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Zusammenfassung

Diese Arbeit trigt groRe Anteile fiir die Entwicklung, Installation und Uberwachung
der auf FPGAs basierenden Auslese der neuen DiRICH boards im HADES, CBM und
mCBM Experiment bei. In letzterem wird weiterhin eine Analyse der aufgenomme-
nen Daten in der Strahlzeit Kampagne des Jahres 2020 durchgefiihrt.

Das HADES und CBM Experiment sind fixed target Schwerionen Experimente an
der GSI, Helmholtz Zentrum fiir Schwerionen Forschung in Darmstadt/Deutschland,
bzw. an der kiinftigen Facility of Antiproton and Ion Research (FAIR). Das HADES Ex-
periment ist ein weltweit bekanntes Experiment am SIS18 Beschleuniger der GSI und
wird, zusammen mit dem Compressed Baryonic Matter (CBM) Experiment, den CBM
Pfeiler von FAIR bilden. Beide Experimente haben unter anderem das Ziel, Dielektro-
nen und deren Spektren in unterschiedlichen Energiebereichen zu vermessen. Der
Ring Imaging Cherenkov (RICH) Detektor, welcher in beiden Experimenten als Subde-
tektor zum Einsatz kommt, ist essentiell fiir die saubere Identifizierung von Elektro-
nen. Der HADES RICH Detektor wurde mit einem neuen Photonendetektor basierend
auf MAPMTs ausgestattet. Dafiir wurde neue Ausleseelektronik entwickelt, die fiir
CBM an SIS100 genutzt werden wird. Die zum Einsatz kommende DiRICH Ausleseelek-
tronik basiert auf der TDC Messung von MAPMT Signalen in den FPGAs der DiRICH
boards.

Die vorliegende Arbeit fokussiert sich auf das Upgrade des HADES RICH mit MA-
PMTs und der neuen DiRICH Auslese. Die Verwendung von 428 MAPMTs mit 856
DiRICH boards verbessert die Effizienz der Elektronen Identifizierung und Erkennung
von Doppelringen erheblich. Weiterhin dient dieses Upgrade als Prototyp fiir den Test
der CBM RICH Ausleseelektronik. Die Stromversorgung und die Uberwachung des
RICH Detektors wurden entsprechend angepasst und erneuert. Der aktualisierte
HADES RICH Detektor lieferte in der Ag+Ag Strahlzeit bei 1.58 AGeV im Méirz 2019 her-
vorragende Ergebnisse.

Ein zweiter Prototyp, basierend auf der gleichen DiRICH Elektronik wie der erneu-
erte HADES RICH, ist fiir das mCBM Experiment entwickelt worden. Das mCBM Exper-
iment ist ein Prototyp-Experiment fiir das zukiinftige CBM Experiment um die gemein-
same, kontinuierliche Auslese der Detektoren sowie online Analyse Algorithmen zu
testen. Ein spezieller mRICH Prototyp wurde mit einem neuen Auslesekonzept en-
twickelt, konstruiert und in Betrieb genommen. Die Auslese, basierend auf dem bekan-
nten TrbNet Netzwerk, wurde auf das Konzept der kontinuierlichen Auslese angepasst.
Das Auslesekonzept des mRICH in Phase-I von mCBM wurde des weiteren fiir Phase-II
mit der ersten Implementierung der Auslese auf der finalen CBM Hardware weiteren-
twickelt. Die Weiterentwicklung beinhaltet unter anderem grundlegende Anderungen
im Datentransport und der Steuerung der Datenauslese.

Die Daten aus der Phase-I Strahlzeit von mCBM des Jahres 2020 wurden unter Beach-
tung der Funktionalitit des Detektors und der Synchronisation zu anderen Subdetek-
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toren analysiert. Hervorragende zeitliche und raumliche Korrelationen zwischen dem
mRICH und dem mTOF Detektor wurden herausgearbeitet und in allen Details in dieser
Arbeit dargestellt. Eine zusatzliche Analyse der mRICH Ringe und der Hits wurde
durchgefiihrt und belegt das zuverlédssige Verhalten des mRICH Prototyp-Detektors in
einer Umgebung der kontinuierlichen Auslese.

Am Ende der Arbeit konnte in einem ersten Teststrahl auch eine erste Version der
Phase-II Auslese mit einer Synchronisierung zu allen anderen mCBM Detektoren er-
folgreich in Betrieb genommen werden.
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Abstract

This work contributes large parts to the development, installation and monitoring of
the FPGA based readout of the new DiRICH board in the HADES, CBM and mCBM ex-
periments. In addition, an analysis of data taken in the 2020 mCBM beamtime cam-
paign is performed.

The HADES and CBM experiments are fixed target heavy ion experiments at the
GSI Helmholtz Centre for Heavy Ion Research in Darmstadt/Germany respectively at
the upcoming Facility of Antiproton and Ion Research (FAIR). HADES is a well estab-
lished experiment at the SIS18 accelerator of GSI and will be completing the future
Compressed Baryonic Matter (CBM) pillar of FAIR together with the CBM experiment
at SIS100. Both experiments aim for the measurement of di-electrons and their spec-
trum in different energy regimes. The Ring Imaging Cherenkov (RICH) detector, a sub-
detector in both experiments, is allowing for clean electron identification. The HADES
RICH detector has been upgraded with a new photon detector based on MAPMTs. New
front end electronics have been developed which will also be used for CBM at SIS100.
The DIiRICH FEE is based on TDC measurement of MAPMT signals in a FPGA on the
DiRICH board.

The presented work focusses on the upgrade of the HADES RICH with a new pho-
todetection plane based on MAPMTs and DiRICH readout. The use of 428 MAPMTs
with 856 DiRICH boards is opening up new capabilities in the electron identification
for the HADES experiment and is in parallel a large scale prototype test of the CBM
RICH detector electronics. The powering scheme as well as the monitoring of the RICH
is upgraded to match the new electronics. The full upgraded HADES RICH performed
excellently in the march 2019 Ag+Ag beamtime at 1.58 AGeV.

A second prototype, based on the same DiRICH electronics as the upgraded HADES
RICH, has been developed for the mCBM experiment. The mCBM experiment is a
prototype experiment of the future CBM experiment for the test of the common free-
streaming readout and online analysis algorithms. A dedicated mRICH prototype has
been designed, constructed and commissioned with a new readout concept, based on
the known TrbNet network and adapted to the free-streaming environment. The read-
out concept of mRICH in phase-I of mCBM is further developed towards phase-II with
the first implementation of the readout concept on the final CBM hardware. The new
development includes i.a. major changes in the data transport and the handling of the
readout.

The data from the phase-I beamtime 2020 of mCBM is analysed in terms of the read-
out performance as well as the synchronisation to the other sub-detectors. Excellent
time- and spatial correlations between the mRICH and mTOF detectors are found and
described in detail in this work. An additional analysis of the mRICH rings and the
hits is performed in detail and shows the reliable behaviour of the constructed mRICH
prototype detector in the free streaming environment.
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Finally, in a first test beam, a first version of the phase-II readout with full synchro-
nisation to the other mCBM detectors could successfully be brought into operation.
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1 CHAPTER 1. INTRODUCTION

CHAPTER ]‘
Introduction

Since the earliest days of humanity people are searching for the origin of everything.
After thousands of years of thinking, guessing and believing, science gives nowadays
the possibility to really measure and explain the state where everything began. From
the theory point of view, a very successful model of describing the fundamental parti-
cles and forces was developed and tested in many experiments.

The Standard Model of particle physics with its theories of Quantum Chromodynamic
(QCD) and Quantum Electrodynamics (QED) are able to predict and explain many of
the phenomena that are observed in nature. Nevertheless the Standard Model can not
explain everything and has to be extended to explain at some point all observed phe-
nomena.

The interaction of elementary particles in a condition as approximately 10 us after the
big bang can be recreated in the laboratory by heavy ion collisions and the formation of
aquark gluon plasma. On the other hand heavy ion collisions could help to improve the
understanding of neutron stars and neutron star mergers in the laboratory as many of
the conditions are quite similar. Several experiments could measure important prop-
erties of the collisions of heavy ions and help to explain the basic structure of known
matter.

1.1 The Standard Model

The Standard Model of particle physics is the most successful model describing all
elementary particles and interactions of these particles. The model was developed
as a renormalizable relativistic quantum field theory, defined by a local

SU@3)e x SU(2)1, x U(1)y

gauge symmetry.

These three factors of the gauge symmetry give rise to the fundamental interactions
in the Standard Model of particle physics. It describes three of the four fundamental
forces in nature which are transmitted by (virtual) exchange bosons (spin = 1). Until
nowadays the gravitational force with the graviton as gauge boson could not be in-
cluded into the model.

The Standard Model includes 12 fermions, 4 exchange bosons representing the fun-
damental forces and the higgs boson.
The 12 fermions (spin 3) are divided into two groups, the leptons and the quarks, which
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are again grouped into three families. Each family member has charges: electromag-
netic, weak and/or color charge. One of the two quarks per family has an electromag-
netic charge of + % and one has a charge of — % The resulting families in the quark sec-
tor are up and down, strange and charm, as well as top and bottom quarks. These dif-
ferent types of quarks are being called flavour. As these are also carrying color charge
the quarks are interacting with the electroweak as well as with the strong interaction.

The three generations of leptons are divided into electrons, muons and taus with
their neutrino partners v,, v, respectively v.. Electron, muon and tau are carrying an
electrical charge (-1) and are therefore interacting with the electroweak force. In con-
trast to quarks, they are not carrying a property called color charge and do not interact
with the strong interaction which is coupling to the color charge of a fundamental par-
ticle.

Neutrinos are in a very prominent position as they are electrically neutral and carrying
no color charge. They are only interacting weakly.
The masses of the neutrinos can only be given by an upper limit (see Figure 1.1).

For each lepton and fermion an anti-particle exists. It has the same mass, the same

spin but opposite charge.

Fermions Bosons

t

m: 172.9 GeV

1 0
ZO

m: 91 GeV

m:<2eV m: < 0.2 MeV m: < 20 MeV

Figure 1.1: Schematic drawing of the fundamental particles of the Standard Model and
their families with mass, charge and spin [1].

1.1.1 Electromagnetic Interaction

Interactions in the Standard Model are described by the exchange of particles, the
gauge bosons. The range of the forces is defined by the mass of these bosons.

The gauge boson of the electromagnetic interaction is the mass-less photon ~ which
gives the force a range to infinity. The electromagnetic boson is coupling to electric
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charge and consequentially the photon, which is electrically neutral with J©¢ of 17,
is not coupling to itself but to electrically charged particles as e.g. electrons.

The coupling constant « is given, at least at small momentum transfers, by approxi-
mately 1/137 [1].

The electromagnetic interaction is described by the Quantum Electrodynamics
(QED) represented by the symmetric U(1) group. The Lagrangian density shows the
invariance under gauge transformation of the QED and is given by

1
£QED = w (i’y“D# — m) w — ZFW,F‘LW (1.].)

with D, = op + iqA,(z) and F,,(z) = 0,A,(x) — 0,A,(x). A, is the vector poten-
tial [2].

The Lorentz invariance and the local gauge invariance results in the existence of a
coupling and also defines the coupling. From the symmetry and its Noether current j*
the electric charge Q can be identified as

3" = qytp Q= / da’j°(x) (1.2)

in the QED [1, 2].

1.1.2 Weak Interaction

The weak interaction is mediated by a neutral current and a charged current. The
charged current interaction is transported by the two charged gauge bosons W' and
W~. The neutral current is transported by the electrically neutral Z° gauge boson. The
corresponding charge is called the weak charge and carried by all fermions as well as
the gauge bosons of the weak interaction. Therefore they can interact with each other.
The three gauge bosons of the weak interaction are massive with approximately 80 GeV
respectively 91 GeV [1]. The coupling constant ayy of the weak interaction is in the same
order of the fine structure constant a. Nevertheless the weak interaction is a short
range interaction (at momentum transfer ¢ much smaller my) due to the mass of the
gauge bosons that is directly influencing the propagator term of the interaction as m;.

The charged weak current interaction is the only flavour changing process in the
Standard Model of particle physics. It gives the possibility to couple an up-type quark
to a down-type quark or to couple a charged lepton to its partner neutrino.

In the lepton sector only transitions within a family with a universal coupling strength
are allowed. This, together with the non-zero neutrino masses, finally also results in
neutrino oscillations.

In the quark sector the universality of the coupling is not hold any more and the
W= bosons can change the quark flavour even between families. All up-type quarks
can change into all down-type quarks. The change of the flavours was introduced by
Cabibbo, Kobayashi and Maskawa with the 3x3 unitary CKM-Matrix that is specified
by three Euler angles and one phase angle [3, 4]. The CKM Matrix rotates the mass
eigenstates of the d, s and b quarks into flavour eigenstates d), s’ and b’. The unitarity of
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the Matrix hence gives back a uniform coupling strength between the up-type states u,
¢, t and the rotated states d), s’, b’. The rotation allows only coupling between up-type
states and the corresponding flavour eigenstates (e.g. ud’) [2, 5].

The charged currents are maximal parity and charge conjugation violating as the
W= boson is only coupling to left-handed particles and right-handed anti-particles. The
possibility of CP-violation is assigned to the imaginary phase of the CKM Matrix.

Neutral weak currents are mediated by the Z° boson. They are coupling to electric
charge and do not change masses. Like the charged currents, they are violating parity
and charge conjugation [5, 6].

1.1.3 Electroweak Unification

A great step towards the grand unification of all forces could be done by the unifi-
cation of the electromagnetic and weak interaction of Glashow-Salam-Weinberg [7-9].
Glashow-Salam-Weinberg based their theory on the introduction of a weak isospin and
a weak hypercharge.

Knowing that three massive bosons and a massless boson are needed, a group for the
generation of mass and a U(1) for the electromagnetic interactions are needed in the
global gauge group.

A weak isospin Iy is introduced by a SU(2), symmetry group and a U(1)y group
is introduced by a weak hypercharge Yy resulting in a global gauge symmetry group
SU(2);, xU(1)y. The electrical charge is there defined as ) = I3 + % [2].

1

All left-handed chiral fermions are grouped together to isospin doublets Iy = 3 (18’;) =
+1) to connect to the SU(2) gauge bosons. All right handed chiral fermions are grouped

to SU(2) singlets of Iy, = 0 respectively to the family and quark generations.

Three (22-1) of the massless gauge bosons are arranged in the weak isospin triplet
(W', W2, W3) and one into a weak hypercharge singlet (B°).
Introducing a mixing between the triplet and the singlet by a 2x2 matrix and the corre-
sponding Weinberg angle Oy, connects the B and W? massless bosons to the neutral
physical bosons Z° and +. The parameter Oy is a running constant that is measured in
experiment and leading to the unification at high g?.
The W! and W? are identified as the W+ and W~ bosons.
Three of the massless bosons are gaining mass by a spontaneous symmetry breaking
via scalar Higgs fields and finally resulting in the known particles W+, W—, Z° and the
massless 7.
The non-zero vacuum expectation value of the Higgs field is resulting in the existence
of a Higgs-boson [2, 5, 6].

1.1.4 Strong Interaction

Gluons are the gauge bosons of the strong interaction and are introduced by the Quan-
tum Chromodynamics (QCD). The QCD is a quantum field theory of a SU(3) symmetry
group [1, 2, 5, 6].

Each of the six known quarks can carry a color charge of either red (r), green (g) or
blue (b), respectively the anti-color anti-red (7), anti-green (g) or anti-blue (b) for the
anti quarks. Leptons do not carry color charge and are consequently not participating
in the strong interaction.
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Figure 1.2: Combined world data on the coupling constant of the strong interaction
ag [1]

The gluons as the gauge bosons are coupling to color and anti-color. As a consequence
of the fact that the SU(3) is a non-abelian gauge symmetry gluons are self-interacting.
They are carrying color and anti-color at the same time.

As no free quarks or colored hadrons (bound states of the strong interaction) were
ever observed, quarks are always bound together to color neutral ("white") objects. The
phenomena of quarks being always bound together to color-less objects is called con-
finement [2, 5].

The well known bound objects are baryons and mesons. Baryons are build from three
quarks or three anti-quarks. The valence quarks are colored as rgb to be color neutral.
The most important baryons are the protons and neutrons as they are the baryons
forming the matter on earth.

Mesons are objects formed by two quarks: a quark and an anti-quark. They are color
neutral as a combination of a color and a corresponding anti-color is also color neu-
tral.

Other more exotic combinations of quarks that are color-neutral as well are possible
too, e.g. the tetraquark [10].

The introduction of a local SU(3) color invariance creates N2-1 = 8 gauge fields, re-
sulting in 8 gauge bosons - the gluons.
The complete Lagrange density of the QCD [2] is

Ne Ny

N 1 a aurv
Locp = Z quc (iv*D,, —myg) qfe — = F, F* (1.3)

4= m
c=1 f=1
with a field strength tensor of

Fi, = 0,A5 — 0,A% + g fanc AL A (14)
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The self interaction of gluons produces divergences in higher orders of the pertur-
bation theory that are renormalized and results finally in a running coupling constant
ag. agis decreasing with increasing momentum transfer Q? (small distances) resulting
in higher precision of the theory with higher Q2. The decreasing of o to a vanishing
coupling strength in the limit of Q* — oo is called asymptotic freedom. At asymptotic
freedom (zero distance) the quarks are moving freely (compare Figure 1.2).

For lower Q? the coupling is rising, such that perturbation theory is not applicable any-
more and other methods are needed [2, 6].

The coupling can be described by
1

043(“) ~ Boln (A#Q )

QCD

(1.5)

with f, = 11 — 2N;/3 and Agep ~ 0.2GeV for Ny = 4 which is determined empiri-
cally [11].

1.2 Chiral Symmetry Breaking

Protons are baryons with a measured mass of 938.272 081 + 0.000 006 MeV and have
a quark content of uud [1]. The mass of the up and down quarks are given by m, =
2161039 MeV and my = 4.675 5 MeV [1].

Calculating the mass of the proton just by the pure quark content gives
Mod = 2 % My +my = 8991582 MeV

Even assuming the highest mass of the quarks, the quarks contribute only 1.07 % to the
measured proton mass. The hadrons gain most of the mass by a process called chiral
symmetry breaking.

In the limit of vanishing quark masses the QCD exhibits a chiral symmetry. Left
and right handed quarks transform independently under ¢/ = 5 (1 £ 75) ¢ [11].
The resulting flavour symmetry U(N;), xU(Ny)z can be decomposed as

U(Ny)r x U(Ng)r = SU(Ny)L x SUNg)r x U(1)y x U(1)4 (1.6)

where the SU(Ny),, x SU(Ny)r is the chiral group. The U(1)y is an exact symmetry
and implies baryon number conservation.

In chiral symmetry the left- and the right-handed quarks decouple completely. The
Lagrangian of the QCD (see Equation 1.3) is invariant under global SU(3) flavour rota-
tions of the left and right handed quarks. In case of a chiral symmetry the spectral
functions of a vector and an axial vector meson should not diverge. Furthermore the
masses of the chiral partners have to be the same.

Measurements of the spectral function of the chiral partners p (J¥=17) and the a,
(J¥=1%) via a mass spectrum from the OPAL collaboration in hadronic T decays (see
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Figure 1.3: Experimental measurements of the vector and axial-vector spectral functions
in hadronic T decays by the OPAL collaboration [12].

Figure 1.3) indicate a chiral symmetry breaking as the two distributions differ signif-
icantly. The mass difference of both distributions is on the order of the mass of the
p-meson. This large discrepancy is not explainable by the explicit breaking of the sym-
metry due to a finite current quark mass of below 10 MeV for the light quarks.
Comparing the quark masses to the scale of QCD (Agcp) of around 200 MeV one can
still speak of an approximate symmetry.

The solution is a spontaneous breaking of the chiral symmetry. The symmetry is
realised in higher states but in the ground state (i.e. vacuum) the symmetry is not re-
alised any more. A non-vanishing vacuum expectation value has to exist. For chiral
symmetry breaking we define a chiral quark condensate [11]:

(0]qql0) = —(0.23 £ 0.03GeV)* = —1.6fm > (17)

The existence of a chiral quark condensate allows the transformation of e.g. left-handed
quarks into right-handed quarks via the annihilation with left handed antiquarks from
the quark condensate. The left and right handed quarks are no longer decoupled.

Figure 1.4 depicts the principle of spontaneous symmetry breaking. The left side of

the figure shows a potential with its ground state positioned in the middle. The ground
state of the potential as well as the potential itself are symmetric (invariant) under ro-
tations.
The right side shows a "Mexican Hat" potential with a ground state at finite distance to
the center of the potential. The center of the potential is a local maximum surrounded
by a valley of a minima. As the ground state is obviously lying at some position in the
valley of minima, the rotation symmetry is broken whereas the potential itself is still
symmetric.

In the picture of chiral symmetry the existence of a non-vanishing vacuum expecta-
tion value of the scalar quark condensate generates massless Goldstone bosons 7 and
a massive o meson. In the case of 2 flavours the Goldstone bosons are identified with
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Figure 1.4: Mechanical example of spontaneous symmetry breaking. (left) A symmetric
potential with its ground state in the center. (right) The potential is still symmetric under
rotations. The ground state is spontaneously broken as the ball chooses a minimum of the
potential that is not in the center of the potential. In contrast to the radial excitations a
rotation in the potential costs no energy [13].

the pions. As we inspect a 3 flavour case (u-, d- and s-quarks) the Goldstone bosons will
create the mesons of the scalar meson octet.

The existence of a non-vanishing mass of the pions in nature can be understood
in terms of the QCD chiral symmetry being only approximate, as the masses of the
up-, down- and strange-quarks are very small but non-vanishing. The small but non-
vanishing quark masses are breaking the symmetry in addition explicitly. An extremely
useful link between the hadron observables and the current quark masses is given by
the Gell-Mann-Oaks-Renner relations (GOR) [13, 14]

m2 = —f2 (m) (0|@u + dd|0) (1.8)

where f, is the pion decay constant. The GOR-relation can serve as an indicator for
the strength of the symmetry breaking and quantify it by the chiral quark condensate
as one parameter.

|<qg>p 1|

Y,T,p-beams

RHIC SIS18
SIS100 (FAIR)

Figure 1.5: Temperature and density dependency of the chiral condensate expectation
value based on NJL model calculations. The colored areas indicate the regions accessible
by A+A collisions at different accelerator facilities. Figure adapted from [15, 16].
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Figure 1.6: (left) Vector and axial vector spectral functions as measured in hadronic

T decays from the ALEPH collaboration [17]. (right) Schematic scenarios for chiral
symmetry restoration in matter [18].

The dependence of the quark condensate expectation value can be calculated in the
Nambu-Jona-Lasinio (NJL) model [16]. Figure 1.5 shows the density and temperature
relation of the quark condensate based on NJL model calculations.

Starting from a vanishing temperature and density of the matter, the expectation
value of the quark condensate is at maximum. An increase of the density as well as tem-
perature results in a vanishing of the quark condensate. The blueish area in Figure 1.5
indicates the region of the SIS18 experiments as HADES and FOPI, but also mCBM. The
region at higher densities will be investigated by the CBM experiment at FAIR. In the
SIS energy region the chiral condensate is already partially melted, showing that chi-
ral symmetry is also partially restored. As RHIC and LHC are investigating matter at
low density but high temperature, the decrease of the chiral condensate is behaving
slightly differently. For LHC energies a region is reached, where the chiral condensate
is nearly vanished.

The chiral condensate is not directly experimentally observable. A possibility of
measuring the chiral condensate is given by QCD sum rules. Integration over hadronic
spectral functions (i.e. axial and vector) give a connection between the chiral conden-
sate and the hadronic observables [18].

Figure 1.3 and Figure 1.6 (left picture) are both showing the results of the measure-
ment of the a; and p spectral function of the OPAL and ALEPH collaborations. The devi-
ation of both spectral functions of the chiral partners and the resulting gap in mass are
nicely observed in both experiments. Moving to a region in the phase diagram where
chiral symmetry breaking is restored and the chiral condensate is vanishing, the spec-
tral functions are predicted to change its shape and converge to each other, resulting
in the same mass for both chiral partners. From theory calculations a dropping mass
or a mass broadening (melting resonance) is discussed, but experimental results from
the last years are favouring the broadening mass scenario [19, 20] (see Figure 1.6, right
figures).
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1.3 Heavy lon Collisions and the Quark-Gluon Plasma

Heavy ion collisions are a perfect tool to achieve conditions in the laboratory with high
temperatures and/or high baryon densities such that quarks can not exist as nuclear
matter in hadrons anymore. In the limit of asymptotic freedom deconfinement of the
hadronic matter is expected and may be leading to a new form of matter of quasi-free
moving quarks and gluons, the Quark-Gluon Plasma.

Energy Stopping Hydrodynamic
Hard Collision Evolution Hadron Freezeout

Initial State

Figure 1.7: The time evolution of a heavy ion collision. The Lorentz contracted ions
(left) collide. In the overlap region between both ions first hard collisions take placee with
large stopping and high enrgy density. This phase is going over to a hydronamic evolution
of quarks and gluons (middle). In the final state the particles freezeout to hadrons (right).
[21]

Heavy ion collisions and their final state are quite dependent on the particle types
of the collision system and the collision energy as well as the impact parameter b. De-
pending on these parameters the collision can form different types of matter.
Collisions can take place either with colliding beams or one beam running on a fixed
target. The first scenario allows to achieve higher collision energy, the second higher
interaction rates. Different facilities offer different possibilities and the detector de-
sign is optimized accordingly.

In a collider experiment the detector is most likely positioned symmetrically around
the interaction point. Two beams of particles are accelerated in opposite direction to
each other and cross exactly at the position of the detector. The resulting collision and
development of the collision is strongly dependent on the energy and particle type of
the collision. A symmetric setup with same ions and energies in both beams is pro-
ducing a 47 symmetric interaction. If the collision beams are asymmetric as e.g. one
beam has a different energy, the whole system is boosted towards one direction. The
detectors are usually designed for one of the two scenarios as they have to cover a cer-
tain acceptance in space. Both beams can either share the same beam pipe or use two
different ones. The most famous facility using such collisions is the Large Hadron Col-
lider (LHC) at CERN with the dedicated heavy ion program of the ALICE detector.

In a fixed target experiment only one heavy ion beam is accelerated. The acceler-
ated beam is hitting a fixed target in the beam- or at the end of the extraction-line. The
target of such a detector is often a foil of e.g. gold. Due to an asymmetric momentum
distribution of the two colliding ions, the whole collision is boosted into one direction.
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The detectors have to be build to cover only this direction of the collision. This gives
even some more flexibility in the design of a detector as a collider experiment is most
likely stacked together and all sub detectors have to fit into each other. For fixed target
experiments it is more feasible to put the sub detectors in a row what gives some de-
grees of freedom to the development. The detectors, mentioned in this thesis, are all
fixed target detectors as HADES and (m)CBM are all fixed target experiments.

Figure 1.7 is depicting schematically the evolution of a heavy ion collision seen from
the center of mass frame. In the initial state two Lorentz contracted heavy ions are
about to collide. As these two heavy ions are colliding they are passing through each
other with a certain overlap region. In the overlap region of the collision a high energy
density is created and a (possibly) new state of matter is formed. This matter survives
for only a very short time. The newly formed matter is expanding and at some point
freezing out to hadronic matter [18, 21, 22].

Obviously the overlap of the two ions is defining the number of particles participat-
ing in such a collision (participants) and the particles that are not part of the collision
itself and are just moving on (the spectators). The measurement of the geometry and
the so called centrality of a heavy ion collision is very important. In reality collisions
are varying from head to head collisions (central) to grazing collisions where only a
fraction of both projectiles are interacting (peripheral collision). To characterize the
geometry a vector 5, called impact parameter, is introduced as the distance between
the centers of two colliding projectile ions A and B perpendicular to the beam axis
(compare with Figure 1.8). The magnitude |b| of the impact parameter is defining the
fraction of the overlap between A and B.

A central collision is defined by || = 0. A peripheral collision with only a small overlap
of e.g. 5% leads to a very different collision zone as its shape is far off from a spherical
shape as for central collisions. This is directly influencing the momentum distribu-
tions and pressure gradients inside the collision zone.

The shape of the collision zone formed by participants has a mirror symmetry with
respect to the interaction plane. The interaction plane is a plane formed by the vector
b and the z-direction of the collision [22].

The measurement of the participants and the centrality is done e.g. by a zero degree
calorimeter. The spectators are, in relativistic heavy ion collision, travelling along the
beam direction without an influence of the interaction and are depositioning energy in
adetector under nearly zero degree to the beamline. From model calculations (Glauber
model), the number of participants can be calculated. In Chapter 3 such a detector will
be explained in more detail by the example of the CBM PSD detector.

As already mentioned, a heavy ion collision is evolving from the collision of two
ions. The collision of the participants leads to an accumulation of high energy in a
small volume for a short time. This conditions can produce very high energy densities
that lead to the formation of a so called fireball. This fireball lives for less than 10~2?
seconds [18, 21-23].

The fireball eventually becomes a thermalized system that may include deconfined
matter. The evolution can be well described by hydrodynamics as the fireball seems
to be a nearly perfect liquid, at least for high collision energies. The expansion and
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Figure 1.8: Sketch of the interaction geometry of a heavy ion collision. (left) Interaction
between particle A and B with a small overlap and an impact parameter b. The center
shows the interaction region with the participants. (right) Alignment of the collision in
X and Y with the impact parameter and the tilt of the interaction Plane in space. Figure
is inspired by [22].

the cooling of the system results finally in the hadronization of quarks and gluons to
baryons and mesons at a certain freeze-out temperature. At this moment the hadrons
are formed thus the quark content is fixed but they can still collide elastically and
change their momenta (see Figure 1.7).

1.3.1 The QCD Phase Diagram

Collisions of heavy ions can produce different types of matter in the collision process,
depending on collision energy and system. Equivalently to the phase diagram of water,
a QCD phase diagram is introduced to characterize QCD matter in terms of tempera-
tures and net baryon density (or baryochemical potential pp).

Between the phases of QCD matter different phase transitions and potentially a crit-
ical endpoint is expected. Figure 1.9 shows a schematic drawing of the phase diagram
of QCD matter in the temperature vs. baryon chemical potential (1) plane. Normal
nuclei are found at ug = 924 MeV at a baryon density ny = 0.17 fm 3 [24] and a tem-
perature slightly above 0 MeV. From this starting point on, the different experimental
facilities can start exploring the phase diagram in heavy ion collisions.

At high temperature T and vanishing net baryon density lattice calculations pre-
dict a smooth crossover region between a hadron gas phase and a quark gluon plasma
phase [25, 26]. After the transition the quarks are supposed to be deconfined and chiral
symmetry restoration is expected ({qq) = 0). (see section 1.2)

With higher net baryon densities a first order phase transition is expected [27]. The
transition from a crossover to a first order phase transition leads to the prediction of a
critical endpoint at the end of the first order phase transition line. A critical endpoint
would be very interesting for experiments as enhanced fluctuations are expected [24].
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Figure 1.9: Schematic drawing of the phase diagram of hadronic matter. (Adapted
from [24])

In addition calculations with high N. predict a region of quarkyonic matter. The
quarkyonic matter has its chiral symmetry restored but is still confined [28]. If quarky-
onic matter is found, the confined, deconfined and quarkyonic phase would possibly
meet at the critical endpoint and make it a triple point [24].

For nuclear matter with ug ~ 924 MeV at T = 0 a first-order transition between a
liquid gas phase and a fluid is predicted. At the threshold of ug = pyy, the nuclear
density n varies from zero to n, and the nuclear matter is fragmenting into droplets if
n < ny [24]. The end of this phase transition is expected to be marked with a second-
order critical point around pp ~ pyy and T ~ 15-20 MeV as indicated by low energy
heavy ion collision experiments [24, 29].

In the region of asymptotically large ;15 and low temperature the ground state of
QCD matter can be analysed with weak-coupling methods in QCD. Similar to supercon-
ductivity for electrons in condensed matter, quarks can form Cooper-Pairs and behave
color-superconductive [18, 24].

Different calculations and measurements are trying to determine a critical tem-
perature T, of the phase transition from hadrons to a quark gluon plasma at vanishing
baryon densities. Lattice calculations of the HotQCD collaboration are predicting a
critical temperature of T. = 156.5+1.5 MeV [30] with a remarkable small error. The lat-
tice results are very promising as they are model independent and are in principle only
limited by computing power.

Experimental results on the chemical freeze-out temperature of heavy ion collisions
lie around 160 MeV [31, 32].

In this regions of high T and low density LHC experiments are taking data. At RHIC
a beam energy scan is done to scan over a larger region of the phase diagram. Differ-
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ent center of mass energies between 7.7 and 200 GeV are measured providing an almost
uniform coverage of the (T,u3) plane [33]. Large parts of the central part of the (T,up)
plane have also been investigated by previous experiments at the SPS and AGS accel-
erators.

At low temperature but high density the HADES detector at GSI with SIS18 beams is
investigating the created matter, whereas the upcoming CBM experiment at FAIR will
be measuring at high baron density and moderate temperatures.

1.4 Probes of the Quark Gluon Plasma

The previous sections gave an introduction to the overall interest of heavy ion colli-
sions and especially to the formation of a Quark Gluon Plasma. Unfortunately it is a
very short process in time and thus it is very challenging to get informations about
the heavy ion collisions and the state of the matter being created. Therefore indirect
measurement of the QGP and/or dense phases via investigating remnants and outgoing
particles has to be done. Different methods to probe the QGP are experimentally pos-
sible. Especially probes explored by the CBM and HADES detectors will be discussed
further on.

1.4.1 Charm

Particles containing charm quarks are expected to be produced in the very early stage
of the collision and serve therefore as an ideal probe of the entire collision history.
Charm quarks offer access to the degrees-of-freedom during all stages of the collision
making them to a very interesting probe of the QGP [34] or dense matter [18].

The charm and anti-charm quarks are interacting with the medium. Depending on
the interaction they hadronize to D-mesons, charmonium or charmed baryons. One
of the first predicted signatures for a quark gluon plasma phase was the suppression
of charmonium due to color screening of the heavy quark potential in the deconfined
phase [35, 36].

Measurements of the charm suppression are reflected by R 44, the nuclear modifi-
cation factor. It is defined as the ratio between the rapidity density of the J/¢ Yield in
AA collisions to pp collisions integrated over transverse momentum, scaled with the
binary number of collisions for a certain centrality class (see equation 1.9) [18].

I _ AN/ dy
A4 Ncoll : ng?w/dy

(1.9)

The .J/v suppression is dependent on e.g. the centrality, the transverse momen-
tum, rapidity regions and the energy scale of the collision. Hot and dense matter has
different influences than cold matter. At LHC energies a regeneration-effect due to the
coalescence of uncorrelated c and ¢ quarks is expected and observed, whereas at FAIR
conditions this effect is neglectable.
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Figure 1.10: (left top) Measured nuclear modification factor for mid and forward ra-
pidity in different centralities at PHENIX in Au+Au collisions at v/Syy = 200GeV . (left
bottom) Ratios between forward- and mid-rapidity [37]. (right) Comparison between
PHENIX and ALICE results. Alice is measuring at very high energies and different rapid-
ity [38].

Figure 1.10 shows measurements of the .J/¢) suppression at different centralities
(represented by N,,,;) and rapidities for PHENIX data in Au+Au collisions at /Syx =
200 GeV. The J/v suppression is increasing with increasing centrality. Comparisons
between mid and forward rapidity show a clear rapidity dependence of the suppres-
sion towards less suppression at mid rapidity.

FAIR offers with CBM at SIS100 energies the possibility to study charm production
in p and pA at energies close to the production threshold. These measurements will
be important as reference for .J/¢ production in general and propagation in cold nu-
clear matter. With a future upgrade of FAIR with SIS300 the investigation of charm in
A+A collisions will become possible. At these collisions the time charmonium needs
to form is low compared to the medium lifetime. This conditions give unique oppor-
tunities to study the interaction of formed J/v with the dense medium.

In addition to the previously discussed measurements, the elliptic flow of charm
can be measured as well. It gives a measurement of the pressure from the initial stage
and whether or not the heavy quarks flow with the medium.

1.4.2 Flow

Flow is an observable more related to the entire fireball of a heavy ion collision. The
expansion of the early fireball is driven by the pressure gradients in the collision zone
(see section 1.3). The flow as an observable is measuring the angular and momentum
distributions of the particles resulting from this pressure gradients. In heavy ion col-
lisions different types of flow are defined.
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The anisotropic flow is defined by the Fourier distribution of the Lorentz invariant
distribution of the outgoing particles [39, 40]:

PN 1 &N >
F—=——""_.|1 20,, - - 1.10
= e (1 ) o

where W, is the reaction plane angle. Furthermore this defines the coefficients v, as

v, = (cos(n(p — Ug))) (1.11)
where the brackets indicate an average over all particles in all events [39]. The fac-
tor v; is associated with the so called directed flow. v, is named elliptic flow. These
coefficients can be expressed in terms of the particle number distribution as

o= e () G)) e

Directed flow is defined within the reaction plane and influenced by the repulsion
away from the beam axis. It takes primary place at the border between spectators and
participants. It is also called "bounce-off" [41].

Results on the elliptic flow at high collision energies are seen as a strong hint to
the existence of a quark gluon plasma [43] and has been measured for many different
particles and their antiparticles.

Elliptic Flow is driven by the expansion due to the pressure gradient in the directions
perpendicular to the beam axis. The elliptic flow exhibits a characteristic energy de-
pendency with a sign flip at low energies. This is also predicted by hydrodynamic cal-
culations for energies E,, < 4—5 AGeV. In this energy range and below, the spectators
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Figure 1.11: Elliptic flow measurement from STAR and PHENIX in transverse momen-
tum (left) and transverse kinetic energy. Both diagrams are scaled with the number of
constituent quarks. The flow is measured in identical particle species with minimum bias
Au+Au collisions [18, 42].
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"shield" the fireball in the reaction plane, guiding the particles towards the direction
perpendicular to the reaction plane, called "squeeze-out" [18, 41]. The pressure gradi-
ents in the fireball are connected to the equation of state of the created matter, giving
a direct link to the flow measurements.

The flow measurement is also predicted to be sensitive to the observation of a phase
transition [41]. A combination of the slope of v; (negative or positive) in rapidity bins
together with the enhancement of v, should be an indicator for a first order phase tran-
sition respectively a crossover [41].

Measurements of v, from STAR and PHENIX are showing a remarkable scaling of
vy versus transverse energy for a large number of different hadrons if scaled with the
number of constituent quarks (Figure 1.11). This measurement amongst others led to a
general acceptance of the notion that the initial matter created in heavy ion collisions
at the RHIC accelerator is partonic matter. The flow measurement is directly corre-
lated to the degrees of freedom in the initial matter [18].

1.4.3 Event-by-Event Fluctuations

A physical system can also be characterized by the fluctuations of the system regard-
ing certain (conserved) quantities. For heavy ion collisions typical observables would
be charge fluctuations, baryon number fluctuations and so on. These fluctuation are
an important tool to search for a critical endpoint. To study these fluctuation in HIC,
conserved quantities have to be measured on an event-by-event basis. Fluctuations are
then derived from the ensemble of the events [44].

If a system is in thermal equilibrium it can be characterized by the partition func-
tion

Z =Ty {exp (_H_Z#“Q)} (1.13)

H is the Hamiltonian of the system. @); and x; denote the conserved charge and the
corresponding chemical potential respectively (strangeness, baryon number, electric
charge) [44].

Based on the partition function in equation 1.13 and the assumption of a observable
N that is a conserved charge, fluctuations in the system can be identified by a cumulant
K, defined [45] as

8n anfl
K,=——In(Z)= ——(N 1.14
aGu " = gy 9
Furthermore a susceptibility can be defined [45]:
0 ! In(Z) (1.15)

X = BTV

The use of cumulants of conserved charges is a handy tool to link Lattice QCD pre-
dictions from the introduced susceptibility to experimentally measurable values. Ra-
tions of cumulants and susceptibilities are used to identify fluctuations in heavy ion
collisions giving a volume independent measurement [46]:
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with the variance o2, the skewness S, the kurtosis x and the measurable values

Ky = (N?) — (N)?
K3 = 2(N?) — 3(N)(N?) + (N3) (1.17)
Ky = =6(N)* + 12(N)*(N?) = 3(N?)? — 4(N)(N?) + (N*)

The NA49, PHENIX and the STAR collaborations already measured event-by-event

fluctuations searching for the critical point. Figure 1.12 shows the STAR results for the
previously introduced xo? as a volume independent measurement of the net-proton
multiplicity distribution for different energies between 7.7 and 200 GeV in different
centrality bins in Au+Au collisions for transverse momenta 0.4 < py < 2 GeV and mid-
rapidity |y| < 0.5 [47].
For a critical point a non-monotonic behaviour is expected. Deviations of xo? from
unity for lower center of mass energies is seen in the STAR data and calls for a more
detailed look as well as a measurement of this quantity for lower energies as e.g. avail-
able at SIS100 [47].

1.4.4 Hypernuclei

A hypernucleus is a nucleus where at least one hyperon replaces a nucleon. Calcula-
tions with statistical models predict a peak of the hypernuclei yield within the SIS100
energy range [48]. On the one hand the production of light nuclei is decreasing with
lower energy, on the other hand the hyperon production is increasing with energy,
thus the yield of hypernuclei peaks in the SIS100 range [36].

The yield of 3 , H and § , He in 10° Events of 10 AGeV central Au+Au collisions is pre-
dicted to be 5 respectively 0.1. Due to the high rate capability of the CBM detector the
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large acceptance and efficiency for double-A events will open up a huge discovery po-
tential in the field of light double-A hypernuclei [36].

The existence of these exotic nuclei even in heavy ion collisions has been proven:
Measurements of the STAR collaboration at RHIC in high energy nucleus-nucleus colli-
sions showed the first results on lightest (anti-)hypernucleus and (anti-)hypertriton [49].
In addition first studies on hypernuclei were done with the HADES detector in Ar+KCl
data [50].

1.4.5 Strangeness

Strangeness enhancement in heavy ion collisions with respect to nucleon-nucleon col-
lisionsis expected in particular if a quark gluon plasma is formed. In a QGP strangeness
can be produced from quarks and gluons in strange-antistrange pair production, espe-
cially in the channels of

g+g—>s+3s q+q—s+5s5 (¢g=u,d) (1.18)

The Q-value of this process is far lower (Qgcp = 2m, ~ 200MeV) as for a produc-
tion in nucleon-nucleon reactions via

N+N-—->N+A+K (1.19)

with associated Q. = ma+myx—my ~ 670MeV . Thusthe production of strangeness
is easier in a state of a QGP [51, 52].
The strangeness enhancement is measured in terms of the enhancement factor E,

(here defined at midrapidity):
B - 1 dN(A+A) / 1dN(p + p(Be)) (1.20)
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Figure 1.14: Yields of hadrons in Ar+KCl and THERMUS model calculations. The =~
value is deviating from the THERMUS value and is indicated by the value of the ratio [56].

Measurements at SPS, LHC and RHIC energies clearly show an enhancement for
strange particles increasing with increasing strangeness (A (S=1), =~ (S=2) to {2 (§=3)).
The enhancement of the (2 is measured up to Eg = 20 (see Figure 1.13) at top SPS ener-
gies [53].

Calculations with thermal statistical model in thermal equilibrium could reproduce
the different measured particle ratio as e.g. in top SPS energy [54]. The excess in yield
of e.g. O~ may be driven by the hadronisation at a phase boundary which comes along
with a rapid density change [55].

The well agreement of the thermal model in the high energy regime calls for mea-
surements in the low energy region. The existing SIS18 as well as the future SIS100
accelerators of GSI are covering the low energy regime in heavy ion collisions.

At SIS18 the HADES detector measured yields of hadrons in Ar+KCl at 1.76 AGeV.

Figure 1.14 shows the measured yields in comparison to calculations with the thermo
statistical model THERMUS. Whereas most of the results are in an excellent agreement
with the model, and therefore are also reproducing the well agreement between data
and thermal models in high energy data [54], the =~ hyperon yield exceeds the predic-
tion by a factor of 15+6. This results indicates, that the =~ has not reached chemical
equilibrium [56] and that at low energies hadronic processes are becoming more im-
portant as in the high energy regime.
Additional measurements of sub-threshold ¢-mesons at HADES in Au+Au collisions
with 1.23 AGeV revealed an enhancement of the rare strange particles, as the ¢/K~
ratio shows a dramatic increase at this very low energies [57, 58]. All in all, the energy
dependence of strangeness enhancement seems to be quite complicated [58].

Strangeness measurements at SIS100 will give new results on low energy enhance-
ments of strangeness and may reveal changes in the degree of freedom of the created
matter as well as finding a signal for the onset of deconfinement at high-baryon den-
sities [36].
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1.4.6 Lepton Pairs

Akey observable to get directinsightinto the created matter are electromagnetic probes.
They are not interacting strongly but can penetrate the hot and dense matter undis-
torted. Real and virtual photons are emitted over the full duration of the heavy ion
collision. Latter are nearly directly decaying into lepton pairs [*/~. The decay of parti-
cles into lepton pairs is relatively rare (~ 10~* for low mass-vector mesons) and conse-
quently a very challenging measurement for particle detectors. Especially a very good
particle reconstruction and a low material budged are needed.

The invariant mass spectrum of the lepton pairs is populated by different processes
that are dominant in different stages of the whole collision process as shown in Fig-
ure 1.15. A detailed understanding of the composition of the dilepton spectra with a dis-
tinction between e.g. in-medium /*/~-pairs and dilepton contributions from hadrons
after the freeze-out is essential.

Dileptons are the prime observable for in-medium hadron modification observa-
tion as they couple directly to vector mesons (especially the p-meson as it decays in the
medium). For low invariant masses (M;,,, <1 GeV) the spectrum is giving direct access
to the p, w and ¢ mesons.

The p meson is of special interest: As outlined in section 1.2 the spectral function of
the p and the a, are expected to merge if chiral symmetry is restored. In addition the
width of the p meson with I" = 149.1+ 0.8 MeV is huge, compared to the w and ¢, due to
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Figure 1.15: Invariant mass spectrum of ete™ pairs radiated from central Au+Au col-
lisions at 20 AGeV. The diagram includes different sources of dileptons and its influence
for different invariant mass regions [36].



CHAPTER 1. INTRODUCTION 22

the lifetime of 1.32 fm/c [1]. Compared with the size of the fireball it is quite probably
that the p decays already in the QCD matter and hence is an ideal probe of in-medium
modifications. The dilepton measurements give the possibility to measure the spectral
function of the p with in-medium modifications and potentially showing a mass drop-
ping or melting of the spectral function.

Inthe region of low invariant masses the spectra are dominated by N-N Bremsstrah-
lung and Dalitz-decays of A-resonances, 7°, w and . In combination with the influence
of all stages of the fireball to the measured spectra, it is challenging to clean and inter-
pret the spectra correctly. Nevertheless it is possible as external inputs are required to
subtract these contributions.

The intermediate mass region of 1.0 GeV< M,,,, <2.5 GeV is primarily populated
by thermal radiation from quark annihilation as e.g. ¢q¢ — ¢y and quark-gluon scat-
tering qg — ~q in the quark gluon plasma, but also pion-pion scattering processes as
mm — p — wr where the p might also decayto /[~ [60, 61]. Figure 1.15 shows that the in-
termediate mass region is additionally populated by correlated pairs from open charm
decays as well as Drell-Yan processes [61]. However these sources are neglectible for
the CBM energies.

The very low open charm and Drell-Yan contribution for 20 AGeV Au+Au collisions
as seen in Figure 1.15 allows a direct measurement of the fireball temperature by the
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Figure 1.16: Excitation function of the fireball temperature T from intermediate dilepton
mass distributions. The red dotted curve represents results calculated within the coarse-
grain approach [59]. The dashed violet line represents a speculated shape for a phase
transition in the SIS100 energy region [36].
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extraction of the spectral slope from the transverse mass spectra. At SIS100 energies
the contributions of charm and Drell-Yan are even less, leading to an even cleaner mea-
surement [36].

This opens the possibility of a measurement of the caloric curve. The caloric curve,
a measurement of the fireball temperature at different collision energies, would give
access to a first order phase transition of the QGP. The first order phase transition
would be indicated by a flattening of the caloric curve, as postulated in Figure 1.16.

The determination of the combinatorial and physical background of dileptons is
of high importance and notoriously difficult. Due to the difficulty of these measure-
ments it is important to have different and independent measurements. As the sources
for background are different in the dielectron and the dimuon channel, it is an excel-
lent cross check to have the possibility to perform the measurements in both channel
in the same detector. This possibility is further useful for the understanding of system-
atic errors.

The Compressed Baryonic Matter (CBM) experiment at the upcoming SIS100 ac-

celerator will be equipped with muon chambers (MuCh) as well as with a ring imag-
ing Cherenkov detector (RICH) and Transition Radiation Detectors (TRD) for excellent
muon respectively electron identification in combination with other sub detectors as
described in Chapter 3.
The High Acceptance Di-Electron Spectrometer (HADES) experiment at SIS18 and later
on at SIS100 is a dedicated detector setup for dielectron spectroscopy with excellent
particle identification, a high acceptance and a very low material budget. A more de-
tailed description to the detector setup and the upgrade of the RICH detector of HADES
for an even better electron identification is given in Chapter 4 and Chapter 5.

The CBM and HADES experiment are both equipped with a RICH detector to per-
form high-quality dielectron measurements and improve the existing capabilities in
dielectron reconstruction dramatically. The construction, commissioning and read-
out of the RICH detectors and its prototypes are of high importance to get a precise
understanding of their behaviour itself as well as their measured data. Additionally
the development of a dedicated but still very reliable and robust data readout as well
as data acquisition is a key part in the full chain of steps towards a high-quality di-
electron measurement. Finally all these efforts will lead to a better understanding of
heavy ion physics and the matter created in heavy ion collisions. The achievement of
all these single steps towards a well performing RICH detector and new measurements
in physics are the motivation for the work presented in this thesis.
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CHAPTER 2

Facility for Anti Proton and lon
Research

The Facility for Anti Proton and Ion Research (FAIR) is a new accelerator facility next
to the GSI Helmholtz Centre for Heavy Ion Research in Darmstadt/Germany that is cur-
rently under construction. FAIR is extending the existing GSI complex with the con-
struction of a new accelerator ring SIS100 and new experimental facilities.

The acceleration of all types of ions as well as anti-protons with a high intensity is fore-
seen in the accelerator complex.

The center part of FAIR is the SIS100 ring accelerator with 1100 meters circumfer-
ence. The synchrotron will be build with a maximum magnetic rigidity of 100 Tm in
a dedicated tunnel. The 100 Tm rigidity magnets are fast pulsed superferric (super-
conducting ) magnets with the ability to ramp with 4 T/s and reach peak fields of up
to B=1.9 T in the dipole magnets as well as a maximum gradient of T=27 T/m in the
quadrupole magnets [62].

The SIS100 will be fed by the already existing, but partially upgraded GSI acceler-
ators UNILAC and SIS18. Adjacent of the SIS100 two storage-cooler rings, a target for
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Figure 2.2: Artistic drawing of the planned FAIR accelerator facility with a colored
schematic overlay of the 4 modules of the modularized start version of FAIR: (green)
super conducting synchrotron SIS100 (module 1). (red) The experimental area of HADES
and CBM (module 1). (yellow) NuSTAR facility including the Super-FRS (module 2).
(orange) Anti-proton facility including PANDA (module 3). The experimental halls of
APPA (module 1) are not shown in the overlay in this drawing. The artistic picture is
from FAIR/GSI. The colored overlay is an adaption similar to Fig. 1 of [64].

anti-proton production as well as the superconducting nuclear fragment separator, and
the experiments are located (see Figure 2.1 and Figure 2.2).

The use of SIS100 gives the opportunity to increase the possible energy and intensity

range of the GSI experiments to new areas. For the exploration of baryonic matter this
opens new possibilities as baryon densities and temperatures near the expected phase
transitions can be achieved. Protons will be accelerated to 29 GeV, whereas e.g. gold
ions are getting accelerated to 11 AGeV with a charge state of 79 [18, 62].
A key feature of the FAIR facility is the high interaction rate that can be achieved. Ion
beams can reach an intensity of ~ 10! per second, whereas ~ 103 per cycle is expected
for anti-protons [62, 63]. The high intensity beam opens the possibility to collect very
high statistics and gives the chance to find even rare signals.

Prior to the expected start of the beam operation of FAIR in 2025, the so called FAIR
phase 0 is taking place. FAIR phase 0 is an important project for a smooth start of the
whole FAIR project and started already in 2018 with first beam operations of the up-
graded SIS18 accelerator. In addition, the new CRYRING was operated for the first time
at GSI. On the one hand FAIR phase 0 aims to get the full accelerator system with the
upgraded accelerator controlling back to operation and undergo a full recommission-
ing of the upgraded SIS18. On the other hand it gives the young generation of physicists
the opportunity to get trained and gain experiences for the future FAIR operation. In
parallel further R&D for the full FAIR accelerator and detectors is ongoing. The test of
the new control software and the test of detectors of future FAIR experiments is of high
importance for a success of FAIR. The experiments R*B or mCBM, with several proto-
type detectors, could participate in FAIR phase-0 operations and test the detectors. The
mCBM experiment could test the full readout chain for the future operation of the state
of the art CBM detectors to pave the path for a successful start of FAIR [65]. Next to re-
search and development for the future, FAIR phase 0 already gives the opportunity to
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investigate highly interesting physics project with highly important impact in differ-
ent subjects of interest [66]. Experiments from the different FAIR pillars are carrying
out measurements on their diverse physical topics by the use of all different available
accelerator parts from UNILAC over SIS to the experimental storage ring (ESR) [67].

As part of the FAIR phase-0 program the HADES detector fulfilled in march 2019 a
complete production beamtime campaign. The HADES experiment took data with an
Ag+Agbeam at 1.58 AGeV for 28 days and a total amount of ~15.27-10° events [68]. This
was the first beamtime of HADES after the upgrade of the RICH detector to the multi-
anode photo multiplier (MAPMT) based photo detection including a fully new readout.
Additionally the newly installed electromagnet calorimeter (ECAL) was operated in a
beamtime for the first time. The phase-0 program offers the HADES experiment the op-
portunity to investigate highly interesting physics prior to a fully commissioned FAIR
facility with its SIS100 accelerator.

The FAIR project is divided into four sub modules that are not all available from the
start of beam operation (see Figure 2.2). Module 0 is the SIS100 synchrotron, including
the upgraded SIS100 and UNILAC for high intensity operation. The four physical pillars
of FAIR are summarized in three more modules. The CBM pillar with the HADES and
CBM experiment as well as the APPA pillar are part of module 1 of the FAIR project.
The NuSTAR program is organised in module 2 and the anti-proton program of PANDA
is part of module 3.

2.1 NuSTAR

The NuSTAR pillar of FAIR is hosting three main experimental subjects: Nuclear STruc-
ture, Astrophysics and Reactions. NuSTAR is hosting many different, smaller experi-
ments with the common aim to explore rare isotope beams. The heart of the pillar is
the fragment separator Super-FRS. The Super-FRS will accept beams from the SIS18 but
also from the SIS100 with up to 1.5 GeV/u at a luminosity of up to 5 x 10! of 38025+ [69,
70]. It will spatially separate exotic nuclei up to relativistic energies and insert the very
short lived nuclei into three different branches: A high energy, alow energy and a ring
branch with a collector ring for the experimental setups.

Experiments as e.g. R®B, LaSpec, HISPEC/DESPEC or ILIMA are performed at NuS-
TAR looking for the limits for the existence of nuclei, the structure of complex nuclei
from the basic constituents, as well as collective phenomena [69, 70].

2.2 APPA

The APPA pillar of FAIR is an acronym for Atomic Physics, Plasma and Applied science.
APPA is a collaboration with contributions from a broad variety of interdisciplinary
research fields, similar to the NuSTAR group. This huge variety is also reflected in the
physics program that is planned. It includes e.g. high-precision QED tests with bound-
states in the non-pertubative region, or the exploration of dense plasma for theoretical
models of planetary and stellar structures.

A very important physics case of APPA is the further investigation of radiotherapy with



CHAPTER 2. FACILITY FOR ANTI PROTON AND ION RESEARCH 28

high-energy ions. The development of heavy ion therapy to fight cancer has a long his-
tory at GSI and will be moved on to new frontiers with FAIR.

A highly interesting research field is opening in the investigation of matter under
harsh conditions as high radiation. This is extremely important for the upcoming hu-
man space flight missions to the moon and mars or beyond in order to develop a good
shielding of the cosmic radiation during the space flight.

Material science is looking for new insights by the influence of high-energy radi-
ation to materials, new synthesis of materials as well as the creation of nanostruc-
tures [71, 72].

2.3 PANDA

The PANDA project at FAIR (AntiProton ANnihilation in DArmstadt) is investing pp-
annihilation with all its facets allowing spectroscopic studies of in particular also char-
med hadrons with high statistics and precision.

An accelerated anti-proton beam with high intensity (and cooling) will be colliding
with a fixed target of hydrogen or a nuclear target with energies from /s = 2.2-5.5 GeV
[73].

PANDA allows to study the formation or production of exotic charm states that are
connected to the XYZ spectrum as well as investigations of glueballs or hybrids [73].
The charmonium spectroscopy will give new precision on the mass, width and also
the decay branches of all investigated states. In addition the possibility of gamma-ray
spectroscopy with high precision on single and double hypernuclei will give new in-
formations about their structure and interactions [72].

2.4 CBM

The Compressed Baryonic Matter pillar of the FAIR facility is formed by the well known
HADES detector and the CBM detector. Both detectors aim to study the structure of
dense baryonic matter at high baryonic chemical potential and moderate tempera-
tures. The HADES experiment will move from its nowadays location at SIS18 to the
CBM cave at SIS100 to a place in front of the CBM experiment. HADES is well suited
for reference measurements with proton beams and moderate multiplicity heavy ion
collisions as e.g. Ag+Ag with beam energies up to 4.5 AGeV. The CBM experiment will
be able to cover also heavy systems with beam energies of up to 11 AGeV as well as
proton beams of up to 29 GeV [36, 74]. The combination of both experiments provides
excellent conditions to investigate dense baryonic matter.

The physics case of CBM and HADES with the search for a first order phase transi-
tion, studying the equation of state of dense baryonic matter as well as searching the
critical endpoint, chiral symmetry restoration and possible exotic phases like quarky-
onic matter (Chapter 1.4), offers a highly exciting discovery potential and will lead to a
deeper understanding of dense baryonic matter [18, 36, 72].

In the following chapters a more detailed description of the detector concepts of
CBM, HADES as well as the FAIR phase 0 experiment mCBM is given.
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CHAPTER 3

Compressed Baryonic Matter
Experiment

The Compressed Baryonic Matter (CBM) experiment is a fixed target experiment, de-
signed for heavy ion collisions to measure hadronic, leptonic and photonic observ-
ables with high interaction rates of up to 10 MHz and charged particle multiplicities of
up to 1000 per Event [18].

The physics goal of CBM is the measurement of rare probes like low mass dilepton

pairs, multi-strange hyperons, hypernuclei, charm and open charm if possible, but
also correlations, fluctuations and collective flow. These probes shall allow to charac-
terize the dense baryonic matter created in the heavy-ion collision. The setup gives
the possibility to measure these probes with an unprecedented precision despite of
low multiplicities as shown in Figure 3.2. SIS100 gives the chance to scan an energy
region that is not well covered by experiments but is highly interesting for new discov-
eries and promising physics results [18].
Electron-positron pairs and hadrons in heavy-ion collision up to 4.5 AGeV beam energy
will also be covered by the HADES detector. HADES will be moved from its nowadays
measurement position at the SIS18 facility to a place in front of the CBM experiment
(see Figure 3.1).

Figure 3.1: 3D model of the CBM cave with the HADES detector (left) and the CBM
detector setup (right). The CBM detector is shown in the electron identification setup
with the RICH detector in measurement position [75].
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Figure 3.2: (left) Model predictions for yields (multiplicity times branching ratio) of
probes intended to be measured by CBM at 10.7 AGeV calculated with a statistical
model [76]. (right) Interaction rates and collision energies of different heavy ion col-
lision experiments [36].

The CBM research program [18], that will be fulfilled e.g. by the probes discussed
in Chapter 1.4, is focussing on:

e Search for the equation of state of QCD matter and the relevant degrees of free-
dom

Search for a phase transition to a QGP, a coexisting region and an endpoint

Hadron modification in dense baryonic matter

Restoration of chiral symmetry

Production of single and double hypernuclei

e charm production and in-medium properties

Extremely fast and radiation hard detectors are needed to cope with the aims of
CBM and the connected high interaction rates (see Figure 3.2 for a comparison to other
experiments). To provide an excellent hadron and lepton identification, a high reso-
lution vertexing, high speed (online) trigger and a highly advanced data acquisition
(DAQ) are needed. The CBM readout system is a key feature of the whole project and is
designed to be free-streaming with an online event reconstruction on multi-core com-
puting farms.

The CBM detector concept foresees the exchange of the RICH and MuCh detec-
tors to optimise the setup for electron respectively muon identification. Therefore the
RICH is movable by crane whereas the MuCh detector is located on rails due to its
weight and for a reliable movement.
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3.1 The CBM subdetectors

The CBM experiment is a combination of seven sub detectors and a superconducting
dipole magnet in front of the system. The combination of tracking and particle iden-
tification (PID) detectors in a high interaction rate experiment and high radiation en-
vironment is quite challenging demanding for high-end detector solutions. In the fol-
lowing, the individual detectors of CBM will be presented in the order of appearance
downstream from the target.

3.1.1 Superconducting Dipole Magnet

CBM uses a dipole magnet to bend particles in its field for momentum measurement.
The magnet is superconducting with an integrated field of 1 Tm in £0.5 m around the
center and a maximum field of ~1 T. The magnet will have an opening angle of +25°
vertical and +30° horizontal from the target at the beginning of the magnet. The inner
of the magnet has a rectangular opening of 1.44x3.00 m to give the STS and MVD de-
tectors enough space to fit inside the magnet.

The magnet is equipped with a removable field-clamp to reduce the magnetic field for
the RICH detector. For the MuCh setup, the field-clamp is removed.

The operation time of the magnet is designed for 20 years with an operation of 3 month
per year and 100% duty-cycle [77, 78].

3.1.2 MVD

The reconstruction and tracking of e.g. dielectrons, hypernuclei or multistrange hy-
perons can be improved by a very good capability in track and vertex reconstruction.
To distinguish between the primary vertex and a displaced vertex a detector close to
the target is needed. This feature is critical for e.g. background reduction in the dilep-
ton analysis where conversion photons and n’-Dalitz decays can be reduced by high-
resolution tracking close to the target [18].

The Micro Vertex Detector (MVD) is a small pixel detector made of four stations lo-
cated 5-20 cm downstream inside the magnet. To cope with the high interaction rates,
high radiation and to provide a small material budget of 0.3-0.5% X,, CMOS Monolithic
Active Pixel Sensors (MAPS) are used. To distinguish between vertices, a high reso-
lution of the detector is needed. The MVD MAPS will fulfil a resolution below 5 um.
They are mounted on the four stations and can be operated with 100 kHz average col-
lision rate in 4-10 AGeV Au+Au collisions or at 10 MHz in up to 28 GeV p-A collisions [79].

3.1.3 STS

The Silicon Tracking System is located inside the CBM dipole magnet. The 8 stations
of STS are used to track particles and determine their momentum by the bending in
the 1 Tm dipole magnet. In central Au+Au collisions the typical track multiplicity is
expected to be 700 in the STS apertures acceptance of 2.5°< ©<25° [80].
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Figure 3.3: (left) Schematic view of the STS detector. (right) Tracks from a cen-
tral 25 AGeV Au+Au collision overlaid with the GEANT simulation of the STS tracking
stations [82].

The STS is based on silicon micro strip detectors. They are highly granulated and
double sided with a thickness of 300 um, summing up to around two million readout
channels [81].

The STS is designed with a single hit resolution of 25 um and a read-out strip pitch
of 58 um to reach the required momentum resolution of Ap/p ~ 1%.

A hitrate of about 10 MHz per cm? is expected in the inner region of the STS whereas
the rate is dropping by two orders of magnitude to the outer areas. To keep the strip
occupancy constant at a few percent, different strip length are chosen.

The signals of the self triggering front-end electronics is used with a shaping time
of 20 ns to avoid pile-up of events. For a high tracking efficiency, a very good signal to
background ratio for detected hits is important. The track reconstruction efficiency is
expected to exceed 95 % for particle momenta above 1 GeV [80, 81].

The position inside the magnet is highly exposed to radiation. Thus the radiation
hardness is of high priority. The sensors are replaced if an integrated fluence exceeds
10'3 1 MeV neutron equivalence fluence per cm?. To reduce the damage by induced
leakage currents, the STS is operated at 500 V and has to be cooled to around -5°C [80,
81]. The read-out electronics is connected to the micro strips by the use of multi-line
cables of ultra-thin aluminium-polyimide. The electronics is dissipating heat and thus
a dedicated cooling concept is under development to achieve the aimed -5°C operating
temperature [81].

3.1.4 RICH

The Ring Imagine CHerenkov (RICH) detector is a key detector for electron identifica-
tion and pion suppression in a momentum region of up to ~8-10 GeV. The RICH detec-
tor will use CO, as radiator gas with an index of refraction of n =1.00045 (T=0°C,p=1 atm).
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The Cherenkov photons from the radiator are reflected and focused on a detector plane
by two arrays of mirror tiles. The spherical mirror tiles are build from 6 mm thick glass
and are coated with Al+MgF,. Their radius of curvature is 3 m [83].

The detector planes are symmetrically installed above and below the CBM accep-
tance area. The photons are focused on Multi-Anode Photo Multiplier Tubes (MAPMTs)
which are arranged in an array of 14x7 PMT backplanes per detector plane, one back-
plane carrying 2x3 MAPMTs. The photo-detection plane with the mounted read-out
electronics is positioned such that the influence of the magnetic field of the dipole
magnetic is minimized. This is achieved by the additionally mounted field-clamps at
the magnet and a shielding box to reduce residual magnetic-field around the detection
planes [83, 84].

This thesis will concentrate on the development of the mCBM, CBM and HADES
RICH detector and its read-out electronics. More details on the different RICH detec-
tors of HADES and mCBM will be given in Chapter 5 respectively Chapter 6. A precise
description of the CBM RICH detector will be found in section 3.3.

3.1.5 MUCH

The Muon Chambers of the CBM experiment will be exchanged with the RICH and are
needed to identify even the low momentum muons from low-mass vector meson de-
cays within the high particle density. The muon chamber is build in a sliced structure
where the absorber is sliced in layers with readout chambers in-between. The thick-
ness of the absorber slices, its material, as well as the number of slices, is optimized to
the CBM energy range. An absorber of 2.5 m of iron will be passed by muons from .J /v
meson decays nearly without further suppression, whereas e.g. muons from w mesons
are suppressed by a factor of 10. [85].

Figure 3.4: (left) MUCH geometry with 4 stations and 4 absorbers. (right) MUCH
geometry with 5 stations and 5 absorbers [86].
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The CBM MuCh will be build from up to five detector stations. Each station is made
of three layers, making the detector flexible for changes in the detector technology.
The first two detector layers will be equipped by Gas Electron Multipliers (GEMs). The
GEMs are build as triangular shaped sectors with a length of 80 cm respectively 97 cm
and stacked circular around the beam pipe. The third and further stations downstream
are planed to be equipped with straw tubes. Newer studies investigating a change to
resistive plate chamber technology (RPCs) had been done and results are still under
discussion [85, 87].

The first absorption layer is made from carbon with lead inserts, whereas the fol-
lowing absorbers are made from iron with increasing thicknesses. The whole detector
will cover an acceptance of £5.6° to +25°, limited by the magnet and beampipe di-
mensions. Different geometries with 4 stations and 4 absorbers (SIS100B) as well as 5
stations and 5 absorbers (SIS100C), with the TRD as the fifth station are foreseen for
different CBM setups (see Figure 3.4) [86].

3.1.6 TRD

For additional electron identification starting from p>(1.5-2) GeV, a Transition Radiaton
Detector (TRD) is used. The improvement in pion rejection helps on the one hand in
the low mass vector meson measurements, on the other hand it is essential for the
intermediate mass region beyond 1 GeV where thermal radiation from the fireball is
accessible. In addition to electron identification the TRD is also used for the identifi-
cation of light nuclei by the measurement of their specific energy loss. The high space
point resolution gives the TRD also tracking capabilities. It is used as a bridge in track
finding between STS and TOF and can also be used as a muon tracking station in the
MucCh setup [88].

The TRD will be build with 4 detection layers resulting in 216 modules (see Fig-
ure 3.5). The whole active area of the detector will measure 113.4 m? with a 30 cm thick

Figure 3.5: (left) Front side of the TRD detector with the radiator boxes. (right) Back
side of the TRD detector with backplanes and the front-end electronics [88].
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radiator between each layer.

Four readout pad sizes between 1.2 cm? and 8 cm? will be used in the TRD to keep
the occupancy constant over area and keep the material budget as well as the number
of channels at an acceptable amount. Each pad will have a resolution across the pad
of ~ 300 um and 3-30 mm along the pad. Each second layer of the TRD is rotated by
90°. Simulations of Au+Au collisions at 10 AGeV predict a hit rate per read-out pad of
around 50 kHz with small localised areas reaching 120 kHz.

The TRD is build as a composition of a radiator material and a Multi-Wire Propor-
tional Chamber (MWPC). Electrons passing the radiator are producing transition radi-
ation (TR) photons with a certain probability, whereas the slower pions are traversing
without photons produced. The default radiator material is chosen as a stack of 2 mm
thick PolyEthylene foam foils. The TR photons from the radiator are absorbed in the
beginning of the readout chamber in a 85% Xenon and 15% CO, counting-gas mixture.
The TRD is collecting the charge information of the TR as well as the specific energy
loss (dE'/dX). This improves the pion-suppression furthermore.

3.1.7 TOF

The Time-Of-Flight detector is an additional detector for hadron identification. It will
be used in all CBM setups in all energy ranges and collision types. The time of flight de-
tector is measuring interactions of the traversing particle with different layers (stacks)
of the detector system in different spatial positions. Based on this interaction points,
and further informations from STS or even TRD, a tracking of the particles along the
CBM detector is performed and the velocity (5 of the particle is calculated (based on
the position and time informations of the detector layers) [82].

1

m? =p?- (@ — 1) (3.1)
Using the extracted momentum information p from the STS setup in the magnetic

field of the dipole magnet, the mass of the particle can be derived by equation 3.1.

Figure 3.6: (left) The start detector with nine scCVD diamond plates and 16 electrode

strips on each side vertically and horizontally. (right) The nine plates are located on two
different PCBs stacked behind each other [82].
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Figure 3.7: (left) Schematic view of the TOF Wall with the different module types
colored. (right) Correlation of the mass squared and the momentum from STS measure-
ments in simulation of 10 AGeV Au+Au collisions [82].

To separate kaons from pions and protons the TOF detector requires a time res-
olution of better than 80 ps in total and a time resolution per channel of 60 ps with a
detector efficiency of at least 95%. To achieve this, the Multi-Gap Resistive-Plate Cham-
bers (MRPC) technology is chosen. In addition a T, reference detector is necessary to
determine the time of flight. The T, is planed to be a high rate start detector (SD).
For the heavy ion setup a large area pcCVD diamond plate and metallic electrode strip
layers on both sides will be used, whereas scCVD plates will be put together like a mo-
saic for proton and light ion beams (see Figure 3.6). In addition to the start time, the
start detector is a very important tool for online monitoring and beam profile investi-
gations [82].

The time of flight wall (TOF detector) will cover the same acceptance of 2.5°< ©<25°
as all CBM detectors. At a location between 6 m and 10 m downstream from the target,
this results in an acceptance area of about 120 m?. To cover this area effectively, six
different modules with five different types of MRPCs are used. The modules are dif-
fering in size, number of cells and number of MRPCs. The MRPCs itself are all build
with different active areas, granularity, glass thickness and type of glass (for a full list
see [82]). All 226 modules respectively 1376 MRPCs are later on arranged with a slight
overlap to have a full coverage of the acceptance (see Figure 3.7).

The development of a low resistivity glass gives the possibility to achieve fluxes in
MRPC1 to MRPC3a of 1 kHz/cm? to 25 kHz/cm?. The outer MRPCs MRPC3b and MRPC4
are equipped with float glass as they are exposed to fluxes of about 1 kHz/cm? only. The
modules are flushed with a gas mixture of 85% CH,FCF5, 5% C,H;, and 10% SFg.

3.1.8 ECAL

The CBM Electromagnetic CALorimeter is one of two calorimeters in CBM and planed
to be a "shashlik" type calorimeter. It will be used for the identification of (direct) pho-
tons and the identification of electrons by a measurement of the energy deposition and
spatial position. In addition to the measurement of electromagnetic decay products of
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Figure 3.8: (left) Schematic view of the ECAL detector with two movable sensitive
areas [89]. (right) Schematic view of the PSD detector on its mounting structure [90].

hadrons the two photon decay of glueballs in the dense and gluon-rich medium could
be measured [89].

The detector itself will be made from lead absorber plates and scintillator tiles, giv-
ing the name "shashlik" calorimeter. The 2 mm thick scintillator plates and 1.5 mm
thick lead stacks are attached to wavelength shifting fibers, penetrating the stack. Op-
timised light collectors and the large amount of photons allows to finally connect to
conventional photomultipliers and their readout electronics.

The calorimeter is planed as a setup of two rectangular blocks, one below and one
above the beamline. Each of the blocks is adjustable to optimise the system for spe-
cific measurements (see Figure 3.8, left). The whole ECAL will have 4352 electronic
channels in 1088 modules, where each module has cells of the size of 60x 60 mm? [89].

3.1.9 PSD

The Projectile Spectator Detector (PSD) is installed for the experimental measurement
of the centrality of the collisions as well as for the orientation of the event plane. As
introduced in Chapter 1.3, the PSD detector is of special interest for event-by-event
measurements as it is needed e.g. in fluctuation measurements in the search for the
critical endpoint [90].

The event-plane of a collision is reflected in the position of its spectators which are
detected by the PSD far downstream at the end of the CBM detector setup. A good
energy resolution in combination with a good position measurement by a modular
structure with fine azimuthal segmentation is required. The PSD will be able to operate
in a beam energy region from 2-35 AGeV and beam intensities of up to 10° Au ions
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Figure 3.9: (left) Stacked PSD module and scintillation tiles with fibers, combined to
six per readout sensor. (right) Angled view on the PSD module with a scintillator tile in
front [90].

per second. The reaction plane is determined with an accuracy of better than 40° and
the centrality with an accuracy better than 10%. This is achieved with a transverse
area of 1.5x1.5 m?, a transverse granularity of 20x20 cm? and an energy resolution of
op/E < 60%/y/E(GeV). A schematic drawing of the PSD detector is shown on the
right side of Figure 3.8.

Each module of the PSD calorimeter is build in a sandwich like design as the ECAL
is proposed. A module is build from 60 lead-scintillator tiles with 16 mm respectively
4 mm thickness. The light from a scintillator tile is readout with wavelength shifting
(WLS) fibers, guaranteeing a high efficiency and uniform light collection. A single pho-
todetector is seeing the light from six consecutive fibers that are combined [90]. The
inner structure of a single module is shown in Figure 3.9.

The scintillator plates are build from polystyrene based scintillator material. The
WLS fiber is glued in a groove on the surface of the scintillator. The readout electronic
has to be selected such that 10 photodetectors are fitting in the 20x 20 cm? back side of
a module. This is fulfilled by micropixel avalanche photodiodes [90].

3.2 The CBM Data Acquisition

The Data AcQuisition (DAQ) of the CBM detector, as well as for mCBM as a test-bench,
is a very challenging project as the data is produced free-streaming in each sub de-
tector. Classically, data readout is triggered by a central triggering system for all sub
detectors. In the case of CBM, each detector is self-triggering and has to be precisely
synchronized with the other detectors.

Collision rates of 10 MHz are leading to a data rate from the detectors of approxi-
mately 1 TB/s. The archiving resources are not able to handle this high rates and thus a
compression of the data is necessary. An online event selection will be used to get rid of
non-interesting interactions and end up with a data rate that can be written to tape [91].

Each detector setup of CBM is designed with a very fast readout-out concept and
in most cases radiation hard front-end ASICS. The CBM RICH detector readout is com-
pletely based on field programmable gate arrays (FPGAs) that are located outside the
acceptance and inside the shielding box resulting in a less radiation hard environment
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Figure 3.10: Drawing of the CBM building. Raw data from the detectors is transported
by optical fibers to the CRI in the DAQ room. Further on, microtimeslices are transmitted
via InfiniBand to the green IT Cube for timeslice building [92].

in comparison to FEE ASICS of other CBM subdetectors. The front-end electronics is
marking each hit with a timestamp and sends these data information to higher level
data aggregation units. Many detectors are using the CERN GBTx-based radiation hard
aggregation units [91]. The RICH is combining the informations from its FEE on a ded-
icated combiner board with an included hub functionality and further advanced fea-
tures, that will be described in detail in Chapter 7.

Data from the detectors itself will be transported via optical fibers to the DAQ room
of the CBM building (see Figure 3.10). The CBM DAQ room is hosting a farm of several
ASUS ESC8000 G3 servers. They will be equipped with up to four Common Readout
Interface (CRI) boards and one InfiniBand connection per server. The CRI is chosen
to be the FLX-712 (respectively BNL-712) card with a Xilinx Kintex UltraScale XCKU115

CBM detector ~ 100m . CBM service ~ 700m Green IT Cube
cave ) ' building ; '
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Figure 3.11: Proposed readout chain of mCBM phase Il and most probably for CBM. The
individual stages are shown with all their types of data connection as well as transmitted
informations. The figure is adapted from [93] and [94].
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63 55 47 39 31 23 15 7 0
hdr_id | hdr_ver eq_id flags sys_id | sys_ver
idx
crc size
offset

Table 3.1: The bitwise structure of a microtimeslice descriptor. Adapted from [97].

FPGA, PCIe Gen3 x16 connection, jitter cleaner and 48 bidirectional optical links with
up to 14 Gb/s [95, 96], or an update of this card.

The CRI is receiving the data streams from the connected Common ReadOut Boards
(CROBs) and processes this data. Data sorting, feature extraction as well as the build-
ing of microtimeslices can or will be be done on the CRI to prepare the data for further
processing and unpacking. The CRI provides a high speed PCI express connection to
the First-Level Event Selector (FLES) entry node (Server hosting up to 4 CRIs) [93, 94].

This PCIe connection is used for the data transport, but also as connection to a
wishbone interface for slow control on the CRI and its connected CROBs. The FLES
entry node itself is equipped with an InfiniBand interface. A single mode fiber is used
to transmit the data via long-range InfiniBand to the GSI Green IT Cube with a band-
width of 2 TB/s. The servers and switches of the Green IT cube are receiving the mi-
crotimeslices that are transmitted from the DAQ room by the FLES entry nodes and
combines these to so called timeslices. A microtimeslice is a small slice in the time,
defined by the control software. For tests in the mCBM setup e.g. a microtimeslice
length of 102.4 us respectively 1.28 ms was used. In the same mCBM setup, 10 micro-
timeslices were combined to one timeslice. The data in timeslices on the processing

name size example description

hdr_id 8 0xDD Descriptor format identifier. Fixed to 0xDD.

hdr_ver 8 0x01 Descriptor format version. Set to 0x01 for this
version.

eq_id 16 0x1234 Equipment identifier. Specifies the FLES input
link.

flags 16 0x0000 Status and error flags. See Tab. 3 for more
details.

sys_id 8 0x00 Subsystem identifier. Specifier of the CBM
subsystem that has generated this microslice.

sys_ver 8 0x01 Subsystem format version. This specifies the
format of the microslice data content.

idx 64  0x0000000123456789 Start time of the microslice in ns since global
time zero.

crc 32  0x12ACBDEF CRC32-C checksum of the data content.

size 32 0x00000000 Content size. This is the size (in bytes) of the

microslice data content.
offset 64 0x0000000000000000 Offset in data buffer.

Table 3.2: Short explanation of the acronyms from Table 3.1 [97].
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nodes is ready for further online unpacking, event building, reconstruction and finally
storage to the filesystem.

The microtimeslice is the basic structure of the CBM DAQ. Each data processing
board (DPB) in mCBM phase-I, respectively CRI board in mCBM phase-II and in the fi-
nal CBM DAQ, is creating slots in time. The data produced in this timeslot is labeled as a
microtimeslice and put into a microtimeslice-container. A microtimeslice itself has to
be self-contained: All informations that are needed for the event-reconstruction of the
corresponding detector have to be found in the microtimeslice [97]. The microtimes-
lices in the unpacking stage consist of a 32-byte descriptor, defining the content of it,
and the experimental data. Table 3.1 shows the bitwise representation of the 32-byte
and its content, that is explained in Table 3.2.

The microtimeslice with an index s (may) contain the experimental data of a defined
time interval
t€ls—dty,(s+T)+ dty] (3.2)

with the global microtimeslice length T and the allowed time uncertainty dt, and dt;
(e.g. 5ns).

For the identification of a subsystem the 8-bit sys_id is used. Table 3.3 presents the

identification numbers of the individual systems of the CBM detector. All detectors
have to be operated synchronous to achieve the necessary alignment in time for the
building of self-contained microtimeslices.
The synchronous operation of all systems is guaranteed by the implementation of the
Timing and Fast Control (TFC) system that distributes a global CBM clock to all subsys-
tems. The TFC system is developed by the KIT and will be build up from a master FPGA,
sub-masters and slaves. The TFC-master is generating a global time reference and the
master clock of the full CBM system. The master propagates these informations via
optical fibres through the TFC network to the slaves. In terms of the CBM DAQ the
CRI will behave as the slave and receive the global reference time and the clock. The
CRI will run on this clock synchronous to all other systems and knows the global time
from the reference time distribution. The CRI has to synchronize the lower readout
modules [98].

Subsystem sys_id
Silicon Tracking System (STS) 0x10
Micro-Vertex Detector (MVD) 0x20
Ring Imaging CHerenkov detector (RICH) 0x30
Transition Radiation Detector (TRD) 0x40
Muon Chamber system (MuCh) 0x50
Resistive Plate Chambers (RPC) 0x60
Electromagnetic CALorimeter (ECAL) 0x70
Projectile Spectator Detector (PSD) 0x80

Table 3.3: Subdetector identification in the FLESnet environment [97].
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3.3 The CBM RICH Detector

The Ring Imaging CHerenkov (RICH) detector is a well known detector type based
on the principle of Cherenkov radiation. Many different types of Cherenkov detec-
tors for different experimental purposes are on the market and under development.
Cherenkov detectors are very well suited for the identification of particles.

3.3.1 Theory of Cherenkov Radiation

The discovery of the Cherenkov effect, the basis of all Cherenkov type detectors, was
published by Pavel Alekseyevich Cherenkov in 1937 [99]. P.A. Cherenkov discovered
the emission of light by particles while travelling through a medium with a speed,
higher than the in medium speed of light.

A charged particle moving through a medium is locally polarising the medium. If
the particle is slow compared to the in medium speed of light, the polarisation is sym-
metric around the particle and in a global view no polarisation is visible. If the particle
is faster than the in medium speed of light, it is still polarising the medium, but the
polarisation is now asymmetric. The local polarisations are not shielding each other
on the global scale and electromagnetic waves are radiated along the polarisation (see
Figure 3.12).

The radiated waves from the moving particle are spreading in atime AT'. Thisis the
time between the first position Py and P; in Figure 3.12, right picture. In this time the
particle moves a distance of 5 ¢- AT and the electromagnetic wave a distance ¢/n - AT.
The constructive superposition of the elemental waves is resulting in a wave front, that
defines the Cherenkov polar emission angle 6~ under which photons are radiated [100,
101].

cos(0c) = % : : = (3.3)

Figure 3.12: Schematic drawing of the Cherenkov effect. A particle is moving with the
velocity v through a medium with an index of refraction n and the vacuum speed of light
c. (left) If the velocity is below the in medium speed of light, the medium gets locally
polarised. A global effect is not observed as the polarisation is symmetric and shielding
itself. (middle) If the particle is faster than the in medium speed of light, the polarisation
is asymmetric and the source of radiation. (right) The front of coherent waves from the
particle is defining the Cherenkov angle 6.
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Equation 3.3 is an (rather good) approximation that neglects the recoil by the photo
emission [101]. The equation is valid for the conditions of a charged particle travel-
ling through an optical transparent medium faster than the in medium speed of light.
In addition the radiator medium has to be much longer than the wavelength of the
Cherenkov radiation A < L.

The emitted electromagnetic radiation is transversally and linearly polarised. Fur-
thermore the equation shows, that only a certain angle and /5 range is possible. A par-
ticle has to overcome a threshold velocity ;. to radiate Cherenkov photons [101].

By = (34)

"
This threshold is not exactly constant as the index of refraction n is energy dependent
(dispersion). In addition, a particle’s velocity is limited by the speed of light. This de-

fines a maximum angle
1

c0$(Omaz) = - (3.5)
The radiated photons are forming a cone where the opening angle ¢. depends on the
velocity of the particles. This cone has the maximum opening angle 6,,,, for § ~ 1.
The Cherenkov angle is thus depending on the energy of the particle. The threshold

energy is defined by

mc = T = m B Sinemax .

using equation 3.3 [101]. With all this equations it is getting obvious that the Cherenkov
angle or the radius of the resulting cone/ring is giving an information about the particle
species, if the momentum is known.

Frank and Tamm did successfully find a theoretical description of the Cherenkov
effect, resulting in the Frank-Tamm relation

deh - <g
dE  \hc

with the fine structure constant «, the charge of the particle Ze and the path length L
in the medium [100]. The Frank-Tamm relation gives the number of produced photons
in an energy region from F to F + dE. The integration of equation 3.7 is not straight
forward as the dispersion of the optical medium n(F) has to be taken into account.
This dependency is resulting in an increase of photons in the UV spectrum.

Integration of equation 3.7 with the assumption of a constant index of fraction,
yields the following relation for the number of photons

N,y = NoZ?Lsin*0 (3.8)

) 22 Lsin20 — (%) 72 {1 . (%)2} (3.7)

Ny is the detector response parameter [100]. The detection of photons includes several
efficiency losses as e.g. mirror reflectivity R, quantum efficiency Q of the detector or
transmission T of the medium for a imaging detector including a mirror. These effects
are summarized in N, with

Ny = (%) eAE .
AE — / (QTR)dE

with € as the energy average detector efficiency loss in the energy range of AF [100].
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3.3.2 Cherenkov Detectors

The formation of cones by the Cherenkov photons is used in the concept of Cherenkov
detectors. Different types of Cherenkov detectors were build over the last decades. In
the following the most important designs for this thesis are presented:

Cherenkov detectors are separated into two types of detectors. The first and most
simple type is the threshold Cherenkov detector. No spatial resolution is needed for
such detectors, thus it is relatively easy to produce such a detector. Special radiators
are selected such that only particles with §>2 produce Cherenkov photons. In case
more than one of these detectors with different radiator materials are combined in a
row, even the identification of particles is possible (see Figure 3.13).

The threshold momentum of a particle is defined by the mass and the index of re-
fraction [101]

P =mc* (BY)y, = —— (3.10)
n*—1

As equation 3.10 shows, only particles with a specific mass are producing photons
in a radiator when overcoming the threshold momentum. In combination of a mo-
mentum measurement and different index of refraction, the type of a particle can be
determined. This principle is sketched in Figure 3.13 where three sub detectors with
different radiators are shown. The photons produced by the Cherenkov effect are ra-
diated in the radiator medium. Diffuse reflection by the walls may allow them to be

detected by a photon detector (here a Photo Multiplier Tube (PMT)).

The second type of Cherenkov detectors that is introduced here is a ring imaging
Cherenkov detector (RICH). In contrast to the threshold detectors, the RICH detectors
are using the additional information of the Cherenkov angle of the emitted photons

radiator 1 radiator 2 radiator 3

Figure 3.13: Schematic drawing of a threshold Cherenkov detector. Three particles with
the same momentum, but m;<my<mjs, are traversing three sub detectors with different
radiators (n;<ns<n3). Particle 1 has such a mass, that it is above the threshold in all
detectors. Particle 2 is as heavy, that it is not creating photons in the first radiator, but
in the following. The last particle is producing photons only in the last detector. The
combination of these informations gives the possibility to identify the particle species.
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to identify different particles. The photons are forced to form a ring by the usage of
a defined but rather short radiator length (proximity focussing) or by the use of spe-
cial optical focussing mechanisms as spherical mirrors. The use of a mirror is on the
one hand very helpful as the photons and the photon detectors can be moved out of
the acceptance of the beam. Additionally the photons are focussed to sharp rings, in
contrast to the proximity focussing RICH with relatively wide rings. On the other hand
it is introducing more uncertainties as the mirror is not perfectly spherical and the
reflection is not always perfect.

The CBM and HADES RICH detectors are based on the RICH technology with a fo-
cussing mirror. The mCBM RICH (mRICH) is based on the proximity focussing concept
with an aerogel block as radiator.

A proximity focussing RICH produces a ring of photons, with a defined width of the
ring. As particles are only producing Cherenkov photons in the radiator volume, the
inner part of the ring is not filled. The shorter the radiator volume is, the tighter is
the produced ring. On the other hand a smaller radiator is leading to less Cherenkov
photons (see equation 3.8). A compromise between a defined ring and an acceptable
number of photons has to be found. The radius of the ring is highly influenced by the
thickness of the radiator as well as the distance of the radiator to the photo detection
plane and the Cherenkov angle. The granularity of the photo detection plane has to be
adapted to the ring size to be able to resolve the rings (see Figure 3.14, left).

A mirror based RICH detector is in general more challenging than a proximity fo-
cusing RICH as the focussing element is a mirror. Here even small uncertainties can
lead to huge effects on the projected rings. For the CBM and HADES RICH, most of
the detector volume is filled with a radiator gas. A particle going through the detector
is moving through the radiator medium and emitting photons on its path through the
medium as described by equation 3.8. The emitted photons of the particle are flying in
the direction of the charged particle towards a mirror. The mirror is spherical, reflects
the photons and focusses them towards its focal point. The mirror is in the acceptance
of the detector and thus its material budget has to be as small as possible. Nevertheless

radiator block Particle
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Figure 3.14: Schematic drawing of (left) a proximity focussing RICH and (right) a
(spherical) mirror focussing RICH detector (Adapted from [101]). In both cases a photo
detection plane is measuring the projected ring of the Cherenkov photons.
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it has to be extremely homogenous on the surface with a high reflectivity and has to be
sufficiently strong to conserve its shape in order to preserve its optical parameters.

The reflected and focussed photons are measured at the photo detection plane. In
the photo detection plane the cone focussed to a ring is detected and further processed
to digital signals. The radius R¢ of the rings in a RICH detector with spherical mirror
is approximately given by equation 3.11. The radius of the mirror is given with Rg. The
focal length is fg = Rg/2 [101].

) 9.
Rs-0c o = fic (3.11)
R
S

Taking into account the momentum P = mcf~y of a particle the mass of a particle

can be expressed as
2
\/(n - cos (%)) -1 (3.12)

1
ngwﬁ—l:g\/(n-cosﬁcf—l:

As heavy ion experiments are in general equipped with a magnet and can per-
form a momentum reconstruction of the particle passing the RICH by a good tracking,
the mass of a particle, and therefore its type, can be measured by the radius of the
Cherenkov ring Re.

Re = fs-0c =

[

3.3.3 CBM RICH Concept and Mechanics

The position of the detector is 1.6 m downstream the target, directly after the CBM
magnet and before the TRD detector. The location of the detector is constraining many
design decisions by e.g the influence of the magnet stray fields on the photo camera or
the material budget of the mirrors with supporting structures in the acceptance.

The detector is designed to fulfil its physics requirements in electron identification
and pion suppression. The RICH is the key detector to identify electrons in the low
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Figure 3.15: (left) Monte-Carlo simulation of the CBM RICH. (right) Measured
CBM RICH prototype data in a test beam at CERN. Both histograms show the radius-
momentum distribution of the RICH detector for electrons and pions [83].
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momentum region of up to 8-10 GeV. In the region of higher momenta the TRD detector
is completing the identification of particles. The electron identification of the RICH
is extremely important in the low mass vector meson section and the decay of J/¢
to ete~. To achieve a clean sample with reduced background, a pion suppression of
above 100 is aimed by the RICH detector for the di-lepton spectra. In combination with
the TRD a suppression of even 10000 should be achieved [83].

For the physics at SIS100 already a pion suppression factor of 1000 is sufficient to
have a background that is mostly dominated by 7°-Dalitz decays and y-conversion.

The CBM RICH detector has to match the acceptance of 2.5-25° in polar angle of the
full CBM experiment with a full azimuthal coverage. To compensate the influence of
the dipole magnet on the particles, the width of the RICH has to be increased to 35° [83].

The detector will be constructed from aluminium alloy in separated parts to im-
prove the installation process. The complete RICH detector will be movable by a crane
which makes the existence of an especially strong supporting frame below the detector
itself indispensable (see Figure 3.16). The supporting frame will ensure the stability of
the detector, but also provides an adjustable positioning of the detector with respect to
the beam axis. Three hinged supports will be mounted on the RICH/MUCH foundation
and the counterpart on the support frame, where each of these supports can carry 6
tons of weight. A possible movement within 15 mm in y, 100 mm in x and 580 mm in
z improves the safety of the craning process as the detector can be moved in the best
suited position [102].

The movement is realised by two different types of supports as shown in Figure 3.17.
Type 1 is optimised for a transverse and vertical movement, whereas type 2 regulates
the longitudinal and vertical direction. Both types provide a full rotational degree of
freedom [102].

The detector itself is separated in three main parts that are later on introduced in
more detail: A radiator volume, a mirror structure and a photo detection plane.

The radiator vessel is the main body of the detector. It is build from aluminium
parts that are sealed together and mounted to the global support structure shown in
Figure 3.16. Next to the function as a gas- and light-tight vessel of the radiator gas, the
aluminium vessel is the main structure of the detector, providing the stiffness for crane

Figure 3.16: CAD drawing of the support frame (bottom view) with the connections to
the hinged supports, that is mounted on the RICH foundation [102].
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Figure 3.17: CAD drawing of the adjustable hinged support. (left) Type 1 with a
transverse and vertical movement. (right) Type 2 with a longitudinal and vertical move-
ment [102].

movement and the supporting structure for two magnetic shielding boxes around the
two photo cameras with a weight of roughly 1400 kg per shielding box with attached
camera [103]. The full vessel will be about 6 m in width, 2.2 m in length and 5 m in
height [102]. These huge dimensions make it hard to produce and transport the full
structure. Therefore the detector is separated in smaller parts that can be produced
more easily and will be later bolt and sealed with rubber gaskets in the CBM cave. As
a reduction of material budget, the entrance window to the detector (see Figure 3.18,
left) is made of Kapton foil or a similar material. The rear side of the detector, adjacent
to the TRD, will be closed with a thin plastic sheet (see Figure 3.18, right).

The whole vessel will be operated with a slight overpressure of the radiator gas of
2 mbar and an allowed leakage of maximum 3 standard liters per minute.

In the inside of the CBM RICH detector the focussing mirror is located. The mirror
will be made from arrays of smaller mirrors. Each of the mirror tiles has to be posi-
tioned individually in all three dimensions to form an in global perspective homoge-
neous and, even more important, a common spherical surface without further distor-
tions. The mirror tiles are positioned on a mirror supporting structure that can with-

Figure 3.18: (left) Drawing of the CBM RICH detector in beam view. The central
opening with the beamtube (mid) and the shielding boxes (blue) are visible. (right) The
backside of the detector with a view on the mirror wall with the mounting structure [102].
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stand the forces of the mounted mirror without a huge deformation and that allows
a movement of the RICH without destroying mirror tiles. This all has to be achieved
with a sufficient low material budget in the acceptance region.

The mirror surface will exceed an effective area of 6.5 m? per half with four differ-
ent types of mirror tiles. Each type of mirror tile has a different size and gaps of 3-4 mm
between the corners of adjacent mirror tiles. In total 80 mirror tiles will be mounted
in the RICH detector. The mirror holding structure will be made from thin walled alu-
minium alloy AD31 (EN AW-6061) pillars. Each pillar holds mirrors from two vertical
rows of the mirror wall with a dedicated mirror mount. Analysis on the stiffness of the
pillar show a deformation of less than 0.06 mm (see Figure 3.19, right). Each pillar is
designed to carry eight mirror holding structures with different distances between the
mirror and the pillar. The measured deformation of the pillar under load is reflecting
the increased deformation with increasing lever arm.

Each of the holding structures is designed to hold mirror tiles on a tripod construc-
tion. The tripod mount concept is foreseen to allow a full adjustability of the mirror
tiles in space in the design limits and guarantee a perfect alignment. The alignment of
the mirror tiles is done with screws on the mirror holders. The holders itself are glued
to the mirror with a radiation proof glue that reduces the stress to the mirror on the
glueing positions to a minimum. The gravitational force will produce some stress to
the mirrors. The resulting deformation by gravity is shown in Figure 3.20, right figure.
The result of a deformation analysis is comparable with the expectation.

The pillars with their attached mirror holding structures are mounted in a frame
that surrounds the full mirror array [102]. The frame is not mounted to the whole vessel
to ensure the lowest possible stress on the mirrors while lifting and movement (com-
pare Figure 3.19).
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Figure 3.19: (left) Aluminium holding structure for the mirror array with the surrounding

support frame. (right) Exaggerated drawing of a deformation analysis of a pillar under
load [102].
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Figure 3.20: (left) Mirror holding structure with its three mounting points for one of
the attached mirror tiles. (right) Exaggerated drawing of the deformation analysis of a
mounted mirror tile under gravity [102].

The CBM RICH detector is exposed to the remnants of the magnetic field of the
dipole magnet. Dedicated field clamps are mounted to the magnet to reduce the influ-
ence of the magnetic field to the RICH detector. Unfortunately an additional reduction
of the field in the position of the photodetector plane is needed as measurements of the
MAPMT H12700 showed an efficiency drop for magnetic fields of above 2-3 mT (see sec-
tion 3.3.6). In addition to an effect on the MAPMTS, the magnetic field has to be small to
assure straight particle tracks in the RICH detector. Bended tracks in the RICH would
lead to smeared rings and harm the performance of the RICH detector.

Simulations with ANSYS, OPERA and COMSOL are executed to find the best geom-
etry and material to reduce the stray field in the photodetection plane. The shielding
boxes are planed to be made of magnetic iron and will reach a weight of about 1 ton
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Figure 3.21: (left) CBM RICH design with attached shielding box in blue. (right)
Exaggerated drawing of the deformation of the CBM RICH detector vessel under gravity

with attached shielding boxes of a maximum weight of 5 tons (estimate of an upper
limit) [102].
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Figure 3.22: (left) Threshold momentum of the pions and kaons for different threshold
Lorentz factors 7. Green indicates the region of possible pion identification up to 90%

of the Cherenkov angle. (right) Dependence of refractive index on wavelength for Ns,
CO, and CH, for T=0° and p=1 atm [83)].

each. Figure 3.21 shows the CBM RICH design with attached shielding boxes and the
expected deformation of the vessel due to the gravitational force from shielding boxes
with a maximum weight of 5 tons (for an estimate of an upper limit). The current de-
sign foresees the attachment of the readout electronics to the shielding box with a later
on combined insertion in the detector vessel.

3.3.4 CBM RICH Radiator

The CBM RICH detector is planned as a gaseous RICH detector with CO, as radiator
gas. CO, has an index of refraction of n = 1.00045 (T= 0°, p=1 atm) [83], a resulting -,
of 33.3 (see equation 3.6) and a maximum Cherenkov angle of 1.72° (see equation 3.5).

The vessel will be filled with ~ 63 m? of the gas with a radiator length of 1.7 m. In-
beam tests with a prototype measured a number of Na22 hits per ring [83]. Referring
to equation 3.8, a figure of merit N, of 171 cm ™! is expected.

The chosen gas provides a good electron to pion separation until high momenta.
The threshold momentum of pions in CO, can be calculated with equation 3.10 and
gives a value of P;;,,=4.65 GeV/c. A separation between electrons and pions is assumed
to be possible for Cherenkov angles of up to 90 % of the maximum Cherenkov angle,
i.e. up to momenta of about 10 GeV. Figure 3.22, left, illustrates the possibility of the
RICH detector to separate pions and electrons even at high momenta above 5 GeV/c.
The threshold momenta of kaons is located at ~ 16 GeV .

The CO, radiator is absorbing photons at a wavelength below 180 nm. Above this
value it is nearly completely transparent. In the region of small wavelength the chro-
matic dispersion becomes more important as the changes in the index of refraction
become more significant (see Figure 3.22, right) [83].

The scintillation of CO, is fortunately only a small contribution to the detected pho-
tons. Estimates based on central Aut+Au collisions expect a contribution of 250 mea-
sured photons homogeneously distributed over the photo detection plane [83].
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3.3.5 CBM RICH Mirror

The mirror of the CBM RICH detector is one of the key elements for a precise elec-
tron identification as the reflection is influencing the shape of the Cherenkov rings.
It is designed as a spherical focussing mirror separated into two halves, focussing the
Cherenkov photons to one of the two photon detection planes. Each of the halves will
be equipped with a mirror array of ~40 individual smaller trapezoidal mirror tiles,
adding up to a total mirror size of 13 m? with a focal length of 1.5 m (radius of curva-
ture: 3 m).

The splitting of the mirror in separate smaller mirror tiles is necessary to reach a
reasonable size with the needed precision of the full mirror for the CBM detector and
to be still manufacturable. Small gaps of 3-4 mm in between neighbouring mirror tiles
are needed to keep the mirror flexible enough for the craning process to minimize the
risk of cracking mirrors. On the other hand, the gap is chosen reasonable small to re-
duce losses of Cherenkov photons to a minimum. As mentioned earlier, each of the
tiles will be attached to a tripod mounting structure that allows the alignability of each
individual tile to better than 1 mrad. This is needed to get a common spherical surface
over the full mirror as well as an eventually needed correction of the position after e.g.
craning.

In addition to the alignment via screws on the holding structure, a software based
mirror alignment correction system was developed and tested [104]. A dedicated equip-
ment for the measurement of mirror misalignments is positioned in the detector (Con-
tinuous Line Alignment Monitoring (CLAM)). Based on the measured misalignment by
the CLAM method, a correction of the data can be applied.

The mirror tiles will be produced by JLO Olomouc. The tiles are made from SIMEX,
a special borosilicate crystal. The full glass mirror is polished and later on coated with
a 110 nm aluminium film. Oxidation of aluminium is critical for the reflectivity of the
mirror, as it absorbs photons in the UV region strongly. A 110 nm coating of MgF, is
applicated on the Al coating as a protective layer [83].

Measurements of different mirror types were performed by the RICH group and
summarized in [83]. The measurements of the chosen mirror type from JLO Olomouc
provides a relatively flat and constant reflectivity of above 85% over the full wavelength
down to 200 nm (see Figure 3.23). In addition the mirrors show a very good focussing
and optical surface quality.
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3.3.6 RICH Detection Plane

The photon detection plane of the CBM RICH detector is separated into two cameras,
one on the upper and one on the lower half of the detector, as previously shown in
Figure 3.18. Each of these cameras is positioned around the focus point of the mirror
system and follows the radial shape of the mirror in the X-direction. The camera po-
sition is tilted to match the focal plane of the mirror. The mirror and photodetection
plane are tilted to minimize the influence of the magnetic field on the photodetectors.

The basic concept of the photon detection plane is the same for all three RICH
detectors discussed in this thesis. The main difference in the discussed cameras is
the geometrical positioning of the MAPMTs. The RICH detectors photon detection is
based on the multi anode photo multiplier tubes (MAPMTs) Hamamatsu H12700B. The
H12700 is a quadratic photo sensor with an effective sensor area of 48.5x48.5 mm? and
a full device area of 52x52 mm?. The effective area is divided in 8 x8 pixels. The outer
pixels have a length of 6.25 mm whereas the inner pixels are only measuring 6 mm.

Figure 3.24 is showing the dimensions of the Pixels and the full MAPMT as well as
the basic principle of the MAPMTs function. The H12700 is chosen after several tests
of different MAPMTSs as it is combining the large size of 52x52 mm? from the H8500
MAPMT with the beneficial single photon properties of the R11265 tube [106]

Several parameters are playing a very important role in the use of a MAPMT. One
of the key parameters is the quantum efficiency of the PMT. The quantum efficiency
(QE) is defined as the probability to produce a photoelectron from an incoming photon
in the photocathode. Additionally to the QE, the photo electron collection efficiency
and entrance window transmittance are playing an important role. The use of a Super-
bialcali photo cathode leads to a significantly higher quantum-efficiency of the H12700,
compared to the H8500. In addition, the entrance window of the H12700 is made of UV
glass instead of standard borosilicate glass, enhancing the wavelength transmission
range down to 185 nm with a maximum of 600 nm (H12700B-3) [108], to match the op-
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Figure 3.24: (left) Schematic drawing of an H12700B MAPMT with its dimensions and
pixel size. The outer pixels are 0.25 mm wider. The full effective area is surrounded by a
small non-sensitive area. (right) Electrode structure and electron trajectories for a multi
anode PMT [105].
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tical properties of the CO, radiator gas. Furthermore the UV glass is more radiation
hard than the standard borosilicate glass.

In the CBM environment the photo detection plane has to cope with high interac-
tion rates and thus with a high hit rate per pixel. A maximum hit rate on the order of
700 kHz/pixel is expected in the inner most regions (see Figure 3.25). Calculations with
a gain of 10° for single photons result in a signal current of 0.1 uA per pixel, respectively
~5 nA per MAPMT which is far below the maximum rating of the H12700B-3 [83].

Each of the 1100 acquired MAPMTs have been tested in a laboratory setup. The qual-
ity assurance test focussed on parameters as gain and efficiency of the MAPMTs (as
well as individual pixels). The gain measurement is necessary to later selected groups
of six MAPMTs by gain to operate them with a shared high voltage on a common back-
plane of the RICH detector [109].

Next to the possibility to work at maximum rates it is important to have a low noise
level in the photo detector. The targeted dark rate of the CBM RICH detector is below
100 Hz/pixel. This low dark rate is even more important in the free-streaming CBM
environment than in the HADES detector, as all detected photoelectrons are entering
the read out chain and thus can slow down the reconstruction as well as lead to buffer-
ing issues on the front-end electronics. The trigger free environment also requires a
very good time resolution as the events can partly overlap and as the event building in
the time stream is based on time window cuts. The higher the time resolution is, the
tighter the cuts can be chosen and the better the event reconstruction is working.
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Figure 3.25: Expected single photon hit rate per pixel in the photo detection plane for
minimum bias Au + Au collisions at 10 AGeV and 10 MHz interaction rate [107].
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3.3.7 RICH Front-End Electronics

The Front-End Electronics (FEE) of the CBM RICH detector is mostly identical to the
FEE of the mRICH and HADES RICH detector. Only changes in the firmware and up-
dates in the layout due to production processes are different between the experiments.

The FEE is designed as a composition of submodules. The basic structure is a back-
plane. The backplane is a PCB of 156 x 105 mm?. It is designed to be as light tight as pos-
sible to be used as the connection part between radiator volume and readout volume of
the detector. The side of the PCB pointing to the radiator gas is hosting the H12700B-3
Hamamatsu MAPMTSs with their recommended Pin Header for PMT signals, ground
and high voltage connection. The inner side of the PCB is equipped with SAMTEC
connectors. At these connectors the FEEs, the DiRICH boards, a data combiner board
(Combiner board) and a power distribution board (power module) are connected. One
standard backplane can host 6 MAPMTs in a 3x2 array. Two of the six MAPMTS are
rotated by 180° relative to the others. On the readout side, one PMT is connected to
two individual DiRICH boards, resulting in 12 DiRICH boards per backplane (see Fig-
ure 3.26 and Figure 3.28).

The backplane is connecting the Serializer/Deserialize (SERDES) data lines of the
DiRICH boards and additional low voltage differential signal (LVDS) lines with the com-
biner board. As the RICH FEE is used in triggered and self-triggered experiments, a
trigger signal distribution is needed. The trigger signals are distributed from the com-
biner board to a trigger fanout chip on the power module and further on to the indi-
vidual DiRICH boards.

Next to the trigger distribution the power module’s main use is the power distribu-
tion of the high and low voltage. A high voltage LEMO connector is used to connect to
a 3.2 mm diameter HV cable. The HV is distributed via the backplane to the HV con-
nectors of all six MAPMTs. MAPMTs have to be pre sorted in bunches of six by gain to
match the high voltage needs as a backplane provides only one common high voltage.
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Figure 3.26: (left) A partially equipped backplane with one MAPMT, DiRICHes, Power
and Combiner module. (right) A power module with fully equipped on-board DCDC
converter stage.
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The low voltage connection is highly challenging as low voltages with high currents
are needed to operate the FEE. Two scenarios are currently implemented and under
discussion as improvements are planed for CBM:

The standard option is the usage of on-board DCDC converters. The power module
is connected to a supply voltage of up to 36 V and filtered on board. Further on, four
different DCDC converter ICs are regulating the input voltage to the four needed output
voltages for all connected FPGAs and pre-amplification stages in the RICH FEE. 3.3 V
and 2.5V are needed in a low current regime. The 1.2 V and 1.1 V voltages, needed for
the amplification and FPGA operation, are problematic due to high currents: The 1.1V
line has to cope with up to 15 A of current. The draw back of the DCDC converter so-
lution with its lightweight cabling is radiation of electromagnetic noise to the DiRICH
boards, influencing the measurements by an increased noise bandwidth (compare to
Figure A.8).

A connection of pre-regulated voltages is foreseen as a bypass of the converter, how-
ever on the cost of thick power lines going in. Twelve power cables with a core diameter
of 1.5 mm have to be connected to a Weidmdiller connector. Such a cable implies huge
forces on the PCB and the connectors and is not as flexible as a cable used in the on-
board solution. In addition this solution suffers dramatically from a voltage drop on
the supply line. Nevertheless this method has the huge advantage of excellent noise
behaviour on the detector.

As the RICH group puts emphasis on the optimum experimental setup, the already
measuring experiments of mCBM and HADES are using pre-regulated input voltages.
In detail, the concept of supplying the voltage is different and will be explained in more
detail in Chapter 5 and Chapter 6.

With respect to the future CBM RICH, the powering scheme is under discussion
and not finalised. Different measurements with external DCDC converters in different
positions with respect to the power module were done (see appendix A). These mea-
surements clearly confirmed the dependence of the noise in the FEE with respect to
the power supply mechanism.

The heart of the RICH front-end electronics is the DiRICH board. One of these
cards is 100x47 mm? in size and hosts the pre-amplification stage of 32 MAPMT pix-
els, threshold setting infrastructure for all channels and the Time-to-Digital Converter
(TDC) including the TrbNet based data transport.

A typical signal output from a single photon amplification of the H12700B-3 is shown
in Figure 3.27. This signal has a width of 2-3 ns and a rise time of 0.52 ns. The small
signal has to be amplified by an amplification stage as the TDC of the DiRICH is oper-
ating in a region of ~1-2 V. The negative input signal is shaped to a positive signal with
an overshoot in the falling edge to improve the measurement of the falling edge of the
Time-over-Threshold (ToT) signal.

All experiments have to deal with the influence of noise, crosstalk or electrical in-
fluences on the signal detection. In the case of the RICH detector’s MAPMTs and FEE,
fake signals are generated by crosstalk in the MAPMT, random darkrate of the MAPMT
or e.g. radiated noise from the DCDC power board. A very robust method to get rid of
such signals in order to clean up the data samples is the application of a threshold to
the input signal to move the sensitivity of the TDCs further apart from the baseline of
the noise. In the case of the DiRICH, the already existing LVDS inputs of the central
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Figure 3.27: Typical signal of MAPMT pixels before amplification of the DiRICH
board [110].

Lattice ECP5 FPGA are used to filter the readout stage input for signals above a certain
threshold. The threshold of each channel is configured individually with two addi-
tional Lattice MachXO3 FPGAs, supplying the LVDS inputs with a threshold voltage.

The central FPGA of a DiRICH supports 32 input- and a reference-time TDC chan-
nel. Atapped delay line TDCis implemented on the FPGA, giving a resolution of roughly
10 ps and precision of around 12-30 ps, depending on the calibration method. The TDC
data is locally buffered in a ring buffer until a trigger signal is arriving. The size of the
ring buffer and the trigger rate is limiting the possible data rate of the TDCs. The data
transport over SERDES from the DiRICH to the combiner board is running with 2 Gb/s
(2.4 Gb/s in CBM) and thus not limiting the throughput.
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Figure 3.28: (left) The RICH combiner module with its central Lattice ECP3 FPGA, the
SFP+ cage for the fiber connection to the upper readout stages and two RJ45 connection
for Trigger and Clock distribution. (middle) A DiRICH version 1 with one central Lattice
ECP5 FPGA and the 32 channel amplification stage near the SAMTEC connector. (right)
A DiRICH version 4. It has two small Lattice MachXO3 FPGAs for threshold settings, an
improved layout and easier FFC connection.
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The DiRICH and all other RICH FEE is based on TrbNet. More details to TrbNet are
given in section 4.6.

All 12 DiRICH boards on a backplane are sending data via their SERDES media inter-
faces to the combiner board. The combiner board is the central component on a back-
plane for the data connection to the higher level readout structures. The firmware of
its ECP3 FPGA is the main difference between all RICH detector setups and the key part
of the firmware development presented in this thesis. The core usage of the combiner
board is the hub functionality. Data from an uplink port is distributed to all downlink
ports (DIiRICH boards) and back. Next to the distribution of the trigger information
from the central trigger system (CTS) and the data from the front-end, also the slow
control is distributed to all DiRICH boards. The combiner is equipped with a 200 MHz
clock that is distributed to all connected DiRICH boards. Its is used as the base clock
for the TDCs an the system clock of TrbNet. The use of an external clock source is also
foreseen.

3.4 The mCBM Experiment

The mCBM experiment is a prototype experiment of the SIS100 CBM experiment at the
SIS18 accelerator. It started operation in 2018 with first small prototypes and developed
further in the past years to the nowadays full mCBM detector setup with prototypes of
most of the CBM detectors and readout. The aim of the experiment is a test of the full
detector chain including the final CBM readout with full online data reconstruction

mRICH

mTOF

Figure 3.29: The mCBM experiment geometry of march 2020. From left to right: target
box with TO included, STS ladders, MUCH, TRD, TOF, RICH. In the background the
PSD is positioned next to the beampipe. All detectors (except PSD) are rotated by 25°
with respect to the beampipe.
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Figure 3.30: Real life photography of the mCBM detector setup in the cave in march
2020 [94]. The beam comes from the right.

capabilities. Next to the extensive test of the detector prototypes in real CBM envi-
ronments, the mCBM experiment helps to find structural problems from software to
hardware and monitoring issues.

mCBM is located in a cave next to the HADES cave at GSI. It is operated with the
Heavy Ion SIS18 beam of different beam types at different interaction rates. Six dif-
ferent prototypes of the CBM detectors are located in a row under a 25° angle to the
primary beam axis without a dipole magnet. The absence of a dipole magnet unfortu-
nately limits the capabilities of momentum reconstruction. Nevertheless, the recon-
struction of A baryons and the production of e.g. a beta spectrum is possible.

Figure 3.29 shows the geometrical setup of mCBM from march 2020 as it is used
in all analyses. The TO detector is located in the vessel on the left shortly before the
target. It is followed by the mSTS ladders and two MUCH chamber prototypes. The
mTRD prototype is located after the MUCH detector on a holding arm structure. mTRD
was added to the mCBM system in the beginning of 2020 and is the newest part of the
mCBM experiment. The mTOF is located behind the mTRD with a triple and a double
stack next to each other. The mRICH detector is positioned directly behind the triple
stack of the mTOF. The 25° line, defining the origin of the mCBM system, isnearly in the
center of the mRICH detector. The geometry in Figure 3.29 shows the mRICH entrance
window, the two aerogel blocks and the active area of the 36 MAPMTSs. The last detector
in the mCBM setup is the mPSD prototype. It is located next to the beampipe and is
therefore not part of the mCBM acceptance. Figure 3.30 shows a photography of the
full mCBM experiment in 2020.
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3.4.1 mSTS

The mSTS detector is a demonstrator detector for the full size Silicon Tracking System
with the full integration of the sensors, microcables, ASICs and front-end boards. Es-
pecially the full operation under real conditions with the full powering scheme, noise,
etc. are tested in this setup. The detector is build from half ladders with two or three
modules attached to it. The ladders are attached to the C-frame mechanical structure,
providing cooling with cooled water. During the march 2020 beamtime one ladder with
two modules was mounted in the mSTS box [94].

3.4.2 mMUCH

The mMUCH detector is based on the GEM technology. Each of the two chambers
is a sector-shaped triangle with the dimensions of the first CBM MuCh station. The
stations are positioned with a maximum overlap to the the nearby detectors to allow
time and spatial correlations to these detectors. The readout of the mMUCH is based
on the STS-XYTER-2.1 like the mSTS and the final CBM experiment. mCBM allows the
mMUCH a test of the rate capabilities of the chambers, with a test of the full bandwidth
of the readout under optimum noise performance. In addition the detector is tested in
a radiation environment, showing the radiation tolerance of all components [94].

3.4.3 mTRD

The mTRD will be a combination of four layers with one module each. Until the march
2020 beamtime only the first layer was available. In future the first layer gives a x-
coordinate and the second layer a precise y-coordinate. Each of the foreseen layers
is comparable with the large, outer region modules for the SIS100 CBM TRD. Each of
the modules is segmented into 6 rows of 128 rectangular shaped pads. The readout of
the mTRD is based on SPADICs on Quad-FEBS (four ASICs each). Each ASIC is able to
readout 32 channels, combining to 128 channels per Quad-FEB [94].

3.44 mTOF

The mTOF detector is build from five full size modules of type 4. They are combined to
one triple and one double stack as shown in Figure 3.29 and Figure 3.31. In addition to
the two stacks, test counters are mounted in front of the double stack. Each of the five
modules is equipped with five MRPC2 counters. These counters are arranged with a
slight overlap between neighbouring MRPCs, showing up in correlation measurements
of the mCBM detectors as presented in Chapter 8.

10 Get4 TDCs with 32 channels each are used with two readout boards and a GBTx
chip per module, summing up to 1600 channels in total. Each of the used MRPC coun-
ters are build with 32 strips, 1 cm pitch and 27 cm in length with a 0.8 mm thick low
resistivity glass. The 32 strips are read out on both sides. The MRPCs are constructed
to cope with rates of about 5 kHz/cm? as they are foreseen for the intermediate rate re-
gions of the CBM TOF. All in all this sums up in an active area of 150x125 cm?. The full
mTOF is positioned with the double stack near the beampipe (~12°) where the particle
flux is higher with respect to the triple stack, thatis centred at 25° to the beam. An event
display of a measured collision in Pb+Au with a technical drawing of the M4-module is
shown in Figure 3.31 [94].
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As the completion of mTOF, the T0 detector is mounted as a part of mCBM near the
target. The in-beam TO detector is build as a polycrystalline diamond plate of 0.3 mm
thickness. It is placed upstream in the beampipe vacuum and readout with a precision
of 50 ps. The signals are getting preamplified on the PCB and are fed to the outside to
an additional FEE board, sending out the data with GBTx chips. TO0 is synchronised to
the same reference clock as the TOF detector. The segmentation of the T0 is giving the
possibility of a beam quality and position monitoring [94].

3.4.5 mRICH

The mRICH detector is a small prototype detector of the CBM RICH detector with the
same front-end electronics as the future CBM RICH as well as the upgraded HADES
RICH. It is positioned in the center of the 25° position of mCBM and therefore directly
behind the mTOF triple stack. More detailed information to the mRICH detector is
provided in Chapter 6.

3.4.6 mPSD

The mPSD detector tests one module of the final CBM PSD. The module is 200 x 200 mm?
with a weight of 500 kg. It consists of 60 individual lead/scintillator assemblies with
included optical WLS fibers as described in section 3.1.9. Six consecutive fibers are
connected to a Hamamatsu MPPC S12572-010P and read out.

The mPSD is located with an angle of 5° to the beam axis and is therefore in an out-
standing position relative to the other mCBM detectors. The usage of mPSD in mCBM
gives the unique possibility to test the readout electronics in a real environment with
high rates and the possibility of correlation measurements with other subsystems [94].

mTOF configuration M4 module

Double stack Tnf/le S
Test
counters

Figure 3.31: Technical drawing of a type 4 module with its five MRPC2 counters inside
(top). In addition an event display of a measured high multiplicity event in Pb+Au
collisions is presented [94].
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3.4.7 DAQ

The DAQ of mCBM is the main part of the experiment as the interplay and integra-
tion of all CBM detectors in a common experiment are tested. The CBM readout is
mostly based on GBTx, with additional TrbNet based detectors as e.g. the RICH detec-
tor. The readout chain of mCBM was first build to concentrate on the GBTx based sys-
tems (phase I) and is undergoing a conceptional change to the first DAQ prototype sys-
tem of CBM with the CRI board (BNL-712/FLX-712) as key element for 2021 and beyond
(phase II). The readout concept of the mRICH detector as used in this thesis (Chap-
ter 6) is concentrating on the DAQ concept with an AFCK board (phase I). Based on
this, Chapter 7 introduces the further developments of the RICH readout towards the
CRI based readout as it will be used in phase II and later on in CBM.

The CBM DAQ concept is based on splitting the readout stages in three physical lo-
cations. The detector specific front-end boards as e.g. DiRICH boards and the readout
boards (e.g. combiner boards) are located near or at the detectors in the mCBM de-
tector cave. The optical connections from the sub detectors are connected to the DAQ
container, located outside the cave with a distance of roughly 50 m. The optical fibers
connect TrbNet, GBT or even UDP links. This outside part of the DAQ is common in all
phases of the mCBM experiment. The further steps of the readout in the DAQ container
and the GSI green IT cube, are differing for the individual phases.

3.4.7.1 Phase | Readout

Phase I is based on the use of a dedicated data processing board (DPB) that is located
in the mCBM DAQ container. These DPBs are realised as AFCK boards in microTCA
crates. The DPB is used to process the data already at this early stage (data sorting, fea-
ture extraction or other operations). Data from different downstreams (CROBS/FEE) is
packed into micro-timeslices at the AFCK and transmitted via a 10 Gbit/s single mode
optical fiber connection to the green IT cube. The FLES entry node in the IT cube is
equipped with a FLIB board, receiving up to 4 FLIM links from the AFCKs. The FLIB is
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Figure 3.32: Schematic readout of the mCBM DAQ phase | with an AFCK board as
DPB. Adapted from [94].
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Figure 3.33: Schematic readout of the mCBM DAQ phase Il with a CRI as substitution
of the DPB and FLIB boards. Adapted from [94].

a Xilinx Kintex 7 based HTG-K700 board with a PCIe Gen2 x8 connection. It indexes the
data and forwards it via PCIe to the entry node itself. From the entry node on data is dis-
tributed via InfiniBand network to the FLES processing nodes where micro-timeslices
are processed to timeslices. These produced timeslices are ready for further online
or offline reconstruction and analysis stages [94]. The full chain of data transport in
phase I is shown in detail in Figure 3.32.

3.4.7.2 Phase |l Readout

In Phase II of the mCBM experiment, the DAQ is changing to the first prototype of
the final CBM DAQ. The data transport from the CROB to the mCBM DAQ container is
quite similar to phase I. The huge difference between both concepts is the introduction
of the common readout interface (CRI). The CRI is a BNL-712 board with 48 optical
connections (see Chapter 7 for more details) and combines the functionality of the
previously used DPB (AFCK) and FLIB. The FLES entry node is now moving from the
IT cube to the mCBM DAQ container. In mCBM two CRI boards and an InfiniBand
card are attached to a server via PCle Gen3 x16. This server is the FLES entry node
and allows the communication to the CRI and CROB/FEE boards. The CRI combines
the data preprocessing, micro-timeslice building and PClIe functionality to one board.
The data from CRIis transmitted via long range InfiniBand cables to the IT cube, where
timeslice building is processed on the FLES processing nodes (see Figure 3.33) [94].
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CHAPTER 4

High Acceptance Di-Electron
Spectrometer

The High-Acceptance DiElectron Spectrometer (HADES) is a general purpose, fixed
target detector located at the SIS18 accelerator at GSI. It is participating in the FAIR
phase-0 program at SIS-18, continuing with its state of the art physic program. Up-
grades of the existing detector systems, the DAQ and the introduction of new detectors
are preparing HADES for the future as part of the CBM pillar of FAIR at SIS100. HADES
will be reallocated from its position in the SIS18 cave to a position in front of the CBM
detector in the CBM cave, to continue with its physics program and extend to higher
energies.

HADES is designed with emphasis on di-electron measurements in heavy-ion, but
also proton and pion induced reactions in an energy range of 1-4 GeV [112]. The detec-
tor has to deal with high track densities in heavy ion collisions as Au+Au, but also with
high interaction rates to achieve high statistic data samples for studying highly sup-
pressed leptonic decays. In addition, the fixed target HADES experiment has to cover

Figure 4.1: Schematic
overview of the sub de-
tectors of the HADES
experiment in Z di-
rection.  In particular
the picture shows the
new RICH detector and
the new ECAL detec-
tor. Figure is adapted
from [111] and further
improved.

[1eM piemiod

| 1 meter |
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a very high acceptance of 18°-80° in polar and almost full azimuthal angles to achieve
a high probability to detect lepton pairs. Next to a high invariant mass resolution, a
low material budget for the reduction of background from secondary particles (e.g. -
conversion) or multiple scattering [113] is of high importance.

HADES is build from different sub detectors, focusing on particle identification and
tracking. A hadron blind RICH detector is located in the field free region around the
target, followed by a low mass tracking system surrounding a superconducting toroid
magnet. The magnet coils are defining 6 symmetric sectors of the HADES experiment.
Behind the magnet the META detector, a combination of an RPC detector in the inner
polar angles and a TOF in the outer region, a Forward wall detector for centrality de-
termination and the newly constructed electromagnetic calorimeter (ECAL) are com-
pleting the HADES detector (see Figure 4.1 for a schematic drawing of the full HADES
with upgraded detectors).

4.1 Start-Target-Veto

The start and veto detector system of HADES is a combination of two dedicated de-
tectors before and behind the target area. The start detector is made of single crystal
chemical vapor deposition (scCVD) diamond sensors, glued to a PCB. The start detector
is metallised with 16 strips and bonded to the PCB. This layout allows an exact moni-
toring of the beam profile and positioning on the sensor [114].

The use of a scCVD diamond allows a time measurement with 50 ps precision. The
start detector is located in front of the target section and detects the particles traversing
it. The target is designed to reach an interaction possibility of 1 %. A polycrystalline
chemical vapor deposition (pcCVD) diamond sensor behind the target is used as veto
detector. This allows the detection of particles, that were notinteracting in the target. A
combined readout of both detectors can thus be used to trigger the HADES experiment
on real collisions [114].

4.2 RICH

The HADES RICH detector is an hadron blind Cherenkov detector whose main duty
is the identification of electrons and positrons in collisions with an incident energy
regime of E;;,=1-2 AGeV [115].

A detailed description of the HADES RICH detector with focus on the upgrade to a
MAPMT based photon detector is given in Chapter 5.

4.3 MDC

The Mini Drift Chamber (MDC) is providing tracking capabilities to the HADES ex-
periment. It is build from 24 chambers in four layers. Each of the layers consists of
six trapezoidal, planar chambers representing the six sectors of the super-conducting
magnet. The first two layers are in front of the magnet whereas the last two are behind
the magnet. This arrangement allows the calculation of the momentum of particles by
the deflection angle measurement. In addition, particles have a certain energy loss in
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the MDC chambers. The measurement of the MDC energy loss is an additional param-
eter for the particle identification of charged particles [113, 116].

The MDC is build to match the ambiguous requirements of the HADES detector on
material budget, high rate and track multiplicities in heavy ion collisions. The polar
angle coverage from 18 ° to 85 ° implies an increased surface from layer one (0.35 m?)
to layer four (3.2 m?) with 1100 drift cells per layer.

The cathode and field wires are made from aluminium with 80 um (MDC I-III) and
100 um diameter (MDCIV). 20 um, respectively 30 um thick gold-plated tungsten wires
are mounted as sense wires. Each chamber is build from six layers of sense/field wire
layers with different stereo angles of +-0 °, 20 ° and +40 ° (see Figure 4.2, left). The
different angles between the layers in combination with a thin mylar entrance window
and a nowadays argon based counting gas are ensuring a high track reconstruction
efficiency, spatial resolution and long lifetime of the MDCs [113].

4.4 Time of Flight Particle Identification

The HADES detector uses two different detectors for time of flight based particle identi-
fication. A resistive plate chamber (RPC) detector is used in the inner region (18°<©<45°)
of the acceptance, whereas a scintillator rod based time of flight detector is used in the
outer region (44°<©<85°). Both detectors require the Start-detector as T, detector for
the start time information. Together with the tracking capability and the reconstructed
track length, the time of flight detectors are able to provide a S-information of the par-
ticles (see Figure 4.2, right). In addition, both detectors, in combination with the start
detector signal, are providing the readout of HADES with a multiplicity trigger.

4.4.1 TOF

The Time-Of-Flight wall is a scintillator based TOF detector. The TOF is build from 384
scintillator rods, that are arranged in modules of eight rods. Each sector consists of 8
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Figure 4.2: (left) Schematic drawing of the six layers in an MDC chamber with their
differing wire orientations [113]. (right) Schematic drawing of track reconstruction in
HADES using the MDCs and the TOF detector [117].
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such modules, where the inner most 192 rods have a size of 20x20 mm? and the outer
most a size of 30x30 mm?. The rods are made of Bicron BC408 plastic scintillators
with a length from 1475 mm to 2365 mm, depending on the position [118]. A light guide
with a length of 200 mm and a bending angle of 65 ° is attached to the outer rods (see
Figure 4.2, right). The inner rods are attached to a light guide with a length of 100 mm
and a bending angle of 67.5 °. This light guide is changing its shape from the squared
shape to a cylindrical shape for the attachment of a PMT. PMTs are attached on both
sides of each rod, giving the possibility to determine the hit position in the rod.

4.4.2 RPC

The Resistive Plate Chamber of the HADES detector is an upgrade of the previously
used TOFino detector. The new RPC provides a higher rate capability with an excellent
time precision in the order of 72 ps and better [119], that is needed for the operation in
Au+Au collisions. The detector is made of 1116 cells, divided in six sectors with an active
area of around 8 m?. Each of the trapezoidal shaped sectors is build with 3 columns
and 31 rows in two overlapping layers (see Figure 4.3,left). Each row and column is
adjusted in size between 2 and 52 cm, respectively 2.2 and 5 cm, to fit the resolution
requirements in the individual regions of the HADES acceptance [120].

Each cell is a stack of 3 aluminium cathodes/anodes with 2 glass plate electrodes
(2 mm thick) and a 0.27 mm gap filled with a 90% C,H,F, + 10% SF¢ gas mixture in
between. Each cell is surrounded by an aluminium shield, that is insulated with a Kap-
ton laminate. A PVC plate with springs is giving a constant pressure on the chambers
insides to hold everything in place (see Figure 4.3,right) [119, 120].

4.5 ECAL

The Electromagnetic CALorimeter (ECAL) replaced the previously used Pre-Shower
detector. Itisin operation since the 2019 beamtime and gives new capabilities in energy
measurements to the HADES experiment.

The full ECAL is mounted on rails that allow a movement along the beam axis. It
covers an acceptance of 16°<0<44° and almost full azimuthal angle as it follows the
six sectors of HADES. Each sector hosts 163 lead glass crystals with dimensions of
92x92x420 mm?, summing up to an active area of 8 m? and a weight of 15 tons. The
lead glass has an index of refraction of 1.708, a radiation length of X,=2.51 cm and a
Moliere radius of 3.6 cm. The photons, created by charged particles passing the ECAL,

Aluminium ano de/

cathode 1.85 mm

Figure 4.3: (left) Schematic drawing of a full HADES RPC sector [120]. (right)
Schematic drawing of a single HADES RPC cell [119].
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are mostly measured with EMI 9903KB photomultipliers. In addition to these PMTs,
Hamamatsu R6091 PMTs are planed to be used in ~~400 modules. An optical fiber is
attached to the ECAL module to allow for calibration [121]. The complete module is
fixed in a brass container to give the needed strength to each module. The six sectors
of ECAL are equipped one after another in symmetric acceptance. During the march
2019 beamtime, four sectors were equipped.

4.6 HADES DAQ and Event Building

The HADES data acquisition is a combination of a dedicated field programmable gate
array (FPGA) based readout directly at the HADES sub detectors and a commercial
Ethernet network for the data transport to the server farm. The FPGA-based DAQ
hardware are multi-purpose Trigger and Readout Boards (TRBs) in different versions
(TRB3, TRB3sc, DiRICH, . . .) that implement the custom network TrbNet, utilizing op-
tical links [122].

Standard TrbNet is running on 2 Gb/s links between different TRB boards. The data
transported on these 8Bit/10Bit encoded SERDES connections are separated into three
virtual channels: trigger channel, slow control channel and event data channel. In
case of the triggered HADES experiment one dedicated central trigger system (CTS) is
controlling the readout of the full detector with all subsystems. The limiting factor on
the achievable data rate is defined by the round trip time of the trigger signal and the
busy-release signal from the endpoints. To achieve high rates of 100 kHz, the TrbNet
was developed [122].

The virtual channels in TrbNet are treated separately with individual buffers for
each channel on a network node. An arbiter logic switches between the virtual chan-
nels, even within a running transfer on one channel, after a complete packet. This is
needed to guarantee the smallest possible latency for trigger channel messages. These
TrbNet data packets have a size of 80 bit (16 bit of header and 64 bits of data) to allow a
low granularity. The transfer of data has to be answered from the receiver to prevent
buffer overflows. In addition safety layers as error detection are implemented in the
TrbNet nodes [122, 123].

More details on the implementation of TrbNet can be found in [123] and in Chap-
ter 7.

Atrigger signal for the HADES detectorsis generated from different possible sources.
A combination of start detector signals and multiplicity as well as e.g. a trigger pulse
from the RICH laser input are trigger generators. Trigger generators are used to sup-
ply the CTS with a fast input signal. Based on the input CTS is deciding whether a
trigger is accepted. An accepted trigger leads to the output of a reference time signal
via dedicated differential cables to all sub detectors. In parallel a LVL1 trigger message
is transmitted via the trigger channel to provide additional information as the trigger
type, the trigger number or a random code. Based on the trigger, the FEE is read out
and all available data is written to buffers. The endpoint boards are all sending a busy
release signal back to the CTS to clear for the next trigger.

The data readout of the FEE buffers is controlled by the CTS, too: It sends a readout
request via the data channel to the FEE readout handler. The readout handler controls
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the readout of the data from the buffers based on the CTS readout package informa-
tions as e.g. the information about the event builder where the data has to be send to.
The data is transmitted over (mostly) optical fibers to hubs. Hubs are dedicated TRB
boards merging the TrbNet data from all connected downlinks (front-end boards, but
also other hubs) to one combined data stream. The combined data stream is sent to
the next level of hubs.

Each sub detector has a dedicated layer of hubs that is transmitting the combined
data via commercial Ethernet network switches to the event builder servers. There-
fore the TrbNet data is packed into the HADES common event structure and later on
equipped with UDP headers [122, 123]. The use of a commercial network allows the
use of standard servers and switches that are well tested and could be purchased out
of the shelf.

The HADES event builders are receiving the UDP packets, calibrating and combin-
ing the data to actual events that are written to tape for further data analysis. The
HADES event building is based on the Data Acquisition Backbone Core (DABC) soft-
ware [124].

All TrbNet based boards are accessible via slow control. The slow control is im-
plemented in the third virtual channel, that has the lowest priority in data transfers.
Each board is equipped with a 1-wire temperature sensor or an I?C UID integrated cir-
cuit (IC). These ICs are giving an unique ID to each of the boards. TRB boards are
accessible via 16-bit addresses that are matched to the unique IDs of boards based on a
database for each sub detector. Next to the TrbNet address of a TRB board, broadcast
addresses are implemented to allow the read out of different clusters of boards and reg-
isters in one slow control package. The access of the flash memory and the possibility
of a reboot of TRB boards based on slow control messages is a powerful tool for fast
updates of the firmware of boards, as well as to restart boards individually. The access
of SPI and I?C interfaces via slow control registers is provided, too. The slow control
of TrbNet gives a high power in monitoring and control capabilities of the subsystems
as presented in the case of the HADES RICH upgrade in Chapter 5.
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CHAPTER 5

Upgrade of the HADES RICH
Detector

The HADES RICH detector is part of the HADES experiment since the earliest days and
of outstanding importance in electron identification. The detector is located in the
field free region of HADES around the target with a full acceptance in azimuth angle,
except of six holding structures matching the six magnet sectors, and a polar angle
acceptance of 18°<0<80°.

The combination of the information from the RICH detector with tracking and mo-
mentum information from the other sub detectors with the very low material budget
and the high acceptance of HADES gives access to the di-lepton spectrum measure-
ments.

The RICH detectors radiator gas was chosen to be C,F,y3. C4;F; has an index of re-
fraction of n=1.00151 resulting in vy, ~18 [125]. Leptons with momenta p.>9.3 MeV
(see equation 3.10) are above the Cherenkov threshold and can produce Cherenkov
photons in the radiator volume. However, hadrons can produce Cherenkov photons
starting from 2.5 GeV, muons from 1.9 GeV on, making the HADES RICH an especially
hadron blind detector.

The RICH detector is a very compact detector with a diameter of 1580 mm. Depend-
ing on the polar angle of the electron track, the radiator provides a radiation length of
36 cm at 6=20° to 65 cm at 6=80°. Cherenkov photons are reflected and focused by a
spherical mirror with low material budget but excellent optical properties such as high
reflectivity. The focus of the mirror is matched by a CsI based photo detector planein a
methane atmosphere. The geometry of the mirror and the photo detector was chosen
to keep the ring diameter at an almost constant value.

A CaF, window is separating the C,F;, radiator gas from the CH, counting gas for
the CsI photodetector. A detailed overview on the schematic setup of the original
HADES RICH detector is given in Figure 5.1.

The following chapter will give an full overview of the upgrade of the existing RICH
detector. Nevertheless it will simultaneously present developments and measurements
for the upgraded RICH, that are key parts of the work behind this thesis: The flashing,
testing and bookkeeping of the 856 DiRICH boards with its different FPGAs as well
as the improvement of the firmwares are a major contribution to the full upgrade of
the RICH (see section 5.2.2). Next to the preparation of the hardware of the RICH, the
RICH related DAQ software with different scripts and settings was developed to make a
successful beamtime of the HADES RICH detector possible. Furthermore a system for
the measurement of the magnetic field and its monitoring inside the RICH vessel near
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the MAPMTs was developed and integrated into the overall TrbNet readout and HMON
monitoring (see section 5.2.1.1). The additional installation of a temperature monitor-
ing between the MAPMTs and the backplane itself was a key part of the safe operation
of the detector, but also for the quality of the taken data. Based on these temperature
measurements, a low voltage interlock system was developed to protect the MAPMTs
from high temperature, increasing noise and accelerated ageing (see section 5.2.1.2).
The installation, connection and the control of the high voltage system is an additional
part of the work behind this thesis and a very important part for the data quality of
the RICH detector as the HV directly influences the measurement of the Cherenkov
photons (see section 5.3.1). Related to all the previously mentioned projects, the mon-
itoring and control of the HADES RICH detector, from temperatures over the gas and
powering towards readout features was developed from scratch, based on the general
HADES monitoring (HMON) (see section 5.5).

5.1 Overview of the HADES RICH Detector

5.1.1 Mirror

The Cherenkov photons form the radiator gas are reflected and focused by a spheri-
cal VUV-mirror. The mirror is segmented into 18 individual tiles in 6 sectors. The low
radiation length in the compact RICH is limiting the number of produced photons. In
order to achieve a good ring reconstruction with more than 10 hits per reconstructed
ring [113], emphasis was put on a very high quality of the optical components while
a low material budget was aimed at [126]. The full mirror plane is enclosed by a thin
carbon fibre shell of 0.4 mm thickness to increase the detectors stability, while mini-
mizing the material budget [113]. The requirements of the mirror’s substrate material
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Figure 5.1: Schematic view on the RICH detector before the update. A zoom in the
photo detection region is provided for a more detailed view. The figure is adapted from
[126, 127].
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parameter value

Outer diameter D 1440 mm

Radius of cu.rvature R; 872 mm Table 5.1: Optical and
Substrate thickness d <2 mm cometrical parameters
Radiation length Xq > 20 cm & P

of the HADES RICH

. _ 0
Reflectivity R (A=150 nm) > 70 % mirror [113].

Surface roughness o (rms) < 3 nm
Surface slope error SSEgg < 1 mrad
Areal density pd < 0.3 g/cm?

was defined to be d/X, <1 % with the substrate thickness d. A high reflectivity as well
as a high precision on the surface was needed to compensate the back-draw of a short
radiator length and limited wavelength acceptance.

Three of the 18 mirror pieces are combined to fill one of the six sectors of the HADES
magnet coil. A support structure in between the sectors is holding the single mirror
parts in place and allows for exact positioning. Glassy carbon is used as mirror sub-
strate to minimize background from external pair production, multiple scattering and
energy loss due to bremsstrahlung [113]. Nevertheless, the mirrors of two out of six
sectors are glass mirrors.

All tiles are grinded to 2 mm thickness as listed in the mirror parameter Table 5.1.
The surface of the carbon was polished to a roughness according to Table 5.1 and af-
terwards cut to the final dimensions of its position in the mirror plane. These high
quality mirror tiles are coated with a 20 pg/cm? aluminium reflective layer. A protec-
tive layer of 12 ng/cm? MgF, was coated on top to keep the achieved reflectivity of R~
80 % constant over years. The achieved reflectivity is in good agreement to float glass
mirrors. A surface slope error SSEg, was measured between 0.5 and 0.8 mrad, whereas
the surface roughness is o ~2-3 nm [113].

5.1.2 Window and Gases

The separation between the photo detection volume, filled with CH,, and the radiator
volume is the second critical item for the optical properties. The window was build as
a combination of 64 hexagonal discs of monolithic CaF, crystals that are glued together
to a disc of 1500 mm diameter.

The 5 mm thick crystals are individually polished and measured to achieve the
best transmittance. The transmittance reaches from 70% at A\=145 nm to above 90%
at A=190 nm. A stainless steal support structure in the position between sectors and an
additional sealing is protecting the window from gravitational forces as well as from
mechanical stress due to e.g. thermal expansion or gas pressure gradients [113, 126].

The detector is filled with around 700 litres of gas at a pressure of ~ 10-40 mbar
above ambient conditions. The purified C,F;, radiator gas was circulated in a closed
system with liquidisation and a liquid buffer reservoir. The complete gas is controlled
by a PLC-controlled gas supply system that regulates the pressures and keeps the pres-
sure difference between the radiator and photo detector below 3 hPa to protect the
fragile CaF, window [113].
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5.1.3 Original Photodetection Plane

The original RICH detector used thin-gap multi-wire proportional chambers (MWPC)
with CsI cathode pads as photo detection plane. Six individual MWPCs were positioned
in a pyramidal shape to match the focal plane of the mirror as good as possible. Each
MWPC had a PCB based photosensitive cathode plane. A triangular shaped PCB is seg-
mented in 4712 pads and gold plated conductive layers. All pads are individually coated
with a Resin Stabilized Graphite (RSG) as well as a reflective CsI coating. The CsI layer
converts photons into electrons that are amplified by a high voltage between the cath-
ode plane, cathode wires and anode wires. Cathode wires are made from d-=50 pum,
the anode wires from d 4=20 um, thick Gold-plated tungsten. Voltages of 2450 to 2550 V
were used to achieve a visible gas gain in the CH, of (3—9)-10" [113]. The 28272 pads of
the full RICH detector were readout by custom front-end electronics, attached to the
backside of the CsI-PCB.

The CsI has a quantum efficiency of about 40% at 140 nm wavelength, decreasing to
0% at 220 nm. Figure 5.2 illustrates the counter play between the quantum efficiency
of the readout and the transmittance of the radiator gas. This results in a small win-
dow between A,,;, = 145 nm and A,,,,, = 220 nm, where the RICH was able to detect
photons. All the efforts in a high optical quality and a dedicated photo detection result
in a figure of merit Ny ~109, corresponding to 12-21 detected photons per ring [126].

5.2 Towards a RICH future

The HADES RICH detector is in operation since 1999. Over 20 years of operation in
heavy ion collisions are resulting in the signs of ageing, resulting in a significant reduc-
tion on Cherenkov photon statistics. Especially the 2014 Au+Au beamtime suffered in
the ring identification from a reduction in statistics of 40-50% over the last decades [128].
With respect to the future operation of HADES in FAIR phase-0 beamtimes as well

as an important part in the FAIR CBM pillar at SIS100 an update of the RICH is needed.
The development of the CBM RICH detector with a newly developed front-end elec-
tronics based on TrbNet and the existence of already purchased Hamamatsu H12700B-
3 MAPMTs offered the unique chance of an upgrade for future FAIR operation (see
Figure 5.3). In parallel the upgrade is a large scale prototype test of the upcoming CBM
RICH detector.
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Figure 5.3: Explosion drawing of the upgraded HADES RICH detector geometry with the
new TrbNet based front-end electronics and the new MAPMT photo detection plane [128].

The upgrade towards a new photon detection as well as a new readout concept
comes with great synergies between the two future CBM pillar experiments, but also
PANDA as additional user of the FEE. On the one hand the functionality of the concept
of the DIiRICH FEE can be verified and improved. On the other hand a lot of progress in
the understanding of the new detector, its parameters, peripherals as power supplies
and the training of young scientists in the harsh environment of production beamtimes
could be done.

5.2.1 Photodetection Plane

The joined effort of the CBM RICH and HADES RICH team resulted in an upgrade of
the old CsI photon detector camera to a new state of the art MAPMT based camera. The
upgrade is an interplay between the new MAPMT technology and the newly developed
DiRICH FEE. As introduced in section 3.3.7 the MAPMT photo detector is connected to a
PCB backplane. The backside of the backplane is equipped with the corresponding FEE
including power and trigger distribution as well as data transport. The backplane PCB
of the DiRICH system is the connection between the inner gas volume of the detector
and the outer environment. Therefore the backplane has a pronounced position as the
sealing for the gas volume.

Each backplane is screwed to an aluminium flange with M2x8 screws at a torque
of 0.6 Nm. A 1.5 mm diameter NBR70 sealing rubber band is inserted in a notch in
the aluminium flange. This rubber ring seals the connection between each PCB and
the aluminium. The sealing is needed for the gas volume but also improves the light
tightness of the detector. The individual PCBs are arranged symmetrically around the
beampipe (compare to Figure 5.4) with a gap of 1 mm in between.
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Figure 5.4: (left) Schematic drawing of the upgraded RICH detector in side view.
The position of the PMTs in two planes with respect to the spokes and the mirror is
shown. (right) Scheme of the backplane of the RICH detector with the different backplane
orientations and the additional WLS coating in the innermost region. The inner and outer
plane are shown in different colors.

The positioning of the photodetector is constrained by the rectangular size of each
PMT respectively each backplane and the focal plane of the mirror. The detection plane
is separated in an inner and an outer part to match the mirror focus sufficiently good
with the available rectangular backplanes.

Figure 5.3 indicates on the left side the aluminium flange with the PCB cut outs
in its three pieces. The inner plane is screwed and glued to a rectangular aluminium
frame with 100 mm depth. The frame is glued and screwed to the outer aluminium
plane, forming the complete sensitive plane. An additional ring was constructed that
matches the geometry of the old RICH vessel. This ring is the adapter plate between
the old RICH vessel and the new camera. In parallel, the depth of the ring is controlling
the distance to the mirror and therefore the correct positioning in the focal plane. A
second vessel with the same mounting interface as the old RICH was build as a test
stand for electronic measurements. Later on this vessel was used as a mount for the
then replaced CsI photodetector. The geometry of the RICH spokes, that match the six
sectors of HADES, is changed to fit to the new camera. In addition, a flat middle part
is prepared to hold an additional custom PCB.

The inner aluminium parts of the new photo detector are painted with NEXTEL
Velvet-Coating 811-21. This black color provides an absorption of up to 98% of all pho-
tons. This is needed to absorb nearly all of the produced photons that are not reach-
ing the MAPMTs and prevent from reflections towards the mirror or even the MAPMT
plane.

The full upgraded camera structure is equipped with 66 standard backplanes with
2x3 MAPMTs attached. The outer regions of the RICH detector are limited by the ge-
ometry of the old RICH. In order to maximize the active area, an additional backplane
was developed. 8 backplanes with a squared shape for the connection of 2x2 MAPMTs
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Figure 5.5: MAPMT plane of the upgraded HADES RICH detector. (left) Picture of
the equipped MAPMT photodetection plane. The 2x2 backplanes are still missing. In the
inner part, the WLS coating is visible by a less shiny surface. (right) Zoom on a corner of
the MAPMT plane. The individual pixels of the MAPMT as well as the backplane PCB
and its screws to the aluminium are visible. Photos by G. Otto, GSI.

are added to the RICH. Consequently this backplane holds one combiner, one power
module and 8 DiRICH modules (see Figure 5.4, right).

After the exchange of the old CsI based photodetection plane with the new MAPMT
based camera the MAPMTs are inserted. The Camera is mounted on a rail structure.
This structure allows the movement in beam direction and therefore the opening of
the RICH vessel. The maximum space between the camera and the vessel in the open
state is roughly 1 m. This space is needed to connect the 428 H12700B-3 MAPMTs to the
backplanes and, with respect to future CBM beamtimes, to unmount the MAPMTs as
it is planned to use these in the CBM RICH, too. The MAPMTs are grouped by gain to
one common backplane. This ensures a constant gain for all PMTs on one backplane
and is needed for the high voltage control. The usage of a custom made mounting tool
for the H12700 improves the safety of inserting the MAPMTs. This tool prevents local
pressure on the MAPMTs entrance window and makes an unmounting possible.

The innermost part of the MAPMT plane is covered with a wavelength shifting
(WLS) coating (see Figure 5.4) [86, 107, 129]. The WLS coating is limited to the in-
nermost region only as the radiator length is the shortest in this region and thus the
lowest amount of Cherenkov photons is produced. The coating with p-terphenyl coun-
teracts the shorter radiator length and shifts photons from the ultra violet wavelength
region into the sensitive wavelength of the MAPMTs. Previous tests of the WLS coating
have been done in a beamtime test at COSY, Forschungszentrum Jilich. Analysis of the
beamtime data revealed an increase in number of hits per ring of 10%—20%. The WLS
coatings fast decay constant was measured to 2.35 ns and is in good agreement with
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Figure 5.6: (left) Schematic drawing of the positions of the spokes and the mounted
sensor boards (green). The position of the four Melexis MLX90393 ICs are indicated with
a red square. (right) Measurement of the magnetic field in uT in the HADES RICH at
full magnetic field (3.2 kA current). The diagram is reflecting the individual positions to
the schematic drawing on the left side.

time-resolved fluorescence measurements in the laboratory. For more details on the
WLS coating and its analysis see [129].

The nearly fully equipped MAPMT plane is shown in Figure 5.5. The inner part
of the plane is less shiny, indicating the WLS coated MAPMTs. The full photodetec-
tion plane consists of 428 MAPMTSs with 27392 pixels in total. Figure 5.5, right picture,
shows an enlargement of the plane such that even single pixels of the MAPMTs are vis-
ible.

5.2.1.1

MAPMTs are constructed with a dynode chain for electron multiplication. The exis-
tence of a magnetic field has a direct influence on the charge multiplication process in
the dynode chain as the electrons are bent by the field. Measurements in the labora-
tory revealed an efficiency reduction of the MAPMTs in magnetic fields, especially in
the outer pixels and primarily in the Z-direction of the MAPMT. In the HADES RICH a
maximum field strength below 3 mT in the region of the MAPMTs is a central require-
ment. A soft iron shield is screwed in a radial shape around the MAPMT plane with
cut-outs in the region of the spokes. The cut-outs are visible in Figure 5.5, left picture.
The application of soft iron and its influence on the magnetic field at the MAPMTs was
simulated. A sufficient reduction of the magnetic field in the MAPMT plane was seen
in the simulations, leading to a simulated maximum field of below 3 mT.

In order to verify the real magnetic field at the position of the MAPMTs, custom
sensor PCBs were produced and mounted to the inner spokes of the RICH detector.
The mounting position of the sensors is in the region with the highest field and the
closest position to the MAPMTs, see Figure 5.6, left. The positioning on the spokes is

Magnetic Field Measurement
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chosen, as on the one hand the field is measured between the magnet coils and the
MAPMTSs. On the other hand, the location of the PCB is not reducing the acceptance.
The sensor PCB is equipped with four Melexis MLX90393 sensors. An ATmegal68PA
microcontroller is used for the readout of the temperature and magnetic field values
of the sensors and the data transmission. The measured values are transmitted to a
dedicated TRB3sc via UART. The connection to the TRB3sc is realised by RJ45 feed-
throughs in the aluminum frame of the photodetection camera and standard Ethernet
cables. A special UART entity is used to readout the magnetic field boards and parse
the measured float values to 32-bit register values, which are available via TrbNet slow
control. A more detailed introduction in the sensor board is given in [130].

A detailed study of the sensor behaviour in a magnetic field, including calibration,
has been done in the laboratory with a Helmholtz coil in a climate chamber with dif-
ferent temperatures (see appendix B). All measured values are further corrected to the

earth magnetic field strength and the 3-axis values are combined to the total magnetic
field.

Figure 5.6, right, represents the measured magnetic field in the individual sensors
at a magnet current of 3200 A, the maximum current of the HADES dipole magnet.
Figure 5.7 represents the measured values for all 24 sensors at 1000 A, 2000 A, 3000 A
and 3200 A. As expected, the measured values show a linear behaviour between the
measured magnetic field and the applied magnet current.

A maximum magnetic field of 2.21 mT was measured at a magnet current of 3.2 kA
at arm 4, sensor 1. A maximum field of 2074 mT was measured in the y-axis of the sen-
sor, matching the y-axis of the MAPMT plane. The x- and y-axis of the MAPMT is less
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Figure 5.7: Measured magnetic fields in the HADES RICH on all sensors at different
magnet currents (1 kA, 2 kA, 3 kA, and 3.2 kA). The measured fields are proportional to
the current.
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sensitive to the magnetic field than the Z-Axis. Hence the influence of the magnetic
field in the main detector region is acceptable for the detector operation. The closest
distance between the sensors and the MAPMTs is near the corners of the inner MAPMT
plane. Measurements of the field in this special region result in 2 mT. Unfortunately
the corners of the inner plane protrude further to the magnetic field than the sensors.
Therefore no reliable upper limit from a sensor measurement can be given in this re-
gion. Due to the closest distance to the magnetic field and a magnetic field most likely
above 2 mT, the highest influence of the MAPMTs efficiency is expected in this regions.

Figure 5.8 shows a ratio of RICH pixels based on pixel rate measurements with a
laser as light source under influence of the magnetic field of the dipole at 3 kA and with
amagnetic field at 1 kA. The shown figure represents the view from the RICH electron-
ics. A reduction of the rate of up to 30% is measured at the inner corners of the RICH,
where the nearby sensor measurements already predicted the strongest influence of
the magnetic field. The reduction is most prominent at the corner rows of the MAPMT
pixels. The measured ratio confirms the expected decrease at the measured rates for
an increased magnetic field.

To summarize, the use of magnetic field sensors in the radiator volume of the RICH
confirmed the influence of the field on the MAPMTs and confirms the feasibility of a
operation at the full magnetic field of HADES. An upper limit on the field in the main
part of the RICH detector plane of 2.2 mT was measured at the maximum magnet cur-
rent of 3.2 kA. The magnetic field in the corners of the inner region could not be eval-
uated with the available measurement techniques and is expected to be a bit larger.

As a trade of from the measurements, the decay time of the magnetization of the
soft iron shield could be measured as t = (21.61+£6.05) days. Therefore the magnetic
field was measured over several days after the magnet was switched off. The decrease
of the magnetic field in the measurement period was fitted with an exponential func-
tion and the decay time was extracted.
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5.2.1.2 Interlock

Next to the influence of the magnetic field, the MAPMTs can suffer from increased
dark rates. The integrated charge of a MAPMT over the operation under high voltage
defines the lifetime of a MAPMT. An increase in dark rate by a factor of two would lead
to half the lifetime as under normal dark rate and furthermore an increase of noise in
each event. The dark rate of a MAPMT is increasing with temperature. Measurements
on the temperature dependent dark rate of the H12700 unveiled roughly a doubling
of the rate at a temperate increase by 5°C. A temperate of the MAPMTs above 30°C
has an increased dark rate, but is still on an acceptable level. A temperature above
35 °C is critical for the operation of the detector. Next to the increase of the dark rate,
the measurement shows spikes in the rate and therefore an unpredictable behaviour.
More details on the temperate dependent behaviour of the MAPMTSs can be found in
[84, page 74£.].

A temperature based interlock system is implemented in the HADES RICH detector
as a protection of the MAPMTSs. The interlock system is measuring the temperature in
between MAPMTs and the backplane at different positions on the detector (see Fig-
ure 5.9, left). As the first step towards an interlock, these additional temperature sen-
sors are needed as a standard backplane has no temperature measurement IC. Stan-
dard 1-wire digital thermometer sensors DS18B20 in TO-92 package are used for the
temperature determination. The gap between a MAPMT and the backplane is limited
by the pin-header connectors distance and height (free space WxLxH:8x36x7 mm?).

MAPMT view [

-

8

3 6

Mchain1 Mchain2

Figure 5.9: (left) Schematic view from the MAPMT side on the backplanes. Green
indicates the position of all temperature sensors from chain 1. Red represents the positions
of the sensors from chain 2. The feed-throughs of the 1-wire lines are indicated by grey
circles on the bottom of the detector. (right) A close up photography of the DS18B20
holding structure with an attached sensor. This pictures shows a dummy without attached
cables and isolation of the pins.
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The DS18B20 is mounted in a 3D printed open support structure to get the best tempera-
ture flow to the sensors. Sensors are soldered in a chain with thin wires. All conducting
parts of the connections are later on isolated.

The HADES RICH is equipped with two chains of sensors, the first is carrying 10,
the second 8 sensors. The unique IDs of the DS18B20 are read out before mounting the
sensors and mapped to the sensor position on the chain. An overview on the UIDs of
the sensorsin the RICH detector is given in Table 5.2. Figure 5.9, right, shows the mount
of a single temperature sensor in between the MAPMT headers on a backplane. The 3D-
printed holding structure is matching exactly this free space and is holding in place by
friction forces. The sensor is hold in place by a hole in the mounting structure. Three
thin bridges are used as a stabilisation in the mounting structure to keep the sensor
in place and still allow an exchange of the heat. The left side of Figure 5.9 shows the
location of the 18 sensors on the photodetection plane, including the separation in two
chains.

The supply and data wires of the 1-Wire sensor are connected to the pins of the
sensor, inside the mounting structure. The final three bus wires of the bus are always
guided from sensor to sensor in the central tunnel between the two MAPMT rows on
a backplane. The feed-through of the wires from the sensors to the readout board are
realised by RJ45 inserts in the aluminium frame of the RICH photo detector plane. The
soft iron shielding is prohibiting a direct access to the feed-through in the inside of the
detector. As the sensors are connected to the feed-through while the detector is getting
closed, an additional lockable plug connector is installed in between the wiring from
the sensors to the RJ45 feed-through.

The two chains are using separate feed-throughs and are completely separated on
different wires to avoid a loss of all sensors in case of a broken wire or anything compa-
rable. Standard RJ45-Patch cables are used as a connection from the feed-throughs to
the readout and control board. Separate RJ45 breakout boards are used to connect the
RJ45-cables to the read-out board. A pull-up resistor is soldered in place on the short
path between the breakout and the readout board.

A dedicated TRB3sc (TRB3 single crate) with a central Lattice ECP3 FPGA is used
for the readout of the sensors. The sensor TRB3sc is powered separately to the detec-
tor and therefore running stand-alone. Dedicated VHDL Entities are instantiated with
the UIDs as generic input to read out the DS18B20 sensors. The temperature values of
all sensors are accessible via slow control registers via TrbNet and presented in the

Position UID chain 1 UID chain 2

Sensor 1 530416523728FF28 3B0000092C430228
Sensor 2 BB04165233BFFF28 BB0000092A30D028
Sensor 3 52031646CD5FFF28 B60000092D9D3C28
Sensor 4 EC0416525116FF28 O0OEO000092C30AF28
Sensor 5 050416523379FF28 E40000092D682028
Sensor 6 E2041651AEABFF28 E70000092C430628
Sensor 7 940000092C3B2F28 800000092AE74728
Sensor 8 4B0000092D22BD28 6EO000092AF8EF28
Sensor 9 C30000092BOTEA28

Sensor 10 780000092A277628

Table 5.2: UIDs of the backplane DS18B20 temperature sensors in the two chains.
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online monitoring (see Section 5.5). The FPGA is internally filtering the temperature
values for invalid measurements and compares the measured valid temperatures to an
interlock value. A hardcoded threshold value for the interlock is hardcoded to 37.0°C in
the VHDL code. This value is accessible via slow control at register 0xe120 and can be
adjusted as needed by the operator. A restart of the FPGA resets the adjusted interlock
threshold to the hard coded value.

In case a measured temperature of at least one sensor exceeds the threshold value,
an interlock signal is generated. The generated interlock signal from the FPGA is for-
warded to a dedicated interlock PCB that is located next to the sensor TRB3sc in the
same rack. A picture of the boards in the crate below the RICH detector next to the
hubs of the FEE is provided in Figure 5.13. The interlock PCB is a very simple control
board with two relays. Two relays are used to be protected against failures in the re-
lays mechanics. The control signal from the TRB3sc is controlling the switching of the
relays with a NUD3105 IC as relay driver. A capacitor is used as a buffer to bridge prob-
lems or reloads of the FPGA for several seconds. Consequentially the interlock has a
delay of several seconds with respect to the measured temperature. In addition, the
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Figure 5.10: Schematic overview of the interlock of the HADES RICH detector. The
two DS18B20 chains connect to a TRB3sc. In case a temperature exceeds the threshold
temperature T¢, a high signal is generated. Two layers of OR gates generate an output
signal, that controls the relays of a dedicated interlock PCB.
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PCB is equipped with a switch to bridge the interlock. This switch is only for experi-
enced users and is only a backup for potential problems!

The interlock PCB is connected to the 3.3 V power supply of the RICH detector. In
case the measured temperature between the backplane and the MAPMTs is above the
threshold value, the 3.3 V power supply interlock is activated and the full FEE of the
RICH is switched off. This is the most effective way of an interlock as the FEE is the
main source of heat. The voltage has to be switched on by hand if the temperature is
back at an acceptable value. In case the readout FPGA is not working or not powered,
the interlock is automatically activated.

Next to this hardware based approach a software interlock is implemented. The
full low voltage of the RICH detector is accessible via EPICS. The HADES monitor-
ing (HMON) is reading the temperature values from the slow control connection of
the sensor board TRB3sc. If a critical temperature, to be set via the HMON script, is
reached, the 3.3 V LV is switched off via EPICS interface. The standard software in-
terlock threshold value is 36.0°C. Therefore it should be active before the hardware
interlock activates. The hardware interlock is a backup in case of problems with EPICS
or other software related issues. The configured threshold values of the hardware and
software interlock as well as the status of the hardware interlock are presented in the
HMON tactical overview.

The layout of the interlock PCB, as well as a more advanced second version of it,
are presented in appendix C.

5.2.1.3 Picosecond Diodelaser

A picosecond diodelaser with 405 nm wavelength is attached to the camera frame as
an additional, controllable light source for off-beam measurements and calibrations.
A single mode laser fiber is splitted into four fibers by the use of three 50/50 splitters.
The splitted fibers are connected to laser inserts, which are screwed into feed-throughs
at the photodetection plane aluminium frame with two different depth inside the de-
tector. The front of such a feed-through is covered with an optical diffuser to reach a
sufficiently homogenous illumination of the VUV-mirror. The HADES DAQ is triggered
by a synchronous differential output signal from the laser, providing an own trigger ID
for the laser data.

5.2.2 FEE Wiring and Readout

The backside of the RICH camera is outside of the RICH vessel and equipped with the
front-end electronics. The HADES RICH detector FEE is in some sense a prototype of
the CBM RICH FEE. DiRICH, combiner and power modules are used on 66 2x3- and
8 2x2-backplanes to read out the MAPMT photoelectron signals with an FPGA based
TDC, as introduced in section 3.3.7.

The full detector is equipped with 74 combiner, 74 power modules and 856 DiRICH
boards. The FEE of the RICH is this equipped with all in all 2716 FPGAs for different
purposes, excluding the higher readout levels of hubs. Section 5.2.1 introduced the lay-
out of the backplanes in the RICH camera. The exact orientation of a backplane and its
readout electronics is defined by the beampipe. In order to maximize the distance be-
tween the combiner boards and the target as the main radiation source, all backplanes
are mounted with the combiner connector pointing to the outside of the detector. The
power module is less radiation sensitive. Its FPGA is not needed for the data transport.
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Figure 5.11: Photography of the upgraded HADES RICH detector plane FEE. Photo by
G.Otto/GSI

The power module FPGA is only connected to the analog-to-digital (ADC) IC for the
monitoring of the voltages and currents on a backplane.

The twelve DiRICH modules on a 2x3 backplane are connected via SERDES to the
combiner module. The combiner module uses the already introduced three virtual
TrbNet channels: Trigger, Data and Slow Control. Each of the DiRICH boards, as well
as the combiner is identified by its unique Id and a serial number, that is written on the
FPGA board. The LVLI1 trigger signal to the combiner is transmitted via copper on RJ45
cables and further distributed over the backplane. The CTS trigger information, data
and Slow Control is transmitted via optical fibers to each combiner board. In combi-
nation with the high and low voltage, four cables are connected to each backplane.

Figure 5.11 shows the upgraded HADES RICH electronic side with FEE and the sup-
port arms for the cabling. The arms on the RICH detector are used as a cable manage-
ment system and provide the 0.9 mm diameter optical fibers, RJ45 trigger cables, high
and low voltage. The low voltage is playing a special role in the arm design. This will
be discussed in detail in section 5.3.2. Due to the unique Id of a DiRICH, no special
selection of optical fibers to a backplane is needed. Each board provides an identifica-
tion by itself. Optical fibers are routed from a crate below the detector in a relatively
easy accessible position (see Figure 5.13) around the vessel to the arms. A cable canal
is mounted on the outside of the aluminium frame as a guide for all the cables for the
FEE. The position of the cable mounting structures is matching the symmetric shape of
the detector as well as the six sectors of the HADES detectors. The full cable structure
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Figure 5.12: Overview on the HADES RICH readout system: Data from the 74 combiners
is transmitted to 12 hubs. The hubs are transmitting UDP packages with the TDC data
(red lines) from the DiRICHs to the event builder servers via 10G-Ethernet. The TrbNet
uplink (grey lines for slow control and trigger) is further transmitted via optical patch
panels to two hubs in the DAQ rack, providing a connection to the master of the crate
with a connection to PEXOR and CTS.

is fixed to the RICH photo plane to allow for a movement of the full camera without a
complete disassembly of the FEE and cables.

The low voltage power supplies are placed near the detector on the same height (to
the right in Figure 5.11 (not seen)). All other cables are fed to the RICH detector level
from below through a gap near the mounting rails. The thin optical fibers as well as
the trigger cabling and sensor readout is attached to a crate, placed in a 19" rack below
the detector. This rack is attached to the camera frame, minimizing the stress on the
thin optical fibers of the RICH.

A detailed plan of the full detector FEE cabling is shown in Figure 5.12: Each com-
biner of the 74 backplanes provides a SFP+ cage for the attachment of LC optical fibres
for the TrbNet network. In order to reduce the data lines, typically seven combiner
are attached to a TrbNet hub. The TrbNet hub is a TRB3sc board with an SFP AddOn.
In contrast to a standard TRB3sc, the hub version is built without RJ45 connectors and
therefore provides enough space to be equipped with an 8-SFP AddOn. This AddOn is
attached to the TRB3sc via a SAMTEC QMS connector and provides eight SFP connec-
tions. Six of the connections are on the top, two on the bottom of the AddOn at the
place where normally a RJ45 connector is soldered. The standard two SFP connectors
of the TRB3sc are usable as well. This configuration of the TRB3sc hub allows the con-
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nection of up to eight downlinks to combiner boards and a TrbNet uplink to a higher
level readout board. The SFP2 connector of the TRB3sc is used as a Gigabit Ethernet
connection and is equipped with a SFP-GbE module. The Gigabit Ethernet connection
is used for data output: All the TrbNet data from a combiner module is transmitted
to the attached hub. The hub with Gigabit Ethernet is splitting the data paths of slow
control and trigger from the data path. While the Slow Control and trigger messages
are further transmitted to other TRB boards by the uplink connection, the data path
from all up to eight attached combiners is combined to a HADES Event message, that
is finally transmitted in UDP packages to a 10G-Ethernet switch and further transmit-
ted with a 10 Gbit Ethernet connection via optical fiber to the event builder servers. A
more detailed description of the data transport and TrbNet functionality is available in
[123, 132].

Each hub in the RICH system is connected to up to seven combiner boards. Some
cables are provided to the FEE as spare for potentially broken cables. In total, twelve
TRB3sc hubs with Gigabit Ethernet and TrbNet upstream are located in the crate below
the RICH to send out the TDC data to the event builders and to connect to the CTS sys-
tem. The TrbNet uplinks of the 12 hubs are connected to a LC patch panel. At the patch
panel the optical fibers are combined to two thick, more robust bunches. These two
bunches comprising the optical fibers from the 12 hubs are further connected to two
hubs in a dedicated 19" rack (DAQ rack) on the HADES cave wall. The crates in this DAQ
rack are equipped with TRB3sc boards from all HADES detectors. The RICH hubs with
the Ids 0x8017 and 0x8018 are further combining the CTS trigger and slow control data
and sending the data to the crate master. The master board provides the connection to
the central trigger system (CTS) and a connection to the PEXOR computer, which is the
(slow) control computer of the TrbNet in HADES, equipped with a PCI-EXpress Optical
Receiver (PEXOR).

The front-end electronics of the RICH, especially the DiRICH boards, have to be
configured well to operate in the RICH detector with the correct functionality. The
TrbNet provides the possibility to send slow control commands to each FEE board and

P -

Figure 5.13: Crate below the RICH detector with TRB3sc and Interlock PCB. Left two
boards: The sensor board TRB3sc and the interlock PCB with 3D printed mounting. To
the right: Hubs for the RICH Combiners and data output.
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write values to registers. In HADES the full startup of the detectors and the DAQ is
based on a scripted startup procedure. While the startup is processed, the TrbNet
addresses are assigned to the corresponding boards and many different settings are
loaded to these. On each DiRICH the following settings are done by the startup script:

e invert TDC channel inputs

enable each TDC channel

set trigger window from -800 ns to -200 ns

limit TDC ring buffer size to 10 words (32-bit each)

limit the maximum event size of one DiRICH to 170 words

minimum event size of 5 words

Each TDC word, i.e. a TDC message or an EPOCH marker, is written to the ring
buffer of the corresponding TDC channel and read out in case a trigger signal arrives.
A ring buffer in a DiRICH can store the last 10 words of the corresponding channel. If
the trigger window of a DiRICH is enabled, only the data matching the trigger window
relative to the trigger time are written to the endpoint buffer.

A maximum of 170 words is allowed in the DiRICH event buffer at the data han-
dler. This limitation on the DiRICH event size is used to keep the total data size at the
following Gigabit Ethernet hub below the UDP package limit of 65 kByte.

These subEvents comprise data from up to 7 combiners, thus up to 12-7 DiRICHes.
Full event buffers of 170 words in all DiRICHes would lead to 57.12 kByte subEvent size
leaving enough space to the 65k Byte for additional headers. Events with less than 5
words on a DiRICH are discarded to reduce the overall data stream. Those events only
contain a reference time with header information but are empty otherwise.

The distribution of the trigger signal from the CTS to the RICH detector is based
on trigger fan-out boards. The trigger is sent on RJ45 patch cables to the six arms of
the RICH. Each arm is equipped with an additional trigger fan-out board (visible in
Figure 5.11). The fan out can connected to up to 15 combiner boards and provide the
trigger signal to these boards.

5.2.2.1 DiRICH Address Scheme

The control of the detector and mapping of the TDC data to pixels needs an unique
address for each DiRICH and combiner board. The TrbNet network foresees a 16-bit
address space for all connected Trb based boards. The unique ID of each Trb board is
known and accessible in a database. While each boards’ firmware is flashed, the UID
in combination with the boards serial number is added to the database. The startup
procedure of the HADES detector is mapping a system specific address to the UID of
a board. The mapping is provided by the RICH group as each serial number of each
DiRICH is noted in the correct position and mapped to the TrbNet address scheme of
the RICH detector.

The addressing scheme of the 856 DiRICH boards is readable in hex and still pro-
vides a high density in the address range. Figure 5.14 is a schematic overview of the
addressing scheme of the DiRICH boards with an example address. The 16-bit address
of a DIiRICH is constructed as follows:
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Figure 5.14: Addressing scheme of the HADES RICH DiRICH boards. The RICH is sep-

arated in quadrants and subdivided in MAPMT positions. The position of each MAPMT

in the XY plane is defining the main part of the address. The quadrant in combination

with the information which DiRICH on a MAPMT is addressed, is finalising the addressing

scheme.

e Bits [15:12]: Representation of all DiRICH boards. In the HADES RICH, this is
always 0x7.

e Bits [11:8]: Decoding of the X position of a MAPMT in a quadrant.
e Bits [7:4]: Decoding of the Y position of a MAPMT in a quadrant.
e Bit [3]: fixed to 0.

e Bits [2:1]: Decoding of the quadrant 0 to 3.

e Bit [0]: DiRICH of a MAPMT that is addressed.

The addressing of the combiner boards is based on the XY coordinates defined
by the position of combiner boards. All combiners of the RICH are identified by bits
[15:8]=0x82. Bits [7:4] represent the X and [3:0] the Y coordinate. Starting in the
bottom right with 0, the combiners are labelled in rows and columns in the plane. In
the example of Figure 5.14, the selected DiRICHes are on combiner 0x8213.

A help for the identification of the DiRICH and Combiner boards is given with the
monitoring webpage. A mouse hoover unveils the address of each DiRICH and com-
biner board (see Section 5.5).
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5.3 Power and Cooling

The HADES RICH powering scheme consists of the low voltage and high voltage sys-
tems with the full cabling. Especially the low voltage and a good grounding scheme is
of high importance for a reliable and well working RICH detector. The previously in-
troduced limits on the temperature of the MAPMTs are mainly in direct relation to the
low voltage, but also to the high voltage, as it increases the inner RICH temperature by
up to 2°C. Consequently a cooling concept is needed to operate the RICH over a long
period of time at a stable, low enough temperature.

5.3.1 High Voltage

The high voltage system of the HADES RICH is the same as for the CBM RICH detector
and thus both experiments will share the infrastructure in the future SIS100 operation.
H12700 MAPMTs are operated at a voltage of around 950 V, depending on the gain of
the MAPMT. Each backplane hosts MAPMTs of similar gain and is supplied by an indi-
vidual HV channel set to a voltage meeting the average gain of the MAPMT. The high
voltage is distributed from the LEMO EPL.0S.116.DTL connector on the power module
to the backplane in a separate PCB layer and supplied to each of the 6 MAPMTs. The
ground of the High voltage and the low voltage is connected directly at the FEE.

A Draka CEH50 HV cable with an outer diameter of 3.2 mm and a semiconductive
layer is used as the supply line to the power module. This cable is thinner than the
standard SHV cables and reduces on the one hand the forces on the power module
and its connector and on the other hand the cable volume on the detector supply lines
and cable arms. A self made patch panel, made from a PVC plate and SHV patch panel
adapters, is located below the detector on a 19" rack. The Draka cable is connected via
SHV connectors to the patch panel.

The rack is fixed to the floor of the HADES cave. A drag chain in the main metal
structure of the HADES detector is used as a cable guide to provide enough flexibility
to the HV connection for a movement of the detector in beam direction. Standard SHV
cables are connecting the patch panel to the HV power supply in a separate rack.

Figure 5.15: (left) HADES RICH HV patch panel below the detector with Draka CEH50
HV cables (red). (right) RICH HV power supply crate with all channels connected to the
patch panel (black standard HV cables).
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An ISEG HV power supply crate ECH 44a is used for the HADES RICH detector.
This crate provides internal cooling, fits into a 19" rack with 8 HU and offers space for
a CC24 master controller and 10 additional HV modules. Six ISEG EHS F6 15n_SHV
modules are used in the HADES RICH HYV rack for the supply of all backplanes. Each
of the modules offers 16 channel with single-channel-floating ground. Each channel
can provide up to 1.5 kV negative voltage with a maximum of 4 mA of current. The
maximum output voltage is limited by a potentiometer to 1.2 kV as a protection for the
MAPMTs. The current per channel under operation conditions was measured to be
about I=1.1 mA, respectively I=0.8 mA for the 2 x2-backplanes.

The 6 modules are controlled by an CC24 master controller with integrated EPICS
and web interface. The HV control is based on a custom IOC. A mapping between the
backplane and the HV crate channel is provided in appendix D.

5.3.2 Low Voltage

The low voltage power supply and the power distribution of the upgraded HADES RICH
is challenging. The use of in total 2716 FPGAs, the pre-amplification of the MAPMT sig-
nals and the data transport with SFP-ports demands for a power consumption of ap-
proximately 2120 W. The front-end electronics demands in total four separate voltages.
3.3Vand 2.5V are required by all boards. A dedicated voltage of 1.2 V is needed for the
ECP3 FPGAs on the combiner board. A voltage of 1.1 V is used on the DiRICH boards
for the ECP5 FPGA and the pre-amplification of the MAPMT signals. An overview of
the currents per kind of voltage is given in Table 5.3.

The increased noise seen in the MAPMT signals in the operation mode with an on-
board DCDC converter led to the choice of an external DCDC voltage supply. The high
currents on the 1.1 V power line in combination with the low voltage, and following
low operation voltage window, restrict the powering scheme. Thick copper cables and
a short distance between the power supply and the FEE had to be chosen to minimize
the voltage drop on the supply line.

The low voltage is provided by 9 power supplies. Each arm of the RICH is supplied
with 1.1 V from a dedicated power supply (six power supplies for the 1.1 V). The other
three voltages are provided by one power supply each. All 9 power supplies are located
in a 19" rack next to the RICH detector on a rail system and move along the beam direc-
tion with the RICH camera to ensure a constant distance between rack and detector to
reduce the movements on the cables and the forces on the connectors. TDK Lambda
Gen 6-200 are chosen as the power supplies of the RICH detector. The TDK Lambda
can provide up to 200 A at up to 6 V (1.2 kW) per power supply and offer an Ethernet

supply voltage total current eff. current/backplane

11V 8659 A 12.14 A
1.2V 156.5 A 2.11A
25V 86.0 A 1.21A
3.3V 35.0A 0.49 A

Table 5.3: Overview of the RICH currents for different supply voltages. An effective
current per 2x3-backplane is calculated.
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Figure 5.16: Low volt-
age power supply rack with
running RICH FEE next to
the detector. The voltages
(left) and drawn currents
(right) of each power sup-
ply are visible. All power
supplies are connected to
LAN and are accessible via

EPICS.

connection for remote control. In addition, an interlock interface is provided and used
on the 3.3 V line for the RICH interlock system.

Figure 5.16 presents the low voltage power rack with all 9 TDK Lambda devices in
operation. The drawn currents and used voltages per power supplies are visible and
remotely controlled via an EPICS IOC.

Each of the power supplies allows to screw in the cable plugs of the cable connec-
tion to the FEE. The 3.3V, 2.5 V and 1.2 V power supplies are connected to all arms.
Each voltage is connected to six cables (1 per arm). Each of these six cables is crimped
toa 50x1.5 mm? cable, providing a fanout of the voltages to up to 50 1.5 mm? cables. All
three voltages are supplied via these 50x1.5 mm? cables to the arms and finally with
the 1.5 mm? output wires to the individual power modules on the backplanes.

The 1.1V and all GND connections are distributed via 1x70 mm? cables. The cables
are guided to the arms and connected to copper bars with cable shoes. A 200 mm?
copper bar for the 1.1 V and a 300 mm? copper bar for GND distribution are positioned
in the arms of the RICH. The copper bars are manufactured with threaded inserts to
connect the power module connectors individually with 1.5 mm? cables to the copper
bars. The GND bars are all connected in the center of the detector with a ring like
copper bar to provide an ideal grounding and give additional stiffness to the arms.
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5.3.3 Cooling

Cooling of the RICH detector is very important to keep the MAPMTs below a critical
temperature. Different ideas of cooling were discussed and tested. The final cooling
conceptis based on the usage of fans to blow the cooled cave air into the detector plane
and thus remove the hot air from the camera. The cooling fans are arranged such to
maximize the cooling on the camera plane.

All 3 cooling fans are connected to a separate HMP4040 power supply and can be
controlled remotely via scripts. In addition to the fans a pipe provides additional cool
air from the bottom of the detector. The air in the HADES cave is cooled to below 20 °C
and thus is cool enough to get the RICH into an operational temperature condition that
is constant over time.

5.4 Radiator Volume

Previously to the upgrade of the RICH camera, a CaF, window divided the inner part of
the RICH vessel into a radiator and a camera volume. The radiator volume was filled
with C,F,q radiator gas, whereas the separated camera volume was filled with CH,.
A sophisticated gas system controlled the pressures between the gas volumes and pre-
vented the inner window from high pressure gradients. The gas system had to liquidize
the C,Fy, and keep a reservoir of it. The old radiator and counting gas was chosen for
the operation of the CsI camera. The camera was able to detect photons in the wave-
length range of 145 nm to 220 nm. The optics and radiator volume was optimized to
this conditions.

The update of the camera to H12700B-3 MAPMTs is a complete change in the read-
out and therefore the selection of the radiator gas, in terms of optimization of the trans-
mittances and scintillation effects, had to be rethought for the upgraded camera with
the new sensitive wavelength range of 185 nm to 650 nm. The new camera has the ad-
vantage of an increased sensitive range where more photons can be detected, although
Cherenkov photon production increases to lower wavelengths.

A big disadvantage of the increased sensitivity comes with the inner separation
window and the radiator gas. CaF,, the material of the separation window, scintil-
lates in the wavelength regime of roughly 220 nm to 400 nm (compare Figure 5.17,
left). This wavelength was beyond the sensitivity of the old camera and was there-
fore not an issue before the upgrade. Unfortunately, now the scintillation is in the
sensitive range and thus acting like a light torch to the detector. Estimates on the
scintillation light yield from the CaF,, based on measurements as reported in [133,
134], were approximately 300 kPhotons per event [135]. This number is comparable to
100 kHz per pixel. A test under beam conditions with the RICH detector reproduced
this number. A measurement of the decay time from the in-beam measurement re-
sults in t=0.9954-0.112 us [136]. This is in perfect agreement with the literature value of
1=0.96+0.06 us [133] and confirms the scintillation light influence of the CaF, window
on the measurements.

These rates would have been a show stopper for the measurement of Ag+Ag col-
lisions and beyond. As consequence the CaF,; window was removed in the upgraded
HADES RICH detector.
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Figure 5.17: (left) Luminescence spectra of CaF; measured under excitation with 31 eV
photons at 300 K (1) and 9 K (2) [133]. (right) Spectral distributions of scintillation
light emitted from purified C4F;9 and C4H;o gas samples [137].

The resulting increase of the radiator volume enforced the choice of a new radiator
gas: The existing C,F, gas system could not be operated with an enlarged volume be-
cause the reservoir of liquid C,F;o was too small. Fortunately, a second gas with nearly
the identical optical parameters as C,Fy, is available: C;H;, has an index of refraction
of n~1.0015 and thus is identical to C4F1g (v, ~18). In addition C,H;, has nearly no
scintillation in the sensitive wavelength region of the new camera (see Figure 5.17).

A long-term test of the H12700B-3 MAPMTs under a C,H;, atmosphere showed no
significantinfluence on the photon detection capabilities. Therefore both volumes can
be filled with the radiator gas and the separation of both volumes by a CaF, window is
redundant.

However, C,H;, is a flammable and highly explosive gas, if it is mixed with oxygen at
a certain ratio. Luckily, this gas has already been an option for the use as a quenching
gas from the very beginning. Thus the usage of C;H;, was already foreseen and most
safety standards were already existing. Additional sensors and control on the gas flow
as well as the gas mixture were added into the monitoring of the detector to allow for
a safe operation.

The change of the radiator gas simplifies the usage and control of the new gas sys-
tem in comparison to the previous system. The gas system is now operated as an open
system (atmospheric follower) and flushed with pure isobutane gas during beamtimes.
In between beamtimes the detector volume is flushed with nitrogen (N,).

5.5 Slow Control and Monitoring

Nearly all parts of the slow control of the HADES RICH detector have been recon-
structed during the upgrade. Based on the HADES Monitoring (HMON) a web based
monitoring interface has been developed. The QT5 based HADES control graphical
user interface (GUI) provides the most important control interfacer for the operators
of the RICH but also for the full HADES detector in the control room.

The HADES control GUI provides an interface to the most important scripts of the
HADES control (see Figure 5.18). It automatically builds the interface at startup from
the folder structure in its main directory and provides a reduced but also an advanced
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Figure 5.18: The HADES DAQ control GUI is the central control interface for the
detector operation and provides a simple and effective control to the detectors and the
DAQ itself. The individual sub detector provide several buttons for an easy and fast first
level problem solving.

interface. The advanced interface gives access to the control of e.g. the threshold set-
ting of the RICH. The standard interface is used for the control of the detectors by non
experts. A bunch of tools for a smooth DAQ operation is provided. Next to the start of
the DAQ scripts, a resynchronisation script of the DiRICH boards is available. In case
of alarger problem in the RICH DAQ, reboot buttons for the main parts of the detector
FEE, DiRICH, combiner and the hubs below the detector, are available. This option
opens the possibility to restart the RICH without a power cycle: The reboot reloads the
firmware of the FPGAs and brings them back into a clean state.

The monitor tools section provides a fast access to higher level monitoring and con-
trol interfaces as well as an access to voice and text chats. The monitoring can directly
open the DAQ operators view, open the HMON web appearance, open the event-builder
web interface or give access to the EPICS based power control interface.

The operation of the RICH DAQ is based on the FPGA time to digital converters.
The tapped delay chain of the TDC is implemented in the circuits of the FPGA. Its core
principle is the delay of signals between two FPGA part. The delay is correlated to the
position on the FPGA, the applied voltage and most important, the temperature. The
TDC has to be calibrated for the operation conditions. The event builder tool provides
an easy access to the calibration of all TDCs in the HADES detector system. In the
case of the HADES RICH, a linear calibration is applied. The FEE is running with a
calibration trigger and the DiRICH TDC inputs are fed with signals from a separated
125 MHz clock source. A linearity between the minimum and the maximum fine-time
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Figure 5.19: HMON tactical overview of the upgraded HADES detector. A hoover of
the RICH gas field is shown with the detailed status informations of the main parameters
of the gas system, including the values of scales of the two C4H;o gas bottles.

bin of each TDC channel is assumed and extrapolated to the coarse time step size of
5 ns. During production runs the event builder is applying the calibration on the real
data [130, 138].

The application of the DiRICH threshold values is of high importance for the op-
eration of the RICH. A dedicated software! has been developed for the DiRICH system
to search for the baseline of the TDC channels [139]. The baseline with an additional
threshold offset value is stored to the MachX03 FPGAs on all DiRICH boards to provide
the correct threshold to all channels. The predefined threshold values are loaded to the
FEE after each powercycle of the RICH. A button in the DAQ control GUI is executing
this procedure to bring the RICH in an operational condition. In addition the HMON
tactical overview indicates whether the thresholds are correctly loaded or not.

The expert tools provide a button for the high voltage setting of the RICH detector.
The button is executing a script, that sets the values of each HV channel to the calcu-

!Baseline scan by Jorg Fortsch: https://github. com/joergfoertsch/trb_dirich_threshold


https://github.com/joergfoertsch/trb_dirich_threshold

97 CHAPTER 5. UPGRADE OF THE HADES RICH DETECTOR

102.8
102.75
102.7
102.65
102.6
102.55
102.5
102.45

Isobutan Pressure Isobutan reflow ratio

- - -
. - [

(S o - ~
[ I B © B N S

Pressure [bar]

—
v

Isobutan reflow ratio [%]

-200 -180 -160 -140 -120 -100 -80 -60 -40 -20 e -200 -180 -160 -140 -120 -100 -80 -60 -40 -20 e

Minute Minute

10:55:16 :55:16

=
@

Isobutan 02 concentration 75 Isobttar—Seated
¢ 70 Isobutan Scalel

65
60
55
50
45
1100 40

-200 -180 -160 -140 -120 -100 -89 -60 -40 -20 © -60 -50 -40 -30 -20 -10 0

1250

1200

1150

bottle weight [kg]

02 concentration [ppm]

10:55:16 Minute 10:55:16 Hour

Figure 5.20: HMON webpage with gas system monitoring. The pressure, O, concentra-
tion, isobutane reflow ratio and the weight of the two isobutane bottles is presented.

lated value from the gain measurements. In addition, the channels are activated and
ramped to nominal voltage. The button is used as a toggle switch. The exact status of
the HV is additionally provided in an HMON website and indicated with colours in the
tactical overview (see Figure 5.19).

The tactical overview is the main overview of the DAQ status (see Figure 5.19). The
state of all sub detectors and parameters of these is indicated by colors with additional
text support. The RICH detector presents the most important informations of the de-
tector in the tactical overview. The temperature values of the DiRICH boards as well as
the temperatures of the backplane sensors are given by the minimum and maximum
values. The color of the fields indicate the status of the parameter. In case of a dan-
gerous temperature, the color changes to yellow and further on to red, with a blinking
red in the fatal error state.

The status of the low voltage as well as the high voltage is given by two fields. The LV
status indicates measured voltage ranges on all four power lines in the text field in the
lower section of the window, if a mouse is hoovered on the status field. The high voltage
field is representing the minimal and maximal voltage of the channels and indicates
the status of the voltages of the individual channels. The color is changing in case of
over or under voltage or e.g. a crate being in standby mode.

Figure 5.19 shows the tactical overview with a mouse hoover on the gas status field
of the RICH detector. The gas field is indicating the status of the isobutane radiator
gas as well the weight of the gas bottles itself. Problems are indicated in the color code
already at a very conservative level to keep the detector in a safe condition and be pre-
pared quite early in case of upcoming problems.

The web interface of HMON provides access to different monitoring pages, from
temperatures over high voltage to rates per pixel. Figure 5.20 shows the RICH gas moni-
toring histograms from HMON. The measured values from the last hours are presented
and indicate the total trend of the gas system behaviour. The last histogram is a graph-
ical representation of the weight of the isobutane gas bottles. The scales are indicating
the weight loss and the latest point of exchanging the bottle. A decrease of the weight
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