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Abstract

The envisaged physics program of the PANDA (antiProton ANnihilation at Darmstadt) ex-
periment at the future Facility for Antiproton and Ion Research (FAIR) requires excellent
particle identification over the full solid angle. The Endcap Disc DIRC (EDD) will cover
forward polar angles between 5 and 22° and is one of three dedicated subdetectors for the
identification of charged hadrons and the separation of pions and kaons in particular. DIRC
stands for Detection of Internally Reflected Cherenkov light and implies that the emitted
Cherenkov photons are trapped inside the radiator by total internal reflection.

The central part of each DIRC detector is its optical system which is responsible for a low-
loss and angle-preserving transport of the Cherenkov photons. The work at hand exper-
imentally addresses several objectives in connection with the optical components and the
system as a whole. Radiator prototypes were evaluated with high precision and adapted
specifications were identified based on the results. The imaging performance of the Fo-
cusing Elements (FELs) was verified and different options regarding the coupling of the
individual components were evaluated. In addition a radiation hardness study of a new
fused silica material provided an insight into the long term behavior of induced defects
and confirmed the material to be suitable for high energy physics experiments.

A conceptual design for the mechanical integration was developed featuring a rigid optical
system which is mounted into a cross-like structure. In this context the spatial constrains for
the holding structure and the FELs were identified and an assembly procedure was devel-
oped. The existing prototype was revised and newly developed concepts were integrated
and tested.

Furthermore a data analysis of an earlier prototype test at a mixed hadron beam at CERN
was carried out. It was the first evaluation of an EDD prototype which consisted of opti-
cal components made of fused silica only and had highly segmented MCP-PMTs (Micro-
Channel Plate PhotoMultiplier Tubes) for the photon detection. A single photon resolution
down to 5.68 mrad could be achieved and a good agreement with Monte-Carlo predictions
was reached. At 3GeV/c a 50 separation of pions and protons was accomplished using a
single MCP-PMT column.






Zusammenfassung

Das PANDA -Experiment (AntiProton Annihilation at Darmstadt) ist eines der Grofprojekte
der Forschungsanlage FAIR (Facility for Antiproton and Ion Research), die zur Zeit in Darm-
stadt gebaut wird. Fiir das angestrebte Forschungsprogramm des Experiments miissen
unter anderem Teilchen iiber nahezu den kompletten Raumwinkel identifiziert werden
konnen. Eine besondere Herausforderung ist dabei die Unterscheidung von Pionen und
Kaonen, fiir welchen Zweck drei Cherenkov-Detektoren im PANDA -Experiment verbaut
werden. Der Vorwirtsbereich zwischen 5 und 22° wird hierbei vom Endcap Disc DIRC
(EDD) abgedeckt. DIRC (Detection of Internally Reflected Cherenkov light) steht fiir die De-
tektion von intern-reflektierten Cherenkov-Photonen. In diesem Zusammenhang spielt das
optische System eine zentrale Rolle, da es fiir einen verlustarmen und winkelerhaltenden
Transport der Cherenkov-Photonen durch Totalreflexion verantwortlich ist.

Die vorliegende Arbeit behandelt verschiedene offene Fragestellungen im Zusammenhang
mit den optischen Komponenten und dem System als Ganzes. Hierzu wurden unter an-
derem Prototype-Radiatoren beziiglich ihres Profils vermessen, wodurch eine Anpassung
der Spezifikationen erfolgen konnte. Das Auflosungsvermogen der fokussierenden Licht-
leiter (FELs, Focusing ELements) konnte experimentell verifiziert werden und es wurden ver-
schiedene Kopplungsoptionen miteinander verglichen. Des Weiteren konnte eine Langzeit-
studie zur Strahlenhdrte eines bisher nicht untersuchten synthetischen Quarzglases durchge-
fiihrt werden.

Einen weiteren Schwerpunkt der Arbeit stellte eine Konzeption zur mechanischen Inte-
gration des EDDs dar. Kern dieses Konzeptes ist ein fest zusammenhédngendes optisches
System, welches mit Hilfe einer {iber den Detektor gespannten kreuzartigen Halterung be-
festigt wird. In diesem Zusammenhang wurden aufierdem die geometrischen Randbedin-
gungen festgelegt sowie eine Vorgehensweise in Bezug auf die Montage des Detektors er-
arbeitet. Basierend auf diesen Entwicklungen wurde der bisherige Prototyp nahezu voll-
standig tiberarbeitet.

Neben den technischen Entwicklungen wurde eine Datenanalyse zu einem Teststrahlex-
periment mit einem gemischten Hadronenstrahl am CERN durchgefiihrt. Der dort ver-
wendete und mittlerweile tiberarbeitete Prototyp bestand erstmals ausschliefilich aus syn-
thetischem Quartzglas gefertigten optischen Komponenten und die Cherenkov-Photonen
wurden mit hochauflosenden MCP-PMTs (Micro-Channel Plate PhotoMultiplier Tubes) detek-
tiert. Hierbei wurde eine Einzelphotonenauflosung (single photon resolution) von 5.68 mrad
erreicht. Die Messungen hierzu waren in guter Ubereinstimmung mit den Vorhersagen
durch Monte-Carlo-Simulationen. Bei einem Teilchenimpuls von 3 GeV/c konnte aufier-
dem eine Unterscheidung von mehr als fiinf Standardabweichungen zwischen Pionen und

Protonen mit einer einzelnen MCP-PMT-Spalte erreicht werden.



Vi




Table of Contents Vi
Table of Contents

1 Introduction 1

2 The PANDA Experiment 5

21 PANDAatFAIR . . . . . . . . 5

2.2 The PANDA Detector . . . . . . oot v v 6

23 PhysicsProgram. . . . ... ... . 13

3 Particle Identification 17

31 Techniques . . . . .. .. ... ... .. 17

311 Topology . . .. ... . . . 17

312 EnergyMeasurement. . . . .. ... .. ... ... ... ... 18

313 Time-of-Flight. ... .. ... ... ... ... .. ... .. ..... 18

3.14 Cherenkov Radiation . . . . ... ... ................... 19

3.1.5 Transition Radiation . . ... ... ... ... ... . ... ........ 22

3.2 Cherenkovdetectors . . . . .. .. . . ... . .. 22

3.2.1 Threshold Cherenkov Detectors . . ... ... .. ... ......... 22

322 RICHDetectors . . . . . . . . . . e e e e e 23

323 DIRCDetectors . . . . . . . i i e 24

3.3 The PANDA Endcap Disc DIRC . . . . ..ottt 26

3.3.1 EvolutionoftheDesign . ... ... ... ..... .. .......... 26

332 FinalDesign . ... ... ... ... ... ... . ... ... ... 28

3.3.3 Working Principle . . .. ... ... ... ... .. . L o 30

4 Optical system 31

41 Introduction . . . . . . . . . . . . e e 31

411 TheOpticalSystem . . . ... ... ... ... ... .. .. ... .. 31

412 Material . . . . . ... e 32

42 RadiationHardness . . . . . . . . . . . ... ... 33

421 PreviousResults . ... ......... ... ... ... ... . ..... 33

422 Radiation Hardnessof NIFS . . . . . . ... ... ... .. ........ 34

43 Radiator . . . . . . . . e e 45

431 Requirements . . . ... ... ... ... ... ... o 45

43.2 Quality Measurements . . . . . ... ... ... ... . L 48

44 Focusing Elements and Prisms . . . ... ... ... ............... 72

441 Requirements . . ... .. ... ... .. ... .. o 72

442 Quality Measurements . . . . . ... ... .. ... . L. 76

45 Optical Filter . . . . ... ... ... ... 91

46 OpticalJoints . . .. ... ... L 95



Vil

Table of Contents

4.7 Summary

5 Mechanics

5.1 Requirements
5.2 Concepts and Design
521 Components
5.2.2 Gas System and Cabling

53 Assembly

5.4 Optomechanical System
5.5 Prototype Development

6 Testbeam Analysis
6.1 Introduction
62 Setup .. ...... ... ..

6.2.1 Components
6.2.2 Installation
6.3 Calibration and Data Quality
6.3.1 Laser Calibration
6.3.2 Additional Offline Calibration

6.4 Analysis

6.4.1 Photon Yield
6.4.2 Momentum and Transversal Scan
6.4.3 Angle Scans

6.5 Interpretation and Summary

7 Summary and Outlook

A Appendix
List of Acronyms
List of Figures
List of Tables

Bibliography

155

159

165

169

173

175



1 Introduction 1

1 Introduction

On the hunt for new discoveries inside or outside the standard model state-of-the-art de-
tector designs push forward the frontier of what is technically achievable to improve our
understanding of the universe. Modern experiments utilizing high-energy beams consist
of a diversity of subdetectors to perform different tasks such as tracking the position of a
subatomic particle or measuring its energy. Many detectors require dedicated devices to
identify particles types; e.g., because the resolution of the energy measurement is not suffi-
cient to distinguish between particle types at certain momenta.

The PANDA experiment (antiProton ANnihilation at DArmstadt) [PAN09] at the future Fa-
cility for Antiproton and Ion Research (FAIR) [Bar07] will be a versatile detector exploring
different horizons from hadron spectroscopy with a search for exotic particles and nucleon
structure measurements to studying in-medium effects of hadronic particles or hypernu-
clei. It will provide precise tracking, energy and momentum measurements and very effi-
cient identification of charged particles.

The latter is important as many of the detected decay products of interest are charged kaons
which, without dedicated detectors for PID (Particle IDentification), cannot be properly
identified and distinguished from pions at energies inside the PANDA detector. For this
purpose three RICH (Ring-Imaging CHerenkov) detectors will be used, one conventional
RICH detector with an aerogel radiator in the very forward region of the experiment, and
two so-called DIRC (Detection of Internally Reflected Cherenkov light) detectors to cover
polar angles between 5° and 140°. Characteristic for DIRCs are radiators which also serve
as light guides enabling to build very compact detectors which allows to reduce the active
area of subsequent detectors [Coy94, Kam96]. Besides a Barrel DIRC [Swal6] which covers
a range between 22° and 140° the forward endcap of the PANDA Target Spectrometer will
be equipped with an Endcap Disc DIRC (EDD) which enables PID for charged particles
down to 5°. This is important as PANDA is a fixed-target experiment where a majority of
particles will be detected in the forward region (see figure 1.1).

The EDD is a new type of DIRC using highly-segmented MCP-PMTs, focusing optics and a
non-rectangular radiator. Since early studies in 2006 different concepts have been evaluated
and tested until a working detector design has emerged which matches the requirements
for PANDA [Mer14b]. Henceforward the work has focused on the verification of the work-
ing principle and the applicability of the envisaged components including dedicated setups
for quality assurance measurements, mechanical integration and development of a readout
system.

The thesis in hand addresses open questions regarding the optical system and its integra-
tion along with other parts into the PANDA experiment. Following this brief introduction
chapter 2 will describe FAIR and the PANDA experiment in more detail focusing on both

the physics program and the detector design. Chapter 3 will give an overview of how par-
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Figure 1.1: Combined kaon phase space distribution of the reactions pp — D™D ~, pp — DS D, and
pp — he — 7.7 at the individual production threshold as shown in [Mer14b]. The channels have
not been weighted by their individual cross sections and contain all decay branches. The angular

acceptance region of the Endcap Disc DIRC is indicated by two vertical black lines.

ticle identification is done in accelerator experiments. Here the focus will be on Cherenkov
detectors and the PANDA Endcap Disc DIRC, its working principle and design in particu-
lar.

Chapter 4 deals with the optical system of the detector. After a short introduction the ra-
diation hardness of the optical system will be addressed and in this connection a radiation
hardness study of different grades of Nlkon Fused Silica (NIFS) is presented. In section 4.3
different methods for the verification of the proposed specifications are introduced and a
detailed study of the surface profiles of available radiators is performed. The subsequent
section 4.4 contains an evaluation of the Focusing Elements (FELs) and prisms. The rest of
the chapter is devoted to filter options which can limit the number of photons as well as
the chromatic error and optical joints which connect the different components of the optical
system.

In chapter 5 a conceptual design for the detector integration is presented along with an as-
sembly procedure. Here the focus is set on the integration of the optical system. Besides
calculations regarding the stability a new prototype is described in detail which applies
several concepts for the final detector.

A detailed analysis of an earlier prototype which was tested during beamtime in May 2015
is presented in chapter 6.This was the first testbeam which contained an optical system ex-

clusively made of fused silica components and MCP-PMTs with highly segmented anodes.
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Hence it was used to verify single photon resolutions that were obtained by Monte-Carlo

simulations.

Finally chapter 7 summarizes the results and provides an outlook on future actions in con-

nection with building an Endcap Disc DIRC for the PANDA experiment.
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2 The PANDA Experiment
2.1 PANDA at FAIR

The Facility for Antiproton and Ion Research (FAIR) is a large extension to the already
existing Gesellschaft fiir Schwerlonenforschung (GSI) at Darmstadt, Germany. It will push
forward the knowledge in different fields of physics searching for unknown states of matter
and missing information about the early universe. More than 3000 scientists from over 50
countries will benefit from this multipurpose acceleration facility which is based on four

scientific pillars:

e APPA (Atomic, Plasma Physics and Applications) focuses on plasma physics with

different experimental setups [Sto15],

e CBM (the Compressed Baryonic Matter experiment) will create high baryon densities
in nucleus-nucleus collisions to explore the properties of super-dense nuclear matter
[Frill],

e NuSTAR (Nuclear STructure, Astrophysics and Reactions) where different experi-

ments will investigate secondary beams of rare isotopes [NuS12], and

e PANDA (antiProton ANnihilation at DArmstadt) which will use antiproton-proton

collisions to improve our understanding of the creation of mass [PAN09].

Already existing accelerators like the UNILAC linear accelerator or the SIS-18 synchrotron
are used as pre-accelerators. Together with a new p-LINAC they feed protons or heavy ions
into a new large synchrotron SIS-100, where 100 stands for a magnetic rigidity of 100 Tm,
with a circumference of 1100 m. In a later stage a SIS-300 will be added which increases the
beam energies from 1GeV /u to 35 — 45GeV /u depending on the ion mass/charge ratio.
A combination of both rings can be used to provide proton or ion beams in parallel for
more than one experiment at the same time [Bar(07]. Figure 2.1 shows an overview of the
FAIR complex which besides the aforementioned accelerators provides additional rings to
accumulate and store different particles as well as different targets to produce antiprotons
or rare isotopes. To supply the PANDA experiment high energy protons are guided onto
a copper production target for antiprotons [Sie12] and are subsequently accumulated in a
Collector Ring (CR) where they are cooled and focused by stochastic cooling. Afterwards
they are accumulated in the Recycled Experimental Storage Ring (RESR) and later stored
in the High Energy Storage Ring (HESR) where the PANDA experiment is located. In the
first building stage the antiprotons in the CR are directly injected into the HESR were they
are accumulated and stored. In this so-called modularized start version neither SIS-300 nor
RESR is available which reduces the achievable luminosity [FAIR09].

Inside the HESR the antiprotons have momenta between 1.5 and 15 GeV/c. A combination
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Figure 2.1: Schematic view of existing the GSI complex with existing accelerators (blue) and the new
FAIR accelerators (red) [FAIRweb].

of stochastic and electron cooling is used to achieve a high beam quality. HESR provides
two modes of operation: a High Resolution (HR) mode and a High Luminosity (HL) mode.
The former can store up to 10'° antiprotons and reach a luminosity of 2 - 103! cm~2s~! with
a resolution Ap/p of up to 4 - 10~°. This mode allows to perform high precision resonance
scans in search for new states. The HL mode requires the RESR and stores ten times more
protons which leads to a luminosity of 2 - 1032 cm~2s~! with a resolution Ap/p of 10~*
[Mail1, Lhr06].

2.2 The PANDA Detector

PANDA is a fixed-target experiment consisting of two separate parts: The Target Spectrom-
eter (TS) with an almost 471 coverage around the target region and the Forward Spectrom-
eter (FS) which covers very forward polar angles between below 10° horizontally and 5°
vertically with respect to the beam direction (see figure 2.2). This setup allows to detect
final state particles over the full solid angle which includes measuring their momenta and
identifying the particle types of the reaction products. The following section gives a brief

overview of the different subdetectors used inside the PANDA experiment.
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Micro Vertex Detector GEM Detectors

Straw Tube Shashlyk Calorimeter

Tracker Forward Tracking System

Muon Range System
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TOF Wall
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Figure 2.2: Cross section view of the PANDA detector. The antiproton beam enters from the left and
interacts inside the Target Spectrometer (TS). The very forward angles are covered by the Forward
Spectrometer (FS) which starts with the large dipole magnet.

Target System

The antiproton in the beam will either interact with a pellet or cluster jet target. Both sys-
tems have to provide a very dilute and localized clump of matter without deteriorating
the beam vacuum or the beam itself. In case of the pellet target a regular stream of frozen
hydrogen pellets vertically traverses the beam. The pellets are produced in a triple point
chamber which ensures a very regular production of droplets which are injected into the
vacuum. As the pellets are produced outside of the target region on top of the detector the
droplets cool down further due to surface evaporation while falling towards the interaction
point. This method on one hand provides the highest target densities and a point-like in-
teraction zone but on the other hand is has no clear time structure and is less homogeneous
[TarTDR].

The cluster jet target expands compressed, pre-cooled gas through a fine nozzle. During
this process the gas adiabatically cools down and forms a supersonic stream of atoms or
molecules which, under appropriate conditions, form a so-called cluster. The size of these
clusters is strongly influenced by the experimental conditions such as the pressure or the
temperature of the gas before entering the nozzle. A constant opening of the cluster jet is
provided by a skimmer and collimator in front of the vacuum. In comparison to the pellet

target this option provides a homogeneous target density and time structure but no point-
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like interaction zone [TarTDR].

Tracking Detectors

The tracking of charged particles is done by several subdetectors starting with a Micro Ver-
tex Detector (MVD) just outside the target region (see left part of figure 2.3). This device
is designed to reconstruct primary interaction and secondary vertices from weak decaying
particles like the D and achieves vertex resolutions better than 100 #m in longitudinal di-
rection and several tens of ym in lateral direction. The detector is split into a barrel and a
forward region and consists of two different layer types. The inner part is equipped with
layers made of silicone hybrid pixel detectors whereas the outer part is made of double-
sided silicone micro-strip detectors. A low material budget and a high radiation tolerance

are the main challenges in the construction of this detector [MVDTDR].

Figure 2.3: CAD pictures of the Micro Vertex Detector (MVD, left) [MVDTDR] and the Straw Tube
Tracker (STT, right) [TrkTDR].

Right after the MVD two additional tracking detectors, a Straw Tube Tracker (STT) and a
Gas Electron Multiplier (GEM) detector, provide precise tracking of charged particles. They
enable the reconstruction of decay vertices of long-lived hadrons with charm and strange
quark content like A-Baryons or K; and improve the tracking inside the magnetic field to
measure the momentum. The STT consists of 4636 1.5 m long single straw tubes which are
arranged in several layers around the beam for full azimuthal acceptance (see right part of
figure 2.3). Each tube is filled with gas and has a diameter of 10 mm. If a charged particle
traverses a tube the gas is ionized and the electrons are drifting towards a thin anode wire
at its center which leads to additional ionization and a measurable signal. To achieve the
position resolution a precise measurement of the drift time is essential. The ions are col-

lected by the cleading which is a conductive aluminum layer and isolated by a thin layer
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of BoPET (Biaxially-oriented polyethylene terephthalate). In addition the specific energy
loss of a charged particle (dE/dx) can be measured and contributes to the identification
of particles [TrkTDR]. The forward region is completed by the GEM detector consisting of
three consecutive GEM discs to cover angles between 5 and 22° (see figure 2.4). Each Disc
is filled with gas and consists of a two-sided readout pad which is enclosed by three GEM
electrodes, a cathode foil and an entry window on each side. The electrodes are thin poly-
mer foils, metal-coated on both sides and pierced with holes as shown in the right part of
figure 2.4. When a charged particle ionizes the gas molecules electrons are accelerated by
the field inside the holes and detected by the readout pad [Saul6].

GEM electrode

Installation v
/| surf: g

A

Yy

—— — S m— —

L]
)

Figure 2.4: The Gas Electron Multiplier (GEM) in front of the PANDA endcap consists of three
GEM discs (left). The right part shows an electron microscope picture of a section of a typical GEM
electrode which is 50 yum. The holes pitch and diameter are 140 and 70 um, respectively. The small
picture in the top right corner shows the electric field in the region of the holes [Sau16].

In the FS the tracking is realized by six straw tube detectors similar to the STT consisting of
four double layers of straw tubes each. The position resolution is reached by two layers of
vertical wires and two layers of inclined wires. To properly measure the bending inside the
dipole magnet two independent stations are placed in front of the magnet, one additional
inside and three more behind it [TrkTDR].

Magnets

In order to reconstruct the momentum of charged particles a strong magnetic field is essen-
tial. Inside the TS of PANDA a superconducting solenoid magnet will provide a homoge-
neous magnetic field with a homogeneity of better than 2% and a field strength of up to2T
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over a length of 4m. Its inner bore of 1.9m provides space for several subdetectors. The
superconductivity of the solenoid magnet is realized by a cryostat which also serves as a
mechanical mount for other detectors in the TS. The return flux yoke incorporates Mini-
Drift-Tubes (MDTs) and acts as an absorber for the muon detection system [MagTDR].

In the forward region a dipole magnet with a bending power of 2Tm will enable momen-
tum reconstruction with a resolution of better than 1% [MagTDR]. Figure 2.5 shows the

magnets with a small section of the magnetic field inside the TS.

Magnetic Field
Muon Filter Forward Range System

|
-l

Figure 2.5: The solenoid and dipole magnet of PANDA along with the Muon detection system. A
small cut-out of the magnetic field inside the TS is shown (red corresponds to the full field strength
of 2T).

Particle Identification

Several subdetectors inside the PANDA experiment provide Particle IDentification (PID)
for charged particles. Besides these dedicated systems other subdetectors contribute to
the PID by measuring dE/dx in the tracking detectors or adding information from the
calorimeters to the event topology (see also sections 3.1.1 and 3.1.2). A crucial aspect for
the PID performance inside PANDA is the 71/K separation. For low momentum particles
a Time Of Flight (TOF) system is used. Inside the TS a Scintillating Tile (SciTil) Hodoscope
based on several thousand small plastic scintillator tiles between the Barrel DIRC and the
Barrel EMC provides excellent timing resolution below 100 ps which can also serve as a

time reference for the Barrel DIRC to reduce background by deconvoluting the tracks of
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traversing particles. The readout of the tiles is done by SiPMs [Grul6]. In the FS a TOF
wall, consisting of 66 140 cm long plastic scintillators made of Bicron 406 will be placed in
front of the Forward Spectrometer Calorimeter (FSC, also called Sashlyk Calorimeter). The
tiles will be arranged vertically and are read out with light guides and a PhotoMultiplier
Tubes (PMTs) at both ends [Bls15]. For higher momenta three Ring Imaging CHerenkov
(RICH) detectors are used (see also section 3.2.2 for further details). They exploit the cor-
relation of the opening angle of the Cherenkov cone and the speed of the particle given
by equation 3.5 and use this information together with the measured momentum to deter-
mine the mass of the traversing particle. Inside the TS two DIRC (Detection of Internally
Reflected Cherenkov light) detectors are placed. The central region between 22° and 140° is
covered by the Barrel DIRC which consists either of 80 bars or, if the anticipated resolution
can be achieved, 16 wider plates made of fused silica [BarTDR]. These radiators have pre-
cision polished surfaces to conserve the angle information of the Cherenkov photons and
also serve as a light guide. At the backend of the TS the bars or plates are coupled to large
expansion volumes where the photons are detected by MCP-PMTs [Swal6]. The forward
region of the TS is equipped with the Endcap Disc DIRC (EDD) to cover polar angles be-
tween 5° and 22°. In comparison to the Barrel DIRC the EDD consists of four large radiator
discs which together from a regular dodecagon with a cut-out for the beam pipe and the
FS acceptance at its center. Focusing ELements (FELs) at the outside of the radiator discs
internally focus parallel entering photons on MCP-PMTs with a highly segmented anode
to determine the angle information. As this thesis is dedicated towards the development of
the EDD a detailed description can be found in section 3.3. To handle the high particle en-
ergies in forward direction a conventional RICH detector is used. The Cherenkov photons
will be produced inside a non-homogeneous focusing aerogel radiator. After leaving the
aerogel radiator the photons are reflected off a flat mirror onto a MaPMT array [BIb15].

To ensure an efficient detection of muons inside PANDA a Muon Range System is installed.
Similar to other detector parts it consists of a barrel, endcap and forward part. For the barrel
region 13 3cm (6 cm for the first and last layer) thick layers with an active double layer in
front of the first iron plate are installed. Due to higher momenta in the forward region the
endcap and forward part consist of 5 and 16 6 cm thick layers. The forward range system
uses slightly different MDTs and is optimized for particles up to 10 GeV/c. In addition its
resolution is good enough to be used as a hadronic calorimeter as well. Figure 2.5 shows the
positions of the individual systems in the framework of the PANDA detector [MuoTDR].

Calorimeters

Two different types of calorimeters are used for precise energy measurement of electromag-

netically interacting particles and high energy photons. Furthermore they deliver efficient
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Barrel EMC PWO Crystals

Alveoles with
PWO Crystals

| Foward Endcap EMC

Figure 2.6: A CAD drawing taken from [Alb15] of the Barrel and Forward Endcap EMC. In case of
the Barrel EMC 11 different geometries are used for the PWO crystals to provide a homogeneous
distribution of crystals facing the interaction point of the experiment.

position information for photons. The TS is equipped with an electromagnetic calorimeter
split into a backward, barrel and forward part for an almost 47t coverage. Forward and
barrel part are positioned right behind the DIRC detectors. In total 15552 lead tungstate
(PbWOy, also called PWO) crystals with different geometries are tightly arranged around
the interaction point (see figure 2.6). PWO has become a favored scintillator material due to
its short radiation length Xy of 0.98 cm and small Moliére radius of 2 cm which allow a com-
pact detector design. A reduced operation temperature, which is —25° C for the PANDA
EMCs, and recent progress towards an improved growing process of the crystals provide
a higher light yield. The crystals are wrapped with a reflective foil and grouped in carbon
fiber alveoles. The photons produced in the PWO are detected by Large Area Avalanche
Photo Diodes (LAAPDs) and Vacuum Photo TeTrodes (VPTTs). Both sensors can be oper-
ated inside a magnetic field and can cope with high radiation and low temperatures. The
VPTTs have a faster response and read out the innermost parts of the Forward Endcap
EMC with a low polar angle. The envisaged energy resolution o /E is better or equal to
1% & \/% [EMCTDR].

The forward region is completed by the Forward Spectrometer Calorimeter (FSC). It is a

shashlik-type sampling calorimeter which is made of 300 alternating layers of lead and ac-
tive detector material. The latter one is a scintillator which is readout by wavelength shift-

ing fibers which are coupled to photomultipliers. In total 378 of such modules with four
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individual cells with a lateral area of 55 x 55 cm? and a depth of 1033 mm are installed. The
performance goals are to reach a position resolution of 3.5 mm and an energy resolution of

o <2—3%
1% & SZ2% [FSCTDR].

Luminosity Detector

In order to be able to precisely determine cross sections PANDA is equipped with a dedi-
cated luminosity monitoring system. It is positioned about 11 m downstream of the inter-
action point behind the Forward Range Muon System. The principle of the detector is to
reconstruct tracks of scattered particles between polar angles of 3 and 5mrad and fit them
to simulations of the angular particle distribution to derive the time integrated luminos-
ity. The measurement is achieved by four planes with a radius of 15cm which are placed
around the beam pipe and contain 400 pixels of High Voltage Monolithic Active Pixel Sen-
sors (HV-MAPS) [LumTDR].

Data Acquisition

In contrast to most accelerator experiments PANDA is not using a physics trigger for the
event selection as the topology of some physics channels of interest cannot be distinguished
from background events. This trigger-less operation leads to several 100 GBytes/s which
have to be reconstructed and filtered online. The so-called SODA (Synchronization Of Data
Acquisition) system is an optical network which provides a common reference time better
than 20 ps RMS to fulfill this task. It is also able to synchronize the events which come from
different subdetectors as some readout systems are slower than the anticipated event rate
of 20 MHz in the HL mode [Kon10, Wag16].

2.3 Physics Program

Unlike Quantum Electrodynamics (QED), which allow a precise description of electrody-
namic processes via the exchange of photons, in theory of Quantum Chromodynamics
(QCD), which uses gluons with three types of color charge to describe the strong inter-
action, perturbative calculations work correctly only at high energies. Here the coupling
constant as becomes small and perturbation theories can be applied analogous to QED.
However, at low energies QCD results deviate from experimental observations why differ-
ent approaches like Lattice-QCD, where the problem is reduced to solving path integrals on
a limited and discrete set of space-points (the lattice), are needed. The PANDA detector in
combination with the HESR offers unique opportunities to explore and measure a variety of

phenomena in connection with hadron physics to shed new light on non-perturbative QCD
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Figure 2.7: Overview of gluonic and ordinary hadrons which have either been discovered or are pre-
dicted by the standard model and which can be accessed with PANDA (based on plot in [Lhm09]).

but also enables to study the nucleon structure, hadrons in matter as well as hypernuclei.
This section gives a non-exhaustive introduction to the anticipated physics program.

In contrast to e~ colliders where only states equal to J’© = 17~ can be directly produced
a pp experiment applies less restrictions on these quantum numbers. One of the advantages
of PANDA is that these states can be precisely measured by performing a resonance scan.
In this case the resolution of the measurement is only limited by the momentum spread of
the antiproton beam inside the HESR. PANDA is able to run at energies above the open
charm threshold (DD) and achieves center-of-mass energies of /s = 5.47 GeV which al-
lows to perform a sophisticated spectroscopy of charmonium states by collecting several
thousand cc events per day at full luminosity. An interesting candidate in this connection
is the X(3872) resonance which does not fit into a simple quark model [Kal10] but was first
discovered by the Belle collaboration [Cho03]. Due to its narrow peak PANDA allows a
precise measurement of this state’s width.

Another field of research will be D meson spectroscopy which has attracted much interest
since discoveries of new open charm mesons at BaBar, Belle, and CLEO have shown that
these new states are not well described by the present quark model predictions. Again the
precision of the PANDA experiment will enable a precise measurement of the decay widths
of these states. Besides mesons PANDA is well suited for a comprehensive study of baryons
in the strange but also the charm sector where, due to the lack of precision measurements,

a high discovery potential can be expected.
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Figure 2.8: Handbag diagrams for Deep Virtual Compton Scattering (left) and the cross channel of
the related Wide Angle Compton Scattering (WACS) which can be measured at PANDA . In case of
Hard Exclusive Meson production (HEM) a real photon is replaced by a vector meson.

A main goal of PANDA is to search for gluonic excitations where gluons act as principal
components. Such gluonic hadrons can be either a hybrid, which consists of two valence
quarks and an excited gluon, or a glueball with two or three excited gluons and no valence
quarks. Due to the additional degrees of freedom carried by the gluons these states can
have exotic quantum numbers like J°¢ = 0=~ or 1~+ which do not mix with nearby mesons
states and therefore are easier to identify. As gluons do not carry mass inside the standard
model glueballs and hybrids are supposed to yield fundamental insights into QCD. Figure
2.7 gives an overview of the mentioned states which can be accessed by PANDA .

Besides spectroscopy of hadronic states the structure of the nucleus can be investigated.
In this context Generalized Parton Distributions (GPDs) are a promising tool to find an-
swers to fundamental questions like the proton spin. GPDs can be accessed by Deep Virtual
Compton Scattering (DVCS) or Hard Exclusive Meson production (HEM) by exploiting the
factorization theorem and separating the hard part which can be computed in perturba-
tion theory from the soft part which depends on the long distance structure of the hadron
[Die03]. The crossed channel for both processes, where the soft part is described by the
counterpart of the GPDs called Generalized Distribution Amplitudes (GDAs), is shown in
figure 2.8 and can be measured at PANDA [PAN09].

In addition to proton antiproton collisions the proton target can be replaced by an atomic
wire or fiber target made of carbon or other materials. This allows to investigate the mod-
ification of the life time and rest mass of hadrons containing charm quarks. Furthermore
hypernuclei can be produced and studied if a secondary target is added. A hypernuclei is
a nucleus which consists of nucleons whose valence quarks are not only consist of up and
down quarks [PAN09].
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3 Particle Identification
3.1 Techniques

In search of a complete picture of an event Particle IDentification (PID) plays an important
role in particle physics experiments. For some processes it might be sufficient to distinguish
only between light and heavy particles such as light leptons and hadrons whereas others
require a precise determination of the final state particles. The following section intends to

give a brief overview on the available techniques and their limitations.
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Figure 3.1: Sketched topologies for different particles inside a schematic detector. The abbrevia-
tions stand for Particle Tracking (PT), ElectroMagnetic Calorimeter (EMC), Hadronic CALorimeter
(HCAL) and MUon Chamber (MUC). A dashed line means that the particle does not leave a signal

inside the corresponding detector.

3.1.1 Topology

Depending on a particle’s properties such as its charge or interaction mechanisms it leaves
different traces in different types of detectors. In high-energy physics experiments neutral
particles like photons or neutral hadrons such as the neutron, the K° or the 71° do not leave
any signal until they convert into an electromagnetic or hadronic shower. Other neutral
particles, the neutrinos, only interact weakly which makes them invisible for experiments
which are not dedicated to their detection. Charged particles, on the other hand, ionize the
matter they traverse which makes them detectable in tracking devices such as drift cham-

bers or silicon strip detectors. Depending on the sign and amount of their charge they
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take different paths inside a magnetic field which allows to distinguish between positively
and negatively charged particles. Electrons and photons create electromagnetic showers by
bremsstrahlung and pair production preferentially in an electromagnetic calorimeter. Elec-
tromagnetic showers typically start to develop immediately after entering a dense material.
The radiation length corresponds to the mean distance when the electron or positron has
lost all but 1/e of its energy. They can also be characterized by their transversal spread
given by the Moliere radius. In contrast hadrons travel a distance, called nuclear interac-
tion length, before they undergo an inelastic nuclear interaction and form a more complex
and broad hadronic shower. The weakly decaying muons travel several meters and there-
fore only leave an ionizing signal in the different subdetectors.

As illustrated in figure 3.1 charged hadrons cannot be solely identified based on their topol-
ogy why additional measurements have to be done in order to receive a full picture of an

event.

3.1.2 Energy Measurement

In principle a particle can be identified by its mass which can be relativistically calculated

m =/ E? — p2. (3.1)

Tracking in connection with a magnetic field allows to measure the momentum p of charged

according to

particles whereas the energy E of the hadron can be measured with a hadronic calorimeter.
Nevertheless hadronic calorimeters are relatively large devices and their resolution is not
sufficient to reliably distinguish between; e.g., a pion and kaon especially at high energies.
However, an energy measurement can help contribute to PID for energies considerably be-
low 1GeV by also measuring the energy loss per distance dE/dx. In figure 3.2 the relation

between the energy and dE/dx is plotted for different particles according to the Bethe for-

mula [Sig06]
dE  4mnz? e? 2m,c2 B2 )
“a = (am) (T Re) 02

with z being the charge of the particle in multiples of the elementary charge e, the electric

constant €, the electron density of the material 71, the mass of the electron at rest m, and the
mean excitation potential I. No PID is possible in the overlapping region which is smeared

out by a limited detector resolution.

3.1.3 Time-of-Flight

Another way of accessing the mass of a charged particle is a Time-Of-Flight (TOF) mea-

surement. Here the time At that a particle needs to travel between two detectors (usually
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Figure 3.2: The Energy loss dE/dx according to the Bethe-Bloch formula versus the total energy of
the particle can be utlized to identify charged particles below 1 GeV /c. The calculation was done for

argon, which is a typical fill gas for drift chambers, at standard temperature and pressure.

scintillators), which are separated by a distance L, is measured. For two relativistic particles

with masses m and m; this time difference is given by
— (mj —mj). (3.3)

The distance L cannot be chosen at will as it depends on the detector design and especially
the position and maximum size of the calorimeters. Hence the application of a TOF system
for PID is limited by the time resolution which comes with the scintillators and photon
detectors which can go down to few tens of picoseconds. In addition long distances increase

the probability that the particle has decayed before reaching the second measuring position.

3.1.4 Cherenkov Radiation

Cherenkov light is emitted when a charged particle with the velocity v traverses a transpar-

ent material under the condition that
c
> — 3.4
- (3.4)

where c/n is the phase velocity of light in the material with a refractive index n. Although
it was verifiably seen by Marie and Pierre Curie around 1900 when they observed a bluish

glow while experimenting with concentrated radium it took another 34 years until Pavel
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N charged particle track

Figure 3.3: A schematic drawing of the charged particle track from where a Cherenkov photon is
emitted along a cone with an opening angle of 6.. The shock wavefront and the track create the
angle 7.

Alexevich Cherenkov systematically investigated the nature of this effect [Che34]. Based
on classical electromagnetic theory a theoretical description followed three years later by
Ilya Frank and Igor Tamm [Fra37]. For their work Cherenkov, Frank and Tamm received
the Nobel Prize in 1958.

The emission of Cherenkov radiation is similar to the sonic boom which is created when an
object moves faster through a medium than the speed of sound in that medium. Instead
of a longitudinal shock wave an electromagnetic pulse (Cherenkov photon) is emitted. The
source of the electromagnetic pulse is a charged particle which polarizes the nearby atoms
of the dielectric medium it traverses. When the speed of the particle exceeds the speed of
light in that medium the induced polarization leads to an asymmetric dipole field along
the particle’s moving axis which collapses by emitting Cherenkov photons. In analogy to

the sonic boom the photons are emitted in a cone around the charged particle track with an

6. = arccos <71(/1\)5> = arccos <”:(2;)_:12> (3.5)

opening angle

with the relative velocity B = v/c, the particle momentum p and the mass of the particle
m. The wavelength dependence of the refractive index n(A) is a material property which
can be empirically determined. It can be parametrized by Sellmeier coefficients B; and C;

according to [Sel71]

B;A?
2 _ 1
n (/\)—H—;AZ_Q (3.6)
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Figure 3.4: The above plot depicts the dependence of the Cherenkov angle versus the particle mo-
mentum in synthetic fused silica. The width of the bands illustrates smearing due to dispersion for

wavelengths between 300 nm and 600 nm.

where normally only the first three coefficients By, B, B3 and Cy, C2, C3 are given. The wave-
front travels with the group velocity v, = c¢/ng where the group refractive index is given
by

B Adn(A)
ng(A) =n(A) — T (3.7)

As optical media are dispersive the group velocity is smaller than the phase velocity which
results in
e 77 90° — 6c (3.8)

as illustrated in figure 3.3. Dispersion also leads to an intrinsic smearing of the measured
Cherenkov angle. Figure 3.4 depicts the smearing of 0. for different particles and momenta.
This chromatic error can be reduced by applying wavelength dependent filters (see also
section 4.5).
Besides the Cherenkov angle the number of emitted photons is an important quantity as
well. It was introduced by [Fra37] and depends on the available wavelength interval and is
given by
d’N 277
dxdA A2
with L being the length of the path of the charged particle through the medium, the fine-

w sin? 6, (3.9)

structure constant & ~ 1/137, the charge of the particle z in multiples of the elementary

charge e and the wavelength of the emitted photon A. For a quick estimation of the expected



22 3.2 Cherenkov detectors

number of photons equation 3.9 can be simplified to

1 1 1
Nphotons = 27tatL - (/\1 - )\2) : (1 - W) (3.10)

with A1 (A7) being the lower (upper) value of the wavelength interval. Section 3.2 provides
different examples of how Cherenkov light can be utilized in different detector designs to

cover a wide momentum range for reliable particle identification.

3.1.5 Transition Radiation

A fast moving charged particle also emits photons when it passes through an inhomoge-
neous medium or a boundary between media with different permittivities. A first theoret-
ical description was made by Ginsburg and Frank in 1946 [Gin46] but it took another 13
years until the first experimental evidence was found by Goldsmith and Jelley when they
observed transition radiation in the visible spectrum in 1959 [Gol59]. A breakthrough in
terms of PID came in 1975 when it was discovered that relativistic particles with a high
Lorentz factor v > 1000 emit X-rays. These X-rays leave a large energy deposit which ex-
ceeds the average energy deposit that comes from ionization [Ava75]. The emission proba-
bility for a high energy transition radiation photon is small. This is why typical transition
radiation detectors consist of several layers of foam and/or fiber where each layer provides
many transitions on a microscopic scale. The layers are interleaved with gaseous detectors
for tracking and measurement of the deposited energy. As a result transition radiation can
be utilized to separate light from heavy particles (e.g. electrons and positrons from hadrons)

up to very high momenta [And12].

3.2 Cherenkov detectors
3.2.1 Threshold Cherenkov Detectors

A simple way of using Cherenkov light for PID is realized by a Threshold Cherenkov
Counter (TCC). Depending on a suitable choice of the refractive index of the radiator ma-
terial and the particle’s momentum a light particle, which emits Cherenkov radiation, can
be distinguished from a heavy particle, which does not emit Cherenkov radiation. The

threshold momentum can be calculated using equation 3.4 and is given by

m
= ——. 3.11
= (3.11)
Typically a TCC consists of a chamber filled with a radiator gas (e.g. Ne, Ar or CO;), whose
refractive index can be modified by varying the gas pressure, and one or more PhotoMul-

tiplier Tubes (PMTs) for the photon detection. This detector setup can be altered in order
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to cover a larger momentum range or different particles by using more than one chamber
with different gases or pressures. Figure 3.5 depicts the implication of different refractive

indices on the ranges where Cherenkov radiation sets in.
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Figure 3.5: Similar to figure 3.4. This time the Cherenkov angles are plotted for two different refrac-
tive indices: n = 1.0014 for perfluorobutane (C4F;¢) and n = 1.03 for aerogel which have been used
in the HERMES RICH detector [Shil4].

3.2.2 RICH Detectors

A more sophisticated approach of utilizing Cherenkov radiation for PID comes with so-
called Ring Imaging CHerenkov (RICH) detectors. As mentioned in subsection 3.1.4 Cher-
enkov photons are emitted along a symmetric cone around the path of the charged particle.
Projecting the light that has been emitted in a small path interval on a plane which is per-
pendicular to the path of the particle results in a ring-like structure which is the reason for
the naming of these types of detectors. The Cherenkov angle can then be determined by
measuring the ring’s diameter. An overview of different designs is shown in figure 3.6. The
simplest setup is a proximity focusing device where the ring is just projected on a photomul-
tiplier array. Depending on the necessary resolution this setup is impractical if a compact
detector design is required. This can be overcome by a focusing design which is typically
realized by a mirror, as it has been done for the CBM RICH detector at FAIR [Hon14]. A
different ansatz is to build a focusing radiator which is realized by radiator slices made of
aerogel with different refractive indices. Such a detector has been realized for the Belle II

experiment [Pes13] and is also planned for the PANDA forward spectrometer [BIb15].
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Figure 3.6: The figure illustrates different types of common RICH detectors. The charged particle
is drawn as a blue arrow. Photo sensors are red boxes, radiators are light blue boxes. The different

shades of blue in the focusing design correspond the different refractive indices.

The design of a RICH detector is driven by the momentum range and particle types for
which PID is needed. The CBM RICH for example aims at a clean electron identification
up to 8 GeV/c which requires a gaseous radiator with a low refractive index. Another issue
is the number of emitted Cherenkov photons which depends on the choice of material and
the path length of the charged particle inside the radiator material. Moreover the radiator
should show only low scintillation. In case of a gas the pressure and mixture has to be well
controlled in order to not deviate from the anticipated refractive index. For aerogel one
has to provide a good homogeneity and transparency of the material as well. Proper align-
ment is required for mirrors which also have to come with an excellent surface homogeneity
and reflectivity in order to prevent photon loss and image distortion. Another interesting
approach for a RICH detector was done by the HERMES collaboration who used a mir-
ror focusing design with two different radiators which allowed to extend the momentum

interval for PID (see figure 3.5).

3.2.3 DIRC Detectors

A special type of a RICH detector is a DIRC detector. It was first proposed for PID at B fac-
tories in 1994 [Coy94]. DIRC stands for Detection of Internally Reflected Cherenkov light
which implies that the Cherenkov photons do not leave the radiator but are trapped by total
internal reflection. These photons propagate through the radiator in a zig-zag-pattern while
conserving the angle between the photon and the radiator surface. The DIRC principle al-
lows a very compact detector covering only few centimeters along the path of a charged
particle. Therefore it enables the design of experiments with a PID based on Cherenkov
photons in the so-called barrel region. Another possibility is to replace conventional RICH

detectors and therefore reduce the size of subsequent detectors in the forward or backward
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Figure 3.7: The figure illustrates the DIRC principle and different design options. The charged par-
ticle is drawn as a blue arrow. Photo sensors are red boxes, radiators are light blue boxes. In case
of the lense focusing design the lens has a different refractive index which is drawn in a different

shade of blue. Grey lines represent mirrors.

region of an experiment. Figure 3.7 gives an overview of different designs which are used
in order to measure the photon angle at the end of the radiator (see also [Rat99]).

The pinhole or proximity focusing technique was used in the BaBar DIRC [Ada05] which
was the first detector to utilize the DIRC principle for particle identification and achieved a
7t/ K separation up to 4.2 GeV/c (with 3.5¢ separation power up to 3.5GeV/c) [Swi05]. It
consisted of 12 about 4.9 m long radiator bars made of fused silica which formed a 12-sided
polygonal barrel. The bars were on one end coupled to a mirror and on the other end cou-
pled to an expansion volume consisting of a fused silica wedge, window and a tank filled
with purified water to which the photo sensors were coupled. The wedge reflects the lower
Cherenkov ring image onto the upper one which reduces the number of photomultiplier
tubes (PMTs) needed. Based on this design the PANDA Barrel DIRC [Swal6] has been de-
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Figure 3.8: Example of accumulated PANDA Barrel DIRC events from a Geant simulation using
narrow bars. The colored histogram shows the hit pattern from 1000 KT events at 3.5GeV/c and

25° polar angle. The pictures were taken from [Swal6]. Beam arrow and naming was added.

veloped. Covering an angular range between 22° and 140° it will be capable of separating
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pions and kaons up to 3.5GeV/c with a separation power of up to 3.5¢. There are currently
two design options available: a narrow and a wide bar design [Dzh14]. The design with
narrow bars allows a better reconstruction but due to the required number of polished sur-
faces it is more expensive (see also figure 3.8). Between the bars and the expansion volume
a lens made of LaK33B [SotLAK] will be placed to improve the focusing. The expansion
volumes consist of large fused silica wedges with multi-anode MCP-PMTs coupled to it. A
recently realized DIRC detector is the so-called TOP (Time-Of-Propagation) counter at the
Belle II experiment [Inal4]. It uses precise timing in the order of 40 ps to separate pions
from kaons. The chromatic error which is typically in the order of 100 ps is reduced by a
focusing mirror and 3D imaging.

The possibility of a mirror focusing design is pursued by several groups and was first dis-
cussed by T. Kamae et al. in 1996 [Kam96]. At the GlueX experiment a working group
recycles old BaBar DIRC bars and builds a Focusing DIRC (FDIRC) [Dey15, Stel5] with a
large expansion volume containing distilled water and mirrors while precise timing helps
to reduce the chromatic error. The TORCH (Time Of internally Reflected CHerenkov light)
detector [Dij14] aims at 77/ K separation up to 10 GeV/c for the LHCb experiment and uses
a focusing block made of fused silica in order to measure the photon angle along with its
time-of-propagation. Another detector that utilizes mirror focusing in its final design is the
PANDA Endcap Disc DIRC (EDD), the basis for this thesis, which will be discussed in the

following section.

3.3 The PANDA Endcap Disc DIRC

3.3.1 Evolution of the Design

The PANDA Endcap Disc DIRC is designed for particle identification, especially separation
of pions and kaons, with a separation power of 40 for momenta up to 4 GeV/c. It will cover
the forward region with polar angles between 5° and 22° with a distance of 1.96 m from the
interaction point. Starting at Gieflen in 2006 [SmR06] different options have been evaluated
and tested in order to find a design which fulfills the PID requirements. Limited space in the
readout region excluded a large expansion volume for a lens or proximity focusing-based
design. The proposal of a time-of-propagation measurement (TOP DIRC) [Dur09] with
alternating dichroic mirrors had to be dropped because of an insufficient time resolution.
In parallel a focusing design with light guides had been developed [Foh09] until a 3D-DIRC
concept, which fused both concepts, was proposed and further investigated [Mer09, Dur12].
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Figure 3.9: Schematic drawing of the MCP-PMT working principle. The depicted MCP-PMT is of the
Chevron- or V-type which corresponds to the orientation of the microchannels. The incident photon
(purple) enters the vacuum sealed housing through an entry window after which a photocathode
is placed. From there a photo electron (blue) is emitted via the photo effect. Accelerated by the
electric field inside the MCP-PMT the electron enters a capillary tube with a diameter of few ym
where it impinges and triggers a cascade of secondary electrons which are then multiplied further.
An electric signal can be detected once the secondary electrons hit the anode on the backside of the

MCP-PMT. Dimensions are not to scale.

The final design was mainly driven by the choice of the photo sensors. Because the pho-
ton detection for the EDD has to be done in a magnetic field of around 0.7 T, conventional
PhotoMultiplier Tubes (PMTs) are not suitable. Micro-Channel Plate PMTs (MCP-PMTs)
on the other hand suffered from a low lifetime of their photocathodes which resulted in a
quantum efficiency drop far before reaching the requirement of an integrated anode charge
of 5C/cm? which is the benchmark for the PANDA Barrel DIRC. Hence digital Silicon Pho-
tomultipliers (dSiPMs) [Hael2] were favored at the beginning for a while. Although their
dark count noise rate is quite high it would have been acceptable in connection with the

anticipated event rate for the EDD. Other advantages of dSiPMs are an integrated readout
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system, a high granularity and their insensitivity to the magnetic field which allows a free
alignment. Nevertheless it was found that the dark count rate rises immediately when the
dSiPMs are exposed to radiation which would result in unacceptable high dark count rates
within months of operation. In the meantime the lifetime of the MCP-PMT photocathodes
could be extended by reducing the back flow of ions from the MCPs which then impinge
on the photocathode and damage it. This was achieved by improving the vacuum and
applying an Atomic Layer Deposition (ALD) coating. The ALD coating also increases the
emission of secondary electrons and therefore improves the gain [Uhl15]. Another strategy
of improving the lifetime applied by Hamamatsu was to add a protective layer made of
Al3O; in front of the first MCP. However, this led to a reduction of the collection efficiency
as the photoelectron has to traverse the film before it can enter the micro channels why it
was later placed between the two MCP stages [Jin11]. Figure 3.9 schematically illustrates
the buildup of an MCP-PMT and its working principle. Extensive studies in preparation for
DIRC detectors at Belle II [Hir15] and PANDA [Lhm16a] have shown that the lifetime for
photon detection with ALD coated MCP-PMTs is sufficient to meet the EDD requirements.

3.3.2 Final Design

In the final design the detector will consist of four independent but identical detector parts,
called quadrants. Each quadrant consists of one large fused silica radiator and 27 Read-
Out Modules (ROMs) which are connected to the outer sides as depicted in figure 3.10.
The ROMs combine three prisms and three Focusing ELements (FELs) with one MCP-PMT.
The prisms are optically coupled to the radiator and extend it in order to allow different
distances between the radiator edge and the FEL which is necessary due to the geometry
of the surrounding detectors. The FELs focus the photons coming from the prism such
that parallel entering photons hit the same pixel on the MCP-PMT anode. Currently two
options exist for the MCP-PMTs: a PHOTONIS MCP-PMT with a segmented anode of 3 x
100 pixels and a Hamamatsu MCP-PMT with a segmented anode of 6 x 128 pixels. With
the PHOTONIS sensor each column of 100 pixels is connected to one FEL whereas in the
case of the Hamamatsu sensor two columns share one FEL. In order to reduce the chromatic
error due to dispersion and limit the number of photons in order to extend the lifetime of
the MCP-PMTs, a filter can be positioned between the FEL and the entry window of the
MCP-PMT. The readout is foreseen to be done by ASICs (Application-Specific Integrated
Circuits) which are soldered to a PCB (Printed Circuit Board). The PCB itself routes the
channels and is connected to the pins on the MCP-PMT back side [Riel7]. At the moment
it is planned to use so-called TOFPET ASICs by PETSys [Rol13] for the digitization of the

pulses.
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Figure 3.10: Schematic overview of one Disc DIRC quadrant and its working principle. Optical
components are colored light blue, MCP-PMTs are colored red and the pins of the MCP-PMT anode
are colored yellow. The central figure shows a fully equipped quadrant with different photon paths

(purple) originating from one spot. A part of the photons is trapped by total internal reflection

whereas the rest is lost by refraction on the surface. On the top right side of the drawing the impact of

the bar width is illustrated. Whenever a photon enters a bar its angle ¢'(¢, aggr ) is calculated under

the assumption that it entered the bar centrally. The top left part of the drawing illustrates the DIRC

principle, where a charged particle (green line) passes through the radiator and Cherenkov photons

are emitted along its path. The photons travel towards the edge of the radiator where they enter the

prism. This prism extends the radiator and leads to the FEL, where parallel entering photons are

focused on the MCP-PMT photocathode. The cylindrical-shaped surface is mirror-coated.
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3.3.3 Working Principle

A charged particle with the four-momentum (E, ) emits Cherenkov photons along a cone
with the opening angle 6, when traversing the radiator. Depending on the azimuthal orien-
tation ¢ between photon path and the particle trajectory on the radiator plane, the angle
@, which is defined as the angle between the radiator surface and the photon path, ¢ can be
calculated according to [Mer(09]

20 20 2
COS(P:ACOSQCi\/COS p — COS c+<Acos(9c>, (3.12)

B B B

where 0, is the particle angle relative to the normal of the radiator plane. The terms A and
B are given by
A =sinb,cos¢r, B= A? + cos® 0. (3.13)

The photon is trapped by total internal reflection in case of
¢ < arccos (ngio,(A)) (3.14)

and propagates towards the FELs conserving ¢. The FEL focusing allows to measure the

transformed ¢’ given by
tan ¢

tang’' = ———
COS XFEL

(3.15)

with aggr, describing the angle between the photon path on the radiator plane and the ori-
entation of the FEL (see also figure 3.10). The angle ¢’ is determined by the position z which
is given by the pixel that registers the signal. The pixel size is therefore matched with the
resolution of the FEL. Due to the finite size of the FELs aggy, is only an approximation and,
along with the tracking precision, the chromatic error and optical displacements, a main
source of angle smearing. The number and hence the width of the FELs has been opti-
mized with respect to the necessary performance requirements while reducing the number
of pieces and, therefore, the number of polished surfaces [Merl4b].

The Cherenkov angle can subsequently be determined separately by
0. = arccos (sin 8, cos ¢y cos @ + cos B, sin @) (3.16)

for every hit. Averaging over a whole track with 16 to 25 detected photons a resolution be-
tween 1.2 and 2.0 mrad can be achieved which is sufficient to fulfill the initial performance
requirements of being able to do a 71/ K-separation up to 4 GeV/c with a separation power
of at least 40 [Mer14b].
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4 Optical system
4.1 Introduction
4.1.1 The Optical System

This chapter will describe and evaluate the optical system of the Endcap Disc DIRC for
PANDA . It is composed of all parts that are traversed by Cherenkov light before hitting
the MCP-PMT photocathode. Consistent with the overall detector design the optical system
consists of four independent parts, one for each quadrant.

The first and largest piece in each quadrant is the radiator where Cherenkov light is emitted
by relativistic charged particles that traverse the detector. Depending on their direction
Cherenkov photons may then enter the prisms on the edge where they are guided into the
FELs. Here they are reflected from an aluminum coated surface and focused on the MCP-
PMT photocathode. Before they hit the photocathode they will pass through an optical pad,
a color filter and the entry window of the MCP-PMT.

As the entry window is an integral part of the MCP-PMT, it will not be discussed at this
point (details can be obtained here [Riel7]). However, depending on the choice of the MCP-
PMT photocathode it might be necessary to add a wavelength dependent filter in front of
each entry window.

Table 4.1 summarizes the purposes and requirements of all parts within the optical system.
The following subsections will then give a detailed overview for each component along

with measurements and studies for the quality assurance.

component purpose requirements
. o emittance of Cherenkov light e high transmittance
radiator
o light guide o high surface quality

hanical stabilit
glue joint o optically connect ROMs to the radiator ¢ mechanical STabTy

o high transmittance

) o allow variable distances between ROMs and radiator | e high transmittance
rism
P o light guide o high surface quality

e high transmittance
o focusing on MCP-PMT photocathode ) )
FEL i e high surface quality
o light guide . . L

e precise dimensioning

optical pad o optically connect MCP-PMT to FELs o high transmittance

o allow replacement of MCP-PMTs o sufficient adaptiveness
flter e reduce chromatic error e good homogeneity

¢ limit number of photons e sharp edges

Table 4.1: This table summarizes the main purposes and requirements for each part of the optical
system. The order corresponds with the path of a Cherenkov photon starting inside the radiator and
entering the MCP-PMT entry window after traversing the optical pad and/or filter.
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Figure 4.1: Energy deposit in the optical system extrapolated to 10 years at a 50% duty cycle and
10 MHz interaction rate. The amount of deposited energy clearly drops beyond a radius of 75cm
around the center as the electromagnetic calorimeter blocks this region. Further details along with

the original figure can be found in [Merl14b].

4.1.2 Material

The choice of materials for the optical system is fundamental for a working detector. In
addition to the requirements stated in table 4.1 all components have to cope with a radiation
dose of several Gy in the region where the ROMs are located and up to several 100 Gy
near the center of the detector after 10 years of operation (see figure 4.1). Furthermore
the choice of material has to be made with respect to economic aspects. In this context
it is especially important not to overestimate price-enhancing specifications. With respect
to the stated requirements only optically isotropic and transparent materials can be used
in a DIRC detector. Transparent cubic crystals are very expensive to produce, especially
for large dimension that are needed for a DIRC radiator. Acrylic glass on the other hand
suffers mainly from radiation damage, inhomogeneities and poor processability [Hol11]. In
comparison to the former two options silicon dioxide (SiO,) can be ground and polished to
very high precision and can be produced more economically priced than other crystals. In
terms of usability for a DIRC detector one has to distinguish between three different types
of Si0,.

Crystalline SiO,, also called natural quartz, is the second-most-abundant mineral on Earth

but only a small fraction has enough purity to be suitable as raw material for quartz glass.
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intact silica network E' center NBOHC

Figure 4.2: The left bond shows an intact silica network with a tetrahedral coordination. To its right
a generic E’ center is depicted where an oxygen atom is missing. The right bond shows another

possible precursor where the oxygen is bridged with only one silicon atom.

Due to its birefringence it is not suitable for a high-precision optical device. In order to get
an amorphous form of SiO,, natural quartz can be crushed and melted in a hydrogen flame.
This so-called natural fused silica, however, still contains impurities from the natural quartz
which can be very sensitive to ionizing radiation. These impurities can be controlled and
reduced to a ppb-level by artificially forming SiO,. This is usually done by hydrolysis and

oxidation of silicon tetra-chloride (SiCly) in an H; /O, atmosphere at around 2000° C:
SiCl, 2279 60, + 4HCL. 4.1)

Several manufacturers provide different grades of synthetic fused silica. Many have been
evaluated in the context of using them in a DIRC detector [Coh03, Hol11] such as Spectrosil®
2000 by Heraeus [Her16] or HPFS® 7980 by Corning [Cor14].

Synthetic fused silica is usually synthesized in large ingots whose transparent core is sur-
rounded by a crust which has to be ground off. Afterwards the raw material can be in-
spected before being further processed. To allow shapes that differ from or exceed an ingot’s
cross section the material can be reheated and pressed into a new shape. The final shape

will be accomplished by cutting, grinding, lapping and polishing of the raw material.

4.2 Radiation Hardness
4.2.1 Previous Results

Any material used in the PANDA Endcap Disc DIRC (EDD) has to withstand certain levels
of irradiation. In case of the optics the used material must not develop defects which lead to
an absorption of light in a region roughly between 300 nm and 600 nm. Possible effects that
lead to such radiation-induced defects are described in [Mrs97] (see also figure 4.2). In short

gamma irradiation produces Compton electrons and subsequently secondary electrons that
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Figure 4.3: On the right one sees the custom mount inside the photospectrometer which allows a

reproducible measurement. On the left the working principle is sketched.

create e-h (electron-hole) pairs. The carriers of the e-h pair can be captured at a precursor
site and lead to a so-called E’ center where an electron is missing. These precursor sites are
either originating from the manufacturing process or can be induced by neutrons [Guz93]
or heavy ions [Gri86] which knock off the oxygen atom leading to an Oxygen Deficient
Center (ODC).

In connection with DIRC detectors various material candidates have been tested with the

following outcome:

e Whereas natural fused silica shows partly severe damage and loss in transmittance
even for wavelengths above 300 nm, synthetic fused silica is mostly radiation hard

but develops absorption lines around characteristic wavelengths [Coh03].

e The optical degradation (peakedness) is smaller with a higher amount of interstitial
hydrogen [Hok11].

4.2.2 Radiation Hardness of NIFS

Nikon Corporation started to provide customer specific products made of synthetic fused
silica in 2003 and hence was not on the radar for former DIRC projects. In comparison to
previously known companies Nikon synthesizes fused silica as well as machines the raw
material according to customer’s needs. On the other hand their material NIkon Fused
Silica (NIFS) has not been thoroughly tested regarding the requirements of a high-energy
physics experiment.

The following subsection focuses on the radiation hardness of NIFS. For this purpose
Nikon Corporation kindly provided samples of five different grades of synthetic fused silica
summarized in table 4.2. NIFS-S, -U and -A undergo a slightly different treatment whereas
NIFS-V is synthesized differently resulting in so-called dry synthetic fused silica which im-
plies a low OH-content. NIFS-V” is modified compared to NIFS-V why details on the data
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impurities
grade recommended wavelength
OH other

NIFS-S UV region, visible region | <1200 ppm <100 ppb
NIFS-U 248 nm <1200 ppm <50 ppb
NIFS-A 193 nm <1200 ppm  <0.2 ppb
NIFS-V 193 nm <100 ppm  <0.2 ppb
NIFS-V’ 193 nm - -

Table 4.2: Overview of the available NIFS samples. The value in the impurities column other rep-
resents each element (Li, Na, K, Mg, Ca, Al, Ti, Cr, Fe, Cu) individually [NIFS].

are not presented.

The study was based on a previous study carried out by M. Hoek et al. [Hok11] which
focused on samples of Heraeus Suprasil 2A and Suprasil 311 with different hydrogen con-
tents. The NIFS samples for this study, which was partly described in [Etz16], were cylin-
drically shaped with a length of 60 mm and a diameter of 25 mm. The length of the sample
should not be too short in order to be more sensitive towards the induced absorption length.
The flat top and bottom surfaces were polished. The transmittance measurement was done
using a Hitachi U-3200 spectrophotometer which was operated with a deuterium arc lamp
only. This lead to some artifacts in the transmittance measurements for the Balmer line Dy at
486 nm and the Fulcher band emission between around 560 to 640 nm (compare figure 4.4).
However, this circumstance does not effect the value of the radiation hardness measure-
ments as it is based on a relative measurement. The experimental setup inside the Hitachi
U-3200 spectrophotometer is depicted in figure 4.3. Here it was important to have a reliable
mount for the samples as the positioning inside the compartment is crucial for a repro-
ducible measurement. Each sample was measured twice in two different positions, where
the sample was rotated by 180° around the cylindrical axis. The transmittance was then de-
termined by averaging these four measurements. Before the first measurement each sample
was cleaned using ethanol. Figure 4.5 illustrates the possible impact when the cleaning is
not done carefully. Residues of ethanol cause characteristic absorption lines which later on

could distort or falsify the measurement.

4.2.2.1 Irradiation with 1000 Gy

The irradiation of the samples was done at a ®°Co-source at the Strahlenzentrum Giefen.
The source could be accessed via an annular slider. At the time of irradiation the dose
rate amounted to approximately 100 Gy per hour [Kral5] resulting in a total of 10 hours of

irradiation. All five samples were irradiated at once in the same compartment. After the
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Figure 4.4: Transmittance of all NIFS samples before any irradiation. The filled gray area corre-
sponds to the maximum error of the NIFS-S sample as this had the largest uncertainty which arose
from different values after rotating the sample. The spike at 486 nm is supposed to be caused by the

Balmer line Dﬁ for hydrogen H B
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Figure 4.5: Impact of a different cleaning routine on the transmittance. The cleaning was done using
ethanol which, if not completely removed by firm rubbing, leads to significant losses at 224 nm and
276 nm.
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normalized transmission loss after 1000 Gy
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Figure 4.6: Normalized transmittance loss after irradiation with a dose of 1000 Gy. The samples

NIFS-V and NIFS-V” which contain less OH show a larger change in transmittance.

irradiation the transmittance measurement was repeated as described above but without
an additional cleaning.

Subsequently the normalized transmittance loss AT was calculated according to

AT — Tbefore — Jlafter ( 4‘2)
Tbefore

with Thefore (Tafter) representing the values obtained before (after) the irradiation. The wave-
length dependent results are shown in figure 4.6. A clear difference can be observed be-
tween the two NIFS-V samples and the rest. This is in agreement with previous results
which identified a clear correlation between the OH content of synthetic fused silica and
the damage due to ionizing radiation [Hok11]. Another observation is the reduced damage
of NIFS-V” in comparison to NIFS-V. This leads to the assumption that NIFS-V’ underwent
an additional treatment which increased the OH content of the originally dry fused silica.
The wet samples NIFS-S, -U and -A show no significant transmittance loss. The position
of the peak is in accordance with the E’ center at around 5.8 eV (215 nm) which most likely
comes from a dangling silicon bond [Sku05]. Another typical defect which comes from a
dangling oxygen bond, also called Non-Bridging Oxygen Hole Center (NBOHC, see also
figure 4.2), at 4.7 eV (260 nm) cannot be observed for NIFS.

As the Cherenkov photons will travel up to 1.5m inside the EDD and a much larger dis-
tance in the Barrel DIRC it is necessary to quantify the radiation damage subject to the path

length. The transmittance of light after traversing a material of length x with an attenuation
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induced absorption length after 1000 Gy
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Figure 4.7: Absorption length after irradiation with a dose of 1000 Gy.

length A is given by
T(x) = e /M (4.3)

In the present case the so-called induced absorption length I' is of interest which replaces

the attenuation length A and is calculated according to

l

U= —ma—an

(4.4)

where [ is the length of the sample (6 cm) and AT the normalized transmittance loss as de-
fined in equation 4.2. In figure 4.7 the induced absorption length is plotted for all samples.
For wavelengths between 200 nm and 260 nm the wet samples NIFS-S, -U and -A reach val-
ues slightly below 20 m whereas the dry samples peak at 2m (NIFS-V) and 3 m (NIFS-V’).
In consideration of the requirements for the EDD all materials could be used in terms of
radiation hardness, as the envisaged wavelength region lies above 300 nm which is not af-
fected. Nevertheless future experiments might depend on photons in the middle or far
ultraviolet region and possibly also have to deal with an even higher radiation dose. There-
fore this study was later extended to evaluate long-term effects and later on repeated with
a dose of 5000 Gy.
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Figure 4.8: Recovery of the normalized transmittance loss after irradiation with 1000 Gy for NIFS-V.
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Figure 4.9: Recovery of the induced absorption length after irradiation with 1000 Gy for NIFS-V.
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Figure 4.10: Recovery of the normalized transmittance loss after irradiation with 1000 Gy for NIFS-
V.
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Figure 4.11: Recovery of the induced absorption length after irradiation with 1000 Gy for NIFS-V’.
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Relaxation for NIFS-V/V', 1000 Gy, A-e " +¢
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Figure 4.12: Relaxation plot after irradiation with a dose of 1000 Gy. The data points match the

amplitudes around 220 nm.

The transmittance measurement of the irradiated samples was repeated on a weekly basis
as described above for six consecutive weeks. An additional measurement was done af-
ter 150 days before the probes were irradiated again for the 5000 Gy study. Between the
measurements the samples were stored in individual membrane boxes in a light-tight com-
partment at room temperature. No additional treatment was applied. As the wet samples
showed hardly any damage only the dry samples NIFS-V and -V’ were evaluated. Figures
4.8 and 4.9 show the induced transmittance loss and the absorption length for NIFS-V. The
same can be obtained from figures 4.10 and 4.11 for NIFS-V’. The obtained data suggests a
exponential recovery within the first six weeks. The recovery for the doped NIFS-V’ and

NIFS-V are similar as shown in figure 4.12.

4.2.2.2 Irradiation with 5000 Gy

The irradiation of the samples was repeated with an additional radiation dose of 4000 Gy
which leads to a total irradiation of 5000 Gy. This is about 10x the expected maximum
energy deposit at the central region of the detector and hence interesting with respect to a
higher safety but also possible defects at different energies which have not been observed
for the 1000 Gy study.
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normalized transmission loss after 5000 Gy
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Figure 4.13: Normalized transmittance loss after irradiation with a dose of 5000 Gy. The samples

NIFS-V and NIFS-V” which contain less OH show a larger change in transmittance.
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Figure 4.14: Absorption length after irradiation with a dose of 5000 Gy.
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Figure 4.15: Recovery of normalized transmittance loss after irradiation with 5000 Gy for NIFS-V.
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Figure 4.16: Recovery of normalized transmittance loss after irradiation with 5000 Gy for NIFS-V’.
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Figures 4.13 and 4.14 show the normalized transmittance loss and induced absorption length
after the irradiation with 5000 Gy. The previously present absorption band around 215nm
does not suggest any saturation in comparison to the measurements obtained at 1000 Gy de-
spite the relatively high radiation. For the wet samples NIFS-S, -U and -A an additional ab-
sorption between 240 nm and 250 nm becomes visible. The source of this absorption could
be a germanium impurity which is depicted in figure 4.17. As the germanium impurity in
NIFS-A is smaller than for NIFS-S and -U but the effect appears similar for all three sam-
ples this explanation is rather improbable. Besides one would expect an absorption band
around 300 nm which is created in the same way as the E’ center in an intact silica network.
Another reason could be the previously mentioned ODC (see also figure 4.17). Although
neutrons and heavy ions are not directly emitted by the ®°Co-source it is possible that these
defect centers are created by related processes. As no absorption line was visible before
and after the irradiation with 1000 Gy it seems likely that the ODCs were created during
the continuing irradiation. As the E’ defect dominates the spectra for NIFS-V and -V’ an
absorption line can not be clearly observed. The creation of new ODCs also leads to a con-

tinuous creation of E’ centers which can be validated by the rise in the transmittance loss.

O O

Si

Ge

oxygen-deficient center germanium impurity

Figure 4.17: The left bond shows an oxygen-deficient center and the right bond a germanium impu-

rity.

In the style of the previous measurement the normalized transmittance loss was measured
for seven weeks. Figures 4.15 and 4.16 contain the wavelength dependent normalized trans-
mittance loss for NIFS-V and -V’. The amplitudes of each week are summarized in figure
4.18. The data points at zero days have been excluded from the fit. The deviation for the
data points at zero days could be explained by a different fast healing process. In com-
parison to the relaxation after the irradiation with 1000 Gy the healing process has slowed
down. Interestingly the coefficient u for NIFS-V and NIFS-V’ became almost equal.

The observed relaxation depicts an important property of synthetic fused silica glasses and
NIFS in particular. In addition to a rapid self healing which becomes obvious directly after

the irradiation of wet and dry fused silicas a long-ranging process continues to repair defect
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Relaxation for NIFS-V/V', 5000 Gy, A-e " +¢

— NIFS-V ;=0.057/d
0.14 — NIFS-V' x=0.056/d

0.16

0.12

0.10

0.08

AT

0.06
0'04\'\4\‘\’\’\&
0.02

0.00L

0 10 20 30 40
days after irradiation

Figure 4.18: Relaxation plot after irradiation with a dose of 5000 Gy. The data point at 0 days was

excluded from the fit.

centers in the long term. Therefore, when talking about radiation hardness, it is not suffi-
cient to quantify only the induced transmittance loss but one also has to take into account
the time period of the exposure. Whereas the samples were irradiated within several hours
the same amount of radiation inside the PANDA Endcap Disc DIRC will be induced over
several years. Based on the presented data all NIFS types are usable in the PANDA DIRC
detectors. Experiments which require a high transmittance below 300 nm have to evalu-
ate whether the usage of NIFS-V or -V’ is necessary for their performance goals and with

respect to the amount and time period of the irradiation.

4.3 Radiator
4.3.1 Requirements

The Disc DIRC consists of four large fused silica radiators where the Cherenkov photons
are emitted by traversing charged particles. Together they form a regular dodecagon which
lies within a circle with a radius of roughly 1 m. The center has a rhombic opening of 96 cm
in x and 48 cm y-direction which leaves space for the antiproton beam and the acceptance
region of the PANDA Forward Spectrometer. The dodecagonal shape was chosen with re-
spect to the alignment of the MCP-PMTs to the magnetic field, the available space due to the

surrounding mechanics and to minimize the number of polished surfaces. The geometry
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Figure 4.19: The technical drawing shows the shape and the corresponding dimensions and toler-

ances of the radiator.

for one radiator is shown in a technical drawing in figure 4.19 along with the correspond-
ing dimensions and tolerances. The radiators will not be optically contacted to each other.
Early proposals envisaged one large connected radiator which turned out to be impractical
because of its size. In addition the segmentation into four independent radiators and there-
fore quadrants carries the advantage of a modular setup. A general challenge in connection
with the radiator is its size and shape. Only few manufacturers operate polishing machines
which can handle diameters above 60” ~ 1.5m. This is why the radius of the dodecagon
was initially limited to 1056 mm. In this connection the option of six sixth instead of four
quadrants had been evaluated. It was found that despite a larger overlap of the photon
pattern the separation worked in a similar way [Merl4c]. Nevertheless as this option is not
beneficial from an economical point of view it was not pursued. Another general concern
are sharp corners (like C-H and E-F, see figure 4.19) which require very careful handling.

As stated in table 4.1 the radiator has to provide a high transmittance and surface quality.
These requirements are necessary in order to provide a sufficient amount of Cherenkov pho-
tons for the reconstruction but also to preserve the angle information. Typically synthetic
fused silica possesses excellent transmittance properties with attenuation lengths far above

100 m for the relevant wavelengths. Another inherent property is the chromatic dispersion
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category side specification

form error A,B slope < 50 urad

A, B Oslope < 5 pirad
TTV A,B < 15um

C EFG,H 25 ym Peak-to-Valley (PV)
roughness A, B, 1.5 nm RMS

C EFGH 5nm RMS
scratch/dig all sides 80/50 or better
edge chips all sides 10 chips/m and < 1mm
chamfers < 0.5mm for long sides

< 2mm for corners

Table 4.3: Surface specifications of the radiator. The Letters refer to the technical drawing in figure
4.19. TTV stands for total thickness variation.

Figure 4.20: The first trial of producing a radiator for the PANDA Disc DIRC according to the spec-
ifications named in figure 4.19 and table 4.3. Courtesy of Nikon [Sug15].
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which can be quantified by the Abbe number

nD—l

(4.5)

nfp —nc

where np, nr and nc correspond to the refractive indices at the wavelengths of the Fraun-
hofer spectral lines D-, F- and C (589.3 nm, 486.1 nm and 656.3 nm respectively). A typical
Abbe number for synthetic fused silica is 67 which indicates a low dispersion. Another
internal figure of merit is the homogeneity of the material. Inhomogeneities might lead to
diffraction-like patterns (also called lobes) [Coh03]. They can be avoided by an appropriate
production process. In the case of DIRC detectors also the surface quality is of utmost im-
portance as Cherenkov photons can be reflected more than one hundred times off surfaces
by total internal reflection. Therefore the surface roughness has to be controlled. In compar-
ison to barrel-shaped DIRCs such as [Ada05, Swal6, Inal4] the photon paths are typically
shorter for the EDD and hence the number of reflections and the demands on the surface
roughness are lower. As the Cherenkov photons do not have more than one reflection from
any side surface (C or E) comparably low requirements are imposed on the surface rough-
ness and the size of the chamfers. The same applies to the surfaces F, G and H to which the
ROMs are coupled via the prisms. The preservation of the photon angle has to be achieved
by a high parallelism and a low form error of the two large surfaces A and B. On the other
hand according to the previous line of argument precision requirements for perpendicular-
ity of the side surfaces C, E, F, G, H is not very high in comparison to other DIRC designs.
Table 4.3 completes figure 4.19 with surface related specifications.

Nowadays optical manufacturers have developed techniques for lapping and polishing of
fused silica which enables them to produce optics with highly parallel surfaces and a excel-
lent surface roughness. It is important to mention at this point that this is even feasible for
very large optics with untypical geometries like the EDD radiator as can be seen in figure
4.20. The following subsections continue to discuss the impact of the form error and the
roughness in the framework of the EDD and justify the choices made in table 4.3. In addi-

tion different measurement techniques to verify them experimentally are being presented.

4.3.2 Quality Measurements
4.3.2.1 Transmittance and Reflectance
Transmittance

The transmittance of a material is usually quantified by the attenuation length A or the at-
tenuation coefficient 4 = 1/A. It is a wavelength dependent property which is caused by
absorption and scattering inside the medium. Absorption occurs when photons excite sin-

gle atoms, molecules or the lattice whereas scattering is dominated by Rayleigh scattering.
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Figure 4.21: The left part defines the angles and amplitudes of the incoming, reflected and transmit-
ted electromagnetic waves at the boundary of two media with different refractive indices. The top
right part illustrates a typical setup for a transmittance measurement of a large optical sample. The
modified setup for the reflectance measurement is shown in the bottom right part. Pol stands for

polarizer, BS for beam splitter and PD,,s (PDs;) for the reference (signal) photo diode.

Impurities alter the lattice and therefore the transmittance (see also section 4.2). The require-
ment for the attenuation length A has to be chosen in such a way that not too many pho-
tons are lost. Typical values for synthetic fused silica exceed 100 m [BarTDR, Hol11, Wan16]
which in conjunction with radiation-induced defects as described in 4.2 does not restrict its
usage.

The transmittance can be measured by coupling a laser beam with intensity I; into the opti-
cal component and measuring the outgoing intensity I¢. This result has then to be properly
corrected for Fresnel losses which depend on the wavelength, the polarization, the angle of
incidence and the angle of refraction when leaving the optical component. These losses can
be calculated using the Fresnel equations which describe the behavior of a plane, electro-
magnetic wave which moves between two media of different refractive indices. They were
derived by Augustin-Jean Fresnel from Maxwell’s equations. Depending on the polariza-
tion of the electromagnetic wave the ratio of the initial (E;) and the transmitted/reflected

(E¢/E;) amplitude is given by

+ E;| Nlcosoc—i—%Nzcosﬁ ’ ’

. _E :Nlcosuc—%Nzcos,B w”

LT, Nlcosoc—l—%Nzcos,B ’ '
E; 2Nj cos«

b= =1 (4.8)

L Tt ,
Ej  Npcosp+ e N> cosx

E Njcosf — BN, cos
TH = 71‘“ = zr? . (49)
Ejj  NicospB+ T:zNz Cos i
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Figure 4.22: Transmittance and reflectance according to Fresnel equations for a transition between

vacuum and quartz. At the Brewster’s angle of 55.77° parallel polarized light is fully transmitted.

Here N denotes the complex refraction index N = n + ik = /14 x and y, the relative
permeability, and the indices represent the different materials. The left part of figure 4.21
illustrates the remaining quantities. For DIRC related measurements, where the transition

happens usually between dielectric materials, equations 4.6-4.9 can be reduced to

2nq cos
fL = ny cosa + nycos (4.10)
. :nlcosa—mcos/ﬁ (411)
= nycosa + nycos B’ '
fo 2n1 cos (4.12)
I nycos B+ nycosa’ '

11 Cos B — 1 COS &
11 cos B+ npcosa

T’H = (413)

The intensities which correspond to the transmittance (T) and reflectance (R) are then given

by

_|n2cosp
TJ_/H = 7nlcosu¢ /01" (4.14)
2
RJ_/H = ‘rL/H’ . (4.15)

As the speed of light and the direction differs between the two media according to Snell’s
law

nisina = np sin (4.16)
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Figure 4.23: Transmittance and reflectance according to Fresnel equations for a transition between
vacuum and quartz. Besides Brewster’s angle at 34.22° light is completely reflected by total internal

reflection for angles larger 42.86°.

and

V1] = Uy = C (4.17)

the transmittance T is not equal to the square of transmitted amplitude ¢. Due to conserva-

tion of energy the transmittance and reflectance are related by
TL/H"_RL/H =1 (4.18)

Figures 4.22 and 4.23 illustrates the transmittance and reflectance for perpendicular and
parallel polarized photons between the vacuum and fused silica and vice versa. For the
transition into the optically less dense medium the onset of total internal reflection occurs

at

0:0r = arcsin " (4.19)
ni

as shown in the second plot. In both cases Brewster’s angle

0 = arctan 12 (4.20)
nq

defines the angle of incidence where parallel polarized photons are fully transmitted. It can
be used to calibrate the polarizer and/or the angle of incidence of the initial photon beam.
In case of a transmission measurement laser light can be coupled into and out of the sample

perpendicularly (x = 0°), provided that two distant surfaces are parallel. This reduced
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equations 4.10-4.13 to the much simpler form

4nqn,
Toego = ———, 4.21
«=0 (7’11—‘"7’12)2 ( )
2
np —nz
R, = 4.22
o = (502 @)

where the transmittance and reflectance is also independent of the polarization of the light.
A typical setup for a transmission measurement is depicted in the top right part of figure
4.21. A collimated laser beam is split into two parts: one for a reference measurement and
the other for probing the sample. According to equations 4.21 and 4.22 the probing beam is
then traversing the sample perpendicularly if possible. The outgoing intensity measured at

the signal photo diode is then given by
Iy =1 Tiisn2 - T Tuz—m- (4.23)

The attenuation length A is calculated according to

J L (4.24)
a Int’ - Ii(Ta:()o)z. ’
Equation 4.23 does not include corrections for higher orders which are considered in the

more general equation

k , _
I =LY T2 g R o@D, (4.25)
j=0

Expressed in numbers the correction for a transition from quartz in a vacuum is around
3.5% for no (j = 0), 0.12% for two (j = 1) and 1.4 - 10~*% for four internal reflections (j =
2). In the context of a transmittance measurement for a Disc DIRC radiator the following

aspects have to be taken into account:

o the final Disc DIRC radiator does not have any parallel side surfaces. Therefore the
described standard setup must be altered and a polarizer has to be added as the mea-
surement cannot be done at &« = = 0. On the other hand no higher corrections have

to be included,

e the accuracy of the beam angle of incidence has to be determined in order to assign a

correct systematic error,

o the laser has to run stable. As the collimation of the beam is not perfect the setup

might be extended by additional optics prior to the beam splitter and/or polarizer,

¢ ahalo of the laser beam might be accidentally reflected into the sensor by the radiator

which has to be taken into account for in the systematic error.
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Figure 4.24: Illustration of different kinds of surface errors. Taking a look at the full size only large
deviations such as a wedge error can be obtained. Zooming in on a microscopic level the surface
structure shows so-called wave form errors which normally are a result of vibrations during the pol-
ishing procedure. A further magnification reveals the surface roughness and allows a phenomeno-

logical derivation of photon loss despite total internal reflection.
Reflectance

The reflectance coefficient is defined as the ratio of the actual to the theoretical value of the
light intensity reflected from a surface. Loss of intensity for reflections is connected to the

surface roughness 1 which is defined by

1
=/~ pRE (4.26)

with z being height differences of the profile from the mean surface level [Mrd07].

The setup for the reflectance measurement is shown in the bottom right corner of figure
4.21. In addition to the transmittance measurement setup a polarizer must be added as the
angle of incidence has to be chosen unequal to zero and such that a high number of internal
reflections N is provided. In analogy to equation 4.23 the intensity of the outgoing beam I,
is given by

Ir =1 Tnom T p" - Tioosm (4.27)

with the reflectance coefficient p and the modified internal transmittance 7:

I 2 2
0= A\]/ f T=e" = . (4.28)

7
Ii : Tn1—>n2 - T TnZ—ml

I and d being the radiator length and thickness. The value of A can either be taken from a
previous transmittance measurement or be determined simultaneously with p by carrying
out a series of measurements with varying angles of incidence or numbers of reflections. As
illustrated in figure 4.24 the decrease in intensity can be explained by destructive interfer-
ence due to deviations in the surface profile. Unlike shown in the sketch these deviations
usually amount to only a very small fraction of the photon wavelength and are connected

to atomic structure of the material. The relation between the reflectance coefficient and the
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total transmittance ¢ =41°, N=70, A =400nm
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Figure 4.25: The total transmittance for different roughness values and attenuation lengths. For
attenuation lengths above 400 m the transmittance only depends on the surface roughness. The

black line indicates a total transmittance of 85%.

surface roughness can be derived using scalar scattering theory (e.g. see [Bec63]) and leads

_AMi-p

" 4mncosf’

to

(4.29)

A measurement of the Disc DIRC radiator surface roughness has to consider the following

aspects:

e since no parallel side surfaces exist for the final Disc DIRC radiator light should be

coupled in via prisms which adds an additional source for errors,

e as the angle of incidence of the laser beam differs from 0°, the polarization has to be

adjusted and included in the systematic error,

e the laser has to run stable which usually is the case after several hours. As the col-
limation of the beam is not perfect the setup might be extended by additional optics

prior to the beam splitter and/or polarizer,

e a halo of the laser beam might be accidentally focused by the radiator which has to be

taken into account for in the systematic error,



4 Optical system 55

total transmittance ¢ =41°, h=1.5 nm, A =200 m

1.00

550 = | 0.96
: 0.92
E 500 e ................
= . 0.88
s ; :
O 450 S . -
3 : 0.84
9]
% 1 !
2 400 R EREREERRRE e 0.80
350 . . == 0.76
. 0.72
300 ‘
0.0 0.5 1.0 1.5 2.0
length [m]

Figure 4.26: The total transmittance for different roughness values and projected path lengths.

Shorter wavelengths show a rapid decrease in transmittance.

e any dust or residues on the radiator surface might lead to additional light losses which

should be avoided by properly cleaning the radiator.

The impact of surface roughness and attenuation length on the total transmittance of pho-
tons on their way through the radiator towards the ROMs is calculated in figure 4.25. The
calculation was done for the worst case scenario where the charged particle traverses the
radiator at the farthermost position with an angle ¢ = 41° between the photon path and
the radiator surface which results in a projected path length of 1.5m (projected on the x-
y-plane). Here the light travels a total distance of roughly 2m inside the radiator and is
reflected 100 times off its surface. For the given scenario no significant improvement can be
obtained for attenuation lengths above 400 m. Even attenuation lengths below 100 m allow
a total transmittance above 80% subject to the condition that the surface roughness is small.
A more complete picture of the situation can be obtained by taking into account figure 4.26
where surface roughness and attenuation length are fixed according to the minimum re-
quirements stated in table 4.3. Therefore the wavelength and the projected path length of
the photon are varied which also brings to mind why photons with smaller wavelengths are
further suppressed as expected from a pure transmittance measurement. This effect might
even be more excessive due to surface contaminations or other effects [Coh03]. For conve-

nience the figure also assumes a constant attenuation length for different wavelengths.
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4.3.2.2 Profile Measurement

The surfaces of the PANDA Endcap Disc DIRC are meant to be perfectly planar. In reality
this demand can only be partly satisfied as indicated in figure 4.24. Besides the previously
treated roughness a so-called wave form error can be observed. This error usually orig-
inates from the polishing process and occurring vibrations. The application of different
polishing methods might also lead to multiple overlapping wave patterns. Unlike the sur-
face roughness the wave form is not a source for light loss but leads to non conservation
of the angle ¢ between the photon trajectory and the surface plane. In this connection a
profile measurement shall investigate the form of a delivered radiator in order to estimate

the smearing due to wave form errors and therefore also to qualify the sample.
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Figure 4.27: The left part schematically shows the top view of setup for the surface profile measure-
ment. The top right picture is a colored example picture taken by the CCD chip which shows the di-

rect (indirect) reflection off the (back-) surface of the radiator and the corresponding 2-dimensional-

fits using a Gaussian.

In general different methods for surface measurements which are based on tactile (e.g. a
profilometer with a diamond stylus) or non-tactile methods (e.g. white light interferometry)
are available. The challenge which comes with DIRC radiators is their large size which
currently exceeds the capabilities of many producers on the market. Following the need for

a large-scale measurement with micrometer precision a non-tactile setup was developed
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similar to [Foh11] which can be used for in-house quality measurements. Instead of a direct
profile measurement the setup allows to quantify the thickness variation of the sample. As
the Cherenkov photons propagate along a zig-zag-path this variation is of high importance

to quantify the performance of the radiator.

Setup

The temporary setup was realized on an optical table. At one end of the table a linear
stage with a translation length of 1.2m was positioned vertically. A second linear stage
was mounted horizontally and centric on the vertical stage’s carrier forming a cross-like
structure. The carrier of this second linear stage was equipped with a platform on which a
laser and a programmable CCD chip by Jenoptik with a 36 x 24 mm? full frame active area
was mounted. This setup allowed to scan an area of roughly 1m?. The radiator was then
placed upright on the opposite side of the optical table (see schematic drawing in figure
4.27).

The underlying idea is to measure the relative position changes of the reflections off the
radiator with the CCD chip and to derive the slope deviation using this information. For

the measurement two reflections are used:
e a direct reflection off the surface facing the laser and CCD chip,
¢ an indirect reflection off the back surface of the radiator.
In principle the direct reflection allows a measurement of the front surface according to
Ady = dj —d;
= Ltan(¢ + Ag) + Ltan(¢ + Ap +2A¢p1) —2Ltan ¢

~L(p+Ap)+L(p+Ap+2A¢1) —2Lg
= 2LA¢ + 2LAg;.

(4.30)

where d; (d}) is the position of the reflection on the CCD chip before (after) moving the
platform to a new position. Small-angle approximation is valid as the deviations are very
small in reality. Rearranging the equation leads to an expression for the slope deviation for

the front surface:

Ay
Aq)l — E - Aq). (4.31)

Ag is the deviation of the laser angle which occurs as the linear stage is not perfectly planar.
The surface profile could therefore only be measured if the deviation of the laser angle is
very small in comparison to the waviness of the surface profile or precisely known. To work

around this deficit the indirect reflection is taken into account revealing information of the
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back surface. The formula is hereby derived according to
Ady =d) — dy

=Ltan (¢ + Ag) + D tan <arcsin <:l sin(p + A + A(p1)> - Ag01> +
Dtan (arcsin <111 sin(¢ + Agp + Acp1)) —Ap1 + ZA(pz) +

Ltan <arcsin (n sin <arcsin <111 sin(¢ + A + Aq)l)> —Ap1+2A¢2 — A@i)) + A(PI1> —

1 1
Ltan ¢ — 2D tan <arcsin <n sin (p) > — Ltan <arcsin (n sin (arcsin (n sin cp> ) > >

1= D D
"L+ Ag) + —(¢+ 8¢+ A1) ~ DAG1 + — (9 + Mg+ Ag1) — DAy + 2DBg2+
L(¢ + A¢p) +2LA@1 —2nLA@; +2nLAgy, — 2L — 2%@

:2(1’1L+D) <TZ+7/Z —Aq01+A§02> .
(4.32)

d, and d) are the positions of the indirect reflections on the CCD chip before and after
moving the platform to a new position. The position of the reflection is also influenced
by the slope deviation Ag; when the laser enters and A¢} when it leaves the radiator. The
assumption @] = ¢ is valid in good approximation and leads to a much simpler expression

which can subsequently be rearranged to

Apy = Z(rlic:%D) - % — % + Ag. (4.33)
As the deviation of the laser angle Ag appears here as well it can be eliminated by combin-
ing equations 4.31 and 4.33 to get the relative slope deviation between the front and back
surface of the probed radiator:
Ady — Ady (14 1)
2(nL+D)

A® = Ay, — Apy = (4.34)

The relative slope deviation is almost directly proportional to the relative distance variation
of the two reflections. It also shows that the measurement is relatively robust against errors
as the refractive index n is precisely known, D can almost be neglected and depending on
the length L the relative error becomes very small. The radiator can then be scanned hor-
izontally and vertically to map the relative slope deviations of the surface and the relative
slope @ can be calculated by integrating over the observed values for the slope deviation
according to
i
D; = Dyfper + ), AD), (4.35)
j=0

where @0t technically has to be added because a relative measurement is not able to

obtain any information on a possible wedge error. In order to get the relative thickness
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variation of the radiator surfaces another integration step has to be performed given by

AD; = ADfgser + ZZ: D; - As, (4.36)
j=0
where As represents the step size of the linear stage between two measurements.
In practice scans where performed by automatically moving the laser beam over a prede-
fined area of the surface with a predefined discrete step size. For each step an image of the
reflections on the CCD chip was taken and saved to the hard disc. This process was con-
trolled by a LabVIEW program. The images where later analyzed individually by finding

both spots and fitting their shapes with a 2-dimensional Gaussian function

f(x,y) = Aexp (‘ <(x ;UJZCO)Z + ;UZ°)2>> . (4.37)
x y

In the rare case that a fit did not converge properly an exception was thrown, otherwise the

positions X1, Xo2, Yo,1 and yo» where then passed on to the integration. Hereby exceptions
from the fitting routine were corrected by assigning the mean value from the measured
neighboring points.

In order to execute the measurement properly the following steps are recommended:

e although the precision of the measurement scales with the distance L as can be seen
in equation 4.34 it has to be chosen with care. Depending on the frequency and am-
plitude of the wave form error the reflexions on the CCD chip might overlap or even

cross due to a large lever which causes problems in the reconstruction.

e in connection with the previous statement the laser beam angle should be chosen
carefully. If chosen too large the CCD chip might not be large enough. On the other

hand both reflexions could interfere and hamper the fitting of the spots.
e a pre-scan should confirm that all reflections stay within the frame of the CCD chip.

e depending on the size and quality of the laser beam additional optics such as a pinhole

aperture or an attenuator should be added.

e the images were saved in the TIFF format to not loose any information. Therefore, if
possible, it is recommended to narrow down the field of view in order to save disc

space and speed up the subsequent analysis.

e due to vibrations during the movement of the linear stages a certain waiting time

should be added before the image is taken.
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Measurements

The first measurement was done using the group’s first synthetic fused silica radiator which
has also been used for a testbeam experiment in 2013. This so-called old prototype radia-
tor has the dimensions 500 x 500 x 20 mm?® with cut-outs at the four corners. It is made
of Spectrosil® 2000 by Heraeus [IHer16] who was also responsible for polishing the large
surfaces without accepting any specifications. The radiator had to be placed 700 mm away
from the CCD chip in order to avoid intersecting reflections. Before the two dimensional
scan was commenced several one dimensional scans were performed with different step
sizes in order to find a compromise regarding time and precision. Figure 4.28 shows the
result for the calculated slope and thickness variation. For the step sizes 20 and 40 mm the
substructure cannot be resolved whereas 1 and 2mm hardly reveal additional details. In
case of 5 and 10 mm the obtained slope is slightly shifted according to their value. The
impact on the thickness variation is obvious for 20 and 40 mm. The remaining lines are in
good agreement within a sub ym-range. Hence the step size for two dimensional scans was

chosen to be 10 mm.

— 20 mm
40 mm

slope [prad]

50 100 150 200 250 300 350 400
X [mm]
Figure 4.28: Profile scan of the old prototype radiator for different step sizes. In the present case a

step size of 20 or 40 mm only gives a good approximation without revealing some of the details.
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Figure 4.29: From top to bottom: recorded positions of reflections, calculated slope derivation, cal-
culated slope and calculated thickness variation of the old prototype radiator. The top row shows

only the data for the x-axis whereas the rest is the result for x and y.
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The different plots in figure 4.29 summarize the measurements and calculations for one side
of the radiator. In the top row of figure 4.29 the measured positions of the direct (front X-
dir) and indirect (back X-dir) reflection in x-direction are shown. The bottom corners show
a clear offset which are due to reflections of chamfers from a cut-out section facing inwards.
The left plot in the second row shows the horizontal slope derivation calculated from the
relative position changes which can be obtained from the previously mentioned plots in
the top row according to equation 4.34. The position plots which are used to calculate the
vertical slope derivation in the right picture of the second row are not shown (additional
plots of the opposite side including the position measurements for both axes can be found
in the appendix figures A.2 and A.3). Equation 4.35 was used to get the relative slope of the
radiator surfaces by integrating over the data in the previous plots as depicted in the third
row. Finally the thickness variation for each one-dimensional scan is calculated by equation
4.36 taking into account the chosen step size. The total thickness variation can be obtained
by a direct gradient approximation which is shown in figure 4.30. The plots there show two
independent measurements which were done each with a different front surface facing the
CCD chip. Both measurements show a very good agreement as expected.

As previously mentioned the relative thickness variation does not contain any information

on the wedge error. The integration constant @ in equation 4.35 is therefore determined
by
1 N
cDoffset - N Z A®] (4.38)
j=0

This leads to a balancing shift in case of the relative slope and a tilting of the distribution in
case of the relative thickness measurement so that the average slope is zero and therefore
also the artificial wedge disappears.

Especially the plots in figure 4.30 nicely depict the wave form error which may arise during
the polishing process as mentioned before. Under the assumption that the surface profile
is symmetric, the center of the radiator represents an about 5 ym deep crater valley within
a protruding ring with a diameter of roughly 250 mm. Figure 4.31 contains the results for
precision vertical scans at five different horizontal positions with a step size of 1 mm which
allow a more detailed view (horizontal scan results are shown in figure A.4). Especially in
the central part of the radiator large slope deviations are present. A noticeable but typical
effect is the rapidly increasing slope at both ends of the radiator which has to be reduced
as much as possible. Otherwise it can lead to large deviations for slightly varying photons
paths.

Based on the measurements the old prototype radiator would not qualify as a DIRC ra-
diator. The relative slope exceeds 0.3 mrad at the outer parts of the radiator and the total

thickness variation is too large.
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Figure 4.30: By performing a two-dimensional numerical integration the total thickness variation is

calculated as shown in the above plots for the old prototype radiator. They were obtained during

two independent measurements, each with another large surface facing the translation stages.
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Figure 4.31: Fine vertical scan of the old prototype radiator at different x positions as indicated in

the legend.
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Prior to the CERN testbeam in 2015 Nikon Corporation provided a prototype radiator with
the same dimension as the previous. This radiator was manufactured according to pre-
defined specifications and conform to the final radiator requirements. A short summary
together with the metrological results provided by Nikon are summarized in table 4.4. At
this point the achievement of 0.64 nm surface roughness should be emphasized in connec-
tion with the previous subsection 4.3.2.1. Analogous to the previous measurement of the
old prototype radiator the Nikon prototype radiator was investigated regarding its shape.
During the pre-measurements it turned out that a much larger lever (distance L) could be
chosen as the thickness variation was much smaller than for the old prototype radiator. An
overview of the measured data and the subsequent calculations is shown in figure 4.32 (ad-
ditional results for the measurement of the opposite side facing the CCD chip can be found
in figure A.5 and A.6). Already the similarity of the direct and indirect reflection measure-
ments indicated a much flatter thickness variation. In addition the slope is monotonically
increasing by approximation which results in concave lens like thickness variation. This is
nicely visible in the plots in figure 4.33 which show the total thickness variation obtained
from both sides facing the CCD chip individually. Again precision scans were done to
further investigate the different profiles. Figure 4.34 (figure A.7) show the results for the
horizontal (vertical) scans. The edges of the slope measurement proves that the polishing
was done up to the very edge of the radiator. In addition the slope stays below 50 yrad
for the whole surface. In comparison to the old radiator only one large valley can be seen
resulting in a concave shape of the radiator. One can get a good confirmation of the result
by comparing the obtained total thickness variation of the in-house measurement (13.5 ym)
to the result provided by Nikon (12.5 ym).

category specification result
parallelism < Sarcsec 2.47 arcsec
form error (faces) <20pum PV < 7.254 ym PV
form error (sides) < 25umPV < 12.38 ym PV
roughness (faces) < 2nm RMS < 0.64nm RMS
roughness (sides) < 5nm RMS < 0.88 nm RMS

Table 4.4: Some major specifications and inspection results for the Nikon prototype radiator. The
naming faces corresponds to the two large 50 x 50 cm? large surfaces whereas sides stands for the

remaining four surfaces with the dimension 50 x 2 cm? (cut-outs at the corners are not considered).

Another important value is the RMS slope error 0y, which leads to the statistical photon
error

ph = VN - 20510pe, (4.39)
with N being the number of reflections [Mer14b].
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Figure 4.32: From top to bottom: recorded positions of reflections, calculated slope derivation, cal-

culated slope, calculated thickness variation of the Nikon prototype radiator. The top row shows

only the data for the x-axis whereas the rest is the result for x and y.
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Figure 4.33: By adding the individual thickness variations in x and y the total thickness variation is
calculated as shown in the above plots for the Nikon prototype radiator. They were obtained during
two independent measurements, each with another large surface facing the translation stages. The

agreement between both measurements underlines the robustness and precision of the setup.
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Figure 4.34: Fine horizontal scan of the Nikon prototype radiator at different y positions as indicated

in the legend.
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Figure 4.35 shows the deviation from a fit with a one-dimensional first order polynomial
to the slope at y = 250 mm in figure 4.34. The RMS value corresponds to 2.43 urad which
would lead to a statistical photon error oy, of only 40 prad for 70 reflections. In comparison
to initial demands of a ogjope Of 18 prad the obtained value allows to redefine previous spec-
ifications. The measurement is also instructive in the context of the capabilities of Nikon
Corporation as they have not been involved in any Disc DIRC (prototype) application until

now. Based on the profile measurements the Nikon radiator quality is suitable for DIRC

applications.
10 :
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Figure 4.35: Deviation of the slope from a perfectly linear progression. m represents the slope of the
fit of the slope at y = 250 mm in figure 4.34 and 0ope the RMS error.

Systematic Errors

To derive the systematic error which arises from the small angle approximation and the
assumption ¢] ~ ¢ (see equation 4.32) the algorithm was tested with different surface
profiles. The following example depicted in figure 4.36 used the data obtained with the
Nikon prototype radiator as input data.

It clearly demonstrates the impact of the linear stages on the measurement of the front
surface. In the presented case the deviation of the linear stage is exemplary chosen to be a
sine wave with an amplitude similar to the surface profile. However, the relative slope and
total thickness variation is well reconstructed as shown in the bottom plot with a systematic
error of 0.16 ym in the present case. This error can be further reduced by choosing the angle

¢ of the laser closer to the surface normal of the radiator. In comparison to this a smaller
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step size of the scan is only a second order improvement.

Another source of error is the deviation of the slope from a perfectly continuous function
(e.g. a one dimensional polynomial as shown in figure 4.35). This statistical error also comes
into effect when the surfaces are scanned which may lead to deviations between the scans
made from opposite sides. Only a subtle difference of around 100 ym can be obtained by
comparing their maximum profile heights which is in agreement with the formula 4.39 for

500 reflections.

— front original — rel. original - - stage
+ + front reconstructed e e rel. reconstructed
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Figure 4.36: The above plots are created using sample data that was processed by the reconstruction
algorithm in order to check the method for systematic errors. The two top plots show the origi-
nal front slope and profile (solid blue lines) as well as the the relative slope and profile (dashed
blue lines). The latter is almost completely hidden behind the green dots which represent the re-
constructed values for the relative slope and profile. The green pluses are the reconstructed values
for the front slope and profile which are dominated by the form of the linear stages which carries
the laser and CCD chip (dot-dashed line). The bottom plot shows the difference between the orig-
inal and the reconstructed thickness variation (slope deviations of the surface are disregarded for

simplicity).
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Figure 4.37: The top left plot shows the front (dashed), back (dot-dashed) and relative surface profile
(solid line). The top right plot shows the corresponding slopes. The wedge error is 5 urad and
the maximum relative slope was chosen to be 50 ym with a resulting TTV of 15 ym for the whole
surface. The bottom plot shows the total deviation of the photon angle with respect to the projected
path length inside the radiator. The redish (yellowish) fluctuations in the background illustrate the
impact of a slope error of 2.5 yrad (5.0 prad). The maximum deviation within any 10 cm interval is
0.49 mrad.

Transport Error Estimation

The transport error estimates the angular deviation of the Cherenkov photon due to the

imperfection of the radiator surfaces and was defined as
Otrans = Oph + N - ‘Swedge (4.40)

in [Mer14b]. In figure 4.37 the situation for the steepest angle ¢ = 41° is shown for a possi-
ble radiator profile. The maximum spread of total deviations is about 1.3 mrad but a clear
pattern can be obtained and utilized in order to loosen the specifications on the statistical
photon and wedge error. In case of the wedge error it was already stated in [Mer14b] that “it
might become necessary to correct for this systematic error instead of avoiding it”. A possi-
bility which arises from the measurements of the radiator shape is an additional correction
for slope deviations of the radiator. Therefore the following considerations assume that cor-
rections can be done with sufficient knowledge of the radiator profile and the position of

origin of the Cherenkov photon. A large uncertainty arises from the number of reflections
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Figure 4.38: The wedge error and maximum relative slope are varied in order to obtain their impact
an the total transport error. Only the maximum value for any 10 cm interval is shown. The under-
lying surface structure is shown in figure 4.37 where the maximum transport error of 0.5mrad is

indicated by the black line. The gray lines are drawn with a distance of 0.2 mrad.

which cannot be perfectly determined due to different possible paths. In addition the start-
ing position of the photon is smeared along its path due to the non perpendicularity of the
traversing charged particle. Nevertheless ambiguities in the paths are small in comparison
to other DIRC designs. The original specifications for the requirement of the transport error
Brans < 0.5mrad is hence modified to be valid only within a limited aperture around the
traversing particle’s path. As a benchmark case a photon with an angle of ¢ = 41° between
the photon’s path and the radiator surface is chosen. The maximum projected path length
is 1 m. The corresponding aperture is then chosen to be 10 cm in diameter around the origin
of the Cherenkov light which corresponds to roughly five reflections off the surface. In this

context equation 4.40 can be complemented to
Utrans = Uph +N-o wedge + Oform- (4.41)

One has to bear in mind that the actual form of the radiator surface is crucial for the correct
application of specifications such as wedge error, total thickness variation (TTV) or slope
error. Hence ojoy, can be quantified but cannot be directly used or measured. This requires
a good communication with the manufacturer who on the other hand needs to have a high
knowledge of his capabilities. The previous measurements for the Nikon prototype radiator
were used as a sample for the now following considerations. It is important to mention that
the actual absolute surface forms are not relevant in first order and only the relative slope

and thickness are causing the observed deviations. In figure 4.38 the maximum relative
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Figure 4.39: Total thickness variation (TTV) for the whole radiator surface. The parameter variation
is the same as shown in figure 4.34. The corresponding threshold value for the transport error is
again indicated by the black line.

slope and the wedge error are varied and the maximum transport error in any 10 cm area
is plotted. The slope variation is supposed to be linear. Also a RMS slope error with a RMS
value of 5 yurad has been added. Typically the wedge error can be controlled better which
results in a relative slope error of around 40 urad for a wedge error below 5 yrad. The same
plot can be made plotting the total thickness variation which is often used as a figure of
merit for flat optics. This was done in figure 4.39 where the threshold for the transport
error is drawn again as a reference only. The characteristic differs from the transport error

distribution but it turns out that a TTV below 15 ym is adequate.

Future Measurements

The presented measurement setup does not allow to measure a wedge error or the perpen-
dicularity of the front and side surfaces. The wedge error or parallelism can be measured
using an autocollimator at different positions. An autocollimator could also be used to de-
termine an absolute relative slope between the two surfaces at certain spots and therefore
be used to calibrate the profile measurement. In conjunction with a penta-prism the perpen-
dicularity can be measured as well [BarTDR]. Although the setup is limited to measure an
area of up to 1 m? which was sufficient for the available prototypes, larger radiators could
be measured by doing several measurements of individual sections and stitching them to-

gether afterwards.
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4.4 Focusing Elements and Prisms
4.4.1 Requirements

A Focusing ELement’s (FEL) main purpose is the internal focusing of parallel entering
Cherenkov photons on the MCP-PMTs photocathode. During the evolution of the Disc
DIRC different proposals have been made for different detector designs as shown in fig-
ure 4.40. One possibility is to choose a geometry such that total internal reflection is valid
for any possible reflection off the surface (see e.g. Erlangen design for a WASA Disc DIRC
[Foh11] or early proposals for a focusing Disc DIRC for PANDA [Foh07, Cow11]). More
compact solutions are possible if the curved focusing surface can be coated with a mirror
(see e.g. [Durl2]). Another option is to make a symmetric FEL with two sensors. This
design in insensitive to angle misalignments with respect to the radiator. In case of the
PANDA EDD MCP-PMTs are used and have to be aligned to the magnetic field which
leads to a larger FEL volume. Instead of a polynomial function the curved focusing surface

now has a cylindrical shape which slightly simplifies the manufacturing process [Mer14al].

= =

total internal reflection symmetric cylindrical

Figure 4.40: The figure shows some examples of different FEL types. The left one does not need
any mirror coating as the condition for total internal reflection is always present. The design shown
in the middle part is symmetric which avoids defocusing due to bad alignment. The right design
corresponds to the cylindrical FEL for the PANDA Disc DIRC.

4.4.1.1 Prisms

As described in section 3.3, the design had to be changed as the available space had already
been determined by neighboring detector parts. This excluded the possibility of symmet-
ric FELs and led to the introduction of the prisms (sometimes called bars). The prisms
extend the radiator but are part of the ROMs by definition. Their height is equivalent to
the thickness of the radiator whereas the width corresponds to the FEL width of 16 mm
[Merl4a]. The optical properties have to be chosen according to the previously discussed
requirements for light loss and the conservation of the photon angle. Figure 4.41 and table

4.5 summarize the specifications.
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category side specification
form error A,B,CEF 2A PV on wavefront
roughness A,B,CE,F 2nm RMS
scratch/dig A,B,CEF 5/5x0.2;1.5x0.004;E0.2
chamfers all sides < 0.2mm

Table 4.5: Surface specifications of the prism

length of prism varies according to mechanical constraints
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Figure 4.41: The technical drawing shows the shape and the corresponding dimensions and their
allowed tolerances of the prism. The hatched surfaces are not relevant for the photon transport and

hence can be in contact with mounts.
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Figure 4.42: Left: Geometric angle smearing due to the FEL/prism width of 16 mm for different
distances at a polar angle of the traversing charged particle of 15°. Right: Smearing for different

particle angles and positions on the radiator (lateral and longitudinal distances to the prism entry).
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The width of the prisms leads to a smearing of arg; and therefore the photon angle (ge-
ometric smearing) as described in section 3.3.2. In figure 4.42 the impact is illustrated for
different particle angles and positions on the radiator. Although for large aggy, the smearing
for a single photon can exceed 10 mrad it stays below the chromatic error for most posi-
tions. The average geometric smearing scales with the inverse square root of the number of

photons and is different for every FEL within a single event.
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Figure 4.43: The technical drawing summarizes the dimensions and tolerances of an FEL which is
connected to a 2 mm MCP-PMT entry window. The hatched surfaces are not relevant for the photon
transport and hence can be contacted.

4.4.1.2 Focusing Elements

The dimensions of the FELs are mainly characterized by four parameters (see also figure
4.43): the cylindrical radius, the offsets of the edge between sides D and C from the cen-
ter of the cylinder, and the inclination of the focal plane C. The inclination of 18° (which
corresponds to an internal angle of 108°) was chosen with respect to the magnetic field
which is between 18° and 20° degrees relative to the sensor axis [Mer14b]. The remaining

dimensions were optimized with respect to

e the spot width and RMS for each angle to match the pitch size and resolution of the
MCP-PMT anode,
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o the range of the imaging function which also has to be compatible with the MCP-PMT

anode,

e the minimum position of the imaging function on the FEL side C in order to leave

enough space for the MCP-PMT itself including PCBs and possible plugs.

The optimization was repeated by an independent and custom made two dimensional

ray tracing macro which has also been used to reevaluate the proposed tolerances. Ad-

ditional specifications are summarized in table 4.6. The form error of A/2 Peak-to-Valley

(PV) turned out to be quite challenging for many manufacturers. However, it does not have

to be applied to the shaded parts of side A. According to these specifications three FEL

prism pairs have been manufactured by Berliner Glas KGaA for first investigations. Table

4.7 summarizes the metrological results provided by the manufacturer. Here all dimensions

stay well within the allowed tolerances. The Al coating was accurately applied up to the

edge of side A as well. Early concerns that the coating might cover small parts of sides E

and F, which would have still been acceptable, could be dispelled after optical inspection.

category side specification
form error A A/2 PV on wavefront
C,D,E F 2A PV on wavefront
roughness A EF 2nm RMS
C,D 2nm RMS
scratch/dig A 5/1x0.1;L.1x0.002;E0.1
C,D,EF 5/5x0.2;L5x0.004,E0.2
coatings A Al-coating
chamfers all sides < 0.2mm
Table 4.6: Surface specifications of the FEL
dimension value tolerance FEL (S2) FEL (S6) FEL (S8)
offset x 146.02mm | £0.1 mm 0.0098 mm 0.0060 mm 0.0154 mm
offset y 39.0mm | +£0.1 mm 0.0110 mm 0.0161 mm 0.0076 mm
radius 287.77mm | +0.2mm 0.0112 mm 0.0002mm | —0.0081 mm
thickness 16.0mm | +£0.1mm —0.03 mm —0.02mm —0.02mm
angle 108.0° +0.02° 0.0046° 0.0023° < 0.0001°
formside A | «cylindric | A/2PV | 0.1A/0.6A PV | 0.2A/0.7A PV | 0.2A/0.8A PV

Table 4.7: Quality measurements provided by Berliner Glas. The form error of side A shows two

values. The first one is for the relevant region on the surface whereas the second value is for the

whole surface. The measured deviations are in agreement with the specifications.
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Figure 4.44: Picture and schematic drawing of the quality measurement setup for the SiPM FEL. All
angles could be measured without changing the position of the prism or the CCD chip.

4.4.2 Quality Measurements

4.4.2.1 dSiPM FEL

The background for in-house quality measurements was to demonstrate the performance
with respect to the focusing capabilities of the FELs. Before the MCP-PMT FELs became
available the developed setup was used to investigate a dSiPM FEL which was made of
fused silica in preparation for a previous Disc DIRC prototype. The setup itself is shown in
figure 4.44. It consists of a plate where the FEL was mounted along with the CCD chip, a
coupling prism which was optically contacted to the FEL using fused silica optical matching
liquid by Cargille [CML6350] and a laser which was mounted on a linear stage with a rotary
stage on top. The angular position of the prism with respect to the entry side of the FEL had
to be manually calibrated to avoid a double focusing spot. Therefore the laser was widened
using two lenses and positioned such that part of the beam had two additional reflections
off the coupling prism and the FEL whereas the other part of the beam directly traversed
the coupling between the two components. The imaging was then evaluated at different
positions using the CCD chip (see figure 4.45). Subsequently the orientation of the coupling
prism was corrected and the evaluation was repeated until a smooth transition could be
obtained.

The linear stages were programmed such that a full scan could be done automatically. Due

to refraction the angle of the laser B had to be converted into the angle « (see figure 4.46),
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Figure 4.45: The plots shown above demonstrate the calibration procedure for the FEL scans. From
top to bottom the laser is slightly moved along the linear stage leading to a different photon path
with additional reflections. The left (right) plots are without any (with a) correction applied to
the orientation of the coupling prism. This procedure has to be further iterated to get a smooth
transition.

Figure 4.46: The drawing above illustrates the conversion of angles for coupling of laser to the prism
and light guide.
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which corresponds to ¢ as seen in equation 3.12, according to
B = 45° — arcsin (n - sin(45° — a)), (4.42)
1
a = 45° — arcsin (n - sin(45° — ﬁ)) , (4.43)

with 7,5 = 1 (see also figure 4.46). A picture of the FEL’s focal plane was then taken for
different positions and angles of the laser with the CDD-chip. Afterwards the pictures were
analyzed as shown in figure 4.47 by projecting the entries on to the horizontal axis and
applying a Gaussian fit. The left part of figure 4.47 draws a dot for each analyzed picture

according to its position.
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Figure 4.47: The left picture contains a two-dimensional projection of snippet of the CCD image for
a single position which is fitted with a Gaussian in order to determine the mean value and the width

of the spot. The right part contains all the mean values that have been measured for the SiPM FEL.

Due to the CCD chip’s pixel size of 9 yum the spot width can be determined with high pre-

cision. However, the angle of incidence itself is error-prone due to
e divergence of the laser beam,
e dispersion (£10nm),
e tolerance of the rotary stage,
e misalignment of the coupling prism.

The main error arises from the misalignment of the coupling prism which can in principle
be corrected. Therefore an additional measurement was done with the existing setup as
depicted in figure 4.48. At first the deviation of the laser at a 0° position (¢1) was calculated
by taking the deviation at two different Measurement Positions (MPs) . In a second step
the laser was rotated by 90° using the precision rotary table to reflect off the prism surface.
Again the deviation was calculated at two different MPs in order to obtain ¢,

dl ) d] d2
—arctan | — | =~ —, ~ =, 4.44
®1 < L L’ "%, (4.44)
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Figure 4.48: The drawing above illustrates the setup for correction of the angle due to misalignment

of the laser or the prism. MP stands for measurement position and depends on the available space.

with L being the distance between the MPs and d the differences of the deviations from the
mean position. Both angles can be used to calculate the misalignment of the coupling prism
@3 according to

Ao —Agy 1 (dy d
Agr =203 — Agy = A¢3:§022(P1:2<L§—Li). (4.45)

The error due to the misalignment of the prism also doubles for the transmitted light which

leads to shift of the angle B (see equation 4.42) of

B'=¢1— 93 (4.46)
dy d Al 134, dy
“ahtan o) @4

with the corresponding error

;[ (3nd\? [ Ady\?
o = () + (58) 9

where the errors AL have been neglected.

This information was used to create the left plot in figure 4.49 where each entry corresponds
to an angle of incidence. The vertical error bar indicates the spot width whereas the hori-
zontal error bar represents the angle uncertainty. In the right part the spot width and RMS

value for each angle is plotted separately.
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Imaging Function: FEL (dSiPM), calibrated RMS and spot width: FEL (dSiPM), calibrated
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Figure 4.49: Left: Imaging function for the SiPM FEL. The error bands in x direction indicate the
uncertainty regarding the laser angle whereas the error bands in y direction correspond to the mea-
sured spot width. Right: Spot width and RMS for each angle.

4.4.2.2 MCP-PMT FELs

After the arrival of the MCP-PMT FELs the present setup was slightly altered to mount and
evaluate the new samples. As shown in figure 4.50 a new plate was designed which con-
tained a custom made clamp to fix the FEL and an elongated hole in order to move the CCD
chip along the focal plane of the FEL. This became necessary as the width does not cover the
full range of the focal plane. In addition the chip had to be used vertically for mechanical
reasons. In total three FEL-prism pair prototypes were delivered. Two FELs were shipped
separately (56 and S8) and have been evaluated first without the prisms attached. Therefore
the coupling prism was directly coupled to side D. Due to the limited size of the coupling
prism it had to be moved along the surface to cover the full range of possible photon paths.
The size of this range can be calculated according to

’ D
tan ¢

drange = (449)

with D being the thickness of the radiator /prism and ¢ being the angle between the travers-
ing photon and the face surface of the radiator (see equation 3.12). This translates into a

distance dstage which is required to be scanned in order to get the range drange

D /3 3 .
dstage = 2@ 5~ V2cos i V2sina. (4.50)

Both, the coupling prism and the CCD chip, had to be moved manually which inhibited a
fully automated setup. On the other side it was not necessary to align the coupling prism
as no defocusing reflections occur in this setup. Figure 4.51 shows a long time exposure of
different photon paths at ¢ = 31° which nicely demonstrates the focusing properties of the
FEL.
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FEL (MCP-PMT)

Figure 4.50: Picture and schematic drawing of the quality measurement for the MCP-PMT FEL. In
order to scan all required angles the positions of the coupling prism and the CCD chip have to be

varied.

Figure 4.51: A picture of the FEL focusing taken with long time exposure for different laser positions.

The coupling prism was directly contacted to the FEL.
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The third FEL (52) was coupled with the prism via optical contact bonding. This bonding is
achieved without any gluing as the molecules on the surfaces are attracted by van der Waals
forces, hydrogen bonds and dipole-dipole interaction. This can only be achieved if the dis-
tances between the surfaces are below 1 nm and hence requires ultra parallel surfaces which
must be clean and free of any contamination. The advantage of this coupling method is the
absence of any additional material and hence a source of additional photon loss but more
importantly no additional boundaries where Fresnel reflections can occur which would dis-
tort the imaging. After the first inspection the FELs S6 and S8 were also contacted with a
prism using a custom made gluing setup. After a careful cleaning of the components the
gluing was done according to the following procedure in a clean room (letters and numbers

correspond to the steps shown in figures 4.52 and 4.53):

A. Positioning: The gluing setup contains thin distance plates made of glass which are

attached to each block to avoid any glass to non-glass contact.

1.-2. The FEL is first positioned against a fixed orientation block which also deter-
mines the distance between the focal plane of the FEL (side C) and the front
surface of the prism (side B). Prior to this step a tape is attached to the FEL in

order to cover the glue joint.

3. A rotatable connection block is attached to the FEL to hold it in position. It only

touches the sides of the FEL side A to avoid any damage to the coated mirror.

4. The prism is positioned with respect to the orientation block and the FEL. The
distance between the FEL and prism is determined by a 100 ym thin plastic foil.
Therefore the FEL can be readjusted as well.

5.-7. Before removing the plastic foil, the connection blocks are moved against the

prism to fix it.

B. Inspection: The gap is carefully inspected using a magnifying glass prior to the injec-

tion of the glue.

C. Gluing: Two different glues were used for the bonding: NOA-61 by Norland [Noa61]
which is a UV curing glue and Epicol 348990 by APM Technica [APMEpi] which is
a two component epoxy resin. NOA-61 was carefully applied directly from the tube
and - after it covered the full area between the two components - was cured using
a handheld UV source. The Epicol glue was delivered in a bi-pack which allowed a
bubble free mixing without additional equipment. After mixing it was loaded into a
blunt cannula and carefully applied to the gap. The FEL-prism pair was left inside the

setup for 48 hours for curing.

D. Cleaning: Prior to the curing glue residues were carefully removed from the surfaces.
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Figure 4.52: The drawing shows the device for gluing of the FEL-prism pairs, the circled numbers

indicate the order in which the components are used.

e

A. Positoning

~—

Figure 4.53: From top left to bottom right: First the FEL and prism are properly positioned inside the

gluing device and the gap is carefully inspected. Afterwards the glue is applied using an injection.

Finally any residues are wiped off before a final inspection was done.
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Figure 4.54: The framed images show magnified pictures of the couplings between the FELs and
prisms. The color of the frame refers to the position where the picture was taken according to the
sketch. The bluish framed picture on the top right shows the inclusion defect after 24 hours.

As only little practical experience regarding the bonding of optical components was avail-
able the gluing of the components was also done in order to anticipate the future course in
this context. First the optical joints were inspected using a hand-held electronic microscope.
In figure 4.54 some observations are summarized. First of all one can observe a visually per-
fect coupling for S2 which is done with optical contact bonding. The S6 FEL was contacted
using Epicol 348990. The backside of the FEL, which faced the plate of the gluing device
and was taped, showed a lot of unwanted residues on the surface which leads to photon
loss and image distortion. Further investigations led to the assumption that it is not prac-
ticable to apply the tape prior to the alignment of the components, which was necessary
because of a contact area below the glue gap. Nevertheless the coupling itself was achieved
without bubbles or inclusions.

The last FEL (S8) was bonded using NOA-61. For this trial the taping was minimized
which helped to achieve a cleaner surface. Unfortunately some glue was concentrated at
the acute angle between the prism and the FEL. This causes photons, which are meant to
be reflected off the prism surface, to scatter into the FEL. Another critical defect occurred
later on when an at first small air bubble developed into a large-scaled branching. After

two days it stopped developing further and covered almost the full FEL width of 16 mm
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with a length of about 10 mm. One reason could be that the curing of the inside glue was

not sufficient which stimulated the growth due to mechanical forces by the hardening glue.

— prism - indirect
— prism - direct FEL
— direct - direct

coupling prism prilsm \
\

Figure 4.55: The above drawing illustrates the setup for scanning the FEL-prism pair. Three charac-
teristic light paths are highlighted. Two of them (red and blue) are reflected off the coupling prism
before entering the prism. One (red) also has two additional reflections inside the prism.
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Figure 4.56: Scan of all available FELs connected to prisms at 21°. S2 was non-adhesively contacted
by Berliner Glas (blue stars), S6 (green triangles) and S8 (red squares) were glued using APM Epicol
348990 [APMEpi] and NOA-61 [Noa61]. The glue joint for S8 turned out to be deficient after it
developed a large net of bubbles which leads to a crucial absorption especially for smaller angles and
low entry positions. Bad data points have been removed from the plot. The error bars correspond

to one standard deviation from the Gaussian fit. One pixel corresponds to 9 ym.
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Figure 4.57: Comparison of FEL performance at 26 and 31° (for further explanation please refer to
figure 4.56).



4 Optical system

87

320

FEL comparison @36deg
| !

300
280
260

220
200

pos on focal plane [pixel]

240} --- -

t S2 (BG)

3.0

2.5
2.0
1.5

intensity of spot [a.u.]

1.0}

05w : ] X :
. . ™ .
0.0 E¥e 2Bl v/ corat? l

entry pos

pos on focal plane [pixel]

FEL comparison @41deg
! 1

1 S2 (BG)
t S6 (Epo)
1 S8 (Noa)

— 30 ! ! ! !
5 ; ; ; ' ;
& 2O A MACe L
8 2.0F - S s . .
§20 : V"m‘;.wv:** :
4 1511F";“Y*ﬁ* .............. Yol e .
o Ay o :
2 10p Mo M R ]
o Cowa aY = Ul
o 05| ® ... -l"~' ............................ LTt B |
O.OI-[ = | Wga 'l | * mmtiS] = ]
280 300 320 340 360
entry pos

Figure 4.58: Comparison of FEL performance at 36 and 41° (for further explanation please refer to

figure 4.56).
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After the curing was completed all FEL-prism pairs were evaluated. With the prism at-
tached to the side D of the FEL the setup was slightly altered by placing the coupling prism
such that it extended the prism (see figure 4.55). Analogous to the dSiPM FEL measure-
ment the alignment of the coupling prism had to be calibrated. Figure 4.56 shows the result
for the scan at ¢ = 21° (data points with a large deviation from the mean curve have been
excluded). The top part of the figure shows the position of the spot on the CCD chip ver-
sus the position of the linear stage. The spot width is defined as the difference between
the minimum and the maximum of the entries. Two discontinuities can be obtained in the
spectrum. The first one between entry position 50 and 60 comes from a direct entry in-
side the FEL which causes a shift in the photon path (compare red and blue paths in figure
4.55). The jump for the NOA-61 spectrum is slightly shifted which can be explained by the
additional glue inside the corner of the acute angle. The second discontinuity at around
65 is caused by the chamfer of the coupling prism which leads to uncontrolled scattering.
The same behavior can be obtained from figures 4.57-4.58 which show the measurements
between 26 and 41°.

%0 measured FEL mirror reflectivity
z !

reflectivity [%]

200 300 400 500 600 700
wavelength [nm]

Figure 4.59: The above data shows the reflectivity of the Al coating on side A of the FEL. The data
was provided by Berliner Glas and was recorded using a coated prism test piece and an unpolarized

light source with an angle of incidence of 28° (45° in air) [Fiel7].

The bottom part shows the amplitude of the spot which corresponds to the integral of the
Gaussian fit of the projection and hence is proportional to the transmittance (see figure 4.47).
As no reference channel was available the measured amplitudes are not corrected for possi-

ble fluctuations of the laser beam. Moreover the exit angle of the photons varies between 4
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Figure 4.60: Left: Measured imaging function for all MCP-PMT FELs (S2 and S8 have been shifted
to the right by 0.5° and 1° for a better display). Right: Spot width and RMS for the FELs. The black
lines represent data obtained by simulation. The gray lines show the original spot widths and RMS

values with a directly coupled 2 mm entry window.

and 25° which would require slightly different values for the Fresnel corrections. Neverthe-
less some important conclusions can be drawn from the recorded data. The amplitudes are
higher for the entry positions to the right as the photons have less reflections of the surfaces
and a steeper angle with respect to the exit surface C of the FEL. The performance for S6
which was epoxy glued is very similar to the optical contact bonding which is supposed
to be the best choice. In case of the NOA-61 bonded S8 the amplitude is fluctuating and
strongly suppressed after the reflection step due to the defect described above (in case of
the 41° scan around 25% of the photons are immediately lost). In this connection one also
has to bear in mind that the transmission inside the FEL depends on the angle of incidence
with respect to the curved surface A. The reflectivity of the coating is also wavelength de-
pendent and varies in the order of 10% within the relevant region (see figure 4.59).

Although the epoxy bonding shows a good performance the NOA-61 bonding visualizes
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the possible risks of gluing the FEL prism pairs in-house. Along with the advantages of
an optical contact bonding regarding the transmission performance it is recommended to

outsource this production step along with the fabrication of the optical components.

FEL (MCP-PMT) imaging function (relative)
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Figure 4.61: The above plot contains the data from the left part of figure 4.60 but shifts the data
according to the mean value of the simulated data. The error band and bars correspond to the

maximum spot width.

To quantify and compare the focusing properties such as imaging function, spot width and
RMS to the theoretical predictions of the FELs, a small gap (1 mm) consisting of air and
an entry window between the FEL side A and the CCD chip was added to the ray tracing
macro for the geometry optimization. Such a gap leads to a different imaging function as
well as different RMS and spot width values. As the CCD chip was smaller than the total
width of the image, each position change of the chip was calibrated with respect to the pre-
vious position. In case of S6 and S8 the previous measurements without the bonded prisms
were used as they are not distorted by defects due to the glue joints. Figure 4.60 summa-
rizes the measured values. In case of the imaging function all FELs show a linear behavior
according to the prediction. To get a better impression of the result figure 4.61 shows the
relative positions of the reflections where a value of 0 corresponds to the simulated position
on the CCD chip. Both figures show a good agreement regarding the spot width and RMS

value. The measurements for S6 and S8 which were done with the same setup are almost
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identical. The deviation of the S2 measurement most probably comes from the different
measurement setup as the curves in figures 4.56-4.58 coincide. Altogether the MCP-PMT
FELs show the desired performance and present a valid and feasible solution for focusing

optics in a tight spatial environment.
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Figure 4.62: Transmission for 355 nm EdgeBasicTM long-pass edge filter for angles of incidence be-

tween 2° and 24° degrees. Data taken from [Semweb].

4.5 Optical Filter

Dispersion and the resulting chromatic error is an inherent property of any RICH detector.
As described in section 3.1.4 it depends on the radiator material and does not only smear
out the Cherenkov angle but also the time-of-propagation of the Cherenkov photons. One
approach of limiting the chromatic error was to use a special prism made from lithium flu-
oride (LiF) which corrects for the angular deviation [Foh09]. The downside of this idea are
the high costs for LiF in comparison to SiO,. A more economic approach are optical filters
which can be added to the setup. As the resolution scales with 1/+/N it is important to
identify the appropriate wavelength interval. Although the number of photons is higher in
the UV region the dispersion is higher as well which results in monotonically decreasing
value of df./dN towards smaller wavelengths which is only modified by absorption edges
of the fused silica or the quantum efficiency of the MCP-PMT photocathode. In case of the
PANDA Disc DIRC two different kinds of filters come into consideration: a long-pass edge
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filter to cut off wavelengths below a certain threshold and a single-band bandpass filter
which can only be traversed by photons within a given wavelength interval. The trans-
mission properties of these filters depend on the angle of incidence of the light and hence
should be placed in front of the MCP-PMT entry window. Figures 4.62 and 4.63 show the
wavelength dependent transmission for two standard filters at angles of incidence between
2° and 24°. For higher angles the transmission becomes more polarization dependent and
shifts towards higher energies. The presented single-band bandpass filter shows a similar
behavior for wavelengths between 305 and 315 nm but the edge is less steep (A.8 shows a

narrower bandpass filter with a more uniform distribution).
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Figure 4.63: Transmission for 375/110nm BrightLine® single-band bandpass filter for angles of
incidence between 2° and 24° degrees. Data taken from [Semweb].

The transmission of the filters has to be folded with the photon distribution given by the
production probability, the transmittance of the fused silica optics (see sections 3.1.4 and
4.3.2.1) and the quantum efficiency of the MCP-PMT photocathode. The underlying photon
distribution was taken from a Monte-Carlo simulation which includes all possible angles
for 3GeV/c hadrons. In figures 4.64 and 4.65 six different options are compared. The black
dashed-dotted line in figure 4.64 corresponds to the original photon distribution which is
scaled by a factor 1/3 in comparison with the other distributions. The blue distribution
in both figures represents the photon yield with the blue photocathode by PHOTONIS (Hi-
QE-blue) [PHO16] whose quantum efficiency peaks at around 30% and aims at wavelengths
in the UV- and visible high energy spectrum.
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Figure 4.64: Comparison of transmission for different filters and photocathode options (the quan-
tum efficiencies for the photocathodes were kindly provided by PHOTONIS [Pin16]). All filters are
applied on the blue photocathode.
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Figure 4.65: Comparison of the chromatic error for different filter and photocathode options. All
filters are applied on the blue photocathode. The distributions were centered around 0 hence do not

show the resulting position shift.
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As the dispersion is larger at higher energies, which are favored by the blue photocathode,
the chromatic error is large for this option. An improvement can be made by applying the
filters presented above which are drawn as dashed lines inside the figures. The filter option
415/110 nm BP corresponds to an artificially shifted 375/110 nm BrightLine® single-band
bandpass filter which is similar to a dielectric bandpass filter for the wavelength interval
360 — 465 nm which was proposed in [Mer14b]. A new option is a green photocathode (Hi-
QE-green) which is sensitive towards higher wavelengths. Figure 4.65 indicates a narrower
distribution for the green photocathode which is comparable with the filters. The RMS val-
ues for each option is shown in table 4.8. This table also contains the expected number
of photons per track and the statistically weighted chromatic error. This number shows
that the performance of the green photocathode is comparable to the edge filter option and
slightly worse than the best bandpass filter option.

Another reason for the introduction of filters was the limitation of the number of photons
to reduce the total anode charge and therefore delay the lifetime limit of the MCP-PMT sen-
sors. In this connection the bandpass filter is still the best option as it has about 40% less
photons than the green photocathode without any filter. As manufacturers further improve
the lifetime limits of the MCP-PMTs and photocathodes and the demands of the PANDA
experiment regarding the integrated luminosity have been changing the argument regard-
ing the number of photons might become less relevant.

The figures also include NOA-61 [Noa61] as an option, which becomes less transparent for
wavelengths below 350 nm. NOA-61 is a candidate for the glue joint between the radiator
and the prism but as the edge is not sharp enough the chromatic error cannot be reduced.
In this context a photocathode which is insensitive to wavelengths below 350 nm is an inter-
esting option for a less complex and probably more economic EDD as less components are
needed. Nevertheless this photocathode has not been tested regarding radiation hardness
and lifetime which is crucial for its application. It is recommended to further investigate on

this option for the aforementioned reasons.

Option Ochrom [Mmrad] | Npp | Ochrom/ v/ Npn [mrad]
PC blue 4.80 56 0.64
PC green 3.15 41 0.49
NOA-61 4.38 45 0.65
355 nm LP 2.84 31 0.51
375/110 nm BP 2.97 34 0.51
415/110 nm BP 2.13 24 0.44

Table 4.8: Chromatic error and photon yield for different filter and photocathode options.
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4.6 Optical Joints

The significance of optical joints for the experiment has already been addressed throughout
the previous sections. An optical joint is necessary whenever two optical components are
connected in order to form the optical system. Like other optically relevant parts the joints
must have a high transparency and conserve the photon angle. Often joints are realized by
an optical matching gel or liquid (also called optical grease) which has similar properties as
the main optics (i.e. fused silica) regarding the refractive index. This minimizes the chance
of unwanted Fresnel reflections and provides a high transmittance. Figure 4.66 shows the
transmittance measurement for three different optical greases: Silicone Grease EJ-550 by
Eljen Technology [E]550], Fused Silica Matching Liquid Code 06350 [CML6350] and Optical
Gel Code 0607 [COG607] by Cargille.

Optical grease overview
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Figure 4.66: Overview of three different optical grease with different thicknesses.

In case of the gels two samples, a thin sample where the gel was pressed between two quartz
glass plates and a 1 mm thick sample, were prepared. The values were obtained with the
same setup as shown in section 4.2. A reference measurement was made with a thin quartz
glass plate which was later subtracted from the measurement with the grease between two
thin quartz plates. Therefore no additional corrections were made regarding Fresnel losses.
All thin samples show a very high transmittance into the UV region where the performance
of the Cargille couplings is slightly better. Both thick samples show a drop in transmit-
tance in comparison to their thin counterparts which becomes more relevant towards lower

wavelengths. The results of the measurement can be used as an input for Monte-Carlo sim-
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ulations and are important in order get a better understanding of the photon yield. The
matching gels or liquids come with the advantage that they are relatively easy to apply and
remove and are available off-the-shelve. However, depending on the application they are

not a good choice because of viscous flow.

H plexiglass 1 tape

silicone compound — rubber band

H teflon base plate and sides :'—— holes for fixation

Figure 4.67: The schematic illustrates a side view of the setup for the optical pad production devel-
oped at KEK.

Another option are optical pads (sometimes called optical cookies). They are made on a sili-
cone basis and can be commercially purchased (i.e. BC-634 A or BC-637 Optical Interference
Pads by Saint-Gobain Ceramics & Plastics, Inc [BC634]) or individually molded. In prepara-
tion for the Belle II TOP counter TSE 3032 by Momentive [TSE3032], a two-component, low
viscosity, transparent silicone rubber, was intensively studied [Fur14]. Other candidates for
optical pads are RTV 615 by Momentive [RTV615] and Elastosil® RT 601 by Wacker Chemie
AG [RT601] which are both available on the European market. Both materials have yet to
be tested regarding their radiation hardness and transmittance over a wide wavelength in-
terval. As only limited information about the molding procedure of the optical pads used
at Belle II is available figure 4.67 schematically shows the used setup. The following pro-

duction sequence was applied:

e Mix the two components and remove bubbles in a vacuum (in case of the Belle II
optical pads the mixing ratio was altered from 100:10 to 100:2.5 which contains less

hardener).

e Prepare the setup by applying tape or foil to the plexiglass side and place a rubber

band inside the teflon structure before closing the setup with the plexiglass top.
e Fill in the mixed silicone and cure it preferably in an oven (40°C for 40 hours).

e Remove the cured pad from the teflon base and apply a membrane for protection. The
other side should stick to the tape which can be removed from the plexiglass top. The

rubber band has to be removed from the sides.

e The optical pad can now be cut into a dedicated format. Before using it as a joint

between two optical components the tape has to be removed.
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Figure 4.68: Wavelength dependence of synthetic fused silica (NIFS) [NIFS], UV-curing adhesive
NOA-61 [Noa61] and two component adhesive Epotek 301-2 [EPO301, Vav01] along with optical
grease produced by Cargille [CML6350, COG607].

The production of optical pads requires proper training in a dust free environment as the
surfaces are fragile and attract dust particles. The coupling with optical pads can be im-
proved by applying an optical matching liquid. In comparison to optical grease the refrac-
tive index is not well matched (np tsgzo32 = 1.406). Due to the vacuum inside the MCP-PMT
the entry window is slightly concave which has to be taken into account when the pads are
produced by evaluating the proper elasticity.

A third way of coupling is given by gluing the optical components. Typical candidates
for this purpose are Epotek 301-2 [EPO301] which is a two-component epoxy or NOA-61
[Noa61] which is an UV-curing adhesive. The previously introduced APM Epicol 348990
[APMEpi] has not been studied in the context of a high-energy physics experiment so far.
On the other hand especially Epotek 301-2 has been thoroughly tested for the use in previ-
ous experiments [Ada05]. Gluing provides a permanent connection but has to be applied
carefully as defects such as bubbles or misalignment cannot be corrected once the material
is cured. Other adhesives like the UV-curing NOA-68 can be separated in chlorinated sol-
vent such as methylene chloride but the bond is not as strong.

In figure 4.68 the wavelength dependence of the refractive indices of different adhesives

and optical grease products are plotted.
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component | transm. | angular dewv. comment

tracking - ~ lmrad | depends on dE/dx, MCS and the tracking reso-
lution

radiator >85% | < 0.5mrad | transmission mainly depends on the number of

reflections and surface roughness

glue joint >99% - | depends on the thickness of the glue joint and its
refractive index

prism >99% | 0—7mrad | depends on the track position with respect to the
prism

FEL 80-92% < Imrad | transmission mainly depends on the reflectivity

of the coated mirror

optical pad >95% - | depends on the thickness of the optical pad and

its refractive index

dispersion | 90-95% | < 4.8mrad | angular deviation depends on the choice of the
filter and photocathode (see table 4.8)
MCP-PMT < 33% < Imrad | mainly depends on the Q.E. of the photocathode
and the pitch of the anode pixels

Table 4.9: The table summarizes the influence of different detector parts with respect to the single
photon resolution. Besides the optical system the external tracking as well as the MCP-PMT sensor
contribute to the overall performance. The transmission values are wavelength dependent and in

case of the dispersion only apply to the chosen band.

4.7 Summary

Although the realization of an Endcap Disc DIRC in first order depends on the lifetime
of MCP-PMT sensors its feasibility is also reliant on the availability and machinability of
the components which form the optical system. Therefore this chapter covered all relevant
parts and provided needed measurements of critical components.

With Nikon Corporation a new manufacturer was introduced. Their fused silica products
were tested for radiation hardness which also allowed a new look at the long-term behavior
of radiation induced damage for dry fused silica. The form error of two prototype radiators
was evaluated with an in-house measurement. These results helped to better understand
the demands that have to be set regarding the specifications of such optics. In addition the
measurements can be used to correct for form errors which might become relevant in future
experiments. For the first time FELs for the MCP-PMT design have been manufactured and
tested regarding their focusing properties which is a necessary measurement to prove the

working principle of the Endcap Disc DIRC.

It is not possible to quantify the performance of the optical system by a single number as the
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transmission and angular deviations of the photons depends on the position of the hadron
track, its angle and the wavelength of the emitted photon. In this context a track position
which is in the far prolongation of a prism with a steep angle leads to the best single photon
resolution. In case of the averaged track resolution the relative position between the prisms
and the track changes along with the projected angles. Other imaging errors are a result
of waves on the radiator surface, the focusing capabilities of the FELs, the resolution of the
MCP-PMT anode and the width of the FELs and prisms. They can be controlled by setting
proper specifications. The chromatic error is an inherent property and can be reduced by
applying optical filters or a different MCP-PMT photocathode. The imaging as well as
the chromatic errors scale with the square root of the number of photons when the track
resolution is calculated. Track related errors such as an error in the measurement of the
track angle and position on the radiator or the error due to energy loss or Multi Coulomb
Scattering (MCS) directly affect the Cherenkov angle resolution and cannot be influenced
or reduced by higher photon statistics.

Table 4.9 summarizes the contribution of different detector parts as well as the external

tracking towards the single photon resolution.
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5 Mechanics
5.1 Requirements

Designing the mechanical support and structure has so far played only a subordinate role
during the development of a working Endcap Disc DIRC design. In the framework of
this thesis different concepts and design options were developed and investigated. In this

regard the mechanical design has to fulfill the following requirements:
e usage of non-magnetic and radiation-hard materials,
e removability of certain components for maintenance,

e secure and precise assembly and alignment,

low material budget,
e economically priced construction.

The listed conditions have to be fulfilled in a tight spatial environment as the EDD will be
mounted on the support of the endcap calorimeter in front of its thermal insulation. This
space was originally reserved for a Disc DIRC using SiPMs [Foh09] which had to be re-
placed by a design using MCP-PMTs [Mer14a] (see also section 3.3.1). These MCP-PMTs
have to be aligned with the magnetic field which requires much larger FELs and occupies
more volume in the readout region. Figure 5.1 gives an overview of the available space
inside the endcap holding structure (EMC support). The left part of the figure shows the
available space in z-direction which is limited by the insulation of the Endcap EMC and
its supply lines [EMCTDR]. The minimum distance is given by the insulation with 42 mm
where the radiator will be placed. The available space for the FELs and sensors varies from
242 mm to 148 mm. The latter value leaves only a total distance of 22 mm below and above
the FEL-prism pair. In the x- and y-plane the minimum allowed distance between the EMC
insulation and the FEL amounts to 35 mm whereas at least 10 mm have to be reserved be-
tween the rear edge of the FEL and the EMC support. In addition the dodecagonal symme-
try of the EDD is neither present in the Endcap EMC nor its support structure which further
restricts the available space. For demonstrable reasons not all requirements from the above
list can be satisfied at the same time. The MCP-PMTs, for example, contain Kovar which is
a ferromagnetic material. Although aluminum is paramagnetic it has a high conductivity
which becomes noticeable during rapid variation of an external magnetic field such as a
quench. In principle alternative materials like ZERODUR® [SotZER] or carbon fiber are
available but in comparison to aluminum they are more expensive and their machinability
is not as good.

The necessity of radiation hard materials is more relevant with respect to the optical and

electrical components. In this regard extensive studies have been done by different DIRC
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groups and were complemented by this thesis where the radiation hardness of a new type
of fused silica was measured (see section 4.2). Besides radiation hardness the impact of out-
gassing of materials such as glues, sealing and packaging has to be taken into account and
for many materials a dedicated evaluation was done [Coh00].

The presence of passive material to stabilize and mount the detector cannot be avoided.
The Disc DIRC radiator itself is a 2cm thick homogeneous fused silica block with a radia-
tion length Xy of 27.05 g/cm® and a nuclear interaction length Aj of 97.8 g/cm® [PDG14].
During the conception stage of the mechanical design the necessity of a feasible assembly
always had to be borne in mind. Temporary mounts require a lot of space and hence not all
parts can be made exchangeable. Nevertheless, especially electronic parts and sensors are

prone to having defects and will be individually removable.

EMC insulation

22
EMC support

FEL
prism|

radiator | 10

| 42 6

EDD mounting plate

Figure 5.1: The illustration summarizes the constraining distances to the surrounding detectors. The
left part shows a downstream view of the EMC endcap with the available space along the z-axis. The
dashed line represents the DIRC radiator boarder. The right part also indicates the available space
in the readout region for the FELs.

5.2 Concepts and Design

The anticipated mechanical design differentiates between large-, medium-, and small-scale
components. Large-scale components (mounting plate and stabilizing cross) exceed the size
of a quadrant and have to carry a major load (see also figure 5.2), medium-scale components
(radiator cover and ROM housing) protect the optical system from outside influences and
small-scale components (connection blocks and ROM cases) summarize small key compo-
nents which are necessary to mount the radiator or smaller components such as sensors or

electronics. The following section will introduce the concepts behind these components.
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5.2.1 Components

Mounting Plate

Mounting Plate

St A “_/ p Mounted EDDwithonequadrant
quadran i

Endcap EMC supply lines

Figure 5.2: The picture illustrates the purpose of the large-scale components mounting plate and

stabilizing cross and how they are applied.

The largest component is the so-called Mounting Plate (MP). It is a 15 mm thick plate which
will be screwed onto the upstream side of the Endcap EMC support and has the same
outer dimensions. For this reason all screws on the EMC outer frame which would have
interfered with the MP are countersunk. The endcap EMC support measures more than
2.5m in diameter and is divided into two pieces at 3 and 9 o’clock. Due to its size it is
recommended to divide the MP into two pieces as well at 6 and 12 o’clock preferably. It
will consist of aluminum and has to carry the entire weight of the Disc DIRC. In order
to not unnecessarily increase the material budget a circular hole with a radius of at least
850 mm will be cut-out.

As the EDD will be added to the PANDA experiment during a later stage a deformation
of the Endcap EMC support cannot be ruled out. Finite Element Analysis (FEA) predicts
a deformation of as much as 13 mm along the y-axis [EMCTDR]. Therefore eight so-called
orientation holes were added to the upstream side of the endcap EMC support frame (see
figure 5.3). To safely mount the EDD during a later stage of the experiment more holes will
be required and added using a drilling stencil which can be adjusted using the orientation
holes.
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Endcap EMC support

countersunk screws
AN

Figure 5.3: A CAD picture of the Endcap EMC showing the changes which have been made in order
to mount the Endcap Disc DIRC.

Stabilizing Cross

The MP is subdivided into four regions (quadrants) by a Stabilizing Cross (SC). It has a
rhombic cutout in its center where the acceptance region for the Forward Spectrometer lies.
The main purpose of the SC is to keep the four quadrants in position. This is realized by
1 — 2mm thin U-profiles which are attached to each other to form a double-T-profile with a
strengthened middle part. In this regard it is unavoidable to add additional material in the
Endcap EMC acceptance. As the SC has to withstand the weight of the two upper quadrants
a compromise has to be found between the profile thickness and height (see figure 5.4). It
is planned to rivet the U-profiles along the four long arms of the cross and weld them in
the corners by cutting out a triangle of the salient material and bending them according to
the radiator geometry. First tests have already been done in this regard (see section 5.5) and
support this idea of building a stable cross structure. The SC will be clamped taut to the MP
to avoid any shifts in z-direction and displacement of the quadrants.

The inside of the SC will also provide suspensions for the EDD radiator which have to be
manually added once the SC profile and radiator dimensions have been precisely measured.

Using this method a good suspension of the radiators can be achieved.

Radiator Cover

The optical system and photo sensors have to be operated in a gas- and light-tight environ-
ment. As the SC only covers the small surfaces which do not have ROMs attached the large
openings have to be sealed. One of the requirements for the sealing is that it has to have

only a small contribution to the material budget as it will cover the full acceptance region
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Figure 5.4: Impact of the profile thickness (C) and height (A) for a linear load on the stability of

a SC profile. The length of the pieces is 1m. The finite element analysis was carried out using
z88Aurora® [z88Aur].

of the Endcap EMC. On the other hand it has to be stiff and robust. In this regard, although
foils are a natural choice for a thin seal their proper mechanical assembly is challenging. In
case of the Belle II TOP counter a honeycomb panel made of aluminum was used [Suz15].
In this option two ultra-thin aluminum layers are interleaved by perpendicularly oriented
hexagons which lends a high stability to this structure. A third possibility is a cover made
of carbon fiber. This material combines high stiffness with good machinability and will be
used in other PANDA detectors as well [BarTDR, EMCTDR]. Initially it was planned to
construct a box containing the radiator which can be slid into the space provided by the
SC which is similar to the procedure for existing DIRCs [Ada05, Inal4]. However, such a
design would require a more sophisticated construction and hence reduces the acceptance
of the EDD and adds more material budget in front of the Endcap EMC. For the abovemen-

tioned reasons a thin plate cover represents the best alternative.

ROM Housing

Like the radiator cover the ROM housing (RH) has to provide a gas- and light-tight environ-
ment for the ROMs. One RH will contain nine ROMS. It has to be connected to the radiator
cover as the radiator and the FELs form an optical unit. It also has to provide feedthroughs
for the high voltage of the MCP-PMTs and the cables which are needed to run and read
the soldered ASICS on the PCB. The Front-End Electronics (FEE) are supposed to be placed
outside the RH to reduce potential outgassing of the electric components. As the available
volume changes the positioning of the FEL-prisms is different for each side of the EDD and
the ROM housings have to be individually designed.
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connection cable diameter | cross section

HV | 108 MCP-PMTs | 108 coaxial cables 5mm 2,700 mm?

LV 108 ROMs 216 cables 2.5mm 1,350 mm?
data 108 ROMs 108 fiber cables 5mm 2,700 mm?
gas 4 quadrants 8 pipes 10mm 800 mm?
cooling | 4 quadrants 8 pipes 60mm | 28,800 mm?
36,350 mm?

Table 5.1: Overview of cables and corresponding cross sections for a fully equipped Endcap Disc
DIRC with nine ROMs on each side.

Connection Block

Connection blocks are necessary to support and mount the optical system at the twelve
corner positions (see figure also 5.11) as the SC does not provide proper fixation along its
geometry. If nine ROMs are connected to each side the lateral area of support will be less
than 2.8cm? at the intermediate positions and less than 1.6cm? at the far ends. In case
the number of ROMs can be reduced to eight per side this area of support can be doubled
(see section 5.4). Like the suspensions in the SC the connection blocks have to be precisely
aligned to not add additional forces or torques to the optical system. At this time it is not

decided wether the connection blocks will provide a fixed or spring-loaded mount.

ROM Case

The ROM case contains three FELs and three prisms and provides support at the optically
non critical surfaces (see figure also 4.43). It stabilizes the ROM and helps to reduce any
torsions between the FELs due to gravitation. In addition it carries a holding structure for
the MCP-PMT which has to be precisely mounted on the FEL focal plane. In the case of nine
ROMs per side the distance between two neighboring MCP-PMTs is less than 1 mm and the
MCP-PMT holder could only support the sensor on two sides. This setup is possible but has
only very limited contact surface. Furthermore it is not proven that the MCP-PMTs operate
error-free without proper shielding. On the other hand a design with eight ROMs gives
additional space between the ROMs and would allow to construct a holder which contacts

the MCP-PMT on all four sides including decent shielding of the electromagnetic fields.

5.2.2 Gas System and Cabling

The required cabling depends mainly on the sensors and electronics which are chosen for

the final detector. Therefore the presented solution is preliminary and only a baseline de-
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420 mm

170 mm GEM Tracker (NNW and NNE only)
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[:] cable tray :L_____j EDD space . HV cables O LV cables O data cables O dry nitrogen O FEE cooling

Figure 5.5: Cross section of a cable tray and the required space for the Endcap Disc DIRC. The dis-
played setup routes all electronic and gas cables through the two southern trays but only the cooling
is for the two bottom quadrants only. Hence the northern trays have to contain two additional cool-
ing pipes for each quadrant. The top part is occupied by the Muon Detector. The exact placement of

the cables has not been defined.

sign. In principle each ROM requires high voltage for the MCP-PMT, low voltage for the
operation of the front-end electronics and the ASICS as well as a fiber cable for the data
stream. In addition each quadrant requires a gas system to provide a constant flow of dry
nitrogen along the radiator surface and towards the FELs. This is necessary to prevent the
deposition of outgassing material and avoid condensation on the optical surfaces. The rate
will be several liters per hour provided at a light overload pressure compared to the outside
air. Depending on the generation of heat by the ASICs additional cooling might be neces-
sary.

Figure 5.5 shows the cross section of an available service duct which leads to the outside of
the detector. Inside a reserved area the cables which are required for the EDD are drawn.
This setup is not final as the distances between the cables might be changed to prevent
overheating. At the same time the bending radius of the cables has to be respected which
usually corresponds to a value of about 3 cm. The Forward Endcap of the PANDA experi-
ment provides eight service ducts which are named according to cardinal points (see figure
5.6) and have a cross section area of 420 x 140 mm? each. The two eastern and western ducts
are mainly occupied by the Forward Endcap EMC [Snil5] whereas the northern ducts are
partly used by the GEM tracker. For this reason it is planned to mainly use the southern
service ducts for the EDD. In case the quadrants require a separate cooling for the front-end
electronics the upper pipes should be introduced via the northern service ducts whereas
the cables can still be routed from the southern ducts which allows a better localization of
the racks.

Each ROM housing will provide plugs or feedthroughs for the cables. The routing of the

cables from south to north can be partly done inside the lateral free space which is pro-
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NNW NNE

SSW SSE

Figure 5.6: Upstream view of the PANDA Target Spectrometer with a highlighted endcap and the
available cable trays. The reddish colored trays are mainly occupied by the Endcap EMC (83% for
the WNW and ENE and 63% for the WSW and ESE trays). The northern trays will be partly used by
the GEM detector whereas the southern trays are not occupied.

vided by the endcap holding structure. The dry nitrogen has to be injected at the radiator
surface facing the center of the detector. Hence the incoming tubes will be guided along
the SC whereas the outgoing tubes will be connected to the ROM housings. In table 5.1 the
required cables and pipes are summarized including their anticipated diameter and total
cross section. Cables for a laser calibration system have not been taken into account yet. If
the numbers of ROMs are reduced from nine to eight per side the number of cables can be
reduced by 10% whereas it does not have an influence on the number of pipes for the dry

nitrogen or the front-end cooling.

5.3 Assembly

The assembly procedure of the EDD will consist of four stages:

e ROM assembly: preparation of the readout modules for the final assembly
e Quadrant assembly: complete assembly of one detector quadrant

e Horizontal assembly: quadrants are installed and fixed inside the SC on a horizontal
table

e Vertical assembly: connecting the EDD to the EMC holding structure in a vertical

position
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ROM Assembly

At first the individual ROMs will be prepared. Here the the FEL-prism pairs will be care-
fully placed inside the ROM case. Before that the components have to be cleaned and be
free of dust. For this activity it is important to use a fluffless cloth which is moistened with
e.g. isopropyl alcohol. The cloth should be folded and firmly pressed against the surface
and moved linearly along the surface. Circulating moves should be avoided. The distance
between the optical parts inside a ROM is 1 mm which will be ensured by spacers which
keep the FELs and prisms in position by touching them on optically non critical surfaces.
An additional spacer will be placed at the far end of the prisms. The prism ends facing
the radiator should be parallel and align to the radiator within few pym. This part of the
assembly does not include the MCP-PMTs.

Quadrant Assembly

rotation axis @
<>
1
rotation axis 8\|
|
radiator | prism
counterweight |

<> || mount

glue dots gonimeter (3)

alignment (x,y,z,)

post-glueing
* | /stabilizer

table mount

Figure 5.7: The schematic drawing illustrates the assembly setup to glue ROMs to a radiator. The
rotation axis of the setup coincides with the end of the prism which faces the radiator. The counter-

weight reduces torque on the goniometer.

In contrast to the present prototypes the available space in the PANDA experiment is not
sufficient to install a sophisticated mount for each ROM. Therefore it was decided to glue
the FEL-prism pairs to the radiator to form a rigid optical unit. This solution minimizes the
space which is necessary to mount the ROMs, does not require a complex recalibration and
provides a reliable optical contact between the radiators and the prisms. On the other hand

the glue has to meet certain requirements:
e high transmission for the photon wavelengths of interest,

e similar index of refraction to fused silica to avoid Fresnel losses,
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Figure 5.8: The left part shows a test bond of a ROM to a thin glass plate (top) and a CAD picture
of the final assembly setup. The right part show the support plate that has been used for the Belle I
TOP counter.

e radiation hardness,
e strong bonding.

The available options have already been introduced in section 4.6. The most convenient
choice would be Epotek 301-2 [EPO301] which has already been used for the BaBar DIRC
and the Belle II TOP counter [Wan14]. Due to the size of the components it is not possible
to accelerate the curing in a high temperature atmosphere which is why not more than one
ROM per day can be glued. NOA-61 [Noa61] on the other hand allows a fast curing with a
UV light source. However, its optimum adhesion to glass is reached after about one week
of aging and the bond is less strong in comparison to Epotek 301-2.

The gluing has to be done using a special setup which is schematically shown in figure
5.7 and the left side of figure 5.8. Here a ROM is placed on an precision alignment tool
with five degrees of freedom (see figure 5.7). The rotation axis 6 coincides with the center
of the prism surface which is bonded to the radiator. For this reason a counterweight is
added to the setup as the tilting moment of the goniometer is limited to 1.5Nm. After a
pre-alignment the ROM can be coupled to the radiator and a collimated laser is coupled
into the radiator via a coupling prism. This way the laser beam is used to align the ROM
with respect to the radiator as shown in figure 4.45. When the angle alignment is completed

the ROM can be moved away from the radiator using the linear stage of the alignment tool
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Figure 5.9: Allowed prism lengths according to the constraints summarized in figure 5.1. Each color
represents one side of a radiator. The plot shows a solution for the minimum number of different

lengths of 5. Solutions with more prism lengths allow to reduce the average lever.

if an additional cleaning of the surfaces is required. Afterwards the gap for the glue joint
will be adjusted and the glue can be carefully applied. As soon as the joint is hard enough

the alignment tool can be moved to the position of the next ROM. Experience has shown
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that the glue joint bends because the glue shrinks while curing [San15]. However, this
problem can be overcome by adding the opposite of the anticipated bend beforehand.
During the quadrant assembly the radiator has to be stored properly. To avoid sagging of
the radiator a special table has to be constructed which equally distributes the weight of
the radiator without damaging the surface. In this connection the Belle II collaboration has
come up with a solution to produce a plastic plate with periodic holes which are filled with
small precision plastic balls (see right side of figure 5.8). The plastic plate is fixed to a large
aluminum plate which can be adjusted by micrometer screws which also adds additional
degrees of freedom to the alignment setup. This way the radiator can be securely placed
without deformation and even be slightly moved into position where it has to be fixed.
Due to the restricted space in the region where the ROMs are placed different prism lengths
have to be produced. Figure 5.9 shows the allowed prism lengths for a radiator with radius
of 1056 mm and a distance between the back part of the FEL and prism of 20 mm. According
to the requirement of staying within the minimum distances shown in figure 5.1 at least
five different lengths of the prisms are needed. However, more prism lengths reduce the
average lever and improve the available space for the required mechanics. The average
length of the prisms could also be reduced by up to 30 mm with a larger radiator. Due to
the large size of a fully assembled quadrant it could be advantageous to do this part of
the assembly onsite in a dedicated clean room which reduces the risk of damage during
transportation. However, this would require that alignment and testing has to be done

there as well.

Horizontal assembly

During this step the optical system of each quadrant, which has been bonded during the
quadrant assembly, has to be positioned inside the SC. For this purpose the SC is already
fixed to the MP in a horizontal position and the radiators are introduced into the available
profile which is equipped with dedicated supports. The outside corners of the radiator
will be fixed using the connection blocks. During the horizontal assembly the SC has to
be stabilized along its arms to not sag. After the optical system is in place the MCP-PMTs
will be installed and the ROMs will be covered along with the radiators and sealed. Finally
the cabling outside the ROM housings is prepared. At this stage the detector is ready for

operation and can in principle be tested using cosmic muons.

Vertical assembly

The last step is to bring the detector into a vertical position. A dedicated heavy table is

needed to safely raise the system and move it between the endcap and central part of the



5 Mechanics 113

EDD
A — [Quadrant] _
o Trom]. ;
i i FEL-prism i !
o l ® @ radiato :
i ROMcase ' '
R To ] |
(] 1 |
: :___M_C_P___PM_T;__J @ : FEL - Focusing Element
————————— K\— iy e N ROM - ReadOut Module
RH — % — SC CB @ RC - Radiator Cover
RH - ROM Housing
\ /C:D/ CB - Connection Blocks
MP SC - Stabilizing Cross
horizontal assembly | MP - Mounting Plate

vertical assembly l HS - Holding Structure
Endcap EMC HS

Figure 5.10: The schematic shows an overview of the assembly procedure. The different stages are

summarized inside the boxes. The circled numbers indicate the order of the assembly.

PANDA Target Spectrometer. The weight of a fully equipped EDD is about 450 kg which
requires a very stable construction for this purpose. In front of the endcap the opening
of the Endcap EMC holding structure will be approached and the cables coming from the
service ducts have to be connected to the detector and placed in the dedicated spots. Once
the cabling is completed the EDD has to be carefully joined with the Endcap EMC holding
structure by screwing the MP to the support ring. Before the PANDA Endcap can be closed
the heavy table has to be removed. Due to the placement of the endcap inside PANDA
maintenance can only be done by removing the complete EDD using the heavy table.

Figure 5.10 gives a schematic overview and summary of the envisaged assembly procedure.

5.4 Optomechanical System

In order to estimate the feasibility of the suggested optical system different aspects have to
be taken into account. Although the optical components themselves are rigid objects they
are not very elastic and strong permanent forces have to be avoided. Especially for the glue
joints between the prisms and the radiator it is important to reduce shear forces or torsional
moments. Last fused silica has a very low thermal expansion with respect to aluminum
which has to be taken into account as well.

To evaluate the behavior of the optical system as a rigid unit finite element calculations
have been carried out. The so-called Finite Element Method (FEM) approximates solutions
to boundary value problems by numerically solving partial differential equations. The pre-
sented analysis was done using Z88 Aurora [z88Aur] which is a GUI based, platform inde-
pendent and non-commercial FEM software which is continuously developed since 1986.

Besides deformations due to the net weight and gravitation the analysis also tried to in-
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clude possible deformations due to the magnetic field. This is important as ferromagnetic

materials such as Kovar are used inside the MCP-PMTs and the magnetic field is not ho-

magnet off l_g' magnet on l@'

0.00 12.5 24.9 0.00 9.8 19.6

magnet off l_g' magnet on l_g'

0.00 11.0 21.9 0.00 26.4 52.8
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Figure 5.11: Results of a FEM analyses for different external configurations. The red lines repre-
sent the support coming from the SC, red dots are where the connection blocks are placed. The
configurations in the top row show the situation with and without a magnetic field for the upper
quadrant positions. The second row shows the two bottom quadrants under the same conditions.

The displayed deformations are exaggerated by a factor of 1000.

mogenous. In general the force of an inhomogeneous magnetic field can be calculated ac-
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with the magnetic field B and the magnetic moment y given by
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with the mass of the object m, the molar mass M, the Avogadro constant N4 and the mag-
netic moment of an atom 4. For the presented analysis a value of 15N per MCP-PMT was
used which corresponds to a change of the magnetic field of 0.1T over a distance of 1cm
which is about five times higher than the actual value. The radiator is mounted along the
sides which are not equipped with ROMs by mounts inside the stabilizing cross and at the
outer corners with connection blocks. Figure 5.11 shows the results for calculations with
and without a magnetic field and for the top and bottom positions inside the stabilizing
cross. For the top positions the magnetic field is capable of reducing the deformation as the
orientation of the field is slightly pointing in the opposite direction of the bending which
comes from gravitation. However, in case of the bottom quadrants the magnetic field en-
hances the deformation which is calculated to be up to more than 50 ym for the very outside
of the central FELs in the bottom third of the lower radiators.

magnet on l_g’ magnet off l_g'

ROMs connected

z-axis fixed large radiator

0.0 3.6 7.2 0.0 8.0 15.9
L E um L E um

Figure 5.12: The left configuration fixes all ROM bases in the z-plane which highly reduces the
deformation. In the right configuration the radiator is 3 cm larger and the ROMs are connected by

small fused silica blocks.

As mentioned earlier it is necessary to reduce the shear forces and torsional moments which

occur. Figure 5.12 shows two options to do so. The first one is to fix the ROMs to the mount-
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ing plate such that they can not be moved or shifted out of the z-plane which is parallel to
the mounting plate. A full fixation is not recommended as temperature changes can cause
unwanted forces. This approach halves the maximum deviation but requires proper me-
chanics to be realized. A different option is to connect the ROMs such that they form a unit.
The connectors can either be done by fused silica or other materials with a low thermal
expansion coefficient. This configuration stabilizes the system in a way that it reduces any
torsional moments especially on the glue joints. Alternatively the radiator is made 3cm
larger than the original version which reduces the lever arm of the prisms. Whereas in
case of the upper quadrants the second option does not make a big difference regarding the
maximum deformation the average deformation is differently distributed over the whole
radiator surface. For the lower quadrants this option reduces the deformation by more than
50% (see figure 5.13).

magnet on

ROMs connected

lg’ large radiator

0.0 10.0 19.9 0.0 12.7 25.4
- I um - Il um

Figure 5.13: Upper (left) and lower quadrant (right) with an enlarged radiator and an active mag-

netic field. In both configurations the ROMs on one side are connected by small blocks.

Special situations occur during the ramping of the magnet or a sudden magnet quench.
Due to the rapidly changing magnetic field the forces on the MCP-PMTs are much stronger
over a period of a few seconds. For this reason additional mechanical support is desired to
the reduce the risk of sudden damage to the optical system.

In general the available space for sophisticated mounts for the optical system is scarce. From
a mechanical and also economical point of view it is strongly recommended to consider a
setup with eight instead of nine ROMs on each radiator side. In this connection it is impor-

tant to evaluate if the available number of photons can be increased such that it is sufficient
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radius space between | space at corners [mm]
#ROMs
radiator [mm] ROMS [mm] | inside ouside
1056 9 10 9.0 7.6
1086 9 10 16.8 15.4
1086 9 12 8.7 7.4
1056 8 15 22.0 20.6
1086 8 15 30.0 27.6

Table 5.2: The table gives an overview of the space between ROMs and the available space for

mounting the radiator along the outside for different radiator sizes and number of ROMs.

to get the expected performance and at the same time does not exceed the allowed accumu-
lated charge during the expected detector lifetime. Table 5.2 summarizes the space which is
available between the prisms of two ROMs and at the corners where the connection blocks
will be attached. One option, which has already been introduced in the FEM calculations,
is to build a larger radiator. To allow enough space for a proper assembly the radius of the
radiator can be enlarged up to 3 cm which adds 16 mm per side. This results in a diagonal
span of 1536 mm or 60.5". In case of nine ROMs this would allow to introduce a gap be-
tween two MCP-PMTs which enables to add some shielding and an improved mount for
the MCP-PMTs. On the other hand by placing the ROMs farther apart the available space
for the connection blocks cannot be improved. If a setup with eight ROMs per side can be
realized the space between the MCP-PMTs can be increased to 5 mm or more with sufficient

space at the corners.

5.5 Prototype Development

Since the beginning of the development of the PANDA Disc DIRC different prototypes
have been constructed. Mostly the mechanics were tailored to the needs of the current
setup without taking into account requirements or constraints which are essential for the
final detector inside the PANDA experiment. The 2016 prototype was designed with the
proviso that some of the concepts that were introduced in section 5.2.1 are tested.

Figure 5.14 shows a CAD picture of the developed setup. In comparison to earlier versions
the prototype is build much slimmer measuring 100 x 70 x 37 cm>. The top can be opened
by simply removing a closure head which is equipped with foam to make the housing light-
tight. The large sides can be quickly opened by sliding doors which have special overlaps
on each side to also prevent light from the outside to enter the housing. The medium-sized
door has a cut-out which has to be equipped with a plate that provides all necessary ca-
ble feedthroughs (readout, high voltage and laser calibration). The light-tightness has been

carefully tested by placing a camera inside the closed housing and taking pictures using a
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long exposure time while shining light directly at critical parts of the cover. In the meantime
tests with MCP-PMTs have confirmed this measurement. Besides the doors one side wall
can be unscrewed to get access to the back side of the stabilizing cross of the prototype. This
is necessary to access several small holes which allow to couple a laser beam into the radi-
ator for the calibration of the ROMs during the assembly. The back side is also equipped
with a fiber plug for a calibration system (PiLas connector) and a preparation for a future

gas system.

2016 prototype mechanics

removeable doors

radiator support to : "
cut-out for cable feedthrough plate
]

S

PiLas connector i
radiator

[carbon radiator cover

removable backside wall

Figure 5.14: This exploded view drawing shows the main components of the 2016 prototype. The
doors on the front and back side of the prototype housing can be easily removed. The left door
on the front side has a cut-out where the cable feedthrough will be placed. The radiator has to be
introduced from the top into the stabilizing cross prototype and is additionally protected by two
carbon plates once the radiator is fixed inside the stabilizing cross. A removable back side wall
allows access to tiny openings in the stabilizing cross which allow laser calibration and provide

connections for a future gas system and a PiLas calibration system.
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Inside the housing the ROMs are placed on a large plate which replaces the mounting plate.
In contrast to the final detector the ROMs are not yet glued to the radiator but placed on
spring-loaded precision tracks which can be adjusted in two axes. Before the ROMs are
mounted the radiator has to be introduced into the stabilizing cross from the top. The floor
of the stabilizing cross is equipped with thin plastic bars and rounded plastic buttons on
the side to avoid contact between the glass and the aluminum. Small plastic screws are
used to fix the radiator inside the U-profile of the stabilizing cross together with two large
bumpers on the side of the mounting plate (see also bottom row in figure 5.14). As soon as
the radiator is in position a top part completes the structure and two carbon covers can be

attached to the stabilizing cross to protect the surface during the remaining assembly steps.

FE;
-

S 5 diator support

Figure 5.15: The pictures shows different views during a pre-assembly of the prototype. The top
pictures show one equipped ROM which is mounted onto the ROM supports which allow a precise
movement of the ROMs. The bottom pictures show the welded stabilizing cross and the buttons and
areas of support for the fused silica radiator which is already mounted in the bottom right picture.

The ROMs can be mounted on a carriage which slides on the precision tracks by two
screws. First they are mounted without the MCP-PMT to be calibrated. Afterwards they
are removed from the carriage which remains in the calibrated position such that no re-
calibration is needed once the MCP-PMT is mounted. The ROMs themselves consist of a

case which houses the FEL-prism pairs and which provides a mount for the MCP-holder.
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All large parts have been fabricated in a 3D printer at the Technische Hochschule Mittel-
hessen (THM). The concept of a ROM has already been addressed in the 2015 prototype

MCP-Holder ROM with 2 FELs

\

mounting plate

precision tracks

Figure 5.16: The top row of pictures shows a partly equipped ROM for the 2016 prototype. Below
the backside of the MCP-holders for the PHOTONIS and Hamamatsu sensors are shown. A cross

section of a ROM indicates the spots where the optics are mounted.

(see section 6.2.1). However, the new approach allowed to include several features which
are necessary to provide proper mounting of the sensors and optics and reduced the num-
ber of parts. The ROM case provides 1 mm thin spacers at various positions to align the
FEL-prism pairs. They touch the glass at several non critical spots (see figures 4.41 and
4.43) and at the far end of the prisms near the radiator. Here round pins were printed to
minimize the area of contact. After the optics are placed inside the ROM case it is closed by
a top cover after which the MCP-Holder can be mounted. Each MCP-Holder is designed
differently to provide space for the HV cables and respect the different entry window sizes.
Before the MCP-PMT is placed into the MCP-Holder the PCBs can be plugged onto the pins.
As the signal cable plugs require a certain force to be connected it is recommended to add
them before the MCP-PMT is coupled to the FEL. The FELs for the testbeam are designed

for 6mm entry windows hence an additional coupling window has to be put in front of
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the MCP-PMT. Afterwards the ROM can be fixed to the mounting plate and coupled to the
radiator using optical grease. Before the prototype box can be closed the cables have to be
connected to the feedthrough plate which has to be screwed onto the respective door.

The 2016 prototype can also be operated in a horizontal position and fits into the group’s
cosmic test stand [Muh13]. This way it is possible to evaluate the performance using cosmic

muons and being independent of a high energy particle beam.
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6 Testbeam Analysis
6.1 Introduction

The presented analysis is based on data from a testbeam in May 2015 at the T9 beam line
at CERN. The beam line is located at the Proton Synchrotron (PS) East Area and delivers a
secondary beam of mixed hadronic particles with momenta of up to 15GeV/c. Besides the
2015 Disc DIRC prototype other detectors were used during the beam time, including a Bar-
rel DIRC prototype from GSI [Swal6], a MicroChannel Plate Time-Of-Flight System (MCP-
TOF) and Silicon Fiber Tracker (SFT) from the University of Erlangen-Nuremberg [Uhl15]
and a segmented highly precise start counter (FLASH) from the University of Mainz. All
detectors shared the TRBv3 (a general purpose Trigger and Readout Board) as their com-
mon Data AcQuisition (DAQ) system. The TRBv3 is a multi-purpose time-to-digital DAQ
system developed at GSI [Neil3]. All TRBv3 boards inside the T9 beam area were synchro-
nized by a Central Trigger System (CTS).

The main goal of the testbeam was to evaluate the current detector system and compare it to
Monte-Carlo data. The Monte-Carlo data which was generated used a standalone version
of Geant 4 [AlI06]. It includes all relevant sources for photon loss and smearing. The quan-
tum efficiency of the photocathodes is included as a function of wavelength but no readout
related features such as dark count noise, cross talk or charge sharing are implemented
[SmM16].

T9 experimental area

Disc DIRC Barrel DIRC

trigger 1 SciTill U veto + trigger 2 /

MCP-TOF 2

MCP-TOF 1

il 1/

TCC 1+2

e

Figure 6.1: The experimental setup inside the T9 experimental area. The sizes of the detectors are

not to scale.

6.2 Setup
6.2.1 Components

The 2015 Disc DIRC prototype had a position about 190 cm downstream of the end of the
beam pipe at T9. The first MCP-TOF station was located about 22 m further upstream even
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Figure 6.2: Upstream view of the 2015 testbeam setup extracted from CAD (left) and photographed
onside (right).
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Figure 6.3: Close view of the ROMs coupled to the radiator extracted from CAD (left) and pho-
tographed on-site (right). The top (bottom) ROM is equipped with the Hamamatsu (PHOTONIS)
sensor and contains one (two) fused silica FEL.

before the Threshold Cherenkov Counter (TCC). Between the beam pipe and the EDD pro-
totype a first trigger station was located. After the Disc DIRC prototype the SFT followed
before the Barrel DIRC prototype. At the end of the testbeam area a second trigger station,
the FLASH detector and the second MCP-TOF station were installed (see figure 6.1). In
comparison to previous prototypes the 2015 Disc DIRC prototype consisted of relatively
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few but high-quality components such as the optical parts and the MCP-PMTs with highly
segmented anodes which meet the requirements of the final detector (see figure 6.2). A
square radiator provided by Nikon (see section 4.3 for more details) and three FEL-prism
pairs which were manufactured by Berliner Glas (see section 4.4) made up the optical sys-
tem which for the first time consisted of fused silica components only. The coupling of the
optics was done using Cargille optical gel code 0607 [COG607] (see section 4.6).

In total two semi-equipped ROMs were used in the setup as shown in figure 6.3. One ROM
consisted of one FEL which was coupled with the prism via optical contact bonding, two
plastic dummies and a Hamamatsu MCP-PMT with 6 x 128 pixels. The other ROM con-
sisted of two remaining FELs which were coupled to the prisms using NOA-61 and Epicol
348990, one plastic dummy and a PHOTONIS MCP-PMT with 3 x 100 pixels. Both sensors
are candidates for the final detector and have been further investigated regarding their gain

and their performance in a magnetic field [Riel6].

[ Hamamatsu inside ROM o

—

\ b |
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plastic dummy | | alignment screws |

grounding

Figure 6.4: Setup of a ROM. The top left shows a fully equipped ROM with one FEL and the Hama-
matsu sensor. The bottom left is a photograph of the back side of the PHOTONIS sensor with the
PCB and flex cables attached. The right picture was extracted from CAD and shows all relevant
components used for the ROMs.

Figure 6.4 shows different views of the ROMs including images extracted from a CAD
drawing. The pins which carry the electric signals to the back side of each MCP-PMT are
connected to a custom-made Printed Circuit Board (PCB). This board reroutes the channels
and contains soldered plugs for flex cables which process the signal to the PaDiWa boards
[Neil3] which are plugged into another set of PCBs which are mounted onto the light-tight
Disc DIRC cover (see figure 6.5). The PaDiWa boards amplify and discriminate the signals
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before they are forwarded to the TRBv3 via LVDS cables. Due to technical limitations not all
available channels could be read out. In case of the PHOTONIS MCP-PMT only 80 channels
per column were read out. The central column as well as the remaining channels in the two
outer columns were grounded. In case of the Hamamatsu sensor only 2 x 64 channels were
read out which correspond to the top half of the two central columns. Because of the acute
angle between the focal plane of the FEL and the prism, the MCP-PMT position had to be
shifted upwards which means that some channels lay outside the image on the focal plane

and very flat Cherenkov angles cannot be detected.

flex cables

LVDS cables —
MCP
PMT

TRBv3 PC

g

—

MCP
PMT

[

flex cables

Trigger

Figure 6.5: Bottom: DAQ scheme for the 2015 testbeam. The number of boards and cables does not
correspond to the real setup. The top left photograph shows a view through the radiator where the
flex cables are connected to the feedthroughs which are integrated into the downstream cover. The
top right shows an upstream view of the detector placed on the x-y-stage. The PaDiWa boards are

plugged to the outside of the feedthroughs.
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6.2.2 Installation

As the first step the radiator was fixed inside its frame. For this purpose four connectors
which are coated with foam and fit into the cut-outs at the four corners of the radiator were
used. Afterwards the ROMs were prepared. The flex cables were connected to the back
side of the PCBs and the unconnected plugs were grounded. Next the FEL-prism pairs
were put into their respective positions. As each ROM could house three FEL-prism pairs
empty positions were equipped with plastic dummies as placeholders which was necessary
to properly mount the fused silica optics. Before the sensors were added the ROMs were
pre-mounted to the radiator for alignment. For this purpose the ROMs were fixed on the
precision tracks and screwed onto a base plate which was connected to the frame. A laser
was coupled into the far side of the radiator to imitate the path of the Cherenkov photons
and is aligned such that the beam reflects off both sides of the gap between the radiator and
the prism (see figure 6.6). If the ROM is not properly aligned two spots are visible on the
focal plane of the FEL. The ROM is then aligned using three alignment screws inside the
base plate which allow to tilt the ROM such that the spots coincide.

entry WlndOW\

defocusing

laser dlsplacement i

radiator

Figure 6.6: The drawing illustrates the defocusing that is caused by misaligning the ROM with re-
spect to the radiator. To align the ROM properly a laser is coupled into the radiator such that the
beam reflects off both sides of the gap between the radiator and the prism (here drawn as red and
blue lines). The ROM is aligned when both lines coincide on the focal place. The width of the entry
window is taken into account by adding a glass plate with the same thickness.

Next the ROM was dismounted to add the MCP-PMT. The MCP-PMT was fixed inside the
sensor mount and optical grease was applied to the FEL. Afterwards the loaded sensor
mount was mounted on the ROM housing and carefully contacted with the FELs. The gap
between the MCP-PMT and the FEL was adjusted by four sensor screws. The complete
ROM was then remounted on the base plate. The correct position was provided by the
alignment screws whose positions were fixed. The reproducibility of the alighment was
checked during earlier tests by remounting the sensor without a MCP-PMT. In order to
contact the ROM with the radiator optical grease was applied to the prism surface facing

the radiator and the ROM was slowly guided towards the radiator over the precision tracks.
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After the contact was initiated the ROM was pressed against the radiator using a spring-
loaded plunger (see also 6.4). On the side of the radiator which was opposite to the ROMs
a fiber coming from a PiLas (Picosecond Laser) was coupled to the radiator. Next the flex
and high-voltage cables for the MCP-PMTs were connected to the corresponding plugs and
the prototype housing was closed and sealed by screwing plastic walls to the outer frame
and adding black tape to the lateral faces.

Due to the height of the beam pipe two setups were used during the test beam. A first
setup used a fixed angle of 11.2° between the beam and the normal of the radiator. With
this setup the x and y position of the prototype could be altered within a restricted area (see
left part of figure 6.7). In the second setup the prototype was lifted by a crane and placed
on a concrete block with a rotary table on top. For this setup the position of the beam was

fixed but the angle of incidence could be changed.

Setup A: fixed angle 11.2° Setup B: variable angle
43.4 245.0 up
7 ~ 7 0 N
< <
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LINOA | i N 21 NOA
scanable area
\_ /_. \ /
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view downstream

Figure 6.7: The figure shows the setups that were used during the testbeam. The left setup A was
fixed at a beam angle of 11.2° but allowed a free movement of the detector to position the beam
inside the scanable area. The right setup B had a fixed beam position but allowed a variable beam
angle of incidence. The number next to the horizontal lines corresponds to the distance of the center
of the FELs to the lower edge of the radiator in mm. The PHOTONIS column which is coupled to
the FEL/prism with NOA-61 bonding is called PHOTONIS A or outer column whereas the column
with the epoxy bonding is called PHOTONIS C or inner column.

6.3 Calibration and Data Quality
6.3.1 Laser Calibration

The installed PiLas was used as a photon source to set the thresholds of the individual

channels and allowed to calibrate the timing of the signals. Whereas the thresholds were
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set using an automated routine provided by the TRBv3 system the time calibration was
done offline in preparation for the presented analysis. Although a start time is given by
the leading edge of the first MCP-TOF station the time-of-propagation of the signal varies
for every channel. By calibrating the timing it is possible to apply a narrow time cut for all
channels and check the consistency of the data acquisition offline. The procedure is carried

out by the following scheme:
e Choose a channel with high statistics (reference channel).

e For each channel: Find the mean of the difference f,.; ; between the time of the leading
edge of the channel of interest t.,;; and the reference channel t,.¢ (where i stands for

the channel of interest).

e To eliminate the shift caused by different times of propagation and signal processing

tre1; can be subtracted.

N same PaDiWa N different PaDiWa
r Entries 151652 0.05/— Entries 147418
0121~ Mean -2.595¢-08 L Mean -1.898¢-08
S RMS 3.278e-10 C RMS 6,06e-10
01— Chi2/ndf 0.002502/5 - Chi2/ndf 0.001173/5
s Prob 1 0.04— Prob 1
r Constant 0.1257 - Constant 0.049
0.08— Mean -2.614e-08 C Mean -1.884e-08
N Sigma 8.93%-11 0.03— Sigma 1.273e-10
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Figure 6.8: The left plot shows a single peak with a time resolution of 89.4 ps. The plotted channel is
connected to the same PaDiWa board as the reference channel. The right plot contains three peaks
which are separated by 1ns and shows a channel which was connected to a different PaDiWa board

than the reference channel.

Due to firmware problems the TRBv3 system was not running reliably which led to missing
events in several detectors. Furthermore missing edges in the timing signal did not allow
a time-over-threshold measurement and therefore time-walk corrections were not possible.
In case of the Disc DIRC prototype it was planned to use the MCP-TOF system for external
PID but even at lower momenta no clean separation was possible and the statistics were
drastically reduced. In figure 6.8 the time resolutions for two channels with respect to a
reference channel are shown. The left plot shows a prominent peak with small background
where the mean can be determined by a Gaussian fit. In comparison to the left plot in figure
6.8 the channel in the right plot is processed by a different PaDiWa. Here three peaks are
visible at intervals of roughly 1ns. In this case the central peak with the highest amplitude

is chosen and a Gaussian fit applied to determine the mean. This behavior could be obser-
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Laserdata, relative timing mean [ns]
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Figure 6.9: The plot shows the relative timing of all channels with respect to different reference

channels (plotted on the x axis). Reference channel 02_28 did not record data which results in a shift

of 0 ns for all channels.
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Figure 6.10: The plot contains the same data basis as shown in figure 6.9. In comparison to the

previous plot each channel was shifted by £, ; for a chosen reference channel such that all channels

have the same relative timing mean. In a second step the mean of each column was calculated and

subtracted from each entry which should result in a completely green distribution if all channels

were perfectly calibrated.
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ved for almost all channels which were processed by a PaDiWa different from the reference
channel and must be traced back to issues with the TRBv3 firmware. The problem could
not be fixed until the end of the May 2015 beam time but was solved for a second beam
time during July 2015 which was done without the presence of the Disc DIRC prototype
[Lhm15].

Laserdata, relative timing mean (shifted) [ns]
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Figure 6.11: Relative timing with shifts applied for all recorded laser runs. Sequenced runs show a

similar shift as they are using the same settings.

To check the consistency of this procedure and the overall performance .. ; was calculated
for all channels using various reference channels. Figure 6.9 shows the result for selected
reference channels. This plot already reveals bad channels such as the reference channel
02_28 which does not contain any data. For the remaining channels the data shows a rea-
sonable behavior. This becomes clearer if one subtracts the individual channel mean f;
of a fixed reference channel for each entry. After this each column should be more or less
uniform in color in the two-dimensional histogram which means that the time of arrival of
the leading edge is now calibrated. The difference between the columns is now given by the
relative timing between the reference channels. Therefore, in a second step, a mean for each
column is calculated and subtracted from its entries. In case of a perfectly working detector

all entries should now have the same color in the two-dimensional histogram which is the
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case for most of the channels as can be seen in figure 6.10. The actual pattern suggests that
besides some channels which are dark blue or red the timing is working within an interval
of 10ns. However, it seems that there are some instabilities which are connected with the
multiple peak structures shown in figure 6.8.

During the testbeam campaign different setups were tested regarding the voltage settings
of the photo sensors, the threshold settings of the individual channels and also the PaDiWa
boards that were used. After each change laser runs were recorded to allow a calibration
of the data if needed. In the style of the previous plots the relative time of arrival of the
leading edge was calibrated for each run using the same reference channel of the same run.
This technique allows to exclude strong deviations or bad runs from the analysis. Figure
6.11 gives an overview for the available laser data. It can be clearly seen that the runs at
the very left, which correspond to the very first runs of the testbeam, and in the middle are
not in agreement with the rest. In case of the runs between file 39121846 and 39122047 the
thresholds for the channels were intentionally set by hand to test if the automatic routine to

set the thresholds is working reliably.

6.3.2 Additional Offline Calibration

The additional offline calibration applies the calibration to the beam data and aims at fur-
ther improving the data quality. In figure 6.12 three different versions of the relative leading
edge versus channel number are plotted for one Hamamatsu column. The data contains all
10GeV/c runs in order to have the highest statistics and a good coverage of all relevant
channels. Due to low statistics all channels below 40 are excluded from the analysis (the
same behavior was observed for the neighboring Hamamatsu column and the outer PHO-
TONIS column). In addition the channels 50 and 70 do not operate properly. Almost all
channels show a periodic pattern at intervals of several ns which has been seen by other de-
tectors as well. Both problems were not observed outside the testbeam environment when
the MCP-PMTs were tested and have to be attributed to the previously mentioned firmware
error [Lhm16b].

The top left plot shows the distribution if no additional calibration is applied and hence the
means vary for each channel. The top right plot uses the information gained with the laser
calibration by subtracting f.; for each channel which leads to a narrower distribution of
the means. In order to further reduce the time cut width an additional calibration step was
applied by centering the mean values for each channel as shown in the bottom left plot of
figure 6.12. In the bottom right plot the projections for each calibration method are shown
at an angle of incidence of 8°.

As a next step, the corresponding time cuts were determined to reduce the background

which comes from dark counts or scattered light. For each angle and MCP-PMT column a
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Figure 6.12: The plots show the leading edge of the relative timing (f., — t.ef) without any correction
(upper left), with laser calibration (upper right), with laser calibration and additional signal calibra-
tion (lower left). The histograms in the lower right plot show a projection of all three options at an
angle of incidence of 8°. Two channels above channel 40 are not working properly for this sensor
column. No channel below 40 is used in the analysis. The periodic pattern which causes a cluster of

events every 7 ns is caused by a firmware error of the TRB system.

signal region was defined. Therefore the accumulated channel distribution with a coarse
time cut was fitted by a Gaussian and all events which lay inside a 3¢ region around the
mean value were treated as signal events whereas the remaining events are background.
Then all possible time cut intervals around the relative time distributions were evaluated
and the interval at the highest signal bin was chosen which simultaneously had the lowest
background contribution. Figure 6.13 contains an illustration of this method in the top row.
The central row shows the influence of a relative timing on the timing distributions. The
left plot contains the coarse timing which is more than 10ns wide. In comparison to the
coarse timing the relative timing which takes into account the first MCP-TOF station nar-
rows down the signals and hence the intervals of interest which helps to reduce the back-
ground. Finally the bottom row shows the channel distributions for the events selected as
signal and rejected as background. The background distribution is mostly flat and contains

no clear peak at the signal position. Both plots again suggest to remove events below chan-
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Figure 6.13: The top row displays the determination of the time cuts at an angle of incidence of
6°. Events within 30 around the mean of the peak in the channel distribution are counted as signal
events whereas the rest is treated as background. The central row shows the time of the leading
edge without (left) and with the first MCP-TOF station as a start timer (right). Without the MCP-
TOF station the reference time was taken from the physics trigger. The final time cuts are indicated
by dashed lines. The bottom row shows the signal events which lay within the cuts (left) and the
background events that are rejected by the time cuts (right). All three methods lead to a similar

result.

nel 40. All methods show a similar purity of the signal. The width of the time interval
for the uncalibrated signal was selected to be 12ns whereas for the signal calibrated event

selection the width was narrowed down to 8ns. The timing plays only a minor part in the
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Figure 6.14: The histograms show the time resolution for a channel of the Hamamatsu sensor (left)
and the PHOTONIS sensor (right). In both cases the achieved time resolution is approximately
500 ps.

data selection at the current stage. As shown in figure 6.14 the time resolution amounts to
500 ps which is the combination of the MCP-TOF and the time resolution of the prototype.
Because the time-over-threshold information was missing time-walk corrections could not
be applied. The final detector envisages a time resolution of less than 100 ps [Mer14b].

After the calibration was completed overview plots have been created to check the sanity

of each set of runs. The following observations were made:

e The photon yield for the PHOTONIS channels is much lower than for the Hamamatsu
which is mainly caused by the applied high voltage settings.

e Especially the outer column of the PHOTONIS which was equipped with the FEL-
prism pair that was bonded using NOA-61 shows very low statistics. This was ex-

pected due to the measurements shown in section 4.4.2.2.
e Some runs have very low statistics (see below).

In order to find the source of the low number of hits the available data for each run was
checked on a single event basis. Figure 6.15 gives a detailed overview of the available data
for different runs for a 10 GeV/c angle scan between 6° and 9°. A continuous recording
of Cherenkov hits can be obtained over the whole period of data taking. The stepwise
decrease of the black line can be explained by the acceptance which becomes smaller for
higher angles of incidence. If a relative timing is required to apply the previously discussed
cuts to reject background hits the leading edge of the first MCP-TOF station must be avail-
able. Besides a reduced number of recorded events there are periods where no particles
were detected by the MCP-TOF. During some periods the interval of time-of-arrival of the
leading edge is shifted by about 30 ns. This shift can be corrected for but is also an exam-

ple of the problems that arose from the malfunctioning DAQ. In case of an external PID
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Figure 6.15: Data quality for 10 GeV/c runs at angles of incidence between 6 and 9°. The black line
corresponds to the total number of events where the Disc DIRC prototype recorded at least one hit.
The number of events decreases stepwise as the acceptance of the ROMs becomes smaller for higher
angles of incidence. The red line corresponds to events where an additional leading edge in the
MCP-TOF is registered. The plot clearly shows that the system did not work continuously and in
some periods a large shift of about 30ns (dashed lines) was recorded. The availability of a signal
from both MCP-TOF stations (green line) would reduce the number of events by another factor of
two. The blue line corresponds to events recorded with the TCC and violet correspond to events
requiring both, TCC and TOF.

information based on the time-of-flight of the particles the second MCP-TOF station has to
be included. This requirement lowers the number of events by another 40%. Furthermore
the external PID information is corrupt because many events are shifted by multiples of
5ns at both MCP-TOF stations. This creates ambiguous peaks that do not allow a particle
identification even at low momenta. A second option for an external PID signal was given
by two pre-installed TCCs. The threshold velocity for the emittance of Cherenkov light can
be adjusted by the gas pressure inside the tanks. In the presented runs for 10GeV/c the
TCCs are supposed to record a hit for every pion that traverses the detectors. As can be
obtained from figure 6.15 the data taking worked continuously but with a low efficiency. A
look at data with lower momentum and comparison with selected MCP-TOF signals and

Cherenkov data suggests that the PID information of the TCCs is not reliable as well. For
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Figure 6.16: Recorded photon hits for a 10 GeV/c run at 14° on the outer (left) and inner PHOTO-
NIS column (right). The colored histograms use only events where a leading edge from the first
MCP-TOF station is available and are selected using the time cuts. The black histograms use the

physics trigger only and are selected by a coarse time cut. Hence the background cannot be rejected

efficiently.
Xplate late beam | focus .

setup [;m] [yrf\m] Opeam [GpeV/c] [m] description
A 200 196.7 11.2° 5 oo | HV scan
A 200 196.7 11.2° 2-10 +9.5 | momentum scan
A 200-300 | 125-196.7 11.2° 5 oo | transversal scan
B 245 260 | 5—15° 10 oo | angle scan at 10GeV/c
B 245 260 | 0 —20° oo | angle scan at 5GeV/c
B 245 260 | 0 —20° oo | angle scan at 3GeV/c

Table 6.1: Summary of the measured scans during the 2015 test beam. Setup A corresponds to a

fixed angle of incidence whereas in setup B the angle can be varied but the beam position is fixed.

this reason the presented analysis only uses the leading edge of the first MCP-TOF station
for a relative timing of the events and does without external PID.

To not lose the runs where the MCP-TOF part did not record proper data it was decided to
also take data without external timing information into account. Therefore the data was se-
lected by a coarse time cut without demanding a leading edge time from the first MCP-TOF

station. In figure 6.16 this coarse distribution is plotted along with the calibrated data sam-
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ple. With this method one gains more events in the signal region but also has to deal with
higher background. As this analysis mostly aims at the single photon angular resolution at
the different MCP-PMT positions the background plays only a subordinate role and can be
included in the fit. This method is especially useful in case of the outer PHOTONIS column
which has very low statistics in comparison to the other columns.

Table 6.1 summarizes the main measurements that were carried out during the 2015 test
beam. With the exception of the transversal scan, which was done to coarsely check the
behavior of the detector before one changed to setup B (see figure 6.7), all measurements

are explained in more detail in the following section.

6.4 Analysis
6.4.1 Photon Yield
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Figure 6.17: Photon yield at 5GeV/c at different high voltage settings for both sensors. The lines
correspond to events with 1, 2 or 3 recorded pixel hits per column. The black horizontal lines at the

right side of the plot represent the numbers obtained by Monte-Carlo simulations.

The photon yield is an important quantity for the Disc DIRC performance as the resolu-
tion of the mean Cherenkov angle scales with the detected number of photons per charged

particle track once the wavelength range is fixed. Besides the phenomena and defects that
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lead to an actual loss of photons in the optical system further effects can cause a reduc-
tion of the recorded number of photons. In connection with an MCP-PMT the quantum
efficiency gives the probability of a photon to be converted into an electron inside the pho-
tocathode. Furthermore the so-called collection efficiency describes the probability that a
generated photoelectron produces enough secondary electrons which reach the anode layer
to generate an electric signal. The number of secondary electrons and hence the gain can be
controlled by the high voltage applied. At last the threshold settings in the data acquisition
determine which pulses are forwarded. In case of the PHOTONIS sensor the maximum
high voltage given by the data sheet amounts to 2800 V whereas the Hamamatsu sensor
needs a high voltage of up to to 3600 V. During a 5GeV/c run four different high voltage
settings were used for each sensor to compare the photon yield as shown in figure 6.17.
Although the collection efficiency value for the Monte-Carlo simulations was set to be only

30% the measured photon yield is clearly below the anticipated number of photons.
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Figure 6.18: The flow diagram schematically illustrates the data selection for beam and Monte-Carlo
data. In case of the Monte-Carlo data no additional time cut is applied as the spread is small in

comparison to the time cut interval of the beam data.
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The data format for the Monte-Carlo and the beam data differs hence different selection
methods had to be applied for the analysis (see figure 6.18). In case of the beam data
a MCP-TOF signal has to be available. As shown in the previous section 6.3.2 only this
method allows to efficiently reduce the background. Then every channel is checked for
signals within a wide time interval (coarse time cut) which are hit candidates. The time of
these signals is then corrected and has to lie within the narrow time cut interval to be regis-
tered as a Cherenkov photon hit. In case of the Monte-Carlo data selection a pixel position
is calculated for each hit. Next a collection efficiency of 30% is applied and the hit might
be rejected. If it is not rejected the algorithm checks whether the pixel has already been hit
during this event and in case is has not been hit the Cherenkov photon hit is registered. This
step was introduced because without a proper time over threshold measurement multiple
photon hits on one pixel cannot be distinguished from single hits. The time spread of the
simulated Cherenkov hits is smaller than the chosen time cut interval for the beam data this
is why no additional time cut has been applied.

Although the Hamamatsu sensor with 3550V is used at 96% of its maximum voltage the
photon yield has not yet saturated and lies about a factor 2 below the Monte-Carlo expec-
tation. In case of the PHOTONIS MCP-PMT the sensor was used only up to 87% of its
maximum voltage and hence has an even lower photon yield. The statistics for 2-photon
and 3-photon events are very low which means that only in rare cases more than one hit
is registered in one sensor column during a single event. Therefore it is not possible to de-
rive a more sophisticated interpretation of the data using Poisson statistics. The possibility
that the photon yield is negatively influenced by problems with the DAQ system cannot be
excluded. It will be one of the major tasks for future testbeam campaigns to make out the

source of the deviation in the number of photons and to verify the predicted photon yield.

6.4.2 Momentum and Transversal Scan

The first scans were done with setup A which had the prototype fixed to an angle of in-
cidence of 11.2°. Horizontal and vertical scans were used to preliminarily verify the cor-
rect behavior of the prototype. For this purpose the relative positions and widths of the
Cherenkov photon distributions was checked. As the longitudinal distance between the
beam and the prism grows the width of the distribution becomes smaller whereas for a
larger lateral distances the width of the distribution increases. At the same time the po-
sition between the prism and the beam determines apg;, which shifts the position of the
Cherenkov photon distribution on the MCP-PMT anode (see section 3.3.3). Next a mo-
mentum scan was performed at a fixed position which is plotted in figure 6.19 along with
Monte-Carlo data. The runs below 4GeV/c did not collect sufficient data. The particle

fractions used in the Monte-Carlo data were set according to predictions shown in [Gat15].
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Figure 6.19: Summary plot for the momentum scan. The top plot contains the mean positions of the
fitted photon distribution for each sensor column (colored squares) and their standard deviation/
single photon resolution (corresponding error bars). The lines and shaded areas correspond to the
mean value and standard deviation of the Monte-Carlo generated distributions. The lower plot
again shows the single photon resolution in mrad for each momentum (colored squares) along with
the Monte-Carlo predictions (lines).

The amount of protons in the beam rises almost linearly from about 35% at 4 GeV /c to 70%
at 10GeV/c. In case of the pions their fraction falls from 60% to 25% in the same region. The
contributions for kaons is only about 5%. The Cherenkov angles for the different hadrons
differ less at higher momenta why the measured single photon resolution becomes smaller.
The single photon resolution is determined by the standard deviation ¢ of a Gauss fit to
the Cherenkov photon distribution which is recorded on the MCP-PMT anode. As no re-

liable external PID was available the distribution was most of the time fitted by a single
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Gaussian function although the distribution is technically a superposition of two individ-
ual distributions (three if the kaons are included). This method was also chosen because the
distributions are only few channels wide which leaves few degrees of freedom in case of a
more complex fit function.

Because of the position of the beam the individual single photon distributions for the dif-
ferent hadrons strongly overlap. An exception is the PHOTONIS A at 4 GeV/c where the
pion and proton peak are nicely separated and only the pion peak is fitted which results
in a drop regarding the single photon resolution. Considering the circumstances of a miss-
ing external PID and no precise beam information regarding its exact position and shape a

good agreement between beam data and Monte-Carlo can be observed.

6.4.3 Angle Scans
6.4.3.1 10 GeV/c Angle Scan

The angle scan at 10 GeV /¢ contains the highest statistics and has the advantage of overlap-
ping Cherenkov angle distributions for protons and pions. Their Cherenkov angles differ
by less than 4 mrad which corresponds to 1.14 (1.46) pixels or channels on the PHOTONIS
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Figure 6.20: The Cherenkov photon distribution for the PHOTONIS A (outer column) at a beam
angle of incidence of 11° during the angle scan at 10GeV/c.
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Figure 6.21: The Cherenkov photon distribution for the PHOTONIS C (inner column) at a beam

angle of incidence of 6° during the angle scan at 10GeV/c.
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Figure 6.22: The Cherenkov photon distribution for the Hamamatsu MCP-PMT column at a beam

angle of incidence of 7° during the angle scan at 10GeV /c.
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(Hamamatsu) anode. Furthermore protons are 3.5 times more frequent than pions.

During the scan the angle of incidence was manually set by a rotary table. It was equipped
with a nonius scale which allows to adjust the prototype with an accuracy of 0.5 mrad. The
data selection was done as in the previously described studies. The PHOTONIS (Hama-
matsu) MCP-PMT was operated at 2450 V (3450 V) which corresponds to 87.5% (95.8%) of
its maximum voltage. Figures 6.20-6.22 show single photon distributions for all three sen-
sor columns and different angles. Each plot shows the measured photon distribution (black
circles with error bars) and the corresponding Gaussian fit (red line) which is used to de-
termine the resolution. The blue histogram in the background corresponds to Monte-Carlo
data. The sensor column and Angle-Of-Incidence (AQOI) is written below the legend. The
MC norm value is an additional scale factor applied on the Monte-Carlo data in order to

match the beam data inside the histogram.
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Figure 6.23: The plot shows the predicted single photon resolution for the Hamamatsu sensor at
10GeV/c (blue line). The dashed lines correspond to the single photon resolution if the beam is
shifted by 5mm. The triangular data points point to the four direction of the shift. Left and up

corresponds to positions closer to the FEL.

A look at these numbers reveals that the number of detected photons for the PHOTONIS C
column is about 15 times below the yield for the Hamamatsu column which is caused by
low high voltage settings of the PHOTONIS MCP-PMT. In case of the PHOTONIS A the
output drops by another factor of 10 due to the bad optical coupling between the prims
and FEL. Otherwise a good agreement between beam and Monte-Carlo data is reached

regarding the achieved single photon resolution. In the case of the PHOTONIS A and the
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Figure 6.24: Overview plot for the 10 GeV/c angle scan. The top panel contains the mean positions
of the fitted photon distribution for each sensor column (colored squares) and their standard devia-
tion/ single photon resolution (corresponding error bars). The lines and shaded areas correspond to
the mean value and standard deviation of the Monte-Carlo generated distributions. PHOTONIS A
values are shifted downwards by 5 channels to give a better overview. The middle panel shows the
deviation of the mean values with respect to the Monte-Carlo prediction (colored squares). The bot-
tom panel compares the fitted resolution of the beam data (squares) to the Monte-Carlo data (lines).
The values for the PHOTONIS A were determined without a relative timing. The shaded areas in
the middle and bottom part correspond to the possible deviation of the mean and the standard de-
viation of the fitted Cherenkov distribution due to a shift of the beam spot within a radius of 5mm

and a variation of the beam diameter of £5mm. This band also gives a coarse estimation of the
systematic uncertainty.
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Hamamatsu columns some channels show a large deviation from a smooth distribution.
This can be traced back to the threshold settings of the individual channels which were
set automatically during laser runs. Except for the PHOTONIS A column the background
is small compared to the signal peak. The best single photon resolution is reached by the
PHOTONIS C with 5.7 mrad at 8° because its lateral distance to the beam spot is the smallest
with 10 mm. It is important to mention that the difference in the measured single photon
resolutions primarily depends on the geometry of the setup. A bad channel or threshold
setting is only a second order effect. In case of the PHOTONIS A column only photons
with wavelengths above 350 nm were taken into account due to the NOA-61 glue joint (see

section 4.5).
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Figure 6.25: The measured single photon resolutions at 10 GeV /c with (continuous line) and without

(dashed line) MCP-TOF information obtained by a Gaussian fit with constant background.

An overview of the 10 GeV /c angle scan is shown in figure 6.24. It consists of three plots
which show the channel overview, the position of the mean and the single photon reso-
lution for all measured angles of incidence (AOI) and all available sensor columns. The
top plot contains the mean positions (squares) and standard deviations (error bars) of each
Gaussian fit to the beam data. The continuous line and the shaded band correspond to the
Monte-Carlo values. In the second plot the difference between the mean of the beam data
and Monte-Carlo is drawn (squares). The shaded bands indicate the maximum variation
of the mean value if the beam is shifted by +5mm in x- and y-direction and its diameter is
varied by £5 mm. The deviations are partly driven by the nonius scale. The third plot again

shows the measured single photon resolutions (squares) along with the Monte-Carlo values
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(continuous lines) and the maximum variation due to different beam parameters (shaded
areas). An example of the impact of the beam on the single photon resolution is shown in
figure 6.23. The continuous line corresponds to values which are obtained with the mea-
sured position whereas the dashed lines are shifted beam positions at which the triangle
points to the direction of the shift. As expected the resolution becomes smaller if beam is
positioned closer to the prism laterally (red triangles) or farther longitudinally (turquoise
triangles). In addition the exact beam profile and size was neither precisely known nor was
a sufficient measurement available. In figure 6.24 one can also see that the impact is differ-
ent for each sensor. In case of the PHOTONIS C the variation is small as the beam is almost
perpendicular with respect to the prism and FEL. Here the best agreement was reached be-
tween data and Monte-Carlo as well.

As mentioned in section 6.3.2 the analysis can be done without a narrow time cut by ignor-
ing the MCP-TOF information. This is especially interesting for runs or columns with low
statistics such as the PHOTONIS A. Figure 6.25 compares the single photon resolutions that
are obtained with (continuous lines) and without (dashed lines) using the MCP-TOF for a
relative timing. In case of the PHOTONIS C the resolution is slightly worse with spikes at
7 and 9° whereas the PHOTONIS A and Hamamatsu do not show a consistent behavior
between the two selection methods. Different to the overview plot from figure 6.24 also the

statistical errors from the Gaussian fits are included in this plot.
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Figure 6.26: 2-photon resolution between the inner PHOTONIS and Hamamatsu columns at a beam
angle of incidence of 6° during the angle scan at 10GeV /c.
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Besides the single photon resolution the so-called 2-photon resolution is used to check the
detector performance. It is defined as the difference between the hit positions of two differ-
ent sensor columns during a single event. In comparison to the single photon resolutions
errors which are connected to the smearing of the beam or the uncertainty of the beam po-
sition are correlated and partly cancel. Due to the low statistics this analysis was done for
hits in the Hamamatsu and PHOTONIS C only. In the rare case that a column recorded
more than one photon a mean was calculated. Figure 6.26 shows the 2-photon resolution at
an angle of incidence of 6°. Again the beam data is represented by black circles with error
bars and the Monte-Carlo is drawn as a blue histogram in the background. An overview of
all available angles is shown in figure 6.27. Besides the results for the individual 2-photon
resolutions the quadratic addition of the single photon resolutions /03,5 + 04, .., is plot-
ted.

For the available data no improvement in case of the 2-photon resolution can be obtained as
the width of the distribution is dominated by other error sources. Within the large statistical
error bars the measured data points agree with the Monte-Carlo predictions. However, all
measured values lie above the corresponding simulated data points. All measured single

and 2-photon resolutions are summarized in table 6.2.
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Figure 6.27: Overview plot for the 2-photon resolution at 10 GeV /c. The continuous line and squares
are the standard deviation of the fit of the 2-photon distribution. The dashed line and crossed data
points correspond to the sum of the individual single photon resolutions.
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single photon resolution [mrad]
AOQOI 27 res. [mrad]
PHOTONIS A PHOTONIS C Hamamatsu

5° - 6.67 £ 0.17 12.30 £ 0.04 119 +47
6° - 5.82 +0.08 11.53 £+ 0.05 14.3 +4.8

7° - 6.09 £ 0.07 10.28 £ 0.05 144+ 438
8° - 5.68 £+ 0.07 12.78 £ 0.06 174 £5.6
9° - 6.97 £ 0.09 11.51 £ 0.06 183 £ 6.7
10° 10.57 £1.48 6.23 £ 0.07 10.49 £ 0.05 140 £ 44
11° 6.8 +04 591 £+ 0.05 - -
12° 6.9=£0.3 6.06 £ 0.05 - -
13° 75+04 6.31 £ 0.09 - -
14° 109 £ 0.6 729 £0.13 - -

Table 6.2: Overview of the the measured single and 2-photon resolutions at 10 GeV/c as plotted in
figure 6.24 along with the corresponding statistical errors. The values for the PHOTONIS A column

are determined without MCP-TOF information.

6.4.3.2 5 GeV/c Angle Scan

The second angle scan was done at a beam momentum of 5GeV/c. The scan was done
with 2° steps between 0° and 20°. Due to the coverage of the available channels of the
MCP-PMT the measurements below 6 and above 14° did not show any Cherenkov photon
distribution. At5GeV/c the separation between the means of the pion and proton distribu-
tion corresponds to 16.0 mrad which converts into 4.6 channels for the PHOTONIS and 5.9
channels for the Hamamatsu MCP-PMT. For this reason a fit with a single Gaussian is not
advisable. However, due to low statistics and high fluctuations of some channels the two
Gaussian fits did not converge properly unless strict boundary conditions were manually
applied. Figure 6.28 shows the Cherenkov photon distribution on the PHOTONIS C at a
beam angle of incidence of 10°. The black circles with error bars represent the measured
data whereas the blue histogram corresponds to Monte-Carlo data. The red dashed lines
represent the fitted individual Gaussians distributions. The same was done for the Hama-
matsu sensor (see figure 6.29). Although the fitted functions and simulated distributions
show some agreement and consistency the data points are fluctuating strongly.

Without external PID the 5GeV/c angle scan does not serve as benchmark scan for the

detector performance und is shown for the sake of completeness.



150 6.4 Analysis

0.035} . — MC |
— data

0.030 |- T — fit |
“ | PHOTONIS C

0.025} I .
AOI = 10°

0.020 MC norm = 0.0022-

0.015

N (normalized) x 100

0.010

0.005

0.000
20

channel no.

Figure 6.28: The Cherenkov photon distribution for the PHOTONIS C (inner column) at a beam

angle of incidence of 10° during the angle scan at 5GeV /c.
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Figure 6.29: The Cherenkov photon distribution for the Hamamatsu sensor column at a beam angle

of incidence of 8° during the angle scan at 5GeV/c.
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6.4.3.3 3 GeV/c Angle Scan

The 3 GeV/c angle scan was done analogously to the previously presented 5GeV/c angle
scan. The difference between the Cherenkov angles for pions and protons at this momen-
tum amounts to 44.3 mrad or 12.7 (16.2) channels in the PHOTONIS (Hamamatsu) MCP-
PMT which should result in two clearly separable peaks on the MCP-PMT anode.

1400 ' e
— MC

1200 — data |
— fit

1000 [-PHOTONIS C .

5 AOI = 14° A
S 800} §
E T proton (MC) = 7.80 mrad (6.32 mrad)
S 0pion (MC) = 7.17 mrad (6.79 mrad)
£ 600} i
= s.p. = 5.23 (6.33)
400
200
0
20

channel no.

Figure 6.30: The Cherenkov photon distribution for PHOTONIS C (inner column) at a beam angle
of incidence of 14° during the angle scan at 3 GeV/c. The values in parentheses were obtained by a
Monte-Carlo simulation.

Figure 6.30 shows the Cherenkov photon distribution on the PHOTONIS C. As expected
two individual peaks can be recognized. The smaller peak around channel 55 comes from
the proton fraction of the beam whereas the Cherenkov photons that form the larger peak
at channel 67 were emitted by pions. At the momentum of 3 GeV/c pions are about twice as
frequent as protons which was considered in the Monte-Carlo. In case of the Hamamatsu
column (see figure 6.31) the separation is not as clear due to the larger width of the indi-
vidual peaks which is caused by the positioning of the FEL-prism pair relative to the beam.
However, the measured data matches well the Monte-Carlo prediction. The data base of
the presented plots does not use a relative timing from the MCP-TOF which increases the
available statistics. Therefore in both cases a constant background was added to the Monte-

Carlo data sample.
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Figure 6.31: The Cherenkov photon distribution for the Hamamatsu sensor column at a beam angle
of incidence of 10° during the angle scan at 3 GeV /c. The individual Cherenkov photon distributions

for pions protons (left peak) and pions (right peak) are drawn as dashed lines.

In principle the Disc DIRC prototype is able to provide PID on a single photon base at low
momenta. For both figures the separation power (s.p. or n,) is added to the plot. It is

calculated according to [Merl14b]

. |pn —.”p|

Ny = , (6.1)
7 Hox+0y)

where y; is the mean of the Cherenkov photon distribution for the particle type i and o;
the corresponding standard deviation. In case of the PHOTONIS C column a separation
power of 490 and better was reached. The separation power for the Hamamatsu column
was calculated to be 3.60 (see figure 6.31). Table 6.3 contains the single photon resolutions
0 and 0, between 8 and 14° for both peaks along with the measured separation power ,,.
The values are consistent and in good agreement with the Monte-Carlo predictions.

Figure 6.32 summarizes the results for the 3 GeV/c angle scan. In comparison to figure 6.24
for the angle scan at 10 GeV/c the values for the mean and the standard deviation (single
photon resolution) correspond to the pion peak only. However, the values are similar to the
results during the 10 GeV/c angle scan where the Cherenkov photon distributions almost

completely overlap.



6 Testbeam Analysis 153

80 )i [ 1 ]
— PHOTONIS A . X

70H — PHOTONISC| . . .. . . &
— Hamamatsu

channel

A mean [mrad]

o [mrad]

hadron beam AOI [°]

Figure 6.32: Overview plot for the 3 GeV/c angle scan. The top part contains the mean positions of
the pion’s fitted photon distribution for each sensor column (colored squares) and their standard de-
viation/ single photon resolution (corresponding error bars). The lines and shaded areas correspond
to the mean value and standard deviation of the Monte-Carlo generated distributions. PHOTONIS
A values are shifted downwards by 5 channels to give a better overview. The middle part shows the
deviation of the mean values with respect to the Monte-Carlo prediction (colored squares). The bot-
tom part compares the fitted resolution of the beam data (squares) to the Monte-Carlo data (lines).
The values shown were determined without a relative timing. The shaded areas in the middle and

bottom part correspond to the possible deviation (see also figure 6.24).
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AOL PHOTONIS C Hamamatsu
0r [mrad] | 0, [mrad] Oy 0y [mrad] | 0, [mrad] o8
8° 7.39 6.48 5.1 11.98 10.77 3.5
10° 7.42 7.35 5.6 12.41 10.40 3.6
12° 6.41 7.00 5.8 - - -
14° 7.17 7.80 4.9 - - -

Table 6.3: Overview of the measured single photon resolutions for the pion and proton peak from
the 3GeV/c angle scan. The third column for each sensor contains the measured separation power

ng for the two peaks.

6.5 Interpretation and Summary

The prototype for the 2015 testbeam was the first to use high quality components for the
photon transport and detection which satisfy the demands for the final detector. All optical
components were made of fused silica and MCP-PMTs with highly segmented anodes were
used for the detection of Cherenkov photons. Unfortunately the envisaged TOFPET ASIC
readout [Rol13] was not yet available for the data acquisition. It was replaced by the TRBv3
system which, due to firmware problems, did not provide a reliable timing. Therefore ex-
ternal PID and time walk correction was not available.

Different scans at different momenta were performed to verify the detector resolution. Most
data was collected during an angle scan at 10GeV/c were a good agreement between
Monte-Carlo and beam data was achieved. The single photon resolution for the inner PHO-
TONIS column was measured to be as low as 5.68 mrad where the main contribution comes
from the spot size of the hadron beam. Although measured with low statistics the 2-photon
resolution showed a reasonable behavior and was in agreement with the Monte-Carlo data.
In case of the 3GeV/C angle scan a clear separation of the pion and proton peak could be
observed with a separation power above 5¢. This measurement was mainly done without
a start time coming from the MCP-TOF which increased the number of signal events but
added a flat but non-negligible background. However, in this connection already a wide
time cut allowed to reduce the anyhow small background to a minimum level.

The presented analysis underlines the capabilities of a Disc DIRC detector and verified the
single photon resolution for the performed scans. Key to an improvement is a better read-
out system including a good understanding of the individual channel efficiencies which
in case of this analysis was a main reason for the measured deviations in the single pho-
ton resolution values. Also the position of incidence of the hadron is crucial for a further
improvement of the single photon resolution. In this respect either a dedicated tracking

system or a more narrow beam is required.



7 Summary and Outlook 155

7 Summary and Outlook

The work in hand was written in the context of constructing a novel Cherenkov detector for
efficient 71/ K separation inside the PANDA experiment at the future Facility for Antiproton
and Ion research (FAIR) at Darmstadt, Germany. The experimental setup including a brief
presentation of its components and the envisaged physics program was presented in chap-
ter 2 followed by an introduction to particle identification techniques in chapter 3. Here
different detector concepts were discussed with a focus on Cherenkov detectors. The last
section of this chapter gave an elaborate introduction to the evolution and final design of
an Endcap Disc DIRC (EDD) for PANDA along with a detailed description of its working

principle.

The optical system, thoroughly presented in chapter 4, is a key component of any DIRC
detector. It has to provide a low-loss and angle-preserving transport of the Cherenkov
photons which requires highly transparent materials with high demands on their surface
quality. In section 4.2 a new material, NIkon Fused Silica (NIFS), was introduced and tested
for radiation hardness. Irradiations with a ®*Co-source with 1000 and 5000 Gy did not show
a significant reduction of the transmission above 300 nm which makes this material suitable
for DIRC applications inside PANDA and other high energy physics experiments. Further-
more a long-term study regarding the recovery potential of the material was carried out
showing an exponential behavior in the self healing process. This implicates that state-
ments regarding the radiation hardness of fused silica have to consider long-term effects if

probes are exposed to radiation doses in a comparably short time.

The radiator is the largest active detector part of the Disc DIRC and at the same time has
to fulfill tight constraints regarding its geometry and surface quality. The corresponding
specifications were presented in section 4.3 along with different methods to verify them ex-
perimentally with in-house measurements. In this context the flatness of the surface was
one of the main concerns regarding the system performance. The developed setup can be
used to scan the profile of a large radiator with a sub-um precision and derive the relative
slope between the surfaces with a sub-urad precision. Measurements of two prototype ra-
diators helped to understand the influence of the polishing process on the radiator profile

and the specifications could be improved according to these findings.

Prisms extend the radiator and are coupled to the Focusing Elements (FELs). Both com-
ponents were introduced in section 4.4 along with their specifications. The imaging quality
of available full-scale prototypes was evaluated with a custom setup and compared to theo-
retical predictions. All components showed the expected performance. For further tests two

FELs and prisms were manually bonded using a UV-curing adhesive and a two-component
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epoxy. A third FEL-prism pair had already been coupled via optical contact bonding which
showed the best performance in a subsequent scan. It is recommended to outsource the glu-

ing of the FEL-prism pairs and use optical contact bonding to obtain the best result possible.

In the remaining sections of chapter 4 different filter options and optical joints were dis-
cussed. The existing list of options to reduce the chromatic error due to dispersion and to
keep the number of photons at a reasonable level in order to provide sufficient live time of
the photosensors was enlarged by a new type of photocathode for the MCP-PMTs which
has the highest quantum efficiency in the visible green spectrum. The calculations reveal
that it might be sufficient to use this so-called green photocathode and do without addi-

tional filters.

The question of how the Disc DIRC can be mechanically integrated had previously not been
addressed and in the context of this thesis a conceptual design was developed in chapter 5.
It accounts for the different demands: radiation hardness of the components, low material
budget, a safe mounting of optical components and a feasible assembly. One of the main
decisions was to build a rigid optical system which is aligned during the assembly by glu-
ing the ROMs to the radiator and that fits into the tight available volume. Different parts of
the conceptual design were integrated into a new prototype which aside from implement-
ing custom mechanical structures allows an easy access and improved protection of optical

components during test experiments.

A prior prototype with fused silica optics and highly segmented MCP-PMTs was tested
during a beam time with a mixed hadron beam at CERN in May 2015. Chapter 6 presented
the corresponding analysis which includes a laser calibration and several scans for differ-
ent parameters like the beam angle of incidence or the beam momentum. Especially in case
of the single photon resolution a good agreement between the collected data and Monte-
Carlo predictions could be reached. During the 10 GeV/c angle scan a new lower limit for
the single photon resolution of 5.68 mrad was set. In addition the prototype showed a 7t/ p

separation above 5¢ at 3 GeV/c on a single photon level.

Future testbeam campaigns are expected to further reduce the lower limit of the single
photon resolution by using narrower beams or dedicated tracking of the traversing parti-
cles. In addition the measured number of photons has to be in agreement with Monte-Carlo
simulations for any position on the radiator. The final 7r/K separation can only be shown
with a full size prototype. However, if the single photon resolution and the photon yield are
well understood all relevant parameters for the functionality of the detector are identified.
En route to a fully equipped quadrant which can be mounted inside the PANDA detector

several details have yet to be worked out. For example the concepts of the mechanical in-
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tegration have to be transferred into a detailed design. In this connection it is required to
have additional information on the readout system which is under development in parallel

to this thesis work.

From a mechanical point of view the feasibility of reducing the number of ROMs per side
from nine to eight should be evaluated. On the one hand this decreases the costs for the
detector and clears space for a proper mounting, especially in case of the radiator and the
MCP-PMTs which is beneficial for a safe operation. On the other hand such a setup reduces
the number of photons per event. As the EDD will deliberately limit the detected number
of photons this number can be manipulated by the choice of an optical filter which is more
transparent towards higher wavelengths to not increase the chromatic error. However, this
would cause a higher integrated anode charge on the MCP-PMTs. Taking into account re-
cent measurements which indicate an acceptable quantum efficiency of the MCP-PMTs far
above an integrated anode charge of 5C/cm? and changes regarding the integrated lumi-
nosity of PANDA due to a delayed SIS-300, this setup could have the potential to perform

according to the demands for the anticipated 7r/K separation.

In the context of optical filters the green photocathode, whose quantum efficiency peaks
at the visible green spectrum, seems like a promising substitute for the currently proposed
system of a blue photocathode paired with a optical bandpass or edge filter. It is highly
suggested to further investigate this option in terms of Monte-Carlo simulations but also

regarding the lifetime of the photocathode.

The findings in connection with the quality of the optical components are essential for the
technical design of an Endcap Disc DIRC detector inside PANDA and can hopefully encour-
age other groups which are either dealing with complex optical geometries or evaluating
to use such for other detector systems. Furthermore the possibility of providing particle
identification even on a single photon level shows the capability of this detector type and

might be of interest for future applications as well.
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Figure A.1: Fine horizontal scan of the Nikon prototype radiator at different x positions as indicated

in the legend. Data was obtained with the measuring setup facing the other side of the radiator as

in figure 4.34.
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Figure A.2: In comparison to 4.29 the measurement was done facing the opposite side of the radiator.

The propagation of the erroneous pixel measurement can be clearly followed in the subsequent
plots.
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Figure A.3: Same plots as shown in the top row of figure A.2 but for the vertical positions of the
reflections on the CCD-chip which is used as input for subsequent plots in the right column of
figure A.2.
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Figure A.4: Fine horizontal scan of the old prototype radiator at different y positions as indicated in

the legend (compare figure 4.31).
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Figure A.6: Same plots as shown in the top row of figure A.5 but for the vertical positions of the
reflections on the CCD-chip which is used as input for subsequent plots in the right column of
figure A.5.
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Figure A.7: Fine vertical scan of the Nikon prototype radiator at different x positions as indicated in

the legend (compare figure 4.34).
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Figure A.8: Transmission for 417/60 nm BrightLine® single-band bandpass filter for angles of inci-
dence between 2° and 24° degrees.
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List of Acronyms

ALD Atomic Layer Deposition

AOIl Angle-Of-Incidence

APPA Atomic, Plasma Physics and Applications
ASIC Application-Specific Integrated Circuit
BoPET Biaxially-oriented PolyEthylene Terephthalate
CAD Computer-Aided Design

CBM the Compressed Baryonic Matter experiment
CCD Charge-Coupled Device

CR Collection Ring

CTS Central Trigger System

DAQ Data Acquisition

DIRC Detection of Internally Reflected Cherenkov light
dSiPM digital Silicon Photomultipliers

DVCS Deep Virtual Compton Scattering

EDD Endcap Disc DIRC

EMC ElectroMagnetic Calorimeter

FAIR Facility for Antiproton and Ion Research
FDIRC Focusing DIRC

FEA Finite Element Analysis

FEE Front-End Electronics

FEL Focusing ELement

FEM Finite Element Method

FS Forward Spectrometer

FSC Forward Spectrometer Calorimeter

GDA Generalized Distribution Amplitude

GEM Gas Electron Multiplier

GPD Generalized Parton Distributions
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GSI Gesellschaft fiir Schwerlonenforschung

GUI Graphical User Interface

HEM Hard Exclusive Meson production

HESR High Energy Storage Ring

HL High Luminosity

HR High Resolution

HV High Voltage

HV-MAPS High Voltage Monolithic Active Pixel Sensor
LAAPD Large Area Avalanche Photo Diode

MaPMT Multianode PhotoMultiplier Tube

MC Monte-Carlo

MCP MicroChannel Plate

MCP-PMT MicroChannel Plate PhotoMultiplier Tube
MCS Multi Coulomb Scattering

MDT Mini Drift Tube

MP Mounting Plate

MVD Micro Vertex Detector

NBOHC Non-Briding Oxygen Hole Center

NIFS Nlkon Fused Silica

NOA Norland Optical Adhesive

NuSTAR Nuclear STructure, Astrophysics and Reactions
ODC Oxygen-Deficient Center

PANDA antiProton ANnihilation at DArmstadt

PCB Printed Circuit Board

PID Particle IDentification

PiLas Picosecond Laser

PMT PhotoMultiplier Tube

PV Peak-to-Valley
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PWO lead tungstate

QE Quantum Efficiency

QCD Quantum ChromoDynamics

QED Quantum ElectroDynamics

RESR Recycled Experimental Storage Ring
RH ROM Housing

RICH Ring-Imaging CHerenkov

RMS Root Mean Square

ROM ReadOut Module

SC Stabilizing Cross

SFT Silicone Fiber Tracker

SODA Synchronization Of Data Acquisition
STT Straw Tube Tracker

TCC Threshold Cherenkov Counter

THM Technische Hochschule Mittelhessen
TIFF Tagged Image File Format

TOF Time Of Flight

TOFPET Time-Of-Flight Positron Electron Tomography
TOP Time-Of-Propagation

TORCH Time Of internally Reflected CHerenkov light
TRB Trigger and Readout Board

TS Target Spectrometer

TTV Total Thickness Variation

UV UltraViolet

VPTT Vacuum Photo TeTrode
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