.9. Relative resolution as a function of photon energy (using PMT photo sensors).
The threshold is set to 0.45 MeV. (red: «with glass» measurement, blue:«without glass»
measurement, black: PANDA TDR.) Trigger B data has been used

7.4 Expected influence of the EDD on the EMC
In the results of paper I and chapter 6 the energy resolution dependency with
the photon impact position on the surface of a realistic PANDA EMC prototype
is shown. In paper II, the influence of the EDD on the EMC for the «center»
impact position is predicted, with

σ2
WithEDD = σ2

NoEDD + σ2
correction , (7.1)

where σWithEDD is the predicted energy resolution of the PANDA EMC, σNoEDD
is the measured energy resolution as defined in paper I and σcorrection (see Fig-
ure 7.10) is the contribution induced by the EDD detector (see Equation (1)
Paper II).

The photon response prediction of the EMC with the EDD located in front
of it for all three photon impact positions («center», «halfway» and «corner»)
is shown in Figure 7.11. The EDD worsens slightly the energy resolution of the
EMC.
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Figure 7.10. Resolution as a function of photon energy with(red) and without glass(blue).
Black points correspond to the additional contribution due to the glass (Equation (7.1)).
Full drawn line corresponds to a second order polynomial fit (σ(E) = A + BE + CE2).
Statistical uncertainties are considered. Trigger B data has been used.

7.5 Summary and conclusion
This study shows that the upgrade of PANDA and especially the implementa-
tion of the EDD worsens slightly the energy resolution of the EMC. The dom-
inant reason for this influence is the pair production process, in the Cherenkov
material.

We are concluding that the implementation of the EDD has no significant
influence on the performance of the EMC.
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I)

(a) (b)

II)

(c) (d)

III)

(e) (f)

Figure 7.11. Expected response of the PANDA EMC (using VPTT photo sensors) with
the implementation of the EDD (red) and without the EDD (black). Left column: Energy
resolution as a function of photon energy. Right column: Relative energy resolution as a
function of photon energy. I) «Center» photon incident position measurement, II) «halfway»
photon incident position measurement III) «corner» photon incident position measurement
as explained in paper I [59].





Chapter 8

Summary and conclusion

PANDA is an experiment of the FAIR facility designed for studies of the strong
force and especially hadrons and their properties. In PANDA an anti-proton
beam is interacting with a fixed hydrogen or nuclear target. The develop-
ment and investigation phase of the PANDA detector is finished and the first
subdetectors are currently under construction. All subdetectors will be joined
together and be ready for the first experiments in 2025.

One subdetector is the EMC which consist of a backward endcap, the barrel
and the forward endcap EMC and is surrounding the interaction point. For
almost the whole EMC, PWO scintillators are attached to APD photo sensors.
Due to a high expected signal load and the presence of a magnetic field of
approximately 1 T, the center part of the forward endcap EMC will be equipped
with VPTTs instead.

In 2026 PANDA will be upgraded to phase 2 by adding some subdetectors.
The target spectrometer the barrel EMC will be completed, two new GEM
detectors and the EDD will be installed. The EDD will be positioned just 4.1
cm from the front of the forward endcap EMC.

This thesis presents the design for a realistic forward endcap EMC proto-
type. Investigations regarding the photon response of the prototype have been
performed.

A 3X3 PWO-VPTT EMC prototype was constructed and three experiments
were performed. In the first two a peak-sensing ADC unit was used. The shap-
ing time was set to 0.8 µs and 0.125 µs, respectively. In the third experiment
the peak-sensing ADC unit was replaced by a sampling ADC unit and the
shaping time was set as 0.046 µs for the peripheral detector channels and 0.16
µs for the center detector channel. All results of the energy resolution fulfill,
for energies below 100 MeV, the PANDA TDR requirements. VPTTs give a
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better signal-to-noise-ratio than VPTs but a worse value than PMTs if all photo
sensors are attached to PWO scintillators.

The 3×3 PWO-VPTT prototype was extended to a 4×4 prototype while
attaching seven PMTs to PWO scintillators in one outer column and one outer
row of the matrix. Sampling ADCs were used to digitize the signals. In the
analysis noise was added to the PMT signals to mimic VPTTs. In three mea-
surements the photon beam was aimed onto three different positions («center
», «halfway» and «corner») on the surface of the matrix. The energy resolution
of the prototype gets worse if the beam position is moved towards the corner
between four crystals since more noise is added to the physical signal. For all
measurements the PANDA TDR requirements are fulfilled beside below 50 MeV
of the «corner» measurement. However, in the PANDA TDR requirements ex-
pression for σE/E no explicit noise term is included. With such a term added
the results fulfill the requirements of the TDR.

Additionally the influence of the EDD detector on the forward endcap EMC
response was investigated. To estimate the influence of the EDD in front of
the EMC, a 2.2 cm thick piece of glass was placed 3.6 cm in front of the
3×3 PWO-PMT EMC prototype. Two measurements were performed: for one
measurement the glass piece was in place and for the other one it was removed.
A comparison of the photon response of the prototype for both measurements
leads to the conclusion that the energy resolution of the prototype is getting
worse when the glass piece attenuates the photon beam. An application of the
obtained results on a more realistic forward endcap PANDA EMC prototype
leads to the same conclusion that the influence is insignificant.

The studies show that the VPTT is a realistic choice of photosensor for the
central part of the forward endcap EMC in PANDA, for photons with energy
below 100 MeV due to the performance regarding energy resolution and high-
rate capability. The upgrade of the target spectrometer and the implementation
of the EDD detector in front of the EMC does not change this conclusion in
any significant way.

In the actual PANDA experiment the pulse-height will be directly deter-
mined by a code implemented in the FPGAs of the sampling ADCs. This code
has to be optimized for the best signal-to-noise ratio and the best timing. The
implemented code must also contain ways to resolve pileup events.

The photo sensor has to work in a magnetic field enviroment of approxi-
mately 1 T. The gain of the photo sensors will be reduced by approximately
50% (see Figure 2.11) [32]). This will have a negative impact on the energy
resolution of the EMC.
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On the other hand, there is still room for optimizations of the read-out and
digitization, e.g. concerning the analogue shaping and the feature extraction.

Further studies for this remain.





Appendix A

VPTT characteristics

Following the theoretical discussion in section 2.3.4 the expectation value of the
number of electrons at the anode NA, can be calculated as following (see also
Figure 2.12):

< NA > =
∑

N,N ′,N ′′,N ′′′,N ′′′′

(N ′ +N ′′ −N ′′′ +N ′′′′)P (N,Nc) (A.1)

·B(N ′, N, pt)P (N ′′, δ(N −N ′))B(N ′′′, N ′′ +N ′, pt)P (N ′′′′, δ(N ′′′))

= NC(δ + pt − δpt − pt(δ + pt − δpt) + δpt(δ + pt − δpt) ,

where B and P refer to the binomial and Poisson distribution (respectively 1

and 2) Evaluating Equation (A.1) leads to:

< NA >= NC(δ + pt − δpt)(1− pt + δpt) , (A.2)

by using:

< N ′ >= ptNC , < N ′′ >= δNC(1− pt) , (A.3)

< N ′′′ >= NCpt(pt + δ − δpt) , < N ′′′′ >= δ < N ′′′ > . (A.4)

The expectation value of N 2
A is

< N 2
A > =

∑
N,N ′,N ′′,N ′′′,N ′′′′

(N ′ +N ′′ −N ′′′ +N ′′′′)2P (N,Nc)· (A.5)

B(N ′, N, pt)P (N ′′, δ(N −N ′))B(N ′′′, N ′′ +N ′, pt)P (N ′′′′, δ(N ′′′)) ,

(A.6)
1B(N ;N0, p) = pN (1− p)(N0−N) · N0!

N !(N0−N)!
2P (N ;N0) = NN

0 e
−N0 · 1

N !
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leading to:
< N2

A >= N 2
C((δ + pt − δpt)(1− pt + δpt))

2 , (A.7)

by using:

< N ′2 > =NCpt(ptNC + 1) , (A.8a)

< N ′′2 > =δ2Nc(NC + 2 +NCp
2
t − 2NCpt − 2pt) , (A.8b)

< N ′′′2 > =p2
t (< N ′′2 > + < N ′2 > +2 < N ′N ′′ >) , (A.8c)

+(pt − p2
t )(< N ′′ > + < N ′ >) ,

< N ′′′′2 > =δ2 < N ′′′2 > −δ < N ′′′ > , (A.8d)

< N ′N ′′ > =δptNC(NC − ptNC) , (A.8e)

< N ′N ′′′ > =pt · (< N ′2 > + < N ′N ′′ >) , (A.8f)

< N ′N ′′′′ > =δ· < N ′N ′′′ > , (A.8g)

< N ′′N ′′′ > =pt · (< N ′′2 > + < N ′N ′′ >) , (A.8h)

< N ′′N ′′′′ > =δ· < N ′′N ′′′ > , (A.8i)

< N ′′′N ′′′′ > =δ· < N ′′′2 > . (A.8j)
(A.8k)

The variance of the number of electrons at the anode then becomes:

VA =< N2
A > − < NA >

2 (A.9)

= NC(−pt(pt − 1) + 5δ3pt(pt − 1)2 − 2δ4p2
t (pt − 1)

+ δpt(p
2
t − pt + 1) + δ2(2− 7pt + 10p2

t − 4p3
t ) .

The gain of the unit is:

g ≡ < NA >

NC
= (δ + pt − δpt − pt(δ + pt − δpt) + δpt(δ + pt − δpt) (A.10)

= δ(1− 2pt + p2
t ) + δ2(pt − p2

t ) + pt − p2
t .

Assumeing pt = 1/2 the variance VA in terms of the gain g is:

VA = NC(−1

8
+

3

2
g

1
2 − 5

2
g + g

3
2 + 2g2) . (A.11)
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The ratio of the square root of the variance of the number of electrons at the
anode and the mean of the number of electrons at the anode gives the relative
resolution:

√
VA

< NA >
=

√
1

Nc

√
(−1

8
g−2 +

3

2
g−

3
2 − 5

2
g−1 + g−

1
2 + 2) . (A.12)





Appendix B

Fitting procedures

B.1 The Novosibirsk function

Due to the probability that energy might escape from the detector during the
shower process, and due to the finite threshold setting, an asymmetric proba-
bility distribution with a stronger tail to the low-energy side needs to be used
as a fitting function of the pulse-height spectrum as shown in Figure B.1. The
usage of the, so called, Novosibirsk function as a fitting function gives a realistic
describtion for such skewed pulsed-height spectra [60]. The function is defined
by :

f(x;A, µm, σ0, τa) = Ae
− 1

2
ln2(1+Λτa(x−µm))

τ2
a

+τ2
a , (B.1)

where

Λ =
sinh(τa

√
ln4)√

ln4σ0τa
, (B.2)

with σ0 = FWHM
2.35 representing the width of the distribution. Observe that

the width-parameter (σ0) is proportional to the FWHM of the distribution and
does not equal the standard deviation in the general case. µm corresponds
to the mode. The asymmetry of the function is described by the asymmetry-
parameter τa and A is the amplitude. If τa −→ 0, the Novosibirsk function
becomes a Gaussian:

lim
τa→0

f(x,A, µm, σ0, τa) = Ae
(x−µm)2

2σ2
0 . (B.3)
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(a)

(b) (c)

(d) (e)

Figure B.1. Pulse-height spectra for the center detector channel (X5) take at five different
tagged photon energies (blue) and the fitted novosibirsk function (red). The five photon
energies are a) 67, b) 54 MeV, c) 42 MeV ,d) 30 MeV and e) 13 MeV. Data taken from the
experiment BoPs08-64.

There are different possibilities regarding how to define the measure of the
location of a distribution. If f(x) is a probability density function of a random
variable x then the mean value x̄ of x is

x̄ =

∫
x · f(x)dx . (B.4)
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The median xmedian is defined by:

0.5 =

∫ xmedian

−∞
f(x)dx . (B.5)

The median divides the distribution into two 50 percent areas.
The mode represents the maximum of a probability density function thus

defined by:

d

dx
f(xmax) = 0 , (B.6a)

with the condition
d2

dx2
f(xmax) < 0 . (B.6b)

A unimodal distribution has only one global mode. In case of a symmetric
unimodal distribution, e.g. the Gaussian distribution, mean, median and mode
are equal.

The second central moment is the standard deviation σ of the function. It
is defined through:

σ2 =

∫
(x− x̄)2 · f(x)dx . (B.7)

For smaller energies the shower process is more contained thus τa −→ 0.
The standard deviation of a Novosibirsk function depends on the asymmetry-
parameter(τa) and the width-parameter (σ0). As (τa) approaches 1 or -1 the
ratio of σ

σ0
is increasing. The median and mean of the function are influenced

in the same manner by the asymmetry-parameter. A tail to the lef hand side
corresponds to a negative value of τa.

Figure B.2 displays Novosibirsk functions and the measures for different
parameters. The corresponding parameters are listed in Table B.1. For all
fitted pulse-height spectra the tail parameter had a value between -1 and 0.

Figure B.3 shows the median, the first and the second central moment as a
function of the asymmetry-parameter (τa) given that A = 1000, µm = 20 and
σ0 = 10 and width-parameter (σ0) given that A = 1000, µm = 20, τa = −0.4 of
the Novosibirsk functions. An increase of the absolute value of the asymmetry-
parameter (|−τa|) leads to a broadening of the Novosibirsk function and to a
shift of the mean and median to lower values (see Figure B.3a). All dependency
are quite well fitted by a second-order polynomial (see Table B.1).

For µm = 20, τa = −0.4 an increase of the width-parameter σ0 leads to
an increase of the width-value σ of the function and a shift of the mean and
median to lower values (see Figure B.3b).
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Table B.1 shows for the fitting parameters for all such fits of Figure B.3.

(a) (b)

Figure B.3. Central moments of the Novosibirsk function in dependency of a) τa and b)
σ0 including fits.

for asymmetry-parameter dependency x = τa

Central moment A B C
Median 20.27± 0.15 −1.05± 0.68 −7.91± 0.65

Mean 20.03± 0.06 −11.67± 0.26 −5.14± 0.25

Sigma 9.56± 0.21 4.91± 1.0 8.81± 0.97

for width-parameter dependency x = σ0

Central moment A B C
Median 20.01± 0.05 −0.43± 0.03 1.3 · 10−3 ± 2.0 · 10−3

Mean 20.03± 0.08 −1.10± 0.02 0.91 · 10−3 ± 2.0 · 10−3

Sigma −0.01± 0.02 1.87± 0.01 0.47 · 10−3 ± 0.91 · 10−3

Table B.1. Polynomial fit of second order A + Bx + Cx2 = y for the measures of the
Novosibirsk function of Figure B.3.

In this work the mode is used as estimator for the location. The major
argument is its insensitivity to variations of the beam position. [45]
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B.2 Energy dependence of the resolution
In this appendix the resolution as a function of photon energy in terms of the
parametrization, given in Equation (2.20), is obtained by fitting:

σ2
E = A+BE + CE2 , (B.8)

to the data of StS0046-16e. The least-square fitting results, treating A, B and
C as free parameters are shown in Figure B.4 and in Table B.2. With the
interpretation given to Equation (B.8) we get:

• for the electronic noise: a = 1.2 +−0.2 MeV ,

• for the photo-electron yield: β = 14 +−2 MeV−1 ,

• and a linear contribution: c = (2 +−3)x10− 4.

The linear term coefficient is not significantly different from zero, while the
other coefficients are rather well determined. The noise term agrees rather well
with the measured noise, and the photo-electron yield is not far away from the
stated number of 20 -30 photo-electrons per MeV (Section 2.4). The coefficient
c corresponds to the extrapolated relative resolution at high energies,

σ

E
=
√
c ≈= 1.5% . (B.9)

Which is also quite reasonable. However, the fit of the second-order polynomial
over a restricted energy range results in rather large correlations between the
three coefficients, see Table B.3, which signals an ill-conditioned description.

exp. acronym A [MeV 2] B [MeV] C × 10−4 χ2
red

StS0046-16e 1.5± 0.6 0.28± 0.03 (1.89± 3.19) 2.79

Table B.2. Fitting parameters of the linear regression (see equation B.8)

The corresponding correlation between the parameters are displayed in Ta-
ble B.3 and they are calculated as follows:

corr(A,B) =
cov(A,B)

σAσB
, corr(A,C) =

cov(A,C)

σAσC
, (B.10)

corr(B,C) =
cov(B,C)

σBσC
, (B.11)
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exp. acronym corr(A,B) corr(A,C) corr(B,C)

StS0046-16e −0.92 0.82 −0.97

Table B.3. Correlation of the fitting parameter of Table B.2

(a)

(b) (c)

Figure B.2. a) example of a Novosibirsk functions with A = 1000, τa = -1, µm = 100 and
σ0 = 10. b) Novosibirsk functions for A = 1000, µm = 20, σ0 = 10 and different negative
asymmetry-values −τa. c) Novosibirsk functions for A = 1000, µm = 20, τa = −0.4 and
different width-values σ0.
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Figure B.4. The square of the resolution as a function of photon energy. The corresponding
values for the noises shown at zero energy are not included in the fits.
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