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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].
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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
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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].



CHAPTER 3. COMPRESSED BARYONIC MATTER EXPERIMENT 30

central Au+Au @ 10.7 AGeV N 107E =
10? I, E CBM SIS10
e L el
5 10
10 A c 105
I~ ‘ o E BM@NII +
o 3 ] F  HADES
T?f 1 © 104§ ;“.Pc
= [0] r ¥
= ¢ ¢ € 108k STAR FXT STAR BES |
é 101 g /
102% : /r
0 *oo 10- AR
’ 1 i i i |
1 10
103 L 2 .
b nrm d A KAK E o Q7 A =+o+ Collision Energy ({sy,) [GeV]

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].



CHAPTER 3. COMPRESSED BARYONIC MATTER EXPERIMENT 40

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

Total Defarmation
Type: Total Deformation
Unit mm

1,0904 Max
I 10125
0,93463

- 085675
0,77886

- 070098
0,62309
0,54521
046732
0,38944
0,31155
0,23367
0,15579
0,0779
1,5663e-5 Min

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].



CHAPTER 3. COMPRESSED BARYONIC MATTER EXPERIMENT 54

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].



55 CHAPTER 3. COMPRESSED BARYONIC MATTER EXPERIMENT

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
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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



1970

2000

1830

1461 1190‘

1436 1377

1818

1579

1934

1683

2159

704 2212 2100 1557 1502 1903 2086 1485

CHAPTER 5. UPGRADE OF THE HADES RICH DETECTOR 78
Magnetic field in camera @ 3200A
—2200 =
81471 . =
—2000 @

1800
1600
1400
1200
1000
800
600
400

200

I
:IIJ.II\\‘\\\\‘\\\\‘\\IILII\\‘\\\\‘\\\\‘\\II-LII

B
C N
[ ®

P AR N AVANAF AVTAVANEN STRFAAIN AAA S
1 2 3 4 5 6 7 0

o

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.



85 CHAPTER 5. UPGRADE OF THE HADES RICH DETECTOR

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
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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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Figure 5.21: HMON webpage with high voltage system monitoring. The measured
voltage and current of all individual channels of the HV are provided in one overview
page. A calculated resistivity gives a fast and reliable feedback on the functionality of all
channels. A text line indicates the status of the crate, channels and modules.

below a certain threshold value indicates the operators an exchange of the empty bot-
tle. The switch between the empty and full bottle is automatically done at the bottles’
valves.

The HMON monitoring is based on PERL scripts and is running stand-alone. It pro-
vides access to the TrbNet slow control daemon, an EPICS interface and the full range
of PERL modules. The representation in histograms itself is based on Gnu-plot and
a HADES specific wrapper of it. The access to TrbNet is used in various monitoring
scripts. The temperature of e.g. the DiRICH and combiner boards can be read via
broadcast addresses and directly visualized in histograms or in a webpage. Gnu-Plot
provides a very fast histogram generation. A generation of a 2-dimensional represen-
tation of the pixels of the RICH detection plane is possible and provides a powerful
tool for online monitoring. The pictures in the monitoring are typically shown in the
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Figure 5.21 shows the web page status of the high voltage system based on EPICS
process variables (PVs). Histograms with the measured current and measured voltages
of all channels of the high voltage crate are provided. A third histograms shows the
calculated resistance of the channels with an indication of the expected value range
in light blue. The higher channelnumbers of the histograms are deviating from the
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rest. These channels are connected to the 2x2-backplanes and therefore draw less
current at a comparable voltage. A basic overview of the status of the high voltage
crate, channels and modules is given in the upper part of the figure. An additional
CSS-studio GUI is available for a more detailed control with single channel or even
grouped control of the PVs. The start or shutdown of the HV as well the change of
e.g. the ramp speed are controlled only via the CSS-studio interface to prevent from
accidental changes on the high voltage by non-experts.

Figure 5.22 shows the full scalar rate display of all 27392 pixels with an update in-
terval of 2 seconds. This plot indicates the functionality of the FEE TDCs and gives
an overview on potential problems as missing DiRICH boards. The figure perfectly
shows the shadows of the inner spokes of the RICH detector and the separation of in-
ner and outer camera plane. The blue fields are related to misconfigured threshold
FPGA’s flash memory on individual DiRICH boards. These channels were not func-
tional in the march 2019 HADES beamtime but fortunately homogeneously distributed
over the camera and are not disturbing the ring finder functionality. The channels got
repaired after the beamtime.

Min: Manx: Send bgr v

RICH Temperature

.39.06 °C

[ [— I]gﬁg °C

Figure 5.24: HTML based HADES RICH FEE temperature overview in the beamview.
The figure shows the exact positions and orientations of all FEE boards. The shown
temperatures were typical during the March 2019 beamtime.
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Figure 5.25: HTML based HADES RICH overview showing the 1.1 V power line as
measured on the DiRICH boards. Values shown are typical for the March 2019 beamtime.

Figure 5.23 shows in the same 2-D presentation the individual threshold value of
each channel of the RICH detector. The correct threshold setting of all channels is very
important for a high quality measurement, therefore this histogram is essential. It is
updated all 2 minutes and provides a fast overview to the operators on the detector’s
functionality.

Figure 5.24, Figure 5.25 and Figure 5.26 show a HTML, CSS and JavaScript based
monitoring of the RICH detectors front-end electronics. This concept was also ex-
ported for the HADES ECAL monitoring. Each FEE module of the RICH with a con-
nection to TrbNet is represented in the web appearance. The values are provided by
JSON files and loaded via JavaScript. The webpage provides an interactive change of
the minimum and maximum values to highlight a specific range. In addition, a se-
lection between three different color palettes is possible. A mouse hoover at a FEE
position unveils a label with the TrbNet Address of the board and the corresponding
exact value. This feature is ideal for the search of specific boards and helps to quickly
identify potential problems.

Based on the webpage url, a custom command can be executed. This is a very pow-
erful tool for the graphical representation of nearly all slow control values of TrbNet
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Figure 5.26: HTML based HADES RICH backplane temperature overview with indication
of the TrbNet register address of the individual sensors.

like reset counts, hardware versions or scalar rates with an information of the latest
update time.

Figure 5.24 shows the temperatures of all DIRICH and combiner boards of the HADES
RICH from the internal measurement on the boards. The representation in the scheme
of the beamview unveils hot spots in the corners of the inner detection plane. However,
overall a smooth distribution of cool air from the cooling fans in front of the detection
plane is achieved resulting in an otherwise rather homogenous temperature distribu-
tion. The webpage is also used while positioning the fans to maximize the cooling
effect, but mostly serves as a detailed detector overview. Figure 5.25 represents the
measured low voltages of the 1.1 V power line at the DiRICH FEE. The monitoring un-
veils the slightly different voltage on the six arms and the higher voltage on the 2x2
backplanes. Individual problems with single backplanes, e.g. a bad connection of the
low voltage connector, becomes immediately visible in this monitoring page.

Figure 5.26 is similar to the representation of the full RICH FEE. This figure is rep-
resenting the positions of the DS18B20 temperature sensors between MAPMTs and
backplane in the beamview (see Figure 5.9,left). A mouse hoover unveils the TrbNet
register address of each sensor with the latest temperature value. The hot spots from
Figure 5.24 are seen here as well. Temperatures are slightly lower because this mea-
surement is inside the radiator volume. These temperature measurements are used
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for the interlock system as explained in section 5.2.1.2.

All these monitoring features for the RICH detector give a high confidence to the
operators and experts about the functionality and status of the detector. The monitor-
ing is a tremendous relief for solving problems with the detector fast. It was essential
for the successful beamtime in March 2019 and showed an excellent performance.
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CHAPTER
Development of the mRICH detector

The mCBM experiment is a prototype experiment for the future CBM detector, fo-
cussing on the combined free streaming data readout and acquisition including finally
also online event reconstruction. The main prototype detector of the CBM RICH de-
tector concerning the readout is the upgraded HADES RICH. The overall concept of
the CBM RICH including mirrors and radiator has been tested in several CERN beam-
times with a real-size prototype in length [106, 140-143]. The HADES RICH confirms
the functionality of the front-end electronics, the MAPMTs and provides an enormous
benefit in the running and understanding of the detector. Also ring reconstruction
routines can be tested on real data. The readout of the HADES experiment is triggered
and completely based on the TrbNet network on dedicated FPGAs. The future readout
of the CBM RICH with e.g. synchronisation and free streaming data transport cannot
be tested in the HADES experiment.

For the CBM RICH development, the mCBM experiment is the perfect counterpart
to the experience from HADES and opens up the possibility of development and test of
the full readout chain under beam conditions. A dedicated mRICH detector has been
built for participation in the mCBM beamtimes and test of the newly developed CBM
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Figure 6.1: Schematic drawing of a side view of the inner mRICH detector. All main
parts of the detector as well as the production of Cherenkov photons in the aerogel block
are shown.
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RICH readout concept in its staged phases. This chapter will concentrate on the con-
struction of the mRICH detector with the first readout stage based on the data process-
ing board (DPB) (phase-I). Chapter 7 will treat the upgrade of the mCBM and mRICH
readout to the future common readout interface (CRI) of the CBM experiment (phase-
IT). Chapter 8 will present an analysis of the mRICH data in the phase-I mCBM beam-
times.

6.1 The mRICH Detector

The mRICH detector is a proximity focussing RICH detector (see section 3.3.2 for a de-
tails). Two 20x20x3 cm?® aerogel blocks are installed in a 3D printed support frame
and serve as the radiator volume. The aerogel is positioned with a 10 cm gap to the
entrance windows of the photodetection plane of 36 Hamamatsu H12700B-3 MAPMTs.
In between the two aerogel blocks, a 1 mm thick ABS spacer is inserted. The aerogel
and MAPMTs are inside a box, made out of ITEM profiles, that is flushed with Nitrogen
to protect the Aerogel. A detailed overview on the position of the mRICH in the mCBM
experiment as well as a introduction of the other sub-detectors and DAQ concepts is
presented in section 3.4.

The readout of the mRICH detector is based on the DiRICH readout electronics and
from the hardware point of view identical to the readout of the HADES RICH. Six 2x3
backplanes with 12 DiRICH boards, a standard combiner and power module without
on-board DCDC converter are combined to form the camera plane of the detector. An
aluminium plate is used as mounting plane of the PCBs. Similar to the HADES RICH,
all backplane PCBs are screwed to the camera and sealed with a rubber band.

All backplanes are aligned in a symmetric geometry with two backplanes next to
each other in horizontal and three backplanes in vertical direction, as indicated in
Figure 6.2, left, as well as Figure 6.3,right. Each backplane is oriented such that the
combiner points to the upper side and the power module to the bottom side. This ar-
rangement is chosen as it slightly improves the voltage drop on the power line to the
backplanes.

The MAPMT position on the aluminium plate is not symmetrical in order to pro-
vide enough space on one side of the camera to access PMTs in the mounted state. A
3D printed backplane inlet and additional 3D printed holding structures are attached
to the PCBs from the outside. In combination with aluminium bolts they are giving
stiffness to the attached DiRICHes, combiner and power boards.

The readout camera itself is screwed to a custom box of ITEM profiles. The box mea-
sures WxHxD=382x597x250 mm?. The side walls are filled with aluminium plates
and sealed with rubber band. All connections between ITEM profiles and the walls
are sealed with additional LOCTITE SI5368 adhesive and sealant to provide gas and
light tightness. The entrance window of the detector is filled with a plastic plate to
minimize the material budget in the beam acceptance. All inner parts of the detector
are painted black with NEXTEL Velvet-Coating 811-21.

The complete box is mounted to a holding construction. It provides the possibility
to mount the detector box in standard vertical position but also in a horizontal posi-
tion. The ITEM based support is attached to horizontal ITEM profiles that are screwed
to the mTOF detector frame. In vertical direction the center of the sensitive MAPMT
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Figure 6.2: (left) CAD drawing of the mRICH detector with support structure and
connection to the mTOF frame (to the left). (right) View into the inside of the mRICH.
The two aerogel radiator blocks are mounted with 10 cm distance to the MAPMT detection
plane.

plane is at the same height as the beam axis. The mRICH support structure is moveable
in horizontal direction and connected with ball-bearing guide bushes to a shaft. The
positioned detector is screwed to the bottom ITEM support profile to hold everything
in place. The support structure is equipped with PVC inlets to provide nearby mount-
ing space for the low voltage and DAQ boards.

parameter value

detector concept proximity focussing RICH
detector volume (WxHxD) 382x597x250 mm? (outside)
radiator material aerogel

index of refraction (n) 1.05

Yihr 3.27

Pinr (e7) 1.6 MeV

P (70) 436 MeV

Pinr () 2930 MeV

camera active area (XxY)  206.6x470.1 mm?

camera 36 Hamamatsu H12700B-3 MAPMTs
channels 2304

Table 6.1: Overview on the main geometry and physics parameters of the mRICH de-
tector in the mCBM experiment.
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Aerogel is a well know radiator material in Cherenkov detectors. It is an amor-
phous solid network of SiO; nano-spheres. The material has a low density and can be
produced with a range of different index of refractions. The mRICH aerogel tiles are
identical to the aerogel used by the CLAS12 collaboration RICH detector and come with
high light transmittance. Measurements of the CLAS12 collaboration result in an index
of refraction of n=1.05 at 405 nm [144]. This index of refraction results in vy,;,,=3.27 and
e.g. athreshold momentum for pions of p;,,=436 MeV. A full overview on all important
detector parameters can be found in Table 6.1.

The aerogel blocks in the mRICH are hydrophilic. As a protection of the aerogel
in the detector box, a dry atmosphere is required. The full detector volume is flushed
with dry nitrogen (N;) and in addition silica gel is placed on the bottom of the detec-
tor. An environment sensor board, based on the spoke sensors of the HADES RICH
detector (see section 5.2.1, appendix B and [130]), is placed inside the detector volume
on the bottom side of the aerogel holder to record the pressure, temperature and most
importantly the humidity. The sensor is connected to the CTS and hub TRB3sc board
that is also controlling the sensor readout. A gas and light tight RJ45 feed through is
mounted in a sidewall of the detector box and provides the connection to the TRB3sc.

A second feed through is placed to connect DS18B20 temperature sensors between
the MAPMTs and backplane, identical to the HADES approach (see section 5.2.1.2). The
chained 1-wire temperature sensors are connected to the same TRB3sc as the humid-
ity board. The temperature readout sensors are placed in the middle of a MAPMT at
the positions indicated in Figure 6.3. It additionally shows the backplanes with all
36 MAPMTs attached (Figure 6.3, middle) and no radiator in front of it. The corre-
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Figure 6.3: (left) Schematic overview on the location of the daisy chained backplane
DS18B20 temperature sensors. (middle) View on the equipped MAPMT plane with
sensors below the MAPMTs. (right) View on the FEE of the mRICH with all power and

data connections.
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sensor number in chain  UIDs of DS18B20

Sensor 0 2B0416524E83FF28

Sensor 1 F9041651C3F7FF28

Sensor 2 9E0000092C4AFD28

Sensor 3 F20000092C509F28 ;?:'CQH gazck IalileD[s)S‘igégg
Sensor 4 D90000092C8I0E28 el P "
Sensor 5 A90000092C88F428 perature sensors as indl
Sensor 6 EC0000092ACAES28 cated in Figure 6.3.

Sensor 7 430000092AC40728

Sensor 8 630000092ADF4428

Sensor 9 450000092C355A28

sponding UIDs to the sensor numbers are listed in Table 6.2. The 10 temperature sen-
sors are soldered to a daisy chain with two arms. Sensors 0 to 4 and 5 to 9 form one
arm each and are connected below the MAPMT plane to one bus cable, that is later
connected to the readout.

The FPGA readout of the sensors is based on an One-Wire temperature readout en-
tity. The UIDs are hardcoded to the entity as generics. This simplifies the matching of
readout register to backplane positions and is in parallel a documentation of the read-
out chains UIDs. The same entity is used for the HADES RICH and mRICH readout.
A future usage of the entity in the CBM RICH detector setup is most likely and easily
possible.

The MAPMTs are mounted in front of the temperature sensors. The center of the
MAPMT plane is matching the 25° degree line, with respect to the beam line, of the
mCBM experiment (see section 3.4). Differently to the HADES and CBM RICH detec-
tors, the mRICH detector’s photo multiplier plane is located in the particle acceptance.
Particles are traversing the MAPMT plane and create signals in the MAPMT channels.
Next to an increase of hit signals on the MAPMTSs and resulting differences in the de-
tected ring structure (see Chapter 8), this influences the mRICH detector readout. The
DiRICH readout is based on the FPGA technology, that is not radiation hard. An in-
creased radiation, in mCBM due to the generated particles in the acceptance, increases
the probability of single event upsets in the FPGA and increases instabilities of the FEE.
More details on the final readout implementation are given in Section 6.2.

The HV power distribution to the mRICH is coordinated with the other mCBM de-
tectors. The six backplanes are connected to an ISEG high voltage power module that
shares a crate with the mMUCH detector in the mCBM DAQ container. The applied high
voltage of the backplanes is calculated based on the individual gain of the MAPMTs and
is controlled via a scripted Simple Network Management Protocol (SNMP) connection.
A common mCBM HYV patch panel serves as the connection between the standard SHV
cables, used between the DAQ container and the patch panel, and thin RICH specific
Draka HV wires. The Draka wire connects to the backplane via a LEMO connector. The
HV channels are matched to the correct backplane position and tested individually to
guarantee the optimal measurement environment.

The mRICH low voltage power distribution is based on an approach adopted to the
experience in HADES and serves as a test bed for the final CBM RICH powering. In
the CBM experiment, the low voltage power cables will be to long for a 1.1 V supply
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Figure 6.4: View of the low voltage distribution via copper bars and the first four DCDC

converters of the mRICH detector. In the foreground, the 1.2 m cables for the connection
to the backplanes are visible (orange plug).

line with high currents. As a compromise between a low noise and a reasonable cable
length of especially the 1.1 V supply line to the FEE, dedicated DCDC converters as well
as a power distribution, are mounted to the PVC inlets in the mRICH support structure
below the detector box as shown in Figure 6.4. The DCDC converters are based on the
DCDC conversion part of the power modules (see section 3.3.7) with an additional 5th
converter for 3.6 V respectively 5.5 V. This 5th voltage is used to power the TRB3sc, the
trigger Fanout as well as the optoLink board. The schematic of the DCDC board as used
in mRICH phase-I is shown in appendix E.

An HMP4040 power supply is located in the mCBM low voltage niche. The four
channels of the HMP4040 power supply are connected with AWG 16 cables from the
niche to a dedicated copper bar for power distribution at the mRICH. One copper bar
is connected to the +24 V of the power supply, whereas the other copper bar serves
as the GND distribution. Each copper bar is produced with threaded inserts to dis-
tribute the full current from all four power supply channels to the six newly designed
dedicated DCDC converter boards. Thus the +24 V are converted to the necessary four
FEE voltages about 1.2 m apart from the backplane, therefore not adding noise to the
signals. The voltage drop on the 1.2 m power line has to be taken into account and
therefore a higher voltage after conversion, compared to the design with a conversion
directly on the power module, is required.

Unfortunately one of the phase-I DCDC boards provides a to low voltage on its 1.1V
power line. Thus one backplane has to run with a reduced amount of DiRICH boards,
to reduce the current and finally reduce the voltage drop. The low voltage on the 1.1V
line of this particular backplane is mainly limiting the ToT measurement capabilities
of the FEE. The voltage drop, and as a result the reduced input voltage, is limiting the
ToT measurement capabilities of the FEE. In phase-II of the mRICH, this problem is
solved, as a new programmable DCDC converter (see appendix A) is added to the place,
where the optoLink was placed during phase-I. This new DCDC board solves the power
issue with the one backplane, while the old DCDC board is still providing the 5.5 V of
the TRB3sc.
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The FEE of the mRICH detector is cooled by three 120 mm fans. They are powered
by a separate 12 V supply line from the mTRD LV-crate and are mounted vertically on
the side of the FEE on the ITEM profiles of the box. Thus the fans are pushing air along
the rows. The geometry of the backplanes allows the flow of the air from one side to
the other and keeps the inner backplane temperature below 33°C.

6.2 mRICH Readout

The mRICH readoutis the beginning of the journey towards a TrbNet based, free stream-
ing CBM RICH readout. In section 6.1 the mRICH was introduced with the position of
the six backplanes of the mRICH FEE, including the low voltage power connections.
One backplane of the detector is forming the smallest readout unit of the mRICH FEE.
The DiRICH boards themself are flashed with the exact same firmware as in the HADES
RICH detector. Nevertheless, the configuration of the firmware is slightly different. In
contrastto the HADES RICH DiRICH boards, which are using a trigger window for read-
out, for the mRICH DiRICH the readout window is disabled. Data in the ring buffer are
not read out with respect to the arrival time of the trigger signal anymore, but the full
ring buffer of each DiRICH TDC channel is read out with the arrival of a pseudo trigger
and transmitted. In the standard beamtime configuration, each DiRICH is configured
to a ring buffer size of 9 words per channel and an event size limit of 245 words per
DiRICH.

Disabling the trigger windows is the principle providing the path to a free streaming
data readout. The key point of the TrbNet based RICH readout in CBM environments
is the generation of a pseudo trigger, forcing the readout of the full TDC ring buffers. A
pseudo trigger is generated on a TRB3sc board by CTS, based on a signal synchronous
to the start of a microtimeslice. The TDC hits in the ring buffer since the latest readout
are all transmitted to the trigger Handler and later on combined with the data from the
remaining 11 DiRICH boards of a backplane, identical to the HADES RICH readout.
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Figure 6.5: Schematic overview of the mRICH readout concept. The blue lines represent
optical fibre connections between the readout boards. The readout is spatially separated
between a part in the DAQ container (left) and the cave (right).
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A microtimeslice splits the time during data taking into discrete packages of a defined
length in time. The length of the microtimeslice is defined by the operator and was
e.g. set to 1.28 ms during the 2020 beamtime campaign.

6.2.1 TrbNet in the CBM Environment

A dedicated TRB3sc is installed next to the low voltage distribution on the mRICH hold-
ing structure and completes the TrbNet based readout part. On the one hand, this
TRB3sc provides the readout of the backplane sensors, as well as the humidity moni-
toring below the aerogel radiator. On the other hand, itis the central trigger system and
hub of the TrbNet part of the mRICH readout system. A 6-SFP hub-AddOn is attached
to the TRB3sc and provides SFP connections for the optical fibers of the six downlinks
towards the combiner boards. A dedicated trigger distribution board is installed below
the TRB3sc to get a dense packaging below the detector. The trigger distribution board
is a fan-out of the generated CTS trigger signal from the TRB3sc towards the six back-
planes via RJ45 cables. A flat RJ45 cable is installed between the fan-out board and each
backplane of the mRICH detector. Thin 0.9 mm optical fibre cables with LC-connectors
are connecting the data uplink of the combiner boards with the six downlinks of the
hub-AddOn on top of the TRB3sc.

6.2.1.1 Combiner and FPGA Based Online Calibration

The optical fiber and the RJ45 trigger connection are providing the full TrbNet func-
tionality to the combiner boards. A virtual slow control connection, data and trig-
ger channel is provided between the combiner and the TRB3sc. The combiner board
firmware! is utilising a TrbNet hub to combine the data from all 12 connected DiRICH
boards, based on the readout command of the CTS. The data from all DiRICH boards is
further transmitted to the CTS/Hub TRB3sc. The mRICH combiner firmware is cal-
ibrating the TDC data on the FPGA and transmits fully calibrated data towards the
CTS/hub board. The TDC based online calibration is needed to correct the TDC tapped
delay chain for temperature changes and to match the fine time bins of the TDC to the
actual coarse time window of 5 ns (see [130]). The use of an online calibration directly
on the combiner board simplifies the later unpacking of the data, as no further cali-
bration of the data is needed. Only small adjustments to the startup procedure of the
mRICH DAQ are needed to prepare the online calibration.

The online calibration in the mRICH detector is a progression of the calibration in-
troduced in [130]. The random access memory type is changed to embedded RAM and
further optimised in the handling. Several small changes in terms of cross platform us-
age are included and a more advanced monitoring is introduced. The calibration entity
can cope with data from a TrbNet streaming entity (hub) as well as pure TDC_record
data. Data from the streaming hub have to be prepared in terms of the correct data
size and the extraction of e.g. the trigger type. Nevertheless, the basic principle of the
linear online calibration stays untouched: Data from the DiRICH board is fed into the
calibration. Based on the incoming data, the minimum and maximum fine time bin
per channel (also referred to as limit) is extracted. A configurable statistics for the cre-
ation of the limit is needed to use the extracted limits for the calibration. If the limit is

IThe mRICH phase-I combiner project including data calibration is available at: http://jspc29.
x-matter.uni-frankfurt.de/git/?p=dirich.git;a=tree;f=combiner_calib
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reached, the values are saved in a dedicated RAM and a new limit generation starts in
parallel to the calibration of the data. All the TDC fine time data is calibrated, based on
the generated limits. In case of a cold start of the board, standard values are used for
the calibration. The calibrated data is further fed back into the normal data path and
handled like normal TDC messages. All non TDC finetime messages are also carried
through the chain, but without calibration, to keep the order of the data constant.

The online calibration can be configured in several modes. A calibration of all, but
also of just one dedicated trigger type, is possible. The calibration can be active, while
the limit generation is deactivated and vice versa. A high configurability is essential as
the calibration entity is used e.g. on the TRB3sc (to calibrated the TDC, that matches
the overall CBM time to the local mRICH time), where different requirements have to
be fulfilled. An important requirement is the possibility to generate limits only with
calibration triggers. In some cases e.g. channels are fed with signals, generated with
a clock synchronous to the TDC clock. As the timing of these signals is not random
anymore, no meaningful limits could be generated by a physical trigger.

6.2.1.2 CTS and Hub

The mRICH detector readout structure of phase-I is shown in Figure 6.5. It shows,
that a dedicated TRB3sc board is required to combine the data coming from the six
connected combiner boards at the downlinks and transmit the data as UDP packages
via a GbE connection at the uplink. This connection provides the data packages for
the DPB as well as the slow control interface, including DHCP and ping support. In
addition, the pseudo triggers for the readout itself have to be generated on the same
board while the readout of the data has to be controlled. Therefore a central trigger
system (CTS), as it is also used in other TrbNet applications, is used.

The TrbNet hub entity of the TRB3sc is essential for the data merging from all con-
nected combiner boards. Itis alogic, that controls the data flow between all connected
TrbNet boards as well as local endpoints of all available virtual channels (trigger, data,
slow control). Slow control commands are transmitted and received via UDP pack-
ages on the GbE link and distributed to the FEE via the hub logic. An mRICH con-
trol and readout computer is located in the mCBM DAQ container and connected to a
GDbE switch to receive the packages from the TRB3sc (see Figure 6.5). The computer is
equipped with the full software for slow control, monitoring and baseline determina-
tion as well as threshold writing. A DABC event builder is available for the analysis of
pure TrbNet data. The computer runs the TrbNet daemon, the arbiter of the TrbNet
messages. All slow control or flash commands for the TrbNet boards are using this
connection. Data to the DPB is routed via the switch by the MAC and IP address of
the UDP packages. The GbE data connections are configured via slow control on the
Hub/CTS board.

The CTS is the main readout control of TrbNet. In a standard TrbNet environment
exactly one CTS is existing in the system of TrbNet boards. CTS is controlling the data
readout on the endpoints (DiRICH) and the readout of the hubs. A reference time sig-
nal is distributed to all endpoints. Next to the separate physical signal, a LVL1 trigger
packet is distributed on the virtual trigger channel of TrbNet via optical links. The
packet contains all trigger informations which the endpoints require, as e.g. trigger
type and trigger number. The trigger system is stopped until all FEE boards acknowl-
edge the trigger information with a trigger release message. A trigger handler entity
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MBS - LITLILK XL
async_trigger [ |
synch_trigger [ |

[36:32] constant sequence for trigger generation
[31: 8] 24-bit microtimeslice word
[ 7: 6] status bits
Tl 5] XOR check-bit (XOR [31:5] = 0)
[ 4. 0] constant sequence for end

Figure 6.6: MBS style trigger message from DPB to Hub/CTS TRB3sc. A trigger code
is transmitted with a 40 MHz clock speed and sampled on the TRB3sc with 200 MHz.
Based on the first five bits of the MBS signal, an asynchronous and a synchronous trigger
is derived. The synchronous trigger is synced to the 100 MHz system clock of the TRB3sc
and is furthermore the input signal for the CTS trigger generation. The microtimeslice
number of the mCBM microtimeslice is encoded in bit [36:8] with 2 status bits and a
control bit.

inside each endpoint is necessary. It checks the reference time signal length for spike
rejection. A typical reference time is 100 ns. If the time is below 60 ns or above 200 ns,
the trigger is rejected. Additionally a certain time window for the arrival of the LVL1
trigger message has to be fulfilled. A more detailed description of the exact functional-
ity of the trigger handling can be found in [123]. The generation of the trigger signal is
controlled by the CTS. Triggers can be generated internally based on external signals
from e.g. sub detectors. The generation of triggers based on internal signals from a
random pulser or e.g. a dedicated calibration trigger is provided too. Advanced ex-
ternal trigger sources are supported by the CTS as well. In a standard scenario during
beamtimes, an external trigger signal from e.g. alaser can be used to readout detectors
for quality assurance. The generation of data for a TDC calibration during spill breaks
or during shutdowns is possible by the generation of calibration triggers.

The mRICH in phase-I of the mCBM experiment is based on the previously intro-
duced trigger distribution scheme. A detailed schematic overview on the phase-I read-
out concept is given in Figure 6.5. In contrast to e.g. HADES, the mRICH trigger is not
generated by a sub detector or a pulser. The mRICH detector readout trigger is gen-
erated by an external trigger signal from the mRICH DPB, located in the mCBM DAQ
container. A separate signal from the mRICH DPB is transmitted as a LVDS signal to
an OptoLink board, a special board, that is used to convert the LVDS signal to an opti-
cal fiber and reconvert it back to RJ45 at the mRICH detector. A 40 MHz clock and the
corresponding data is transmitted on opticals fibers between the DAQ container and
the mCBM cave. The optical fibers are identical in length and therefore no additional
clock recovery is needed.

Due to the long distance between DAQ container and the mRICH detector the trans-
mission of the external trigger signal from the mRICH DPB requires an OptoLink board.
The use of a long copper cable as e.g. an Ethernet cable is critical as the increased ca-
pacity and resistance of such a cable disturbs the physical signal and harms the oper-
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ation. An optical connection is not sensitive to these influences and allows a reliable
transmission over longer distances.

The signal from the DPB is not a simple trigger pulse. The trigger is transmitted as a
37-bit serialised bitstream with a known structure of the Multi Branch System (MBS) de-
veloped at GSI. The exact structure of the MBS word (terminology used for the mRICH
trigger bit-sequence) is shown in Figure 6.6. Similar to MBS, a 24-bit word is encoded in
a serialized bit sequence. The 24-bit word is the corresponding microtimeslice index
of the mCBM DAQ for the transmitted trigger.

Each MBS microtimeslice signal, derived from the synchronous mCBM time, is
used as the readout trigger of the mRICH detector. The synchronous mCBM time guar-
antees the synchronous application of the trigger. The MBS word receiver derives an
asynchronous and a synchronous trigger from the MBS word as shown in Figure 6.6.
The synchronous trigger is in synch with the 100 MHz system clock of the TRB3sc and
is the external trigger signal of the CTS. CTS is generating a trigger message based on
the synchronous MBS trigger and reads out all TDCs. The readout of the FEE is there-
fore performed with the microtimeslice frequency and each mRICH event is assigned
to a microtimeslice. An own TDC is added to the TRB3sc to perform a measurement of
the arrival time of the asynchronous trigger. These TDC measurements are needed to
correct for the random uncertainty of 10 ns, introduced by the 100 MHz system clock,
between the global mCBM time and the local TDC hit time.

The TDC on the TRB3sc is calibrated by the FPGA based online calibration entity
as used in the combiner firmware. A calibration of the TDC with a calibration trigger
is executed after each power cycle. The calibrated TDC message is read out together
with the FEE data and finally transmitted in an event structure to the mRICH DPB.

The derived microtimeslice start signal should ideally trigger the FEE of the mRICH
in the same time, as the global microtimeslice is started. Therefore a measurement of
the signal "propagation time" between the DPB MBS-trigger output and the DiRICH
reference-time input was performed. The measurement used the identical setup as
the final mRICH detector, excluding the optical fiber connection between the DAQ con-
tainer and the cave. The length of the optical fibre is parametrized as 1,,; and results
in a delay of

155.4n5 + Loy - 4.972°2 (6.1)
m

The real optical fibre between DAQ container and mRICH detector is 76 m in length,
resulting in a total delay of 533 ns. A total delay of 600 ns is assumed to account for
an additional output delay of 50 ns in the firmware of the mRICH DPB and the delay
between the DiRICH trigger input and the actual FPGA. Due to a misconfiguration in
the mRICH DPB, the offset correction was not used in the mCBM beamtimes and a
corresponding correction in the data unpacking process is applied.

An additional small uncertainty source is the walk effect between the mCBM clock
and the FEE clock. While the start of a microtimeslice is synchronized by the dis-
tributed reference time, the later hit time is measured with the local clock. Each fre-
quency deviation between the clocks leads to an error in the hit time. This error could
be corrected by the reference time of the measurement on channel 0 on the TDC. The
difference between the reference time in event N and N-1 is a measurement of the mi-
crotimeslice period in the local clock, while generated in the mCBM clock. The walk
effect could be corrected by this measurement, but it is not foreseen in the current
unpacker as the error is only minor (=1-2 ns @ 1.28 ms pTS) and the correction would
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additionally slow down the unpacking procedure. More details on the full mCBM syn-
chronisation and timing is available in the technical note [145].

The readout of the front-end buffers is controlled by the central trigger system in
the same manner as the trigger distribution. CTS sends a readout request to all FEEs.
The FEEs transmit the data, belonging to the request from CTS. The readout message
contains the information on the trigger number and code, as well as informations on
the data transport. Different packaging types with different levels of data stripping
can be defined. In addition the request contains the information of the event builder,
the data is transmitted to. In the mRICH case, the event builder is the DPB. The inter-
nal look-up table number of the DPB MAC- and IP-address is transmitted to all FEEs.
Based on the packaging code of the CTS readout request, unnecessary overhead data
is stripped on the hubs and combined to the readout data stream. The data stream
contains the information of the trigger type, the data length and the hub board ad-
dress. If the information on the event and the data header is transmitted, the FEE data
is forwarded by the round-robin principle. More detailed information on the TrbNet
readout can be found in [123].

The TrbNet readout stream is further processed for Gigabit Ethernet transmission.
The HadesTransportUnitQueue is added to the sub event structure and further trans-
mitted in UDP packages and frames to the DPB by the Gigabit Ethernet wrapper entity
of TrbNet.

6.2.2 Data Processing Board (DPB)

The data processing board (DPB) of the mRICH experiment is an AMC FMC Carrier
Kintex (AFCK)? that is operated in a MicroTCA crate inside the mCBM DAQ container.
The AFCK is equipped with a Xilinx Kintex-7 325T FFG900 FPGA and features a very flex-
ible clock circuit. Figure 3.32 in the introduction to the mCBM DAQ depicts the position
of the DPB in the DAQ chain. The DPB aggregates the data from the downlinks and fur-
ther processes it in terms of e.g. sorting (mSTS) or feature extraction (mTRD). The data
stream is packed in microtimeslices and transmitted via a 10 Gbit/s high-speed line per
DPB. The length of a microtimeslice is adjustable and is defined before the beamtime
(mCBM 2020: 1.28 ms). A bunch of single mode optical fibers connects the DPBs to the
FLIB inside the Green IT cube.

A single DPB is used in the mRICH detector DAQ. The Timing Synchronizer (TS)
is connected to the AFCK via a custom FPGA Mezzanine Card (FMC) and provides a
synchronous 40 MHz clock and a Puls-Per-Second (PPS) Signal (0.839 sec) [146]. Based
on the 40 MHz clock and the PPS signal, the external trigger for the TRB3sc is generated
and equipped with the microtimeslice index.

A single 1000 base-X UDP connection receives the TDC data stream from the TRB3sc
in the cave. The Trb event data is parsed from the incoming UDP packets and checked
for basic data correctness. The microtimeslice index is extracted from the data and
added as meta data to the beginning of the 64-bit AXI stream, that transports the data
between entities. The 64-bit data in the AXI stream is processed in a micro-slice gen-
eration entity. This entity compares the microtimeslice index of the data with the ex-

ZBoard is available as open hardware project: https://ohwr.org/project/afck/wikis/home
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pected index in the DPB. In case the index is not as expected, the Trb data is discarded
and an empty microtimeslice is send to the FLIB. Correct data is finally transmitted to
the FLIB by a FLIM wrapper entity, that utilises the 10 GBit optical fiber connection to
the green IT cube.

The mRICH DPB is prepared to be operated in a standalone mode or in a common
mode. Accordingly to the needs, the corresponding firmware has to be written to the
FPGA. An own FLIB module is connected to the mRICH PC to allow for a standalone
data readout.

6.2.3 mRICH Data Format (mCBM Phase-I)

A schematic overview of the mRICH data format in mCBM phase-I is shown in Fig-
ure 6.7. The data format can be separated in two parts: The first two words (32 bit =
1 word) are related to the mRICH DPB and provide a mRICH header as well as mRICH
flags and the MBS trigger number. This part is inserted by the DPB and followed by
the second part, the original TrbNet event-data structure. The TrbNet data contains a
header, a data and a trailer part. This "HADES Transport Unit Queue" is included to
the data by the Gigabit Ethernet wrapper and gives informations about the length and
decoding of the queue. The trailer of the queue consists of an optional padding word,
to get the queue size to a multiple of 8, and a repetition of the first 8 "HADES Transport
Unit Queue" words in the end. This repetition serves as a last check for data corrup-
tion. The data in the "HADES Transport Unit Queue" is depicted in a schematic view
in Figure 6.7. A detailed description of the TRB sub-event, sub-sub event structure and
TDC message format is provided in [123] and [147].

The mRICH readout uses a TDCin all DiRICH boards as well as the TRB3sc. The TDC
messages are part of the TrbNet data in different sub sections. The Trb sub-event is the
basic structure of the board, transmitting the data (the TRB3sc in the mRICH detector).
A chain of hub blocks is summing up to the content of the Trb sub-event. The hubs in
the mRICH readout are equal to the combiner boards as well as the endpoint data of
the TRB3sc. A sub-event consists of several "sub-sub-event" blocks. The sub-sub-event
blocks contain the complete data from the connected DiRICH boards. The CTS is a
special part of the hub block, as it contains the TDC messages of the TRB3sc TDC as
well as the microtimeslice index transmitted by the DPB.

All TDC messages in the data stream follow the same structure. A TDC header word
is indicating the start of the TDC data, including an information on the used hardware
and an error mask. The end of the TDC part is marked by the trailer word. It includes
the trigger type, the random trigger number and an additional error mask. In the be-
ginning of a TDC packet or in case the coarse counter has overflown, an EPOCH mes-
sage is included into the data. Each rising and each falling edge of a TDC channel is
adding an own TDC word to the data. The TDC message itself is constructed by the
channel number, the fine time, a flag for the edge type and the coarse time.

All DiRICH boards on a backplane are operated with a 100 MHz clock, that is shared
with the combiner board. Therefore each backplane with its DIRICHes has alocal time,
as the DiRICHes only known their 100 MHz time from the oscillator. The TRB3sc is also
operated with an own local 100 MHz oscillator. The local mRICH TDC time of a hit in
a DiRICH as well as in the TDC of the TRB3sc is calculated by the epoch value e, the
coarse time c and the fine time f of the TDC message:

tioeal = € - 10240ns + ¢ - bns — f - bps (6.2)
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31[30[29]28[27]26]25]24]23]22]21]20]19]18]17[16]15]14[13[12]11]10] 9 [ 8 | 7[ 6 [ 5[ 4[ 3] 2] 1] O
mRICH header reserved (0x00000000)
mRICH flags | MBS trigger number
HadesTransportUnitQueue size (bytes, excl. repeated words)
HadesTransportUnitQueue decoding (here always 0x00030062)
TRB sub-event size (bytes)

0x000200 | Trg. Type | o0x1
0x0000 | Sub-event ID (0xC001)
TRB Trigger Number
Hub size (4 bytes, excl. this word) Hub ID (= Combiner FPGA ID, 0x82XX)
Sub-sub-event size (4 bytes, excl. this word) Sub-sub-event ID (= DiRICH FPGA ID)
o[o[1]o]Fmt. (0x0) | Rsvd. (0x00) HW info (0x96) | Error mask
1|1{o0 Epoch count (= coarse-time overflows, 10240 ns)
0fo Channel | Fine time [R] Coarse time (5 ns)

(additional time-data words; additional epoch words if coarse time overflows)
ofofJofo] Trg. Type | Random code | Error mask

(additional sub-sub-event blocks, one for each DiRICH on the front-end)

(additional hub blocks, one for each front-end/combiner)

CTS size (4 bytes, excl. this word) CTS FPGA ID (0xC000)
CTS header words (here always 0x1000) CTS trigger channel state
0x00 MBS trigger number
olo|1]0]|Fmt (0x0) Rsvd. (0x00) | HWinfo (0x95) | Error mask
0 Epoch count (= coarse-time overflows, 10240 ns)
ofo Channel | Fine time [R] Coarse time (5 ns)

(additional TDC-data words; additional TDC-epoch words if coarse time overflows)
o[ofo]o] Trg. Type | Random code | Error mask
0x00015555
Error messages
O0xAAAAAAAA (optional padding to make “HadesTransportUnitQueue size” a multiple of 8)
Repeated word 0 of HadesTransportUnitQueue
Repeated word 1 of HadesTransportUnitQueue
Repeated word 2 of HadesTransportUnitQueue
Repeated word 3 of HadesTransportUnitQueue
Repeated word 4 of HadesTransportUnitQueue
Repeated word 5 of HadesTransportUnitQueue
Repeated word 6 of HadesTransportUnitQueue
Repeated word 7 of HadesTransportUnitQueue

ﬁ HadesTransportUnitQueue

Hub block (one per front-end/combiner board) or CTS block
Sub-sub-event block (one per DiRICH)

Figure 6.7: Format of the mRICH data in a microtimeslice for mCBM in phase-Il. Figure
taken from [148].
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The local time of a hit in the data stream has to be converted to the global mCBM
time of the experiment. All subdetectors in mCBM have to be synchronized to this
global clock, that is distributed by the TS (respectively TFC in phase-II). The time differ-
ence between the reference time (the local time) on the TRB3sc and the mCBM micro-
timeslice signal (synchronous to the global mCBM time) is used for the transformation
of the clock domain in the unpacker. The reference time is the pseudo trigger signal,
that is generated by the CTS and therefore in the local time of the TRB3sc (channel 0 of
the TDC). The microtimeslice signal is the MBS signal that is synchronous to the global
mCBM time and finally triggers the pseudo trigger generation in the CTS logic.

For each hit in channel c of a DiRICH D in microtimeslice N, the absolute mCBM
time can be calculated. The microtimeslice index t,,,, the rising edge of the reference
time channel 0 of the previous microtimeslice (N-1) of the same channel of the DiRICH
and the difference between channel 0 and 2 of the CTS TDC in the microtimeslice (N-1)
are used to transform the hit timestamp into the mCBM time [148]:

tmesym = tus + (tpen —tpon-1) — (tersan—1 — torson—1) (6.3)

Unfortunately this calculation of the timestamp of a hit in the mCBM time domain
needs the previous microtimeslice for the calculation and therefore contradicts the re-
quired self-consistency of a microtimeslice. Phase-I of mCBM was not using an online
reconstruction and therefore this was not an issue for the operation of mCBM. This
issue will be fixed in the upcoming mCBM phase-II concept.

6.2.4 Readout Performance

The following considerations on the performance of the mRICH detector and its DAQ
are based on six runs during the mCBM beamtime campaign in 2020. Different inter-
action rates of the ions, measured by the T0 detector, and different thicknesses of the
gold target were used. The thin gold target provides a thickness of 250 um with a 1%
interaction probability, whereas the thick target has a total thickness of 2.5 mm (10%
interaction probability).

In the following, the mean data rates of DiRICHes as well as channels, including
spill breaks of ~4 s, are discussed. Furthermore data losses and the maximal rate of
the DiRICHes is investigated with a look at the data sizes and limits of the mRICH.
Finally the timing of the mRICH with respect to the T0 and mTof detector is shown.

The mRICH detector was operated in two different modes, to compare the behaviour
of the readout:

e Low Rate (LR) setup for the standard operation. All 59 DiRICH boards, that could
be operated in a stable system with an acceptable voltage on the pre-amplification,
where operational. The configuration of the TDC ring buffer limit is 9 and the
maximum event size per DiRICH is set to 245.

e High Rate (HR) setup for the operation at ion rates above 10® per 9 sec spills
length. A subset of 24 equally distributed DiRICH boards on 6 backplanes was
operated. The configuration of the TDC ring buffer limit is 15 and the maximum
event size per DiRICH is set to 499. The event size of 499 words is the maximum
that is configurable. A TDC Limit of 15 produces no loss on the data merging in
the event buffer.
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run  au target ion rate [1/9s spill] mean DiRICH rate [Hz] mean channel rate [Hz]
819  thin 2:10° 1749.96 54.69

831  thick 2:10° 4696.21 146.76

836  thin 2.107 13852.60 432.89

841  thick 2:107 26096.9 815.53

855*  thin 1-108 49328.8 1541.53

856* thick 1-108 92300.4 2884.39

Table 6.3: mRICH DAQ performance in different runs during the 2020 mCBM beamtime
campaign. Runs with different intensities and target thicknesses are compared. The mean
rate in the runs are extracted in the data unpacking per DiRICH and per channel. Run
855 and 856 are in a high rate configuration with a small fraction of the available FEE to
enhance the throughput in the combiners respectively the UDP packages.

In both modes, the threshold value of the TDC channels was set to the standard value
of 70 mV.

An analysis based on data from the mRICH unpacker is performed in order to val-
idate the functionality of the mRICH readout and to evaluate the expected limitations
of the system. The spill breaks are not excluded in the analysis as the detection of spill
breaks would require major changes in the structure of the unpacker. A simple calcu-
lation of the rates without the spill breaks would ignore the fact, that also in between
spills data is recorded by the FEE.

The maximum rate in a DiRICH is of higher interest for the investigation of the lim-
its of the hardware. Therefore a second analysis based on the digis after unpacking
was performed (see Table 6.4). This analysis can only investigates the rates on a times-
lice basis as, due to technical reasons, the microtimeslice information is not available
anymore. A timeslice is the combination of 10 microtimeslices and therefore has a du-
ration of 12.8 ms. The highest amount of digis (raw hits after unpacking) per timeslice
in the analysed runs is extracted and converted to Hz. This analysis gives the maxi-
mum rate that was achieved by the mRICH detector during the investigated runs. E.g.
a maximum of 3407 digis in a timeslice would result in a rate of 3407/(10-1.28 ms) =
266171 Hz. Taking the total number of 1871 active pixels of the mRICH into account,
the mean pixel rate in the timeslice with the maximum number of digis is 142 Hz.

The UDP protocol, that is used for the data transport between TRB3sc and DPB,
is limited to a theoretical value of 65535 Bytes. This limits the readout capability of
the mRICH detector in the mCBM phase-I to an event size of maximum approximately
65 kB. The limit of the TDC ring buffers as well as the DiRICH event size is adjusted to
a value, that is slightly lower than the maximal UDP packet size. The unpacked data
was analysed in terms of the event size, the DiRICH maximum event size as well as
the TDC ring buffer size. The low rate (LR) and the high rate (HR) operation modes
were tested in the beamtime to observe the intended increase between LR and HR in
DiRICH maximum event sizes, as well as TDC ring buffer size in the disabled trigger
window mode.

Based on the leading and falling edges of the raw data from the DiRICH FEE, the
number of TDC hits in a microtimeslice could be calculated in the unpacker. During
the mCBM 2020 beamtime, a microtimeslices has the length of 1.28 ms. The overall
amount of TDC hits from DiRICHes, divided by the number of active DiRICH boards
and the total length of the run (number of microtimeslices times 1.28 ms), results in
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run  au target ion rate [1/9s spill] max. digis in timeslice mean max. pixel rate [Hz]
819  thin 2-10° 3407 142

831  thick 2.10° 9421 393

836  thin 2:107 26787 1119

841  thick 2.107 42279 1765

855%  thin 1-108 36940 3758

856* thick 1-108 40190 4088

Table 6.4: Performance of the mRICH in the peak load. The maximum number of
digis in a timeslice in the analysed run is presented. The value is calculated to a mean
rate per pixel on the mRICH camera. Individual pixels could see higher peak rates. The
shown mean rates are in good agreement to the scalar rate online monitoring during the
beamtime.

a mean rate per DiRICH in Hz (Table 6.3, 4th column), including spill breaks of ~4 s.
By dividing the mean rate per DiRICH by 32 TDC channels, the mean rate per channel
(Table 6.3, 5th column) is calculated.

The mean rates per DiRICH and per TDC channel were determined in the six listed
runs, including spill breaks, with the two mRICH measurement modes in different
interaction rates. Table 6.3 summarises the extracted rates in the six different mea-
surements. Run 855 and 856, marked with * were performed in the HR mode of the
mRICH readout.

The ion rate is only an approximation because this value is a rough estimate from
the online beam monitoring by the shift leader and has unknown errors.

In the worst case scenario, each TDC hit consists of 3 words. In this case a TDC ring
buffer could hold 3 hits per readout request in the LR operation and 5 hits in the HR
mode. The mRICH beamtime 2020 was operated with a microtimeslice adjusted for the
mTRD needs with a microtimeslice period of 1.28 ms, respectively 781.25 Hz. Taking
these numbers into account, a theoretical maximum pixel rate of above 2343 Hz for
the LR setup and a pixel rate above 3905 Hz for the HR setup could be achieved with
the setup. Higher rates could only be in principle possible if e.g. two hits are detected
within one EPOCH time.

An analysis of the maximum number of digis (raw hits in the detector plane without
cuts) per timeslice is shown in Table 6.4. This analysis result is only an approximate
number, as the digis are distributed over 10 microtimeslices. The values are thus cal-
culated assuming a homogenous distribution of the digis in the 10 microtimeslices of
a timeslice. In the LR setup in run 841, a mean hit rate per pixel (Table 6.3) of up to
815.53 Hz could be achieved, including the spill breaks. More important, a mean pixel
rate in the timeslice with the highest amount of digis (Table 6.4) of 1765 Hz could be
reached.

This mean maximum rate is still below the theoretical limit of the LR setting and
in very good agreement with the scalar rate monitoring, that was available during the
mCBM beamtime. This measurements indicate, that no severe data loss appeared in
the LR configuration.

The HR setup leads to an increase in the possible rate per pixel to 3605 Hz. The in-
crease of interactions in the target between run 855 and 856 is pronounced in the mean
rate increase over the full run (Table 6.3), but very limited in the mean maximum rate
(Table 6.4). This discrepancy indicates a loss of data due to full buffers on the FEE in
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Figure 6.8: (left) Size of the TDC data from the DIiRICH FEE in words (32-bit). The
shown data was taken in the LR setup. (right) TDC data size distribution for the two
runs in the HR setup with increased ring buffer. The ring buffer size is not a hard cut.
Slightly bigger data sizes are possible.
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run 856 with the highest interaction rate (theoretically equivalent to an interaction rate
of 1.1-10° Hz).

Further tests of the unpacker were performed for the listed runs. The LR runs show
the expected distribution in the number of words per TDC. The number of words per
TDC should in principle be a multiple of 3 due to the nominal data size of three words
(EPOCH, rising and falling edge). The LR data shows this expectation (Figure 6.8,left).
Hits with less than three words are possible but more seldom and lead to the final struc-
ture of the TDC size distribution. The increase in collision rate shows an increase in
the total TDC messages, as well as a shift towards larger TDC sizes (see Figure 6.8, left).
As there is no clear enhancement just in the last bins, this supports the observation
that the limit of the FEE readout is not reached. This was already indicated in the peak
rate analysis.

Figure 6.9 supports this observation. The "event size" of a DiRICH is shown for the
different runs. In the LR runs, the distribution is limited by the configured value of
245. Many DiRICH boards are not fully occupied and see most of the time just a minor
load. Nevertheless, an increase in the load with increasing collision rates is clearly ob-
served. A peak is appearing at the configured limit, showing that some of the DiRICH
boards reached the limit even in the LR setup and sometimes even at lowest rates. Fig-
ure 6.10 shows the full event size of the mRICH detector with all connected combiner
boards with their DiRICH boards and some additional overhead. The event size of the
mRICH is increasing with collision rates, as already seen in the previous distributions.
This figure shows, that the UDP limit is only reached in run 841 of the LR setup. The
reached limit is matching exactly the theoretical value in the case of completely full
DiRICH buffers, indicated by a blue vertical line (The line is below the 65 kByte as a
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Figure 6.9: Size of the DIRICH data in words. The size is limited by the maximum
event size. The LR runs are all limited by 245 words, whereas the HR runs are limited to

499 words.

safety margin for overhead was taken into account, when selecting the FEE buffer lim-
its). The low rate setup of the mRICH increases in the size of the mRICH Events with
collision rate and thus matches the expected behaviour. The amount of lost data due to
full buffers is on a very low level and primary related to the limit in the mRICH DiRICH
buffers (set to 245 words). For collision rates below those of run 841 even a higher size
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Figure 6.10: Size of the full mRICH Events in different runs. The actual size is limited
by the settings of the TDC ring buffer size and the maximal DiRICH event size. The red
and the blue vertical lines at 48192 bytes and 58388 bytes indicate the theoretical limit
from the applied LR and HR settings.
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of words in the DiRICHes could prevent from the seen loss, as the total event size is
still not reaching the limitations (see Figure 6.10).

Comparing these observations to the high rate runs, unveils the real limits of the
mRICH phase-I setup. The TDC size (Figure 6.8, right) is showing the same structure
as in the LR setup. Nevertheless, a clear enhancement in the maximum TDC size is
visible and indicates loss of data, due to full TDC ring buffers. The loss of data, pri-
marily seen at the highest rate (run 856), is reflected in the DiRICH size distribution
(see Figure 6.9). The enhanced limit of 499, the absolute configurable maximum of a
DiRICH, works fine for run 855 with only a small increase of word size at the limit and
a smooth distribution over the full size. The more pronounced enhancement at low
sizes stems from off-spill measurements. Due to the high rates radiation is increased
in the cave. Run 856 shows a clear increase in the word size towards and with a peak at
the limit. The small peak in front of the limit is an artefact of the configured TDC and
DiRICH settings. This last run completely reaches the limits of the mRICH readout.
Figure 6.10 confirms this observation, as the last run peaks at the theoretical limit of
the total event size of the HR setup of 48192 bytes (red vertical line). In contrast, run
855 still has a decreasing size towards the limit.

The measurements in the low rate setup show a very nice and predictable behaviour
of the phase-I DAQ in low rate conditions. A sufficient performance of the high rate
setup could be reached even in run 855, with an approximate interaction rate of 1.1-10° Hz.
Reaching to higher rates, the phase-I DAQ is very limited and loses data. This limita-
tion was known and accepted in the planning. The future change to phase-II with a CRI
system will solve these rate issues, as the UDP packet limit will be obsolete and a read-
out of the mRICH with a higher frequency than the microtimeslice frequency is aimed
for. Finally the same amount of data will be separated in e.g. 10 smaller packages, that
are later on merged to a microtimeslice on the CRI board. In addition, a limitation of
the DiRICH event size to a value below 499 words is not needed anymore, and thus also
the TDC limit can be increased to the HR setup configuration.

As a final remark to the readout behaviour, the time synchronisation in the mCBM
experiment was investigated. For the mRICH detector, the T0 and the mTOF detec-
tors are the main reference, as these are also important for the later data and spatial
correlation analysis. The time difference between hits in the detectors is presented in
Figure 6.11 and Figure 6.12. A clear correlation can be observed in between the mTOF
and TO, as well as in between the mRICH and TO detectors. The correlation to TO is
adjusted by an offset of -310 ns for the mRICH and +30 ns for the mTOF. The applied
offset is determined once and used in all runs of the beamtime. The synchronisation
between the detectors is very stable and reliable. No change of the peak position is
observed at all (see Figure 6.12).

Figure 6.12 shows the correlation for all individual timeslices of run 831. The cor-
relation in time is stable for all timeslices. The regular structure in the timeslice dis-
tribution grouping always 4 of them is related to the incoming spills in the mCBM cave
and shows the spill breaks.
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Figure 6.11: (left) Time difference between mRICH and TO0. (right) Time difference
between mTOF and TO. mRICH and mTOF are shifted in time with a constant offset
with respect to TO. The 30 ns misalignment between mRICH and TO is on purpose for
an improvement in event building procedures.
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6.3 Monitoring

The mRICH monitoring is a spin-off of the HADES HMON monitoring and called DMON.
The DMON monitoring is a flexible and individually adjustable monitoring interface,
based on Apache HTTP server, Perl back-end scripts and a HTML/CSS/JavaScript based
web front-end. A new graphical layout with influence of the nowadays famous mate-
rial design is created to bring a modern look to the monitoring interface. The web
based monitoring allows the full control and monitoring of the detector in a light-way
attempt. The full monitoring is remotely accessible without the need of a VNC con-
nection. Only a simple and secure ssh tunnel connection is needed. First of all, this
improves the full operating process from remote as a less powerful and stable net-
work connection is needed. On the other hand, a multi client usage is available and
protected by the ssh access.

The back-end is based on Perl scripts, running in the background and generating
the input data, based on SNMP, TrbNet or e.g. JSON data. The main page of the web
interface is hosting the main control interface as shown in Figure 6.13. The main con-
trol interface with its tactical overview summarises the state of the main parameters
and observables of the mRICH detector.

TrbNet with the TrbNet daemon access is available. A full overview of the GbE data
rate between mRICH detector and the DPB is presented. Additionally the dead time of
the detectors’ FEE is giving an overview on the detector readout state. An overview on
the generated trigger rate on the mRICH CTS with an indication of the applied trigger
type is completing the main TrbNet readout overview.

All temperature values and limits are shown in a summary for the FEE as well as for
the backplane and the Hub/CTS TRB3sc. The tactical overview serves additionally as a
monitoring system for the power. The state of the low voltage power supply, the state
of the high voltage, as well as the voltages at the FEE are presented to the operator. The
state of the online calibration on the FPGAs is indicated and shows the chosen oper-
ation mode. Finally, an overview on the available FPGAs as well as the programmed
thresholds on the DiRICH boards is available.

The data of the gas monitoring sensors is shown in the last row of the tactical over-
view. After flushing the gas volume with N, for a few days, the humidity in the detector
reached a measured value of 0%. This is the ideal operating and storage condition of
the mRICH aerogel radiator.

More detailed overviews on the individual detector parameters are selectable by a
header bar. Figure 6.14, left, presents the overview on the programmed DiRICH chan-
nel threshold values, that are generated by the baseline finding software. All channels
are scanned by the software, as introduced in Chapter 5, and a baseline value is ex-
tracted. A threshold of 70 mV above the baseline is written to the threshold FPGAs
on the DiRICH boards. The figure is representing the electronics view, the view when
standing behind the detector and looking at the FEE in the direction to the aerogel. It
is identical to the view in Figure 6.3,right.

The right figure is showing the scalar rates of the individual channels of the FEE
during a run in the 2020 mCBM beamtime with 2x107 ions per 9s spill and a thick gold
target. The overview is updated all 2 sec and gives an important feedback on the cur-
rent detector functionality and maximum rate on the MAPMTs.

Figure 6.15 is inspired by the HADES RICH web monitoring of the temperature and
has the identical features. The temperature distribution of the mRICH shows the in-
fluence of the cooling fans, that are mounted on the right side of the detector box. The
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Figure 6.13: The mRICH tactical overview main screen. A summary of the main detector
parameters and observables is available. A color code is indicating the individual state of
each parameter.
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Figure 6.14: (left) The individual thresholds of all channels of the mRICH detector in
the 2020 mCBM beamtime. (right) The scalar rate in Hz of all active FEE channels in
a run with 2:107 ions/spill (9s) and a thick gold target in electronics view. The rate is
determined from the integrated number of hits in 2 sec.
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Figure 6.15: Overview of the FEE temperature of the mRICH. The web page monitoring
allows the selection of three different color palettes as well as the selection of a value range.
A mouse hover on the fields unveils an info box with details, i.e. the FEE address and the
measured value.

fans are cooling the FEE to roughly 30°C near the fans. With increasing distance to the
fans, the cooling effect is decreasing and the air flow is less guided. Nevertheless a
sufficiently low and stable operating temperature could be achieved.
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CHAPTER 7

Development of the CBM RICH
readout

The previous chapter gave an overview in particular on the readout of the mRICH de-
tector in phase-I of the mCBM experiment. The mCBM experiment is undergoing ma-
jor changes in the structure of the readout concept towards the first real implementa-
tion of the CBM readout in mCBM phase-II, starting in 2021. A new common readout
interface (CRI) replaces the phase-I DPB (AFCK) and FLIB boards (see Section 3.4.7.2)
and combines their functionality in one new readout board (see Figure 7.1). The new
Timing and Fast Control (TFC) system will synchronize all detector components and
PCle connects the CRI directly to the FLES entry node. InfiniBand cables connect the
FLES entry node to the Green IT cube, where the data is processed further.

The CRI board of the mCBM is generally known as a FLX-712 respectively BNL-712.
It is also the proposed candidate for the CRI of the CBM experiment. The main param-
eters of the CRI are listed in Table 7.1. The Kintex UltraScale FPGA provides a Gen3
x16 respectively 2x x8 PCle connection to the FLES entry node, an ASUS ESC8000 G3
server. The entry node server connects to the Green IT cube and serves in parallel as
the experiment control system (ECS) connection.

Figure 7.1: Photography of the FLX-712/BNL-712 readout card with timing mezzanine
card [94]. It will act as the CRI board in the mCBM experiment and for the RICH also in
the CBM experiment.
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Part Description
FPGA Xilinx Kintex UltraScale XCKU115
2 Super Logic Regions
48 GTH transceivers with up to 16.3 Gbps
CRI links 48 bidirectional optical links (4xTX and 4xRX MiniPODs)

optical connection

PCle
jitter cleaner
TFC

2x 48-MTP connectors (TX/RX mixed)

Gen3 x16 (2x8 with switch)

Si5345

Timing mezzanine card (TMC)

Table 7.1: Overview of the main hardware of the FLX-712/BNL-712 that is used as the
CRI board [149, 150].

The mRICH detector is the first application and test bed of the CRI board for the
RICH detector itself. The basic readout concept of the mCBM phase-I is upgraded to
a CRI based readout concept in phase-II. The basic principle of the future CRI based
mRICH readout as well as the first implementations are discussed in this chapter.

The main change from the HADES RICH to the mRICH phase-I readout is mani-
fested in the Hub/CTS TRB3sc, that connects the TrbNet readout to the CBM DAQ, as

mCBM DAQ container : mCBM cave
: Trb3sc
1 (Slow Control)
GbE !
e | S R
1
' — DiRICH boards
: | 0 AAAAAAA 1200MHz,
. o :
53, LU UL YYVYVYVVY s S
mRICH CRI S A i
7 ’ ® p'g TrbNet Hubs CTS TDC
TFC < — AL A A
TrbNet Hubs cri_interface
< —] TDC calibration
SRR 3 '
{ _TDC data _] 3 Jenc |
R Blaann FIFO
YVVVYVYVY L 3 I Eezc(?h\lllared
- . V4
PCle microshice . CUUUUUUU| | | SerDes |clock+DLM |  trigger
< generator 2.4 Gbps SerDes - | to CRI " generator
_ (TrbNet)
TrbNet SC modified combiner firmware
B optical fibres TDC data
DLM

Figure 7.2: Schematic overview of the mRICH readout concept in phase-1l and for the
CBM RICH. The combiner is a standalone readout board with an own CTS and on board
trigger generation. TDC data is calibrated and transmitted on the virtual data channel
via TrbNet. A dedicated hub system on the CRI for CBM RICH data is combining the

combiner data and handles the slow control connection.

Generated microtimeslices are

transmitted via PCle to the FLES entry node. The TRB3sc is the slow control connection
to the TrbNet daemon in the beginning of mRICH phase-Il. In future this will be included
to the experiment Control System (ECS) and realised by a Device Control Agent (DCA)
that utilizes the PCle connection.
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well as the trigger generation, based on the microtimeslice intervals. The step from
mRICH phase-I to phase-II needs an even deeper change in the data handling and flow.

7.1 Towards a Standalone DiRICH Backplane

The concept of the CBM RICH readout, that is implemented in the mRICH phase-II,
foresees a standalone frontend running TrbNet on each backplane that is synchronous
to the CBM clock. A schematic overview of the new readout scheme is shown in Fig-
ure 7.2.

Each backplane represents the smallest package of an independent RICH readout.
The combiner board of a backplane is in future hosting the central trigger system (CTS)
and controlling the full readout of the DiRICH boards on the backplane. The DiRICH
as well as the combiner logic is connected to the same 200 MHz clock from an oscilla-
tor that is additionally the origin of the 100 MHz system clock, that is derived from the
200 MHz via a PLL. Therefore the synchronous operation on a backplane itself is guar-
anteed. Nevertheless, the backplane has to be synced to the global CBM clock. The
future RICH synchronisation principle is identical to the synchronisation in phase-I
as it showed a great performance. Still some changes in the final implementation are
necessary.

The synchronous 120 MHz clock of the CRI is recovered from the RX link on the
combiner board. This 120 MHz is the common mCBM clock and is distributed to the
CRIsviathe TFC. Due to the recovery of the 120 MHz instead of the standard 100 MHz of
TrbNet, the data rate is increased from the standard 2.0 Gbps of TrbNet to 2.4 Gbps. The
main data flow is coming from the combiner board and reaches the CRI. Therefore the
increase in rate is not harming the operation. Inside the TrbNet deterministic latency
messages (DLMs) are implemented and can transport 8-bit of data with a constant time
offset between CRI and combiner board. The constant time offset is assured by a word
alignment correction as well as the clock recovery. The word alignment of the TrbNet
link has to be 0. Unless an alignment of 0 is reached, the link is reset. Measurements of
the DLM messages between CRI and combiner in the laboratory confirmed the stability
of the clock.

The transmitted DLM messages are replacing the MBS signal transmission via the
OptoLink board in mRICH phase-I. The DLM message flag is generating a CTS input
trigger, while the 8-bit of data payload are transmitting the microtimeslice index. The
DLM flag, transmitted in the CBM time domain, is used as an input for a dedicated
TDC on the combiner. The TDC measurement of the DLM is equivalent to the TDC
measurement on the Hub/CTS TRB3sc of phase-I and links the local combiner time to
the global CBM time. The TDC data from the combiner is included into the general
TDC data stream in the TrbNet hub.

The CTS on each combiner board is generating a readout trigger signal based on
the DLM messages. While the LVL1 trigger message is transmitted via SerDes on the
backplane, the trigger signal is directly distributed to the on-board trigger fan out chip
of the power module on a backplane and further on distributed to the DiRICH boards.
This scheme comes along without an external trigger connection. Next to the power
lines, only an optical fiber is connected to the combiner board. The copper based refer-
ence time distribution is no longer necessary. The CTS on the combiner boards has the
full flexibility of the standard TrbNet CTS and allows for trigger rate limitations, start
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and stop of the trigger distribution, the creation of additional pulser trigger signals, as
well as the selection of the trigger type.

The calibration of the DiRICH and combiner TDC can be activated by the CTS. Un-
fortunately the combiner board has no external 125 MHz clock, that is needed for the
generation of an independent 50 MHz clock for the TDC calibration signals. As a so-
lution, the recovered 240 MHz clock is used as a replacement of the external 125 MHz
oscillator. The TDC online calibration is positioned directly at the output of the data
stream. The final data stream in the data format as explained later is fed in the cali-
bration entity. A state machine decodes the format and controls the calibration of the
TDC data from the DiRICH boards as well as the on-board DLM TDC.

7.2 The mRICH Phase-Il and CBM RICH Combiner
Firmware

The previously introduced changes are necessary to transform the backplanes to stan-
dalone readout systems. These changes do give new degrees of freedom to the over-
all data transport and connection between the CRI and the combiner via TrbNet. The
data readout on the combiner firmware is utilising the standard TrbNet entity trb net16
hub streaming port sctrl cts. This entity includes the full functionality of the TrbNet
hub with CTS handling and a slow control interface. The data from the hub and the
connected CTS are prepared for a connection to the standard GbE-wrapper entity of
TrbNet.

The connection is separated in a slow control part, a CTS part, where CTS infor-
mations are provided and additionally sent back to CTS, as well as an FEE part where
data from the FEEs is transmitted. The slow control part allows the communication be-
tween higher level readouts like a CRI and the combiner board. The other two parts,
CTS and FEE data, are controlling the readout and data transmission process from the
TDCs towards the CRI.

The GbE-wrapper data format is reused for the CRI communication interface entity
towards the CRI, trb net16 cri interface. This entity is shown in a schematic represen-
tation in Figure 7.3 and is the key part in the data transfer between the combiner board
and the CRI.

The standard TrbNet protocol foresees the concept of up to four virtual channels
on the same optical data connection.

e Channel 0 : The trigger channel. This channel is used by CTS for the LVL1 com-
munication.

e Channel 1: The data channel. This channel is used for the complete data transfer
on TrbNet.

e Channel 2 : empty. This channel is always unused in TrbNet and kept as spare.

e Channel 3 : The slow control channel. This channel provides the data transport
of the slow control.

In case of the CBM RICH, the CTS is moved to the combiner board and the full
trigger handling is done autonomously on the backplane. No trigger distribution to
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Figure 7.3: Schematic diagram of the cri_interface entity in the combiner board
firmware.

respectively from the CRI is foreseen and channel 0 of TrbNet is not used any more.
The full data transfer between CRI and combiner is based on the virtual data and slow
control channels where the data channel is prioritized with respect the slow control.

The two unused data channels are properly terminated in the cri interface entity.
The criinterface connects to the CTS and FEE data from the streaming port scrtl cts en-
tity for the data transmission procedure. The data is prepared for the transmissionin a
dedicated entity (cri data sender) and finally forwarded in the data structure necessary
for the trb_netl6_api_base entity. An active API initialises the data transfer towards
the CRI board. A layer of IO-buffers connects the data stream from the API and the
slow control data from the streaming port sctrl cts entity to the multiplexer. The mul-
tiplexer offers the final med2int and int2med data formats for the SerDes based data
transfer on a 2.4 Gbps connection.

The entity cri data sender is shown in Figure 74. It is part of the cri interface en-
tity and prepares the incoming CTS and FEE data for the transmission via TrbNet. A
first state machine handles the communication with the hub and CTS for the CTS and

[ cri_data_sender

JcTs > |SAVEMACHINE| (1 __[SEND_MACHINE >l e trameport o
FEE ™ 18x2k =] calib_rich l«—1{»
< »-| state machine X state machine ] process
Y
! [ocal
: ' |buffer

process process

process
: process
process :

1
\ J

process

Figure 7.4: Schematic diagram of the TrbNet based data transmission between combiner
and CRI. Data from CTS and the hub is formatted according to Figure 7.5 and cached in
an 18-bit buffer. The formatted data is separated into TrbNet APl packages and later on
calibrated.
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FEE data with additional processes and prepares the data format of the TrbNet data
transmission between the combiner and CRI board (see Figure 7.5). The TDC mes-
sages from the DiRICH boards as well as the on-board TDC data of the combiner and
the microtimeslice index is received and placed in the formatted data.

The data is cached in an 18 bit wide FIFO with a small local buffer connected. The
local buffer is used in edge cases where the timing of the FIFO readout and the second
state machine, the send machine, could lead to small delays. The 18-bit FIFO with a
depth of 2k is buffering the data, but does not necessarily store a complete event.

The send machine reads out the FIFO and in combination with the data transport
process, processes the formatted data into TrbNet API packages. The fully prepared
API package data, including the FEE TDC and combiner TDC messages, is further cal-
ibrated in the calib rich entity. The API data is checked for the data format and the
found TDC messages of the individual boards and channels are calibrated as described
earlier. The calibrated data is finally forwarded to the active API (see Figure 7.3).

The format of the data transmitted between the combiner and CRI board is shown
in Figure 7.5. The TrbNet data is transmitted in separate packages. A data transfer
in the TrbNet is initialised by the transmission of a header packet. Following to the
header package, the data payload is transmitted in the data packages. The completion
of the TrbNet data transfer and the end of the data payload is implemented in the trans-
mission of a finalizing trailer package. In case all the data, the header and the trailer
packages are transmitted, the data transport waits for a reply from the receiver side of
the TrbNet (here: the CRI). The reply is implemented by a short transfer message and
finishes the transmission process. The reception of the reply message brings the state
machine back into an IDLE mode and the next event can be transmitted.

The transmitted TrbNet packages are 80-bit in size and consist of five 16-bit words:
1 header and 4 data words (c_FO to c_F3). In case the sum of all messages from FEE
and CTS are not matching the 4 word size of the last package, an additional padding of
hexadecimal 0xA is included in the data payload of the final data package to fill up the
4-word package structure.

The header package of TrbNet consists of general informations concerning the
data transmission. These informations are relevant in some applications, however the
RICH readout is only utilising a subset of these. The initial word of the header pack-
age contains the sender address of the combiner (e.g. 0x8200, see Figure 7.5), followed
by the target address. The target address is set to OxFFFF, the broadcast address to all
TrbNet boards. The introduced data transfer is designed for a connection from a com-
biner board to only one CRI and therefore the broadcast address is used as the target
address. The last words are giving the length of the transmission and the sequence
number of the TrbNet transmission. The length is for now unused and hardcoded to 0.
The usage of the length information is not foreseen in the current concept and there-
fore hardcoded to 0.

The TrbNet data package payloads are similar to the basic TrbNet data structure
known from the mRICH phase-I concept. In the beginning of the data segment, the
trigger type as well as the trigger code are transmitted, followed by the trigger number.
These numbers are important for the possible selection of data by its trigger type and a
possible cross check of the data consistency by the trigger number. The last two words
of the first data package give the length of the following data as well as the address of
the combiner board that is sending the data. The normal data structure of the TDC
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-
0 I 0 I 0 I 0 I TrgType Random code
Error Mask FE

(additional SubSub-Events)

CTS Length
CTS Address (0x8200)

C_FO (CTS words)
c_Fl
c_F2 0x0001
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Figure 7.5: TrbNet data format for the transmission between combiner and CRI.
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Figure 7.6: CTS message data format in transmission between CRI and combiner. The
second word decodes the length of the information and finally the microtimeslice index po-
sition in the CTS data. Following to the index, the combiner TDC messages are positioned
in the data.

words is 32 bit in width. The 32 bit words are split in two 16 bit words. Consequently
the given length is referring to the 32-bit format and has to be taken into account if any
calculations on the discussed packages are processed.

The initial data package is followed by data blocks from the connected DiRICH FEE
boards (subsub-events). Each of the DiRICH boards sends the length of its following
data payload, followed by the DiRICH address and further the TDC messages (header,
epoch, data and trailer). Each DiRICH board transmits its full payload, before the data
of the next DiRICH board is transmitted. After the transmission of the TDC data from
all connected DiRICH boards, the CTS data payload is transmitted. The CTS address is
defined to be identical to the combiner address. The CTS data could contain several
different data types, including the microtimeslice index and the combiner TDC mes-
sages (see Figure 7.6). Based on the third and fourth 16-bit word of the CTS block, the
position of the microtimeslice index in the CTS data can be calculated. The TDC mes-
sages of the combiner TDC follow after the microtimeslice index position. The TDC
data length can be calculated from the microtimeslice index position and the CTS data
block length.

A subsub-event with the length of 1 and the address 0x5555 terminates the subsub-
event blocks. The data block of the TrbNet packages is finalised by 32-bit of error mes-
sages and the potential padding sequence.

The final trailer package of TrbNet contains an additional error pattern and repeats
the sequence number as well as the APL data type from the header package.
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Figure 7.7: Schematic diagram of the basic CRI logic for slow control access and data
extraction. Up to four sub-hubs are controlled by a control hub. Each sub-hub connects to
up to 12 combiner boards on an optical downlink. The extracted data from all connected
FEE boards is combined to microtimeslices in the microTS builder. The microtimeslices
and later on the slow control are transmitted via PCle to the FLES entry node. At the
start of mRICH phase-Il, one optical link is connected to a TRB3sc that serves as TrbNet
slow control input node.

7.3 The CRI Firmware Concept

Figure 7.7 shows a schematic representation of the basic CRI firmware. The CRI firmware
includes the counter part of the CRI sender and finally generates microtimeslices out
of the received data from the connected combiner boards. The CRI board provides
up to 48 optical links, including one link for the TFC system. Consequently up to 47
downlinks are available to connect combiner boards to the CRI. The TrbNet data from
the connected downlinks is fed into a staged hub. A standard TrbNet hub is operated
with up to 12 downlinks. An increase to more downlinks is possible, but unfortunately
has drawbacks in terms of data processing time. The well known standard TrbNet hub
was taken as a basis and changed in several points. Four individual hubs with up to 12
downlink ports each could be included into the firmware. Nevertheless, the number
of downlinks is scalable. E.g. if 15 downlinks are needed, one hub with 12 and one ad-
ditional hub with 3 downlinks will be generated in the firmware, based on the generic
configuration.

A fifth hub, the control hub, is combining the uplinks of the four sub-hubs and dis-
tributes primary the slow control to all FEEs. The control hub is additionally connected
to the local endpoint and gives access to the CRI registers via TrbNet slow control. Ad-
ditionally this local endpoint provides the UID of the CRI, that is extracted from the
Xilinx FPGAs XDNA. All five hubs will show up in the TrbNet with the same UID, but
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Figure 7.8: Schematic diagram of a sub-hub of the CRI. Each sub-hub can connect to
up to 12 combiner boards and extracts the FEE data as well as it distributes the slow
control messages. The downlink connects to the combiner boards, whereas the uplink is
connected to the primary hub, that distributes the slow control messages to up to four
sub-hubs (see Figure 7.7). The extracted FEE data from all downlinks is available in an
up to 13-32 bit wide data vector with additional control and parameter signals.

different Endpoint IDs. Therefore each Hub in a CRI has the same unique ID but is
uniquely identified.

The combined data from the connected FEE boards of a hub are passed on to the
microTS builder that generates self-contained microtimeslices out of the FEE and com-
biner data. The control hub provides the slow control connection to the FEE and the
access to the configuration of the hubs as well as the local endpoint. At the start of
mRICH phase-II, a dedicated TRB3sc board, that also connects to the gas and back-
plane temperature sensors, is providing the slow control connection to the CRI. The
well known control from phase-I is continued to be used. One of the 48 optical fiber
connections is connected to the TRB3sc and serves as the uplink for the control hub.

In future beamtimes of mRICH phase-II and in CBM RICH, a bridge between the
TrbNet slow control and the wishbone based CBM control interface will be available
and provide a direct access to the RICH firmware from the common control system.

Signal sub-hub width  CRI hub width description

data_out [(N-32-1):0] [(M-32-1):0] received TrbNet data.
data_active [(N-1):0] [(M-1):0] active TrbNet transmission.
data_ready [(N-1):0] [(M-1):0] data out is valid and ready

for read out.
data_address_sender [(N-16-1):0] [(M-16-1):0] Sender Address from TrbNet.

data_seqnmbr [(N-8-1):0] [(M-8-1):0]  Sequence number of TrbNet
transmission.
data_length [(N-16-1):0] [(M-16-1):0] Length of data (here always 0).

Table 7.2: Summary table of the FEE and combiner data output structure at the sub-hub
and CRI hub. N: sum of up- and downlinks of a sub-hub. M: Number of downlinks of full
CRI hub.



139 CHAPTER 7. DEVELOPMENT OF THE CBM RICH READOUT

The up to four sub-hubs of the CRI are different to the standard hubs of TrbNet as
no trigger data will arrive at the hubs and no further transfer of the TDC data to the
control hub layer is needed. A schematic diagram of the implementation of the sub-
hub (cri hub base3) is depicted in Figure 7.8. The up to 12 downlinks of the hub and
the uplink to the control hub are connected to a multiplexer each. The multiplexer
separates the virtual channels from the incoming TrbNet data. The unused channels
are terminated and the used channels are connected to the slow control part of the hub
and the data part of the hub by IO0-buffers and a connection logic. The slow control hub
part of the sub-hubs is extracted from the standard hub implementation and provides
access to the temperature, a timer as well as a possible connection to a ReglIO logic.
Furthermore the slow control hub is distributing the slow control commands to the
connected downlinks and finally to the attached combiner boards.

The data path of the sub-hub receives the virtual data channel paths from all links
with passive APIs. A CRI data receiver entity for each of the links takes the API data as
input, extracts the formatted and calibrated TrbNet data from the API packets (see Fig-
ure 7.5) and controls the reply to the combiner board by a short transfer message as
demanded by the CRI sender entity. The extracted data of each downlink (and theo-
retically the uplink) is available in the data structure as shown in Table 7.2. The data
connections from all N up- and downlinks of a sub-hub is combined to e.g. a data_out
signal with a width of N-32 bits. The data output of the CRI hub scales in width with
the number of connected CRI downlinks M, as the uplink channels are already stripped
off. The final data structure to the microTS builder has a width of M-32 bits.

The implementation of the microTS builder is inspired by the microtimeslice build-
ing of mRICH phase-I. Nevertheless some major improvements and a more advanced
logic are needed for the phase-II and CBM RICH implementation. The presented CRI
readout concept is implemented in this basic version. The final microTS building and
therefore the final data format in the microtimeslice data is under developing.

The full DAQ will be improved and further developed in the next years, especially
based on the input from upcoming mCBM beamtime experiences.

7.4 Phase-ll Readout in Beamtime June 2021

In June 2021 a first full standalone readout of phase-II of mRICH with the CRI at a beam-
time with O®"-ions at 2 GeV beam energy was achieved. With a fixed 4 mm nickel target,
an interaction rate of up to 1 MHz was reached. Data from the FEE was transmitted to
the CRI, combined and packed into microtimeslices with a beta-version of the microTS
builder. Furthermore the mRICH data was transported to FlesNet in standalone mode
via the DMA FLIM connection and stored as .tsa files.

First Time over Threshold spectra of the DiRICH boards were inspected in the on-
line monitoring during the beamtime and they showed the expected shape of the de-
tector signals under realistic conditions.

Figure 7.9, left, shows the ToT-spectrum of channel 6 of DiRICH 0x7001 of the mRICH
detector with different threshold settings. The spectrum is chosen as one example out
of many to show the functionality of the first phase-II standalone data transport chain
as it is generated from the finally stored . tsa files. The expected influence of different
threshold values in mV above the baseline of the channel is shown. The decrease of the
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Figure 7.9: (left) Time over Threshold of channel 6 of DiRICH 0x7001 for different
threshold settings with phase-1l readout. The blue line shows the nominal threshold setting
of 70 mV as also used in chapter 8. The decrease in threshold shifts the distributions to
higher values and increases the contribution from the small noise peak on the left side of
the spectrum. (right) Combined ToT spectra of digis from all active channels after the
application of an offset correction. The shown combined data is from run 1588 with the
full phase-1l readout chain and a threshold setting of 70 mV.

threshold from its nominal value of 70 mV shifts the ToT distribution to higher values,
as it is expected. Furthermore the decrease in threshold results in an increase of the
small (noise) peak. Even small threshold values lead to a good separation between the
two peaks and prove the low noise level in the detector. Figure 7.9, right, shows the
combined ToT spectra of digis from all active channels in run 1588. The application
of an offset correction shifts the main peak to a value of 25 ns and results in an ideal
ToT distribution. More details on the ToT distributions and corrections, based on the
phase-I readout, will be given in section 8.1.

After the successful standalone measurements, a common data taking later in the
same beamtime period was performed. Finally, all mCBM subsystems participated
with a synchronized CRI based readout. All of them were synchronized by a TFC mas-
ter and showed a high stability during the measurements. Figure 7.10, left, shows the
first measured time correlation between the mTOF and the mRICH with the CRI based
readout scheme in run 1588. The mRICH time is corrected by the duration of one
microtimeslice (in run 1588: 256000 ns) and additionally -1200 ns. The mTOF time is
corrected by -1220 ns. Time correlations are found with respect to all subsystems and
prove the full functionality of the synchronisation between the CRIs as well as the func-
tionality of the developed mRICH readout scheme. Figure 7.10, right, shows a single
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Figure 7.10: (left) Time correlation between mRICH and mTOF in run 1588 with the
(TFC master) synchronized CRI readout from phase-Il. (right) Single event display with
two reconstructed Cherenkov rings from run 1588.

event display with reconstructed Cherenkov rings from the common run 1588. Next
to the time over threshold distributions and the synchronisation between subsystems,
the data from different combiner boards is correctly combined on the CRI to the mi-
crotimeslices and results in good reconstructed rings.

Allin all the new phase-II readout of the mRICH detector as well as of the full mCBM
experiment was established and shows a good performance. The new mRICH data
transport, trigger generation, trigger distribution as well as synchronisation worked
out very well and results in a very stable behaviour over the full beamtime.

The RICH CRI firmware implementation is available at :
https://git.cbm.gsi.de/daq/fpga-firmware/cri/rich-firmware/cri-rich

The RICH combiner firmware with included CTS and CRI connection is available in the
DiRICH submodule as "combiner_cts" at:
https://git.cbm.gsi.de/rich/rich_trb


https://git.cbm.gsi.de/daq/fpga-firmware/cri/rich-firmware/cri-rich
https://git.cbm.gsi.de/rich/rich_trb
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CHAPTER

Analysis of the mRICH Detector
Performance and Track
Reconstruction with mTOF

The mRICH detectors hard- and firmware development as well as results on the perfor-
mance are introduced in Chapter 6. The synchronisation to other mCBM sub detectors
as e.g. the mTOF and the T0 detector are shown and are giving a first prove of the func-
tionality of the readout concept of the mRICH detector.

The complete analysis of this chapter is referring to run 831 of the mCBM beam-
time in 2020. This run is chosen as the reference run for all sub-detectors of mCBM
as it provides high statistics of 48786 timeslices and no corrupted data from any of the
sub-detectors. The chmroot version of the following analysis is completely available
athttps://git.cbm.gsi.de/a.weber/cbmroot/-/tree/phD_Thesis_analysis and re-
ferring to commit 9cfbe08a.

The data of the mRICH detector is analysed in terms of standalone mRICH data
as well as in combination with the mTOF and TO0 detectors. The mTOF detector is the
reference detector of the mCBM experiment and is the neighbouring detector to the
mRICH. The mTOF in combination with the TO detector serves as additional trigger
input for the offline event reconstruction in the free streaming data as well as tracking
detector in the mCBM beamtime in phase-I.

8.1 Time over Threshold

The data from all sub detectors is saved on the lustre file system at GSI as . tsa files and
available for the analysis. As first step of the analysis, the raw data has to be unpacked
for all individual detectors. The raw data from the mRICH detector is stored in the
format equivalent to Figure 6.7. In the unpacking process the raw detector response
information, consisting of an address, the leading edge time information as well as
the Time over Threshold (ToT), calculated from the measured rising and falling edge
of the MAPMT signal in the mRICH TDCs, is stored as a so called digi. The ToT gives
a correlation to the signal amplitude and helps to separate noise (small peak) from
photon signal. The resulting ToT distribution with both characteristic peaks is shown
in Figure 8.2.



https://git.cbm.gsi.de/a.weber/cbmroot/-/tree/phD_Thesis_analysis
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Figure 8.1: Distribution of the uncorrected time over threshold of all 32 channels of
DiRICH 0x7261 of mRICH with a projection of all these channels on the left side.

The ToT value of each individual channel is differing. Among others the ToT value
is influenced by the threshold value, as well as the signal stretcher in the FPGA logic.
Therefore the rough ToT position of e.g. channel 14 is similar on all DiRICH boards, but
nevertheless in detail slightly differing from DiRICH to DiRICH. The uncorrected ToT
distribution of all channels of one DiRICH board is shown in Figure 8.1. The left side of
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Figure 8.2: Distribution of the corrected time over threshold of all 32 channels of DiRICH
0x7261 of mRICH with a projection of all these channels on the left side.
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Figure 8.3: Additive representation of the ToT distributions of all channels in the mRICH
detector of run 831 with a threshold value of 70 mV. (left) The uncorrected ToT spectra
with two similarly pronounced peaks due to the FPGA channel implementation. (right)
The corrected spectra show a perfect shape with a small peak and a large peak with a
peak to peak difference of roughly 3 ns.

the figure shows a projection of all 32 channels. The individual ToT values of the chan-
nelsvaryin arange of ~10 ns. An application of a single cut on the ToT for the reduction
of background and secondary hits in the MAPMTs is not reasonable at this stage. The
ToT has a standard structure of two peaks. One small peak and a pronounced peak.
The small peak is appearing at smaller ToT values than the pronounced peak. This
double peak structure is already visible in the individual channels of Figure 8.1. For
all channels of the mRICH detector, the position of the pronounced peak is extracted
and all spectra are shifted such that the means are positioned at the arbitrarily chosen
value of 25 ns.

The corrected ToT structure of DiRICH 0x7261 is shown in Figure 8.2. The channels
main peak is now shifted to 25 ns. The projection of all channels on the left side un-
veils the clean double peak structure of the ToT values in DiRICH boards for a thresh-
old setting of 70 mV. Additionally, the additive picture of the ToT distributions of all
channels of the mRICH detector is shown in Figure 8.3. A broad double peak structure
with spikes is visible in the left figure for uncorrected ToT values. Figure 8.1 already
showed, that this double peak is related to a different general ToT position between
the first 14 and the last channels. This difference is directly related to the position-
ing of the individual channel and its stretchers on the FPGA and therefore generally
speaking constant for all DiRICH boards.

The application of the ToT correction shifts all the individual channels providing
as result the excellent ToT spectra shown in Figure 8.3, right. The produced offset cor-
rection is usable for all runs with the same threshold setting with a reasonable good
correction.

The correction on the position of the right peak has the advantage that in case of a
misidentification of the left peak instead of the right peak as the main peak, the right
peak would still be showing up on the right side of the ToT distribution. In this case,
a sufficiently high cut on the end of the accepted ToT window would still include the
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correct peak, unfortunately in combination with the peak that had to be cut away. The
shape of the corrected ToT distribution in Figure 8.3 (right) confirms the very good
functionality of the correction algorithm, as only a very small amount of data is show-
ing up in the tail above the main peak. All the shown corrections are extracted from a
run prior to run 831 and demonstrate the reliability of the correction between different
runs.

8.2 Inner Channel Delay Correction

In the mRICH detector, the reference time signal is distributed from the TRB3sc be-
low the mRICH box via a distribution board to the six backplanes. On each backplane
the trigger is routed from the combiner board to a fanout chip on the power module
and further on to the twelve DiRICH boards, where the reference time is internally
distributed to channel 0. All the individual connections of cables and PCB traces sum
up to a slight delay in the readout and finally variation of the time information of the
channels. The delay between the individual channels is well known and called Inner
Channel Delay (ICD). The ICD can be calculated by different methods. An iterative
procedure showed in previous test beamtimes of RICH detector prototypes good re-
sults and was adopted to the mRICH detector. The iterative procedure is based on ring
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finding. A physical Cherenkov ring is identified by several hits on the MAPMT plane.
Per definition the time information of hits of a true Cherenkov ring has to be the same,
as all hits by principle are produced and detected at the same point in time.

Hits from reconstructed rings from the first 20000 TS in the mRICH in run 836 have
been used to generate an ICD correction. The time difference of all hits of a ring to
the mean time of the ring (A-time) has been calculated for all available channels. The
mean values of all calculated differences of a channel are finally generated and stored.

These generated corrections are applied in a next iteration again. The ring finder is
processing the corrected data, finds rings and a new correction of the ICD is calculated
for each channel. In total five iterations are applied on the data of run 836 and a final
ICD correction file is produced.

Figure 8.4 shows the improvement of the A-time, the difference between a hit and
the mean time of the corresponding ring. After five iterations the results improve only
minor and no more iterations are processed. The ICD correction gives a good improve-
ment of the timing of the rings. The application of the ring finder after each iteration
results in slightly different found rings and hits attached to a ring. Therefore the A-
time is partially calculated with different hits in a ring. Overall this method leads to
a good result, as e.g. double rings could be more precisely separated in time. Never-

Iteratlon 1

A-time [ns]
N

—_

() |
i IH "

n'i il

<4 B ml.lll

lteration 5
i TS O R 300

Entries

250

A-time [ns]

200

150

(i

|f Il #\I‘;\‘ !
\i T I lllﬂ L] \‘\ ! ‘|||| || i
'\ U] hl : ) f ! I‘I “\I 'I\I ‘”I ,llwlllil ,\III ‘\‘ml“‘ Iu “ HI ) “‘ i [ ,\m‘ “LI L 'l 1 |I| I

500 000 1500 2000
channel

Figure 8.5: A-time distributions for all available channels in the mRICH detector. (top)
Resulting distribution generated during iteration 1. (bottom) Resulting distribution gen-
erated during iteration 5.
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theless the final analysis in this chapter is only improved slightly, as the inner channel
delay is only of minor influence for the shown results.

Figure 8.5, top, shows the A-time distributions of the first iteration for all available
channels of the mRICH. In comparison, the bottom of Figure 8.5 shows the same dis-
tribution after the last iteration. A clear improvement on each channel is visible in the
comparison of both histograms.

8.3 Geometry and Mapping

The mRICH geometry is implemented in cbmroot to match the reality as well as pos-
sible. A positioning with the center of the MAPMT plane on the 25° line of the mCBM
experimentis chosen and corrected by 2.5 cm towards the actual main beamline, based
on the data analysis. The full analysis is based on the geometry version rich_v20d_mcbm.
This geometry is fully corrected, but has no MAPMT window activated as this is harm-
ing simulations and has no influence on the data analysis. The mTOF detectors utilise
the tof_v20f_mcbm geometry version in the analysis. The complete setup with the cor-
rect geometry of all detectors is given by the setup_mcbm_beam_2020_03 macro.

The mRICH detector is centered behind the mTOF detector’s triple stack. The triple
stack is a combination of three mTOF M4 modules that are stacked next to each other.
The stack is centered around the 25° line with respect to the beam and offers the pos-
sibility to form triple hit tracklets.

The mapping of the DiRICH front-end channels to the corresponding MAPMT pix-
els is provided on two ways. First a simple mapping ASCII file is provided with all
necessary informations. This file was used for the hit production process (conversion
of digis to hits) and in the online rate monitoring.

The second implementation of the mapping is the prioritised method in the anal-
ysis with cbmroot. The mapping is directly implemented in the geometry file. Each
node of the MAPMT pixels in the geometry file has the correct DiRICH channel address
decoded. In the hit production, the geometry file is loaded and the correct address for
each pixel with the correct spatial position from the geometry file is extracted and the
corresponding position information is added to the digi data.

This procedure has several advantages. First, the full mapping is included in one
file, that is already existing. Second, the correct mapping is already part of the geome-
try and no mismatch between a geometry and a mapping is possible. The implemented
mapping was tested in several beamtime runs with different DiRICH boards active and
no miss-mapping was found.

The mCBM representation based on the geometry file was already shown in Fig-
ure 3.29. A photography of the real mCBM experiment with the main beamline and all
sub detectors, lined up on the 25° line with respect to the beam, is given in Figure 3.30.

8.4 Analysis Settings for Beamtime 2020

The free streaming data from the mCBM experiment is used as an input for the fol-
lowing analysis. The collision of an ion with the gold target reflects an event in the
reconstruction. Therefore the free streaming, untriggered data has to be separated
into events in time. An event reconstruction algorithm is used to detect digis of the
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parameter

value

analysed beamtime run
target of mCBM

beam

Detectors for event building
Trigger Window mRICH
Trigger Window mTOF
Trigger Window TO0
Minimum Digis mRICH
Minimum Digis mTOF
Minimum Digis TO
mRICH ToT-cut

mRICH ICD reference run

run 831

0.25 um thin fixed Au target
208Ph @ 1.06 AGeV
mRICH, mTOF and mTO
-50 ns to 50 ns

-150 ns to +10 ns

-1 nsto +10 ns

5

10

1

23.7 ns < ToT < 30.0 ns
run 386

mcbm_ beam 2020 03.geo.root
831.100.4.0 set010020500 93 1 noWalk
831.100.4.0

mCBM geometry setup
ToF cluster calibration
Track calibration parameters

Table 8.1: Overview of all important settings of the mRICH analysis of mCBM run 831.

sub detectors in a defined trigger window in time with respect to the reference detec-
tor. The reconstructed events are further selected by the application of a multiplicity
trigger on different sub detectors. In case of the mRICH detector a minimum of 5 digis
is required to use the reconstructed event for the further analysis. In addition, the
analysis algorithm requires a minimum of 5 mRICH hits in the event. This trigger can
be changed to a different value, but this work on the data analysis showed a good and
reliable behaviour with this trigger condition and thus this condition was kept.

The additional cut on hits is required, as RICH hits are a subgroup of digis: RICH
digis are called hit, if they are accepted in the event building, i.e. are mainly accepted
concerning their timing, are mapped to a position in the MAPMT plane and lie within
the chosen ToT window. So it is possible, that e.g. only 2 hits out of originally 9 digis
are left after the event building and ToT cut application.

In addition more than 10 digis (but not a minimum of 10 hits) in the mTOF detector
are required with a minimum of 1 digi in the TO detector. This trigger selection of the
mTOF is chosen following recommendations from the TOF experts. The selection of
one digi in the TO is related to the high performance of the T0 detector and the detec-
tion of each primary beam particle, passing the detector.

The (FPGA based) TDC time calibrated mRICH data and the ToT offset correction
are used. The data are further cleaned by the application of a time over threshold cut.
Digis with a ToT value between 23.7 ns and 30 ns are labelled valid hits, if they are part
of the reconstructed events. The ToT cut is selected based on the ToT distribution of
the digis as shown in Figure 8.3, right. The application of the cut is possible due to
the clean separation between the main single photon peak and the smaller ToT peak,
related to e.g. capacitive crosstalk.

In addition to the ToT cut, the ICD correction from section 8.2 is applied on the
data. No further correction of the measured data is necessary. The complete mRICH
data used for further analysis is based on the introduced settings and corrections.

The mTOF detector with the reconstructed tracklets is the reference detector for the
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spatial correlation analysis of the mRICH detector. To achieve the best performance
of the mTOF, a calibration of the TOF clusters and the tracks (tracklets) is necessary.
All applied corrections, calibrations, cuts and selections as well as the basic collision
conditions of run 831 are summarised in Table 8.1.

8.5 mRICH Detector Analysis

The detected digis of the mRICH are further converted to hits with the application of
the event building, mapping and time over threshold cuts. Based on the resulting hits,
a ring finder is applied and the reconstructed rings are stored. The analysis of the
mRICH behaviour is mainly concentrating on the influence of the event building on
the resulting hits and their ToT distributions as well as the influence of the settings on
the found rings in an event.

Figure 8.6 shows the ToT spectra with different event selections. The left side shows
the raw digi ToT distribution of all channels except two masked bad channels. The digi
distribution is of course the same for all event selections. The right side shows the ToT
distributions of hits in different settings. A RICH trigger window of +500 ns in com-
bination with a trigger condition of minimum 1 hit in the mRICH and no condition on
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Figure 8.6: ToT spectra in different event building settings. (left) The offset corrected
ToT spectrum of the raw digis. It is the same for all settings. (right) ToT spectra
for different event builder settings. The variation of the settings unveils the influence of
background photons on the main peak, as well as the correlation of the small peak to
reconstructed events and moreover to events with many hits.
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the other detectors in the event builder process results in a ToT spectrum with roughly
the same shape as in the digis. Only the cross-talk peak’ is more enhanced than on the
left side. This shows, that the main peak, the single-photon peak, is mostly influenced
by random background hits in the detector.

Changing of the trigger window size to the standard setting of 50 ns the cyan line is
achieved. The main peak is decreasing clearly whereas the crosstalk peakis decreasing
less. This behaviour underlines the correlation of the random hits to the signal hits.
A further sharpening of the trigger condition to a minimum of 5 hits in the mRICH
reduces the remaining contribution of random events with only a few hits. The cross-
talk peak remains nearly untouched, whereas the main peak is still decreasing further.
Obviously, crosstalk is strongly correlated to events with a certain hit activity in the
mRICH. An application of a trigger condition on the T0 and mTOF, as done in the later
analysis, shows no further influence on the distribution. This validates the chosen
settings as they correlate with the trigger of the reference detectors. The main and
the crosstalk peak are nearly of the same height (green/blue). The application of the
ToT-cut from Table 8.1 results in the blue distribution. The complete crosstalk peak is
removed by the application of the cut.

! This name is used for the small left peak in the ToT spectrum. It is a name summarizing effects
like capacitive crosstalk, charge sharing and other effects.
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Figure 8.7: (left) The radius of reconstructed rings in an event. A second unexpected
peak is visible at small radii vanishing with the application of the ToT-cut (blue). (right)
Number of hits per found ring in an event. All settings except the one with ToT cut show
the same distribution. Only the ToT-cut has an influence on the distribution and leads to
a clean peak at around 12 hits per ring with a strongly reduced tail.
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The application of the ToT-cut to reject the crosstalk is verified by the investigation
of its influence on the reconstructed rings, checked also by single event displays. Fig-
ure 8.7, left, depicts the radius distribution of the reconstructed rings in the mRICH
in run 831. A double peak structure with a strong peak at around 2 cm radius and a
second peak at ~3.6 cm radius is visible. For all settings, except the application of the
ToT window, the distribution remains rather unchanged. The application of the ToT
cut rejects nearly all small rings and leaves the peak at around 3.6 cm including tails.

The event selection has a strong influence on the main ToT-peak in Figure 8.6, but
only influences the small ring radii in Figure 8.7. In addition the right side of Figure 8.7
shows the influence of the changes in the settings on the number of hits that are as-
signed to a reconstructed ring. Nearly all the hits, that are rejected by the application
of the smaller trigger window and the increase in the trigger condition on the mRICH
in the main peak are not related to reconstructed rings and are therefore considered
as background.

The application of the ToT cut between 23.7 and 30.0 ns shows a pronounced effect
in both figures. On the left side, the the strong peak at small radii is rejected. This is
in agreement with the expectation from simulations that did not expect the existence
of the peak on the left. The peak at a radius of around 3.6 cm stays nearly untouched.
Even the contribution of very large rings is decreasing due to the cut. The ToT-cut leads
in parallel to a decrease of the number of hits per reconstructed ring. Contributions
from rings with many hits are reduced while the peak of the distribution nearly stays
unchanged.

Figure 8.8 shows the rings radius vs. their number of hits for a selection with mini-
mum multiplicity of 5 and without a ToT-cut (left) as well as with a ToT-cut (right). The
use of a cut in time over threshold enhances the rings with a larger radius and a smaller
number of hits in comparison to the analysis without a ToT-cut. The separated struc-
ture of low radii rings with large number of hits in the left plot is related to MAPMTs
showing signals in many pixels. The structure becomes visible from around 20 hits
per ring on and rises towards above 50, as expected from Figure 8.7. This structure is
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Figure 8.8: Ring radius vs. number of hits on the corresponding ring for run 831 with
full statistics. (left) Minimum 5 hits in the mRICH and no ToT-cut. (right) Minimum
5 hits in the mRICH and the application of the ToT-cut.
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Figure 8.9: Single event displays of found rings with a radius below 2.5 cm and without
a ToT-cut applied. In most cases, nearly a full MAPMT s illuminated. Most of the
illuminating pixels are correlated to hits with a ToT outside of the chosen ToT window
(blue). All cyan colored circles are hits with a ToT in the chosen ToT-window and the
red dots show the hits assigned to the ring. The black ring shows the position of the
reconstructed ring. The leading edge of all the hits on a MAPMT s very close in time.
No difference in time between hits in- and outside the ToT-cut is visible.
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clearly separated from rings, that behave as expected, i.e. as simulated. The figures
show again the very reliable reduction of those rings by the use of a ToT-cut.

The previous observations suggest a very high hit density for small rings. As the
size of the MAPMT is approx. 5x5 cm? rings of radius 2 cm would well fit within one
MAPMT. Figure 8.9 shows four single event displays of run 831 with a trigger window
of +50 ns and a multiplicity trigger of minimum 5 hits in the mRICH without a cut
in ToT and a radius of the reconstructed ring below 2.5 cm. The single event displays
clearly show the reason for the peak at 2 cm in the radius distribution, as well as for
the pronounced crosstalk peak in the ToT distribution and the high number of hits per
ring.

In those events nearly all pixels of a MAPMT are firing and produce a hit. Most of
those hits have a low ToT value and are treated as crosstalk. If no ToT-cut is applied, the
ring finder reconstructs a ring with the hits of one MAPMT, leading to a radius below
2.5 cm.

The reason for the response of a full MAPMT could be related to the arrangement in
the mCBM experiment. Differently to HADES RICH and the future CBM RICH detector,
the mRICH is located in the acceptance of the experiment and suffers from charged
particles passing through the detection plane. The charged particles can create a signal
in the cathode, anode or dynode structure itself and can lead to scintillation light in the
MAPMT entrance window. All those effects can lead to strong crosstalk and thus many
hits in the MAPMT.

In general this is an effect seen also in rings with larger radii. The charged particles
that corresponds to the reconstructed ring passes through the MAPMTs and produces
hits in their pixels by the mechanism previously introduced. In case of a straight track
between the mRICH radiator and the MAPMT, what is the main case, the track pro-
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duces hits in the center of the ring. The additional center hits in the ring are a challenge
for the CBM ring finder and lead to some problems as discussed later in this chapter.
An improved version of the ring finder for the mRICH detector is under development.

The application of the ToT cut helps to reduce the center hits in a ring and there-
fore improves the ring finding procedure even with the current ring finder. Figure 8.10
shows one example of a reconstructed ring with a ring radius of 3.4 cm and hits in the
center. The enlarged single event display shows that the application of the ToT-cut re-
duces the number of hits in the ring center without a major reduction of hits on the
ring itself. In addition, the leading edge distribution of the rings is showing a peak in
time with a slight shift towards later LE times for hits with a ToT outside the cut range.

All in all, the shown mRICH detector performance in terms of ring finding and the
hit distributions by applying different event selections is very promising. The usage
of a ToT-cut helps to improve the overall ring finding performance and validates the
basic functionality of the mRICH detector.

8.6 mMRICH Functionality and Spatial Correlations to
mTOF

Based on the previous analysis of the to be chosen parameters for the mRICH data it-
self, a full analysis of the mRICH in combination with the mTOF as reference detector
is performed. A deeper look into the actual ring finding performance and the spatial
correlations to the mTOF is taken.

The mRICH detector is operated in mCBM beamtimes with the mTOF as a refer-
ence detector. Figure 8.11 shows the time dependence of the number of digis for both
detectors in parallel. In addition, the corresponding number of reconstructed rings is

— mTOF digis
— mRICH digis
—— mRICH rings
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Figure 8.11: Evolution of number of mTOF and mRICH digis as well as rings over time.
All three observables reflect the shape of the spills in the mCBM experiment.
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The shape of the time distribution reflects perfectly the spill structure of the beam
in the mCBM cave. The spill length is approximately 8.5 s with 4 s break in between.
The number of reconstructed rings in the corresponding time slot is reflecting the
same shape as well. In between spills the number of reconstructed rings decreases
to zero as expected. The mRICH sees no fake rings in between the spills.

Figure 8.12 shows the number of digis respectively hits in a timeslice (12.8 ms). A
minimum of about 200 digis is existing in a timeslice with an increase towards 300. The
timeslices with more than 400 digis are suppressed by more than an order of magni-
tude, but the overall contribution of timeslices with more than 400 digis is relatively
constant. The right side of Figure 8.12 shows the number of hits in a timeslice. The
power of the event building and the application of the ToT-cut in rejecting uncorre-
lated hits are reflected in a shift of the minimum to fully empty timeslices, compared
to the digis. The peak of the distribution itself is constant at around 300 hits per times-
lice, as seen in the digi distribution. The long range tail to high number of hits per
timeslice is vanishing and drops out at around 1000 hits per timeslice. This reflects the
previous observation of the reduction of background hits due to the event building and
ToT-cut resulting in the clean up of the fully responding MAPMTs with a high number
of hits.

Figure 8.13, left, shows the distribution of the reconstructed hits in an event in the
mRICH acceptance. The mRICH is operated with some DiRICH boards deactivated in
order to improve stability. The deactivated boards lead to missing MAPMT parts in the
hit distribution. The pixel rate is separated in a relatively homogenous illumination on
the top and on the bottom part of the detectors. Both parts see an overall different illu-
mination as both are correlated to the two aerogel radiator blocks. The upper aerogel
radiator block was installed recently before the beamtime, whereas the lower aero-
gel is installed one year longer and was already used in previous mCBM beamtimes.
The transmittance of the lower aerogel seems to be deteriorated in comparison to the
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Figure 8.12: (left) Number of digis in a timeslice. (right) Number of reconstructed
hits in a timeslice. The influence of the event building as well as the ToT-cut are reflected
in these distributions.
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Figure 8.13: (left) Position dependant distribution of hits on the mRICH in a recon-
structed event. The upper half of the mRICH sees a higher rate per pixel than the lower
half, most probably related to the transmittance of the aerogel block. The lower aerogel
radiator block is one year longer mounted in the detector and seems to suffer from ageing.
(right) Positions of the center of reconstructed mRICH rings on the detection plane. The
ring finder tends to find rings with the center in between MAPMTs. The positioning of
both plots is given in the global mMCBM geometry with its center at the 25° line.

newer one, due to ageing throughout the year.

The outer part of the mRICH detector sees the lowest amount of hits per pixel. In
this area, the aerogel blocks geometrical acceptance is reached. The shown position
of the mRICH pixels is given in the global mCBM geometry with its center on the 25°
line with respect to the beam axis including the previously introduced additional shift
of the mRICH.

The right side of Figure 8.13 shows the distribution of the center of reconstructed
rings in the mRICH detection plane. The reconstructed ring centers are clustering in
positions in between MAPMTS, resulting in a 3 row structure.

Also besides this inhomogeneity the distribution of the rings is not homogenous
over the upper respectively the lower half. Areas with many hits per pixel sometimes
have a low number of reconstructed rings and vice versa. The gap in between the two
aerogel blocks, that are separated by a thin and non-transparent plastic layer, is clearly
visible in the ring center distribution by a lack of rings.

The inhomogenous distribution of the rings unveils a imperfection of the RICH ring
finder in the mCBM experiment. The currently used ring finder is the standard ring
finder of the CBM RICH. It is not designed for the reconstruction of rings with addi-
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tional hits in the center and therefore shows problems in the reconstruction. Regard-
ing the parameters of the reconstructed rings, e.g. the radius or the number of hits,
the ring finder is giving reasonable results as shown in the previous mRICH standalone
analysis.

Figure 8.14 shows four single event displays (SEDs) of the mRICH detector in combi-
nation with tracks extrapolated using mTOF. The first SED shows a well reconstructed
ring with a few hits in the center of the ring. The cyan colored points represent the
hits in the detection plane whereas the red points indicate the hits, that are assigned
to the ring. In addition, a green point is visible near the center of the reconstructed
ring. This point represents an extrapolated track, detected by the mTOF detector. The
track is matching the ring center quite well and confirms the principal functionality
of the ring finding procedure. The second and third SED show similar reconstructed
rings with hits in the center. More over, the third SED shows already first problems
of the ring finder as not all hits, that are matched to the ring, are assigned to it. The
last SED is an example of the main problem of the ring finder. A nice ring with hits in
the center is visible by eye. Even a TOF tack is detected relatively nearby to the ring.
Nevertheless, the ring finder misinterprets the center hits and fits them to the ring,
leading to a wrong set of parameters of the reconstructed ring.

The misidentification of rings with hits in the center is a general problem of the ring
finder and will be solved in the future by the development of a dedicated ring finder
for the mCBM experiment.

The rings of the mRICH and the inner hits of the rings are further investigated in
terms of timing within the ring as well as timing relative to the start time of the recon-
structed event. An analysis of the hits on a reconstructed ring is shown in Figure 8.15.
The top left figure shows the difference of the hit time to the mean time of the recon-
structed ring (A-time). The time of all hits is corrected by the use of the ICD correction
created on run 836. The resulting distribution shows mainly a Gaussian shape with a
tail towards positive A-times (Peak: -0.144 ns, width of Gaussian: 0.390 ns). This mea-
surement results in a overall time resolution of the mRICH of 390 ps. First of all the
correction with the ICD, that is created with uncorrelated data, works well and verifies
the overall principle. Nevertheless, the reconstructed rings are not perfect as shown
before and therefore a certain contamination of correlated hits slightly later in time
(tail appears toward positive A-times) are assigned to the rings (e.g. from a ring cen-
ter). This gives an additional uncertainty in the distribution and finally leads to an
additional tail in the distribution.

The structure of the ToT values of the hits (top,right) is reflecting the distribution of
all hits and shows no significant difference (Mean: 25.3 ns, width of 0.638 ns). The third
figure (bottom, left) shows the time difference of the hits in a ring to the start time of
the reconstructed event. Most of the hits are reconstructed in a 30 ns window, starting
15 ns after the start of the event. This somehow confirms the chosen trigger window as
the distribution fits the settings. Nevertheless, one expects a sharp peak for this distri-
bution. The width of the distribution can be explained by the origin of the start time of
the event. In case of noise in different detectors, the start of an event could be earlier
in time than e.g. the correct TO start time. In addition to all rings (blue), distributions
for different ring selections in combination with mTOF are shown. The red curve rep-
resents rings in an event, where no close track is found. The purple distribution shows
rings with a close track in a distance above 10 cm to the ring center and the green dis-
tribution shows good rings. Good rings are rings with a radius between 2.0 cm and
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Figure 8.14: Single event displays (SED) of reconstructed rings and extrapolated mTOF
tracks. Cyan: hits on the mRICH after ToT-cut. Red: hits assigned to a ring. Green:
extrapolated mTOF track in the mRICH detector plane. The first three single event
displays represent well reconstructed rings with a certain amount of hits in the center.
The first SED also shows a perfect match to an extrapolated mTOF track. The last SED
is an example for a misbehaviour of the ring finder with hits in the ring center.
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Figure 8.15: Analysis of parameters of hits assigned to a ring. (top left) Time difference
between hit and mean time of ring. (top right) ToT spectra of the hits on a ring.
(bottom left) Difference of hit time to the start of an event for four different ring-track
conditions. (bottom right) ToT vs. hit to start time difference. No unexpected structure
is visible.

4.2 cm and a track closer than 10 cm. The different categories unveil the existence of
a certain amount of rings without any reconstructed track as well as a non neglectable
contribution of rings with tracks that are not close to the ring. Nevertheless a huge
amount of rings with a track closer than 10 cm are reconstructed.

The two dimensional representation of the time over threshold versus the time dif-
ference of a hit to the start of the event is presented in the bottom right figure. No hid-
den structure is unveiled and a clear correlation between the ToT peak and the start
time offset is visible.

Figure 8.16 shows the same distributions, except the last figure, for the inner hits
of a ring. Inner hits of a ring are defined in a distance to the ring center of 80% of the
ring radius. The A-time distribution of the inner hits of a ring shows a clear distri-
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Figure 8.16: Analysis of parameters of hits in the inner 80% of a ring. (top left) Time
difference between inner hit and mean time of the ring. (top right) ToT spectra of the
hits in the ring. (bottom left) Difference of hit time to the start of an event for four
different ring-track conditions. (bottom right) number of hits in the inner 80% of a
ring.

bution around the mean time of the ring. The shift of the distribution is comparable
to the A-times of the rings itself. This indicates, that the inner rings are correlated
to the ring and are not random hits in the detector. Nevertheless the distribution is
wider (0=0.543 ns) than the A-time on a ring (¢=0.390 ns) (Figure 8.15) and has a more
pronounced tail towards positive A-times. A higher contribution of hits, later in time
is found in the inner of the ring and indicates a slight contamination with correlated
hits, respectively some kind of induced hits (e.g. crosstalk hits that survives the ToT-
cut). This is even reflected in the ToT distribution as this shows a broader distribution
as in the case of hits on a ring. A fit of the ToT-distribution with a Gaussian is only pos-
sible near the peak. This results in a peak position of 25.4 ns and a width of ¢=0.690 ns,
comparable to Figure 8.15. In contrast to latter figure, the overall distribution deviates
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Figure 8.17: (left) Hits in the sensitive areas of the mTOF detector in the global mCBM
X and Z position. (right) Distribution of the number of reconstructed mTOF tracks per
Event in run 831.

from a Gaussian. The mean of the distribution is 25.59 ns with a width of 0.833 ns. The
different width of the ToT can be explained by the origin of the inner hits. On the one
hand Cherenkov light can be produced in the entrance window of the MAPMT and the
light can hit several pixels. On the other hand, the charged particles can pass the dyn-
ode structure of the MAPMTs and produce a signal in it. Depending on which dynode is
hit (or even several are hit), a different signal amplitude can be reached and therefore
a different ToT is measured. This gives a higher variation in the measured width. Badly
corrected ToT values from certain channels could also lead to cross talk hits even after
the ToT cut. These hits are, as shown previously, related to rings and show up more
prominently in the inner part of the ring as also visible in Figure 8.10.

The third figure (bottom, left) of Figure 8.16 shows overall the same shape as the
corresponding figure for hits on a ring. The fraction of rings with a closest track in a
distance larger than 10 cm is enhanced compared to Figure 8.15. This shows that the
existence of inner hits in a ring is related to a reconstructed track in the TOF detector.
The existence of rings without a track could be reduced by the application of a cut on
the hits in the mTOF, but as this contribution does not change the overall analysis, but
would reduce statistics, the cut was not used.

The last figure shows the number of hits in the inner part of a ring. A clear peak
around 3 hits is visible with a long but suppressed tail to 15 hits. The distribution addi-
tionally shows that a non neglectable number of rings exists with no hits in the center
at all, as it would be the case in the future CBM RICH detector.

Despite some imperfections, the analysis of results of the ring finder and the hits
attached to and within a ring in combination with the mTOF detector shows still a good
performance. Improvements of the ring finder which are currently underway will cer-
tainly increase the efficiency and performance. Nevertheless, the prove of principle
of the read out and operations with a free streaming DAQ has been successfully done.

The previous analysis already used reconstructed mTOF tracks and their extrapo-
lation to the mRICH detection plane. The mTOF detector geometry of run 831 is only
made of the triple stack. The double stack is not in use. Figure 8.17, left, shows hits
in the sensitive areas of the three mTOF stacks with the two modules per stack. The
positioning of the modules in the X-Z plane in the global mCBM geometry is visible.
The right side of the figure depicts the number of reconstructed mTOF tracks in a CBM
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Figure 8.18: (left) Ring track distance for run 831 with all available calibrations. The
distribution peaks at a distance of around 5 cm and shows a fast decrease with higher
distances. (right) Ring track distance versus ring radius. A very clean correlation between
the radius and the distance is observed. A tail towards lower radii at small ring track
distances can be seen.

event. Up to 16 tracks could be reconstructed in a single event without a cut on the
number of hits in the mTOF. The use of a cut on minimum 10 mTOF hits would reduce
the contribution of events with only up to 2 tracks.

The left of Figure 8.18 shows a distribution of distances between a ring and the
extrapolated track. The landau shaped distribution of the ring-track distances has a
peak of a ring track distance (see Figure 8.18, left) around 4 to 6 cm. Simulations of
the mRICH ring-track distance result in a peak around 1.5 cm (see Figure 8.32 in sec-
tion 8.7). This difference in the ring track distance between data and simulation could
be explained by the influence of the ring finder deficits (see Figure 8.13, right). The
favoured ring center in between MAPMTs artificially increase the ring track distance.
Still the reconstruction is good enough to match ring-track pairs.

Figure 8.18, right, presents the ring track distance in combination with the ring ra-
dius of the reconstructed rings. The distribution shows a peak at a radius of around
3.6 cm and a ring track distance of 4-6 cm. A tail towards lower radii at small ring track
distances can be seen. This contribution is expected to be related to pions, whereas
the main peak around a radius of 3.6 cm is expected to be related to electrons.

The extrapolated tracks from the mTOF are further used searching for a spatial cor-
relation between the mRICH and the mTOF detector. Figure 8.19 shows the first cor-
relation between the mTOF tracks and the mRICH detector. The left figure depicts the
X-Y position of mTOF tracks at the Z-position of the mRICH detector plane. The dis-
tribution of the tracks shows a clear correlation to the actual position of the mRICH
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Figure 8.19: (left) X-Y position of mTOF tracks in the mRICH detection plane. A
correlation of the track position with the mRICH detector position is visible. No further
cuts as the standard event building and a minimum of 10 hits in the mRICH detector
are resulting in the correlation (yellow enhancement). (right) Beta spectrum of mTOF
tracks. Different distributions with and without rings in the near range of a track are
shown. The detection of a mRICH ring near a mTOF track or vice versa results in an
enhancement in the beta distribution around =1.

detector. The correlation is achieved by the use of the standard event building and the
multiplicity trigger of 10 hits in the mRICH detector. Without any ring track match-
ing the enhancement of tracks at the position of the mRICH detector becomes visible
(yellow blob). A deeper look on the blob even shows the missing DiRICH boards at the
borders of the mRICH. The increase in the number of track of tracks above and below
the mRICH is related to the overlap of two mTOF modules.

Figure 8.19, right, shows the measured relativistic velocity (3) spectrum of the mTOF
tracks for different conditions. The red distribution shows the 3 spectrum of all mea-
sured tracks in the mTOF. It shows an additional enhancement around a 3 value of 1.
The green distribution shows the beta spectrum for all tracks in events with hits in the
mRICH detector but no reconstructed ring. The shape of the distribution follows the
shape of the distribution of all tracks, except the enhancement at 3=1. The purple dis-
tribution shows the beta spectrum for tracks with a close by ring. The track has to be
located within the radius of the ring with an additional margin of 20%. The blue distri-
bution shows the same distribution for rings with a radius between 2.0 cm and 4.2 cm
and a close track within the radius with additional margin of 20%. The use of both dis-
tributions is a cross check of the analysis and shows differences in cases, where e.g. a
ring could be assigned as a close ring to 2 different tracks.

Good ring-track combinations result in a prominent peak in the beta spectrum at
=1. The enhancement is primary caused by electrons. Figure 8.20 shows the ring-
radius versus 3 of the good rings. The peak at 3=1 is a composition of rings with a
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Figure 8.20: Ring-radius versus 3 of good RICH rings. Most of the tracks matched to a
nearby ring have a measured 3 of roughly 1. The mTOF 3 measurement in combination
with the ring radius information from mRICH gives the possibility of particle identification.

large radius as well as a small radius. Only pions are able to produce small rings in
the mRICH with 3=1, whereas electrons are detected with a radii of approx. 3.6 cm.
The combination of the ring radius information of the mRICH and the -information
from the mTOF tracks can be used as a tool for particle identification. Furthermore
this gives physics potential for future mCBM runs.

The strong enhancement of the beta distribution around =1 for good ring-track
matches allows a more detailed analysis of spatial correlations. Before these correla-
tions of tracks and rings are further discussed, more basic correlations between mTOF
hits and mRICH hits are presented, which, historically, were the first prove of a suc-
cessful mCBM event reconstruction with the free-streaming readout concept.

Figure 8.21 shows the correlation in spatial coordinates between mTOF hits and
mRICH hits. The correlation between both detectors is visible in horizontal (X) and
vertical (Y) direction. In case of the horizontal correlation, an additional increase of
hits in the background towards the beamline (increasing values of X) is visible. Due
to a visible offset in the X-direction of the mRICH and mTOF correlation, the mRICH
detector was shifted in spatial coordinated by 2.5 cm to improve the alignment of the
detectors. The shown figures of this thesis all include the correction in X direction.

In Y-direction, a clear correlation is visible. In addition, there are lines seen at a
constant Y-value in mTOF. These periodical enhancements in the hits of the mTOF are
originating from the overlap regions between two detector modules inside an mTOF
stack and are therefore expected.

The large background in the X-direction is overlaying the main correlation. In or-
der to improve the situation, the shown diagram is separated into all three stacks as
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Figure 8.21: Correlation between spatial coordinates of mTOF hits and mRICH hits
in (left) X- and (right) Y-direction. Both diagrams show a correlation between hits in
the mTOF and the mRICH detectors. The correlations are matching (0,0) of the global
mCBM geometry in the order of the available geometrical alignment.

shown in Figure 8.22. The separation into the three stacks shows an decreasing in-
fluence of the background with increasing distance to the target and therefore also to
the beamline (25° alignment of detectors to beamline). The correlation itself is nearly
constant for all three stacks. Only a minor decrease towards the last stack is visible. In
the case of the first mTOF stack, a slight shift from a correlation through (0,0) is visible.
The other two are matching this origin perfectly.
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Figure 8.22: Spatial correlation in X direction in all three stacks of the mTOF detector.

All three correlation diagrams show the correlation between both detectors. The alignment

of the stacks to (0,0) of the geometry is showing a good quality for all three with a slight
shift for stack 1.
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In order to improve the correlations and as a final confirmation of the functionality
of the mRICH and the mTOF as well as the free-streaming readout, a higher level of ab-
straction, namely tracks for the mTOF and rings for the mRICH are taken into account.
Figure 8.23 shows the correlation between tracks in the mTOF detector and hits in the
mRICH. A minimum of 3 hits per track is required to accept the track for the analysis.
The step from hits to tracks smears the distribution in Y and reduces the influence of
the overlapping regions in the mTOF. However, the correlation in X is still weak and the
background contribution is still visible. In order to reduce the effect of uncorrelated
background, the (-spectrum from Figure 8.19, right, is taken into account. A corre-
lation in case of a match between tracks and nearby rings is investigated in a range
of 0.9<(3<1.1 (Figure 8.24). The application of this beta cut on reconstructed tracks can
reduce the influence of uncorrelated tracks even without using parameters of the re-
constructed rings. Despite that the existence of minimum one reconstructed ring is
required for this check.

The use of the beta cut cleans up the spectrum and enhances the correlations in
X and in Y. In both cases the background is strongly suppressed with little change
in the signal. The main correlation in X becomes more clean without the additional
background towards the beamline of mCBM. The reduced amount of hits in the lower
half (Y<0) of the mRICH is visible, but the correlation is clearly seen against the back-
ground.

As a cross check of the power of the beta cut, the same spectrum with tracks outside
the chosen beta region is produced (see Figure 8.25). The resulting spectrum shows
only a minor correlation in Y and none in X. The increased amount of tracks towards
the beamline (correlation in X) as well as the overlap region between the mTOF mod-
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Figure 8.23: Spatial correlation between mTOF tracks and mRICH hits without cuts.
The distributions are similar to the hit distribution in Figure 8.21 with a smoothening of
the structures in Y. The increased hit rate in the upper mRICH half is now clearly visible.
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Figure 8.24: Spatial correlation between mTOF tracks and mRICH hits. A cut on the
reconstructed relativistic velocity of the tracks of 0.9<f<1.1 is applied. The beta cut
reduces the background and strengthens the correlations.
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Figure 8.25: Spatial correlation between mTOF tracks and mRICH hits. A cut on
the reconstructed relativistic velocity of the tracks of $<0.9 and 3>1.1 is applied. The
resulting distributions show only a very minor correlation in the Y-direction. The use of a
cut in the B-spectrum is a powerful tool to remove background from uncorrelated tracks
and rings.
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Figure 8.26: Spatial correlation between mTOF tracks and mRICH ring centers. Only
tracks with 0.9<3<1.1 and 3 or 4 hits assigned to them, in an event with a reconstructed
ring are shown. In addition, a ring radius between 2.0 cm and 4.2 cm is required. A clean
correlation between tracks and rings is seen, with enhancements in the region of preferred
ring centers.

ules (correlation in Y) is visible. The enhancement of tracks towards the beamline,
excluded by the beta cut, suggests an increasing amount of hadrons with a decreasing
distance towards the beamline.

Finally, Figure 8.26 shows the correlation between a reconstructed track and the
center of a reconstructed ring. Only rings with a radius R of 2.0 cm<R<4.2 cm and a
track in the same event are accepted to create the presented figures. The tracks in the
distributions require a relativistic velocity of 0.9<f3<1.1 and 3 or 4 hits assigned to them.
The resulting distribution shows a spatial correlation between the selected tracks and
rings. The correlation is clean without a contribution of overlapping mTOF modules re-
spectively hadrons near the beampipe. The correlation is not homogeneous due to the
preference of the ring finder towards center positions in between MAPMTs. Neverthe-
less the overall correlation is perfectly visible and confirms the overall functionality
of the mRICH ring finding and the mTOF tracking, i.e. event building with the new,
free-streaming readout.

The previously shown correlations between hits, tracks and ring centers show re-
markable good spatial correlations in all cases. The use of the beta distribution of
tracks as well as the ring radii or assigned hits to tracks can improve the correlations
and clean up the background contributions. The analysis of the mRICH detector it-
self, its timing and spatial correlations with the mTOF and T0 detector show a great
performance of the prototype detector as well as the developed readout and DAQ in a
free-streaming environment as the mCBM experiment is.
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8.7 Timebased Simulations of the mRICH

The previously shown results from the 2020 beamtime campaign of mRICH have been
compared to timebased simulations. The simulation is setup with the identical geome-
try as the previous data analysis and analysed with the same code base. As the statistics
for the Pb+Au@1.06 AGeV collision system, as used in run 831, is quite small, an anal-
ysis with Ag+tAu@1.58 AGeV minimum bias was chosen (setup of march 2019). Next
to the increase in statistics, most of the shown distributions are not influenced by the
chosen system. An overview of the simulation setup is shown in Table 8.2. The shown
simulation results give a classification of the data analysis results and will show the
functionality of the timebased simulations with different settings.

All following histograms with a comparison between real data from section 8.4 and
simulations are normalised. The shown real data in the histograms is taken from sec-
tion 8.4.

Figure 8.27 shows the simulated ring radius distribution for different collection effi-
cienciesin a geometry with an MAPMT entrance window (left) and without an entrance
window (right). Different collection efficiencies are chosen to find the best agreement
between the simulation and real data. The change of the collection efficiency has no
significant impact on the position of the ring radius peak in the simulation. The shown
measured distribution (red) shows a slightly different peak position of 3.6 cm instead
of 3.8 cm for the simulation. The difference in the peak position can be explained
by small differences in the distance between the MAPMT windows and the aerogel in
the simulation and the real detector. In addition, the difference in the ring radius is
smaller than the pixel granularity of the mRICH. The tail towards smaller ring radii
is slightly visible in the simulations, but much more pronounced in the real data. A
relation between the small radii and the problematic behaviour of the ring finder on
data with center hits could not be excluded.

Figure 8.28 shows the number of hits per ring for the same simulation settings as
in the previous figure. The change of the collection efficiency shows its full potential:
While a collection efficiency of 100% results in a broad distribution with up to 40 hits

parameter value

kind of simulation timebased

simulation package UrQMD

simulated events 100.000

target of mCBM 0.25 um thin fixed Au target
beam Ag © 1.58 AGeV (minimum bias)
Detectors for event building mRICH, mTOF and mTO0
Trigger Window mRICH -50 ns to 50 ns

Trigger Window mTOF -150 ns to +10 ns

Trigger Window TO -1 ns to +10 ns

Minimum Digis mRICH 5

Minimum Digis mTOF 10

Minimum Digis TO 1

mCBM geometry setup mcbm beam 2020 03.geo.root

Table 8.2: Overview of settings for the analysis with timebased mCBM simulations.
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Figure 8.27: Ring radius distribution in simulations with different collection efficiencies
as well as with (left) and without (right) MAPMT entrance window. The red distribution
shows the measured ring radius distribution from run 831 (Figure 8.7, left).

per ring, the decrease in the collection efficiency leads to a change in the shape to-
wards a more narrow peak. An efficiency of 45% reproduces the measured data from
run 831 very well and seems to be the correct setting for a realistic simulation. The
distribution ends at a number of hit per ring of about 30 with a peak at 12. The re-
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Figure 8.28: Number of hits per ring in simulations with different collection efficiencies
as well as with (left) and without (right) MAPMT entrance window. The red distribution
shows the measured amount of hits per ring from run 831 (Figure 8.7, right).
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duction of the collection efficiency to 45% is needed, as the exact parameters as e.g.
the transmittance of the aerogel in the mRICH are unknown. This differences of the
real aerogel parameters to the aerogel used in simulations are reflected in the adjusted
collection efficiency. The previous observations are similar for simulations with (Fig-
ure 8.28, left) and without (Figure 8.28, right) entrance window of the MAPMT. The
influence of the entrance window in the simulations of the ring radius as well as the
number of hits per ring is only minor.

In the following, only simulations with a collection efficiency of 45% are shown, as
these reproduce the measurements of mRICH with a good agreement.

Figure 8.29, left, shows the position dependant distribution of mRICH hits in simu-
lations with an entrance window. The figure is in good agreement with the measured
data (Figure 8.13). The seen reduction of number of hits towards outer pixels of the de-
tector is identical for both, simulated and measured data. Nevertheless the reduction
of hits in the lower half of the detector is not seen in the simulation. This confirms the
statement, that the reduction is related to ageing of the aerogel.

Figure 8.29, right, shows the position dependant distribution of centers of recon-
structed rings. The centers are homogeneously distributed in the lower and the upper
half with a gap in between the two halfes. This splitting in two halfes is seen in the
real data too and is expected due to the ABS spacer in between the two aerogel blocks.
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Figure 8.29: (left) Position dependant distribution of hits on the mRICH in timebased
simulation with 45% collection efficiency and with a MAPMT entrance window. (right)
Positions of the center of reconstructed rings from simulation. No preference towards
positions in between MAPMTs as in the real data is seen.
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Figure 8.30: All histograms show data from simulations with (red) and without (cyan) an
entrance window of the MAPMT as well as for measured data (blue) from run 831. (left)
A-time distribution of hits inside a reconstructed ring. (middle) A-time distribution of
hits matched to a reconstructed ring. (right) Number of hits inside a reconstructed ring.

Nevertheless, the simulation does not reproduce the problematic behaviour of the ring
finder. No preference of positions of the ring centers in between MAPMTs is seen. This
is the main difference of simulated results in comparison to the real data. Figure 8.30,
right, shows the number of hits in the inner 80% of the radius of a reconstructed ring.
A clear difference between the amount of hits inside real rings and simulated rings is
visible and could explain the difference in the ring center distribution. In measured
data the distribution peaks at 2-3 hits inside a ring with a tail up to 11 hits. Simulations
peak at 1 hit in the center with a smaller tail up to 8 hits. The simulated distributions
with and without an entrance window are significantly tighter than the measured data.
The simulation with an entrance window shows an improvement towards the results
from measurements. Unfortunately the discrepancy is still large. A possible explana-
tion of this could be the dynode structure of the MAPMT as this is not implemented in
detail in the simulation. As the dynode structure is just an active pad in the simulation,
also the influence of hits to neighbouring pixels is not simulated properly. So many ef-
fects on the MAPMT itself from particles passing it and depositioning energy in it, are
not well covered and could explain the higher amount of inner hits in the measured
data.

Figure 8.30, left, shows the A-time distribution of the inner hits of a ring. As the
simulated data does not suffer from timing imperfections between channels and back-
planes, in contrast to the measured data, no ICD correction was applied to the data. The
simulated distributions (red and cyan) have an increased width (¢=1.0 ns) compared
to the measured data (0=0.54 ns). Both simulated distributions have a mean value of
-0.04 ns. The simulated data does not show the tail towards positive A-times that are ex-
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Figure 8.31: Simulated single event displays. (top) 45% collection efficiency without
an entrance window. (bottom) 45% collection efficiency with an entrance window. The
entrance window increases the center hits slightly.
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pected to come from correlated effects as crosstalk. As the simulation does not cover
crosstalk effects and the bad ring finding behaviour, the result matches the expecta-
tions. The middle of Figure 8.30 shows the same distribution for hits matched to a
ring. The distribution shows the same behaviour as for inner hits. The mean is located
at 0 and the simulated width is ¢=0.9 ns compared to 0=0.39 ns in the measured data.
This confirms the seen effect of an increase in width between hits matched to the ring
itself and the inner hits of a ring. The overall larger width of the simulation results in
a better time resolution of the real data, compared to the simulation.

Figure 8.31 shows single event displays for simulations with a collection efficiency
of 45%. The top row shows simulations without an entrance window, whereas the bot-
tom row shows results with an entrance window. No big difference between both cases
is visible. Only a slight increase in the number of inner hits is visible. Furthermore the
SED shows, that some of the rings have no track matched. Only the lower SEDs have a
track (green point) near the ring. This is not related to the entrance window and just
a coincidence of the shown SEDs. The lower left figure shows a ring with a track near
its center. An additional track next to the ring matches a single hit in the mRICH and
shows the passing of a particle in the detection plane, that did not create Cherenkov
light in the aerogel. In the lower right SED the distance of the track to the ring center is
in the order of the ring radius and not aligned with the ring center. Multiple scattering
of the particles could play a role and lead to increased ring track distances, as seen in
the measured data (Figure 8.18).

Figure 8.32 shows the simulated ring track distance. The ring track distance peaks
at about 1 cm. The tail of the distribution goes up to above 30 cm but is very small. The
right figure shows in addition the radius of the matched rings. The distribution shows
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Figure 8.32: (left) Ring-track distance in simulation. A peak at a ring-track distance of
1 cm is seen. (right) Ring-track distance versus ring radius in simulation. A correlation
between the radius and the distance is observed.
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an enhancement at low distances and a radius of approx. 3.8 cm. The simulated track-
ring distance is smaller than the measured. This difference could be well explained
by the misbehaviour of the ring finder with an artificial positioning of ring centers in
between MAPMTs that is not seen in the simulation.

Figure 8.33, left, shows the mTOF track distribution in the detection plane of the
mRICH. The same selection criteria, the standard event building with 10 mRICH hits
in addition, as in section 8.6 result in the shown distribution. A clear correlation in
the position of the mRICH detector is visible and reproduces the results from the mea-
surements.

The right figure shows the simulated distribution of the 3 values of the reconstructed
mTOF tracks under different scenarios. The red line shows all tracks. An increase to-
wards approx. 3=0.9 with a following dip and a final peak at =1 is seen. The same
behaviour with overall less entries is seen for tracks with hits in the mRICH but with-
out a found ring (green). The peak at $=11is further reduced compared to the rest of the
distribution. The blue and the purple distributions show tracks with a ring track dis-
tance of less than 120% of the ring radius and a ring radius between 2.0 cm and 4.2 cm.
A clear peak near =1 is visible. The start of the beta peak matches the expected .
= 0.95. The beta distributions reproduce the measured result with some limitations.
The measured data from run 831 shows a more pronounced tail at lower {3 values. In
addition, the peak at § for good rings is extended towards smaller 3 values, even be-
low the threshold value. Therefore the measured data and primary the mTOF tracks
from Figure 8.19 are not reproducing the simulation in all details. An uncertainty for
tracks in the region of low {3 is probable, but also the difference in the collision system
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Figure 8.33: (left) Simulated mTOF tracks extrapolated to the mRICH position in Z.
No further cuts than the standard event building and a requirement of minimum 10 hits
in the mRICH result in a correlation (yellowish area) (right) Simulated B-distribution of
mTOF tracks under different scenarios. The detection of a mRICH ring near a mTOF
track or vice versa results in an enhancement in the beta distribution around 3=1.
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Figure 8.34: Spatial correlation in X (left) and Y (right) direction between mTOF hits
and mRICH hits. Both correlations are very clean without a major background contami-
nation.
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Figure 8.35: Spatial correlation in X (left) and Y (right) direction between mTOF
tracks and mRICH hits after a cut of 0.9<f3<1.1. The width of the correlations is com-
parable to the measured data.
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between simulation and measured data has to be taken into account. Nevertheless the
agreement between simulation and reality at $=1is promising. The matching between
tracks and rings clearly selects tracks with $=1 and could be well used for PID and fur-
ther physics analysis.

Figure 8.34 shows the simulated correlations between the mRICH hits and the mTOF
hits in the same conditions as Figure 8.21. The simulated correlation shows less back-
ground contamination in X and contains the double stack, that was not used in the
measurement of run 831. In Y direction, also the simulation shows the effect of over-
lapping modules in the mTOF with a clean correlation between both detectors.

The additional application of a cut on the beta value of the reconstructed tracks in
the range of 0.9<3<1.1 for the measured data cleaned the distribution from uncorre-
lated background (Figure 8.24). The same distribution for the simulation is shown in
Figure 8.35. The correlations in X and Y are smoothed. The overlapping regions be-
tween two TOF modules in Y are not visible anymore. Due to statistical limitations, the
correlation in X looks less clear, but is still visible. The application of the beta cut and
the use of mTOF tracks broadens the distributions similar to the measured data. The
correlations from the simulations are in very good agreement with the measurements
in run 831.

All in all, the simulations of the mRICH and the mTOF could reproduce the mea-
sured data. Many of the investigated distributions, taken the difference in the collision
system into account, match the measurements very well. Nevertheless, the behaviour
of the ring finding differs between simulation and reality. A difference in the amount of
hits in the inner of a ring is seen and could be the reason for the different behaviour.
A new ring finder for the mRICH detector is currently under development and will
hopefully solve the discrepancy.
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CHAPTER
Summary and Outlook

This work focusses on the development of the front-end electronics and readout sys-
tem for the Ring Imaging Cherenkov (RICH) detector of the upcoming CBM experi-
ment with prior tests in the mCBM setup, and the upgrade of the HADES RICH. The
FEE of both RICH detector systems in combination with the use of the same MAPMTs
for the identification of single photons is the same, however with different require-
ments on the data acquisition. This allowed for a great synergy in the development of
the RICH readout for both experiments.

The HADES RICH upgrade was based on a complete redesign of the photon detec-
tion camera as the previous photon detector was replaced by MAPMTs. The newly
developed DiRICH board, based on the FPGA based time-to-digital converter (TDC)
technology of the TRB collaboration of GSI, is the center readout piece of this up-
graded RICH detector. Twelve DiRICH boards in combination with a combiner and
power module are forming one of 74 backplanes of the new photo detection plane,
each backplane hosting 6 MAPMTs. The plane is separated in two planes in beam di-
rection. Additional sensors in the photo detection plane for temperature monitoring
of the MAPMTs as well as special magnetic field sensors for a measurement of the in-
fluence of the HADES magnet on the MAPMTs are developed and integrated into the
RICH control. Next to the integration of the FEE into the triggered HADES DAQ, a new
powering scheme of pre-regulated voltages for the FEE and a single channel floating
ground high voltage system is integrated to the HADES RICH detector.

Based on all the work for the upgrade of the RICH, a new RICH monitoring and
control is developed and successfully used in the HADES 2019 Ag+Ag beamtime at
1.58 AGeV. The upgraded FEE shows a reliable and excellent performance in the beam-
time and paves the way for a fruitful future of the HADES RICH as a key detector in the
di-electron reconstruction at low energies, even still at the upcoming SIS100 facility.

The TrbNet based DiRICH backplane is the smallest unit of readout boards in the
HADES RICH experiment and is equal to the readout electronics and smallest unit in
the CBM RICH experiment. The knowledge and synergies from developing and run-
ning the triggered HADES RICH detector, so to say a large scale prototype for the CBM
RICH, is integrated into the development of the free-streaming readout for CBM. Prior
to CBM, the free-streaming readout is developed and tested in a small scale CBM setup
at SIS18, mCBM. The mRICH detector is part of the mCBM experiment and thus serves
as test facility under realistic conditions for the development of the free-streaming,
TrbNet based CBM RICH readout. A first functional, free-streaming and synchronously
operating readout based on the DiRICH-FEE is successfully implemented and inte-
grated into the mCBM DAQ in phase-I with an AFCK board as the data processing board.
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In order to safe space, the mRICH has been designed as a proximity focussing detector
with 2x3 fully equipped backplanes and two aerogel blocks as radiator material. The
successful development of the readout and the necessary upgrades in the FEE lead to
the participation in several beamtimes of mCBM showing an excellent performance of
the readout concept for phase-I.

The knowledge gained in phase-I is the starting point of the development of the
phase-II readout of the mRICH detector, that is based on the future CBM readout con-
cept and utilises the common readout board (CRI), based on an FLX-712/BNL-712 card.
The first synchronisation between the CRI and the mRICH, based on the concept of
phase-I has been implemented. Learning from phase-I and benefiting from the new
CRI card, many items were improved as e.g. now the microtimeslice index distribution
utilises special DLM messages instead of an external board. Further, a newly developed
data transport concept between a combiner board as the smallest self running detector
unit and the CRI has been implemented. The knowledge from the HADES RICH and
the mRICH phase-I leads to new developments, solutions and ideas for the future CBM
RICH readout with e.g. improvements in the temperature and magnetic field monitor-
ing in the detector as well as improvements in the data generation on the FEE and CRI
boards. The development of the CRI and CTS based combiner firmware are ongoing
and improving towards a final reliable and stable readout in the free-streaming high
rate concept of CBM. A mCBM beamtime in June/July 2021 with the CRI based phase-II
readout proved the functionality of the new data transport concept of the mRICH de-
tector.

The participation of the mRICH detector in beamtimes with the other mCBM sub-
detectors allows for correlation measurements between mCBM detectors in time and
space as well as an analysis of the mRICH standalone performance. The results from
the 2020 beamtime with a 2°*Pb beam at 1.06 AGeV and a thin fixed Au target are con-
firming the full synchronisation between the mRICH as well as the TO detector. The
analysis of the spatial correlations results in excellent correlations between the mTOF
and mRICH detector in all abstractions of the measured data. The analysis of the
mRICH readout and beamtime performance confirms the expected functionality of
the developed free-streaming readout system, even in conditions that are not ideal for
the RICH detector.

Nevertheless the beamtimes revealed limitations of the mRICH system in terms of
the ring finder due to additional hits in the center of a ring. An upgrade of the ring
finder is underway and will further improve the performance of the mRICH detector.
The change of the mRICH readout towards the mCBM phase-II concept with the CRI
board as the key componentis ongoing and will improve the rate capability. Major tests
as well as more features and improvements are planed in upcoming testbeams. More-
over, the integration of the first concept of the mRICH phase-II into the full (m)CBM
control interface and the upscaling towards the full CBM RICH will open new chal-
lenges and will demand for advanced solutions.
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APPENDIX A

DCDC Converter and Noise
Measurement

The DiRICH FEE is powered by one power module per backplane. The power module
can be operated in two modes: The 4 voltages needed by the FEE are generated on the
power module by DCDC converters or pre-regulated voltages are inserted in the board
by a Weidmdiller connector.

The use of DCDC converters has the advantage of a very light cabling and a clean
detector with the best access to the FEE. Nevertheless, DCDC converters produce noise
by its internal switching. The power modules with the DCDC converters are close to
the FEE and therefore the radiated noise from the power module is visible in the TDC
channels of the DiRICH boards. In order to improve the situation, a new external DCDC
converter was developed. Different positions relative to the existing power module as
well as the DiRICH boards have been measured.

A.1 New External DCDC Converter Board

Based on the DCDC converters of the existing power module, a new external DCDC con-
verter board with several improvements for flexible use has been developed. The final
DCDC board is shown in Figure A.1. The board utilises four different ViCor PI33**-**-
LGIZ ICs as DCDC converters with additional Murata BNX027HO1L filters. A DC voltage
with 8 V to 36 V and a maximum of 8 A (fuse) can be connected as input. The input
voltage is filtered and deployed to the four DCDC ICs. The voltage and current at the
input of the board are monitored by dedicated ICs. An Atmega32U4 microcontroller is
used for the readout of the power monitoring, as well as for the selection of the output
voltages of the DCDC converters. The microcontroller is connected to four 8-bit open
drain shift registers. They control the resistance at the feedback of the DCDC con-
verters and therefore control the final output voltage. The shift register are relatively
simple circuits and minimize the risk of problems on the output voltage in radiation
environments.

The Atmega32U4 is a microcontroller, that is well known in the TrbNet related elec-
tronics. It provides a USB connection, can be operated at 3.3 V with 8 MHz and has a
variety of general purpose input-output (GPIO) pins. The microcontroller communi-
cates via UART to other boards. A chaining of several DCDC converter boards via pin
headers is foreseen and up to 16 DCDC boards can be controlled with one connection.
The first DCDC board of such a chain is connected to a dedicated board, that provides
the interface to networks or computers. The last board in a chain closes the loop with
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Figure A.1: (left) Photography of the DCDC converter board as it is mounted in mCBM
in phase-1l. (right) Layers of the DCDC converter board in KiCAD.

a jumper on the pin header. An incoming command from the communication board
is transmitted to the first board in the chain. This board checks whether the command
is addressed to it or not. In case it is not addressed, the command is forwarded to the
next board. In case the board matches the address from the command, the command
is executed and an answer is transmitted through the chain back to the communication
board.

The communication boards pin header is compatible to the FTDI board of the Trb-
Net group, as well as a dedicated Ethernet or Wifi board, based on an ESP32. Both
communication boards are powered via the DCDC converter board and allow for a
very flexible usage in different environments.

A.1.1 Protocol Definition

The communication is based on a defined protocol that was later also adapted for the
use with the HADES MDC power modules. The data format is given by XuuGcRvvvv (see
Table A.1). The data format has to end with "\n".

All in all 10 characters are combined to form a valid command. E.g. the command
"RF2012FE51\n" would be valid.

Value Description

X command (write: W, read: R, answer: A etc.)

uu controller number (Hex value)

G group number (to talk to all channels, that belong together)
C channel number in the group (Hex value)

R register (Hex value)

vvvv 16 bit value

Table A.1: Definition of the protocol for a chained DCDC converter operation.
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A.1.2 Register Definition

The DCDC board has 7 registers that are accessed via the previously defined protocol.
Next to the setting of the voltage of each channel, the input voltage and current are
accessible. The temperature of the board, the firmware version as well as a LED and
a switch for a loop back are available. Finally, an offset for the correction of the mea-
sured current is available.

Value Description

[15:4] firmware; [3:2] reserved; [1] switch; [0] LED
current offset

0 DCDC on/off — not available

1 DCDC set voltage adjustment resistors
2 input voltage V

3 input current C

4 temperature

S

6

Table A.2: Definition of all seven registers of the new DCDC converter board.
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Main page of hierarchical schematic of DCDC converter board.

Figure A.2
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in hierarchical schematic of DCDC converter board.
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Figure A.3
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in hierarchical schematic of DCDC converter board.
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2.5 V conversion

Figure A.5
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3.3 V conversion

Figure A.6
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A.3 Measurements of the Noise Band Width with Dif-
ferent Setups

The new DCDC converter board can be used to supply the existing power module with
pre-regulated voltages. A test setup with a few DiRICH boards on a backplane with
an old power module and the new DCDC converter board was installed and measure-
ments were done. The DiRICH boards have small differences in the capacitance of the
inputs as indicated in the legend of Figure A.8. Different lengths of the cable between
the power module and the DCDC converter board as well as different positions and dis-
tances of the DCDC converter board to the power module were measured. In addition,
the orientation of the DCDC ICs were changed and measured. The noise on the DiRICH
modules was measured with a baseline scan. The average noise band width at the half
of the distribution (half noise band width) is analysed and presented in Figure A.8 as
an indicator for the noise.

First of all the measurements confirm the expectation, that the noise is mostly ra-
diated via air, as longer cables are showing just a small influence, but different po-
sitioning relative to the DiRICH board shows a clear improvement. The abscissa of
Figure A.8 represents different settings of e.g. distances of power module to external
DCDC converters. The measurements show a clear improvement if the DCDC convert-
ers are more far away from the backplane. Especially an enhancement of the distance
in Z-direction out of the DiRICH plane shows promising results. In addition, an in-
crease of the supply voltage has only a minor effect in the noise behaviour of the power
module.

10?

closest to power-module; 1 pF

| ——e—— 2nd closest to power-mod.; 15 pF

---e--. 2nd closest to power-mod.; 15 pF

——e—— 3rd closest to power-mod.; 1 pF

Average half noise band width

over 32 channels in mV

| | | | | | | | | | |
Onboard720 c,h.720 om 720 om 720C .7900 .7200 .790 c 30 ¢ - 30 30 N 30 o 729

3 ) P, Sy By, o m; ). A m;: 0’77,'3
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Figure A.8: Average half noise band width over all 32 channels of a DiRICH in different
measurement setups. Measurements with different cable length of 120 cm and 30 cm,
supply voltage setting of 24 V and 32 V and positioning relative to the power module
(distances of 2 cm or 5 cm; same high as power module; mid of power module; above
power module) were performed. The pointing of the ICs was changed between pointing
away and towards the power module.
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Based on these measurement and the steadily improvements on the available DCDC
converter ICs, a new generation of power modules is under development. A first ver-
sion of a new power module was tested in the June 2021 beamtime of mCBM and shows
a very low noise level, comparable to the external DCDC converters (Figure 7.9 shows
the ToT of a channel of a DiRICH, powered by a new power module).
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APPENDIX

Study of the Magnetic Field Sensor
Board

A custom sensor board for the mount on the inner HADES RICH spokes was developed
for the measurement of the magnetic field near the MAPMTs. In preparation of the
mounting inside the RICH detector, the different boards have been measured in the
laboratory with the controlled magnetic field of a Helmholtz coil. The measurements
were performed in a climate chamber under controlled temperature to study the in-
fluence of a temperature change on the magnetic field sensors as well as to test their
internal correction.

L. g3 [

Figure B.1: Photography of the magnetic field sensor board with labels of the main
ICs: red labels the Melexis MLX90393 magentic field sensor and the cyan label is the
ATmegal68PA microcontroller.

The PCB is shown in Figure B.1. It is equipped with Melexis MLX90393 3-axis mag-
netic field sensors and transmits the measured fields and temperatures via UART. For
more details on the protocol see [130].

All measurements of the sensor boards were performed with additional holding
structures to fix the PCBs in the middle of the Helmholtz coil. The structures allow
for rotations and the change of the angle to the coil by 90°. Figure B.2 shows the PCB
with its readout cabling in the coil inside the climate chamber. The temperature was
increased in steps of 5°C from 10°C to 40°C with currents of the Helmholtz coil between
0.5 A and 5 A (see Figure B.3 to Figure B.6). In addition, measurements of all PCBs were
performed with currents of the coils of 1 A, 2 A and 4 A, resulting in a calculated mag-
netic field of 739.05 uT, 1478.1 uT respectively 2956.2 uT (see Figure B.7 as an example).

Figure B.3 to Figure B.5 show the behaviour of the X-, Y- and Z-axis of the magnetic
field sensorsat 1 A, 2 A and 4 A coil current and a change in temperature. A grey band
is drawn to show a +£7% error region around the calculated magnetic field at the coil
current. The sensors 0xC and 0xD, the closest to the pin header connection, are config-
ured with an internal temperature compensation. The sensors 0xE and 0xF (the num-
bers are the I12C addresses of the sensors) are configured without the compensation
of temperature effects. The measured data shows a good performance of the inter-
nal temperature compensation. Without compensation, a linear dependency between
the temperature and the measured field is seen. The compensation flattens the curve.
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Figure B.2: Photography of the Helmholtz coil with a sensor board in measurement
position inside the climate chamber.

Nevertheless a slight overcorrection is seen, as the magnetic field shows a very slight
negative slope. The behaviour of the compensation is similar for all three axis of the
Sensors.

In addition to the temperature dependence, the linearity of the measured magnetic
field was investigated. Figure B.6 shows the measured magnetic field in Y-direction of a

= 0* —— meas. B Sensor 0xc
= [ —— meas. B Sensor 0xd
m L —— meas. B Sensor Oxe

- —— meas. B Sensor 0xf
-500— — Calc. B
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B ——— I
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Figure B.3: Temperature dependency of the measured magnetic field in the X-axis with
(0xC,0xD) and without (OxE,0xF) temperature effect compensation.
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Figure B.4: Temperature dependency of the measured magnetic field in the Y-axis with
(0xC,0xD) and without (OxE,0xF) temperature effect compensation.

= 0* —— meas. B Sensor 0xc
= [ —— meas. B Sensor 0xd
m L —— meas. B Sensor Oxe
- —— meas. B Sensor 0xf
-500— —— Calc. B
- [ 7% area around Calc. B
L .—’// —
—1000—
-1500 L — l./;ﬁ
B /
2000/
2500
[ .
L - . . @ . ;Z
-3000—
_35007I|IIII|IIII|IIII|IIII|IIII|IIII|II

10 15 20 25 30 35 40
Temperature [ C]

Figure B.5: Temperature dependency of the measured magnetic field in the Z-axis with
(0xC,0xD) and without (OxE,0xF) temperature effect compensation.
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Figure B.6: Magnetic field measurement in steps of 500 mA coil current in Y-direction
of Sensor 00 with a constant temperature of 26°C. The sensors show a linear increase
of the field with increased currents. Nevertheless the different sensors on a PCB show
slightly different results.

sensor at a constant temperature of 26°C. This temperature is very close to the radiator
gas temperature of the RICH detector and is therefore a good measurement point for
a check of the behaviour in the detector. The linearity of the measured magnetic field
is in agreement with the calculated field of the coil. The four sensors mounted on the
PCB are fluctuating around the calculated value.

Last but not least, the measured magnetic field of all 3-axis of the sensors of PCB
01 are shown in Figure B.7. The figure shows the difference of the values with and
without a correction of the magnetic field of the earth. The magnetic field of the earth
was measured without the field of the Helmholtz coil and later it is subtracted from all
3 axis of the measured values with the Helmholtz coil.

In case the magnetic field of the earth is taken into account and the measured val-
ues are corrected for it, the data improves and the values are matching the calculated
values in the +7% error bar. The corrected values are aligning with a trend towards
lower values than the calculated field. This could be explained by a systematic uncer-
tainty of the calculated field due to uncertainties of the measured coil radius as well as
the number of windings of the coil, that are needed for the calculation of the magnetic
field of the Helmholtz coil.
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Figure B.7: Measured magnetic field of PCB 01 at 1 A coil current in all 3-axis with
and without correction of the magnetic field of the earth.
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APPENDIX C

Interlock PCB

The HADES RICH detector is equipped with a very simple interlock board. It is used
to switch two relays that are connected in series to trigger the internal interlock of the
3.3 V low voltage power supply. The PCB uses a NUD3105 to control the relays as it
already provides the free wheeling diode needed for a secure relay operation and has
an included MOSFET for the control. This allows the control of the relays with the 2.5V
from the FPGA output pin. Two relays are used for the case of a stuck relay. In this case,
the second can still control the full interlock.

Version 1 of the interlock board is shown in Figure C.1. A 2.5 V signal line from the
interlock logic inside the sensor FPGA directly controls the NUD3105 and furthermore
the relays. A combination of a resistor and a capacitor is used to prevent for an acci-
dental trigger of the interlock while a reboot of the FPGA. The schematic of version 1
of the interlock board, as it is installed in HADES, is shown in Figure C.3.

Figure C.1: (left) 3D rendering of the interlock board version 1 as it is installed in
HADES. (right) Layers of the interlock board in KiCAD.

Version 2 of the interlock is an improvement for possible FPGA problems by a watch-
dog feature. The FPGA sends a sequence of high and low on the signal line to keep the
interlock inactive. In case the FPGA is not generating rising edges anymore for a time
of ~1.1 sec, a retriggered NE555 switches its output into a low state. The control of the
relays itself is similar to version 1. A resistor-capacitor combination delays the activa-
tion of the interlock, too. In addition to the watchdog feature, the switch for a manual
deactivation of the board was changed. With version 2, the switch is changed to a bar-
rel jack connector. The expert who wants to deactivate the board, needs a separate
plug and the risk of a deactivation by an accidentally moved switch is reduced. The
schematic of version 2 of the interlock board is shown in Figure C.4.
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Figure C.2: (left) 3D rendering of the interlock board version 2. (right) Layers of the
interlock board in KiCAD.

C.1 Schematic Version 1
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Figure C.3: Schematic of version 1 of the interlock board.
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C.2 Schematic Version 2
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Schematic of version 2 of the interlock board.

Figure C.4
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APPENDIX

HADES RICH HV Mapping

HV channel cable back- | channel cable back- HV
module mark plane mark plane module
0 0 1 17 0 49 87 3
0 1 2 27 1 50 97 3
0 2 3 56 2 51 88 3
0 3 4 92 3 52 67 3
0 4 5) 54 4 53 66 3
0 S 6 63 S 54 N.C. 3
0 6 7 60 6 55 89 3
0 7 8 62 7 56 68 3
0 8 9 40 8 57 25 3
0 9 10 22 9 58 24 3
0 10 11 82 10 59 13 3
0 11 12 83 11 60 26 3
0 12 13 81 12 61 14 3
0 13 14 61 13 62 15 3
0 14 15 64 14 63 45 3
0 15 16 52 15 64 58 3
1 0 17 41 0 65 06 4
1 1 18 42 1 66 16 4
1 2 19 12 2 67 04 4
1 3 20 44 3 68 S5A 4
1 4 21 43 4 69 79 4
1 S 22 A4 5 70 50 4
1 6 23 95 6 71 91 4
1 7 24 65 7 72 A5 4
1 8 25 51 8 73 98 4
1 9 26 96 9 74 18 4
1 10 27 A6 10 75 05 4
1 11 28 94 11 76 11 4
1 12 29 93 12 77 N.C. 4
1 13 30 84 13 78 N.C. 4
1 14 31 85 14 79 N.C. 4
1 15 32 86 15 80 N.C. 4
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HV channel cable back- || channel cable back- HV
module mark plane mark plane module
2 0 33 28 0 81 N.C. 5
2 1 34 29 1 82 N.C. 5
2 2 35 39 2 83 N.C. 5
2 3 36 71 3 84 N.C. 5
2 4 37 48 4 85 N.C. 5)
2 5 38 46 5 86 N.C. 5
2 6 39 47 6 87 N.C. 5
2 7 40 59 7 88 N.C. 5
2 8 41 6A 8 89 N.C. 5
2 9 42 N.C. 9 90 N.C. 5
2 10 43 69 10 91 N.C. )
2 11 44 4A 11 92 N.C. 5
2 12 45 49 12 93 N.C. 5
2 13 46 23 13 94 N.C. 5
2 14 47 21 14 95 N.C. 5
2 15 48 31 15 96 N.C. G)

Table D.1: Mapping between HV module channels, cable marks and backplane numbers.
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UEN I

976V 1001V

04 10 07 12 02 01

924V 881V 900V 944V 998V 964V

1

907 \

1000V 896V

[ module 0 [l module 1

module 2

[ module 3

module 4 [l module 5

Figure D.1: Graphical representation of channels of the HV modules on backplanes. The
standard voltage values during the March 2019 beamtime are shown.
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APPENDIX E

Schematics DCDC Converter Board
of MRICH Phase-I

Figure E.1: Photography of
the mRICH DCDC PCB in the
first version fully assembled.
The five dedicated DCDC ICs
with the filters and the input as
well as output connectors are
visible.

In mCBM phase-I all combiner boards were connected to the first version of the
DCDC converter board. It is based on the power module design of the DiRICH FEE and
converts an input voltage between 8 V and 36 V to the four input voltages, required by
the DiRICH setup. In addition, a fifth DCDC converter is added to give the possibility
to have easy access to 3.6 V respectively 5.5 V. These voltages are needed to power e.g.
the TRB3sc of mRICH or to power the optoLink board. The DCDC converter board is
fixed to defined voltages. A change of the voltage in the ranges defined by the ICs is
possible by the exchange of the soldered resistors.

The chosen configuration of the voltages to counteract the voltage drop on the power
lines from the DCDC converter boards to the combiner boards are shown in Table E.1.

PowerLine Resistors calc. voltage
1.1V R1: DNA | R6: 10k 1.75V
12V R2: DNA | R7: 3k3  1.65V
25V R3: 5k76 | R8: DNA 2.77 V
33V R4: 9k76 | R9: DNA 3.57 V

Table E.1: Chosen resistors and resulting voltages of the DCDC converter board of
mCBM phase-I.
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1.2V conversion of DCDC converter board of mRICH phase-l.

Figure E.3
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APPENDIX E. SCHEMATICS DCDC CONVERTER BOARD OF MRICH PHASE-I

2.5V conversion of DCDC converter board of mRICH phase-I.

Figure E.4
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3.3V conversion of DCDC converter board of mRICH phase-I.

Figure E.5
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5.5V conversion of DCDC converter board of mRICH phase-I.

Figure E.6
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APPENDIX I:

Overview of the mRICH FEE
Boards, MAPMTs and High Voltage

The mRICH detector is fully equipped since the march 2020 beamtime. The FEE is
equipped with standard combiner boards as well as power modules without onboard
DCDC converters. In mRICH phase-II newly developed power modules with low noise
onboard DCDC converters are used on 5 backplanes. Power module 5 is equipped with
the old module and the external DCDC board form A.1. The DiRICH boards on the six
backplanes are of revision 3. Figure F.2 gives an overview of the serial numbers of the
DiRICH boards, the combiner and power modules at the corresponding position in the
mRICH. The positions are given in the electronics view.

After the first beamtimes of mRICH, the old H8500 MAPMTs were exchanged. Since
December 2019 the full mRICH backplane is equipped with H12700 MAPMTs. An over-
view of the serial numbers of the MAPMTs with their positions is given in Figure F.3.
The positions are shown in the beam view.

The standard high voltage settings of the six backplanes of the mRICH detector are
shown in Figure F.1. The shown values are calculated for a gain of 2.5-10°. In addi-
tion, the connections between the power modules on the mRICH and the high voltage
module in the crate in the DAQ container are listed.

power power
module | module

1 0 Power Module HV module voltage
channel 0 1014.74 V
channel 1 085.21 V
channel 2 976.36 V
channel 4 0978.01 V
channel 5 082.04 V
channel 6 972.20 V

power power
module | module

3 | 2

power power
module | module

5| 4

O W N = O

electronics view

Figure F.1: (left) Schematic overview of the location of the power modules in electronics
view. (right) Tabular overview of the high voltage connections between mRICH and HV
module in the DAQ container. The voltage values are selected based on a MAPMT gain
of 2.5-109.
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Top
|Comb.: 31 || |Comb.: 34 | []combiner
851 51| o5 o575 | LI DIRICH
857 10 %20 1|57 1 %87 1| B power
5051 7071 | 671 =775 | LIbackplane
[636 1[ 178 J|[1169 ][ 633 ]
[437 1749 11238 ][ 505 ]
065 1[ 986 1|[248 J[1123]
Power: 96 Power: 65
|Comb.: 60 || |Comb.: 27 |
L 091 11991 11979 | _0606 |
[o31 1[987 11980 ][ 960 ]
9072 1963 11988 ][ 966 ]
[[039 1[040 J|[967 [ 961 ]
902 1982 1l 973 1977 1
L o776 11929 |1.978 ][ _084 |
|[Comb.: 58 || [Comb.: 57 |
[064 1[ 943 1|[ 9585 [ 941 ]
[[7000 J[ 930 J|[971 [ 994 ] q;)
[B12 1615 _JI[ 661 [ 452 ]| =
610 1[40 1|28 1 %5 1|
cC
[651 1[0 343 1|[ 453 ][ 488 11 o
S
Lo21 [[ 604 J|[ 450 ][ 451 || H
2
0

Figure F.2: Schematic overview of the DIiRICH, combiner and power module serial
numbers as they are mounted in the mRICH detector. The figure shows the view on the
FEE from behind the mRICH detector.
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Figure F.3: Schematic overview of the MAPMT serial numbers as mounted in the

Top
NA0652 | NAO873 || NA080O2 | NAO9SS
1 2 1 2
HA2153 | HA1344 || NAO991 | HA2117
3 4 3 4
HA1459 | HA0S85 || HA2161 | HA1707
5 6 5 6
NAO677 | HA1339 || HA1211 | HA0347
1 2 1 2
HA2119 | NAO612 || NAO994 | HA2164
3 4 3 4
HA1623 | HA1527 || NA0842 | HA1131
5 6 5 6
NAO751 | NA0820 || HAO395 | NAO6SS
1 2 1 2
HA1085 | NAOQ6S || HA1472 | HA2246
3 4 3 4
NA0617 | NA0843 || HA1222 | HAO193
5 6 5 6

mRICH detector. The figure shows the positions in the beamview.

beam view
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ACRONYMS

ADC
AFCK
ALEPH
ALICE
AMC
API
APL
APPA
ASCII
ASIC
ATLAS
AWG
AXI

B

BES
BNL

C

CAD
CBM
CERN
CKM
CLAM
CLASI12
CMOS
COSY
CRC
CRI
CROB

ACRONYMS

Analog to Digital Converter

AMC FMC Carrier Kintex

Apparatus for LEP PHysics

A Large Ion Collider Experiment

Advanced Mezzanine Card

Application Programming Interface
Application Programming Logic

Atomic Physics, Plasma and Applied science.
American Standard Code for Information Interchange
Application-Specific Integrated Circuit

A Toroidal LHC Apparatu$

American Wire Gauge

Advanced eXtensible Interface

BEijing Spectrometer
Brookhaven National Laboratory

Computer-Aided Design

Compressed Baryonic Matter

Conseil Européen pour la Recherche Nucléaire
Cabibbo-Kobayashi-Maskawa

Continuous Line Alignment Monitoring

CEBAF Large Acceptance Spectrometer for operation at 12 GeV beam energy

Complementary Metal-Oxide-Semiconductor
COoler SYnchrotron

Cyclic Redundancy Check

Common Readout Interface

Common ReadOut Board
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CSS
CTS

D

DABC
DAQ
DCA
DHCP
DiRICH
DLM
DMA
DMON
DPB

E

ECAL
ECS

FAIR
FEB
FEE
FELIX
FFC
FLES
FLIB
FLIM
FMC
FPGA
FRS

GEM
GSI
GUI

HADES
HIC
HMON
HTML
HTTP

IC
ICD

Control System Studio
Central Trigger System

Data Acquistion Backbone Core

Data AcQuistion

Device Control Agent

Dynamic Host Configuration Protocol
Dirc-RICH

Deterministic Latency Message
Direct Memory Access

Data MONitor

Data Processing Board

Electromagnetic CALorimeter
Experiment Control System

Facility for Anti Proton and Ion Research
Front End Board

Front End Electronics
Front-End LInk eXchange

Flat Flex Cable

First-Level Event Selector

FLES Interface Board

FLES Interface Modul

FPGA Mezzanine Card

Field Programmable Gate Array
FRagment Separator

Gas Electron Multiplier
Gesellschaft fiir Schwerlonenforschung
Graphical User Interface

High Acceptance Di-Electron Spectrometer
Heavy Ion Collision

HADES MONitoring

HyperText Markup Language

HyperText Transfer Protocol

High Voltage

Integrated Circuit
Inter Channel Delay
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I0C Input / Output Controller
IP Internet Protocol or
IP-Core Intellectual Property Core
K
KIT Karlsruher Institut fiir Technologie
L
LAN Local Area Network
LC Lucent Connector
LHC Large Hadron Collide
LVDS Low Voltage Differential Signaling
M
MAC Media-Access-Control
MAPMT Multi-Anode Photon-Multiplier Tube
MBS Multi Branch System
MDC Mini Drift Chamber
microTCA micro Telecommunications Computing Architecture
miniPOD  mini Parallel Optical Device
MRPC Multi-Gap Resistive-Plate Chambers
MTP Multi-fiber Termination Push-on connector
MUCH Muon Chambers
MVD Micro Vertex Detector
MWPC Multi-Wire Proportional Chambers
N
NUSTAR Nuclear STructure, Astrophysics and Reactions
O
OPAL Omni Purpose Apparatus at LEP
F)
PANDA AntiProton ANnihilation in DArmstadt
PCB Printed Circuit Board
pcCVD polycrystalline Chemical Vapor Deposition
PCle Peripheral Component Interconnect express
PEXOR PCI-EXpress Optical Receiver]
PHENIX Pioneering High Energy Nuclear Interaction eXperiment
PLC Programmable Logic Controller
PLL Phase-Locked Loop
PMT PhotoMultiplier Tube
PSD Projectile Spectator Detector
Q
QCD QuantenChromoDynamik
QE Quantum Efficiency
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QED
QGP

R

RHIC
RICH
RPC

S

scCVD
SerDes
SFP
SHV
SIS
SNMP
SPADIC
SPI
SPS
STAR
STS

T

TDC
TFC
TMC
TOF
TRB
TRD

U

UART
UDP
UNILAC

V

VHDL
VNC

W

WLS

Quantum ElectroDynamics
Quark-Gluon Plasma

Relativistic Heavy Ion Collider
Ring Imaging CHerenkov detector
Resistive Plate Chamber

single crystal Chemical Vapor Deposition
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