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Abstract

This work deals with the design, installation and commissioning of the front-end electronics for the
newly installed HADES electromagnetic calorimeter (ECAL) detector at GSI Helmholtzzentrum für
Schwerionenforschung GmbH in Darmstadt. A Charge-to-Digital-Converter (QDC) and Time-to-Digital-
Converter (TDC) based on a commercial FPGA (Field Programmable Gate Array) technology is used to
read out 978 Photomultiplier tubes (PMT) of the ECAL. The charge measurement of the detector sig-
nals is based on a modified time-over-threshold (TOT) measuring method. In the context of this work
the second generation of the PaDiWa-AMPS front-end board for the TRB3 (General Purpose Trigger and
Readout Board - generation 3) was designed, tested in the laboratory and integrated into the HADES
data acquisition infrastructure. The front-end achieves a time measurement precision of σt = 16ps.
The relative charge measurement precision for signal amplitudes above 1 V is below 0.5 %. A successful
operation of the read-out system was shown during a four week physics production beam time with an
1.58A GeV Ag beam.
A similar read-out concept is used to read out diamond based beam detectors in the HADES experiment.
Those detectors are used as a trigger and for the T0 determination in the HADES time-of-flight measur-
ing system, which is important for the particle identification. Beside this, they are used for online beam
monitoring purposes. The requirement for the time precision of the sensors is about 50 ps. Currently the
read-out system is adapted to new Ultra-Fast Silicon Detector (UFSD) technology which might replace
the diamond detectors in the HADES experiment in the future. A UFSD prototype detector has been
tested successfully with a proton beam. Furthermore, it is planned to use this technology as a diag-
nostic instrument for Energy Recovery Linac (ERL) operations of the electron accelerator S-DALINAC at
TU Darmstadt in future.
For further research and development of beam detectors a permanent multi-purpose detector test set-
up was installed at the S-DALINAC. It allows tests of detectors with an electron beam with an energy
up to 130 MeV and beam currents up to 20µA. The set-up has been successfully commissioned and
offers optimal conditions for future tests for research and development of beam detectors with a beam
of minimum ionizing particles.
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Zusammenfassung

Diese Arbeit befasst sich mit dem Design, der Installation und der Inbetriebnahme der Ausleseelektronik
für das neu installierte elektromagnetische Kalorimeter im HADES-Experiment am GSI Helmholtzzen-
trum für Schwerionenforschung GmbH in Darmstadt. Zum Auslesen von 978 Photomultiplier (PMT)
des ECAL-Detektors wird ein Charge-to-Digital-Converter (QDC) und Time-to-Digital-Converter (TDC)
basierend auf der kommerziellen Field Programmable Gate Array (FPGA) Technologie verwendet. Die
Ladungsmessung der Detektorsignale basiert auf einem modifizierten Time-over-Threshold (TOT) Mess-
verfahren. Im Rahmen dieser Arbeit wurde die zweite Generation des PaDiWa-AMPS Front-End-Boards
für das TRB3 (General Purpose Trigger and Readout Board - Generation 3) entworfen, im Labor getestet
und in die HADES-Datenerfassungs-Infrastruktur (DAQ) integriert. Das Front-End erreicht eine Zeitmess-
präzision von σt = 16 ps. Die relative Ladungsmessgenauigkeit für Signalamplituden über 1 V liegt unter
0.5 %. Ein erfolgreicher Betrieb des Auslesesystems wurde während einer vierwöchigen physikalischen
Produktionsstrahlzeit mit einem Ag Strahl mit einer Energie von 1.58A GeV gezeigt.
Ein ähnliches Auslesekonzept wird für das Auslesen von diamantbasierten Strahldetektoren im HADES-
Experiment verwendet. Diese Detektoren werden als Trigger und für die T0-Bestimmung im HADES-
Flugzeitmesssystem verwendet, welches für die Identifizierung der Teilchen wichtig ist. Daneben werden
sie für eine Online-Strahldiagnose eingesetzt. Die Anforderungen an die Zeitgenauigkeit der Sensoren
liegen bei etwa 50 ps. Derzeit wird das Auslesesystem an die neue Ultra-Fast Silicon Detector (UFSD)
Technologie adaptiert, welche in Zukunft die Diamantdetektoren im HADES-Experiment ersetzen könn-
ten. Ein erster UFSD Prototyp-Detektor wurde mit einem Protonenstrahl erfolgreich getestet. Es ist ge-
plant, diese Technologie in Zukunft als Diagnoseinstrument für den Energy Recovery Linac (ERL) Betrieb
des Elektronenbeschleunigers S-DALINAC der TU Darmstadt einzusetzen.
Für die weitere Forschung und Entwicklung von Strahldetektoren wurde am S-DALINAC ein permanen-
ter Mehrzweck-Detektor-Testaufbau installiert. Er ermöglicht Tests von Detektoren mit einem Elektro-
nenstrahl mit einer Energie bis zu 130 MeV und einem Strahlstrom bis zu 20µA. Der Aufbau wurde
erfolgreich in Betrieb genommen und bietet in Zukunft optimale Bedingungen um Tests für die For-
schung und Entwicklung von Strahldetektoren mit einem Strahl aus minimal ionisierenden Teilchen
durchzuführen.
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1 Introduction

Particle accelerators play an important role in a wide range of scientific discoveries and industrial appli-
cations. The interest in accelerating particles can be dated back to a remarkable experiment which was
conducted by Ernest Rutherford [1] at the beginning of the 20th century. He demonstrated that the atom
has a structure which consists of a heavy positively charged nucleus, surrounded by negatively charged
electrons. Further experiments, using particle accelerators, revealed protons and neutrons as constituents
of the nucleus. Today it is assumed that the basic building blocks of the nucleons (protons and neutrons)
are so-called quarks.
Accelerators can be divided into two basic classes: electrostatic and electrodynamic accelerators. Elec-
trostatic accelerators use static electric fields to accelerate particles. The achievable kinetic energy for
particles in these devices is determined by the accelerating voltage, which is limited by electrical break-
down. Electrodynamic accelerators use changing electromagnetic fields to accelerate particles. This type
of accelerator allows the particles to pass through the same accelerating field multiple times. The output
energy is therefore not limited by the strength of the accelerating field.
A linear particle accelerator (linac) is a type of particle accelerator which allows to accelerate charged
subatomic particles or ions to a high speed by subjecting them to a series of oscillating electric potentials
along a linear beamline. Linacs have many applications: they generate X-rays and high energy electrons
for medical purposes in radiation therapy, serve as particle injectors for higher-energy accelerators, and
are used directly to achieve the highest kinetic energy for light particles (electrons and positrons) for
particle physics.
Circulation accelerators are particle accelerators in which the charged particles repeatedly follow an
approximately spiral or circular path. The advantage is that the particles can use the same acceleration
paths again and again. A circular accelerator is therefore more economical and, for high final energies,
more space-saving than a comparable linac. The disadvantage is that at sufficiently high speed the
particles emit synchrotron radiation because of the necessary deflection, and thus lose energy.
A kind of "green" accelerator is the Energy Recovery Linac (ERL). In this type of accelerator a beam is
accelerated by passing an accelerating cavity. Afterwards the beam is sent back through the same cavity,
but this time decelerating. The beam’s energy is captured and made available for new particles to be
accelerated. This technique allows to achieve brighter beams, which would have required too much
energy in a conventional accelerator.
Worldwide there are more than 30,000 [2] accelerators in operation. A large fraction is used for medical
purposes. For example the irradiation with strongly interacting hadrons, such as protons or carbon
nuclei, allows a more precise energy input than conventional tumor therapy. Thus, the surrounding
tissue is less damaged and a large part of the dose is delivered into the tumor.
Only few hundred accelerators in the world serve research. Nevertheless, they play a major role in ma-
terial science and fundamental research, e.g. structure of nuclei, the nature of nuclear forces, properties
of nuclei not found in nature and to create and investigate strongly interacting matter in the laboratory.

1.1 Exploration of strongly interacting matter in the laboratory

Particle accelerators in combination with particle detectors provide an experimental access in order to
study matter under conditions as it exists a few microseconds after the Big Bang (13.8 billion years
ago [3]), or matter created in astrophysical processes like neutron star mergers [4], which take place
hundreds of light years away from us.
In order to produce matter under extreme conditions of temperature, density, isospin, in the laboratory,
particles are accelerated to almost the speed of light in a particle accelerator and afterwards brought
to collision. A schematic evolution of a heavy-ion collision is shown in Fig. 1.1. The collision can be
divided into various steps. In the first step, nucleon-nucleon interactions with a high energy transfer
occur. If the energy-density is high enough, a quark-gluon-plasma may be created. This state of matter
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Figure 1.1.: Evolution of a heavy ion collision. Two Lorentz-contracted nuclei A + A collide and form a

fireball of strongly interacting matter. Important steps are the formation of a quark–gluon

plasma, and hot and dense hadronic matter before freeze out of the system. In all steps

dileptons (e+e− pairs) are created via virtual photons γ from quark-antiquark (qq̄) annihila-

tions or ρ-meson decays. They do not undergo strong interactions and therefore provide an

ideal probe for the microscopic properties, e.g. temperature and density of the dense and

hot medium which is created in the collision. (Taken from [5])

is thought to consist of asymptotically free strong-interacting quarks and gluons which are ordinarily
confined by color confinement inside atomic nuclei or other hadrons. Due to the expansion, temperature
and density of the system will decrease with time. This stage of the collision is often called hot and dense

hadronic phase. The last step of the collision can be separated into a chemical freeze-out, where inelastic
scatterings stop, and a kinetic freeze-out, when elastic collisions terminate and thus individual particle
momenta remain constant.

Strongly interacting matter at extreme conditions can be investigated by the measurement of different
observables, e.g. fluctuations of overall conserved quantities, correlations, flavor production or dileptons.
Dileptons (e+e− or µ+µ− pairs) are created in all steps of the heavy-ion collision via the decay of virtual

photons γ∗ (e.g. from quark-antiquark (qq̄) annihilation or ρ-meson decays). Dileptons are interesting
since they do not undergo strong interactions and therefore provide an ideal probe for the microscopic
properties of the dense and hot medium which is created in the collision.

Of particular interest are the light vector mesons ρ, ω and φ which have the same quantum numbers
as virtual photons (J P = 1−), with the ρ meson playing a particular role. The ρ meson has a very short
life time (τρ ≈ 1 fm) and thus decays into a e+e− pair inside the fireball (τfireball ≈ 10 fm). The light
vector mesons decay mainly in a hadronic channel, but with a very small probability they can decay into
an e+e− pair. This is a very rare process. For example, the branching ratio of a ρ meson into e+e− is
4.72 · 10−5 [6].

Since dileptons are rare probes, a high interaction-rate detector with a high acceptance and low material
budged is needed. The detector should be able to operate at high read-out frequencies in order to obtain
a large statistic, which is essential for later data analysis. All this requirements are fulfilled by the HADES
detector which will be introduced in the following Sections 1.2 and 1.3.

In addition to the study of the microscopic structure of matter, the study of its various forms is a major
research field. The quantum chromodynamics (QCD) phase diagram describes the behavior of nuclear
matter as a function of temperature T and the net-baryon density or baryochemical potential µB, which is
a measure of the difference between the number of particles and antiparticles in a system. The phase
diagram of quark matter is up to now not well known, either experimentally or theoretically.

Up to now lattice-QCD (lQCD) calculations are the only known theoretical method which addresses the
thermodynamics of quarks and gluons for vanishing baryochemical potential (µB = 0). The theory
predicts the restoration of chiral symmetry and deconfinement via a crossover at the critical temperature

of Tc = 156± 1.5 MeV [7].
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Figure 1.2.: The conjectured QCD phase diagram of strong-interaction matter. The black symbols are

experimental data points. The expectation values of the chiral condensate relative to the

vacuum as constrained by QCD are depicted as blue curves. The yellow band is the crossover

region. The dotted–dashed purple curve shows the conjectured first-order phase transition,

which terminates in a second-order QCD critical point (open purple circle). The red upright

triangle displays the temperature deduced from the dimuon invariant-mass spectrum mea-

sured by the NA60 Collaboration [11], while the red inverted triangle is the result of the

HADES Collaboration, reported in [12]. The two black dashed curves indicate the corre-

sponding predicted evolution of the fireball parameters. The solid green curve marks the

first-order liquid–gas phase transition in nuclear matter, terminating in the critical end point
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For larger net-baryon densities and lower temperatures, QCD inspired effective field theories predict a
structure of the QCD phase diagram. A first order phase transition into a deconfined phase which termi-
nates in a second order critical point (CP) or exotic phases like quarkyonic matter are predicted [8] and
remains to be addressed experimentally.
The QCD phase diagram can be probed experimentally with heavy-ion collisions by varying the collision
energy and geometry [9]. The freeze-out parameters (T , µB) can be extracted from statistical model
fits [10] to the final hadron abundances. The conjectured phase diagram of QCD matter is shown in
Fig. 1.2. Up to now the location of the onset of a deconfined phase and the CP is not detected, which
hides still a large discovery potential.

1.2 HADES physics program at SIS18 at GSI

The H igh Acceptance D iE lectron Spectrometer (HADES) [13] is in operation at GSI Helmholtzzentrum

für Schwerionenforschung GmbH in Darmstadt since 1994. The spectrometer has been designed as a
fixed target experiment at the SIS18 (heavy ion synchrotron, 18 Tm rigidity). The physics program of
the HADES collaboration is focused on beam energies between 1A GeV for heavy-ions and 3.5 GeV for
proton beams in order to study the properties of baryon rich matter (µB ≈ 700 MeV) at moderate tem-
peratures (T ≤ 70MeV). The main topics are the mechanism of strangeness production, the emissivity
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Figure 1.3.: Cylindrical panorama composite of the HADES experimental cave at GSI Helmholtzzentrum

für Schwerionenforschung GmbH in Darmstadt. On the left side one can see the ECAL and

RPC detectors which are mounted on a rail system and parked in service position. On the

right side a yellow colored main frame and the back planes of MDC and TOF detectors are

visible. Almost each subsystem of HADES is segmented into six trapezoidal sectors. (Picture

taken in February 2019)

of resonance matter and the role of baryonic resonances herein. In Fig. 1.3 a panoramic picture of the
HADES experiment is shown.
Up to now, HADES conducted several measurement campaigns, e.g. proton on H2 and Nb targets,
deuteron on H2, C on C, Ar on KCl, Au on Au, Ag on Ag. Au+Au at 1.25A GeV, the highest energy
for heavy-ions available at SIS18, is the heaviest system measured so far. The possibility to carry out
experiments with HADES using a secondary pion beam, e.g. π− beam on C and PE [14], is unique.
Those experiments provide a chance to study the coupling of virtual photons to baryonic resonances by
means of the reaction πN → R→ e+e−N. Besides that, one could study one- and two- pion production
channels, strangeness (K±, K0

S
,φ) production in π-nucleus reactions, as well as hyperon production.

The HADES collaboration is currently continuing its physics program at SIS18 in the view of FAIR Phase 0.
This is an intermediate forefront research program at GSI with improved beam quality and FAIR detec-
tors. At future SIS100 (heavy ion synchrotron, 100 Tm rigidity), which will be in operation at Facility

for Antiproton and Ion Research (FAIR), the HADES spectrometer will be part of the Compressed Baryonic

Matter (CBM) experiment [15]. It is planned to move the set-up in front of the CBM detector system in
order to continue the physics program especially at collision energies up to 29 GeV for elementary and
4.5A GeV for medium-heavy systems. The CBM experiment will be able to measure heavy systems at
maximal energies up to 12A GeV.
One of the recent highlights from HADES is the measurement of thermal radiation from baryon-rich
matter. A reconstructed e+e− invariant mass distribution from Au+Au collisions is shown in Fig. 1.4.
The HADES experiment reconstructed thermal dilepton radiation in collisions of heavy-ions at energy of
1.23A GeV [12]. In this so-called low-mass region the spectrum consists of overlapping contributions from
different sources. Unfortunately, Dalitz decays mostly from, π0 → e+e−γ and η→ e+e−γ are contribut-
ing to a physics background that complicates the determination of the thermal dilepton yield. A newly
installed electromagnetic calorimeter (ECAL), which will be introduced in Chapter 2, will play an impor-
tant role in future measurement campaigns. The ECAL will allow to study via photon measurements π0,
η and will provide a better electron-to-pion separation for large momenta.

1.3 HADES set-up

The HADES set-up covers polar angles from 18° up to 85° and nearly the full azimuthal angular range.
The identification of electrons, pions, kaons, protons and light nuclei is possible by means of time-of-
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Figure 1.4.: Reconstructed e+e− invariant mass distribution from Au + Au collisions measured by the

HADES collaboration. Back tracking and ring-finder analysis strategies are compared to the

NN reference spectrum. The blue curves represent the π0,η and ω Dalitz components, as

well asω and φ direct decays after decoupling from the fireball. (Taken from [12])

flight, particle tracking, momentum and energy loss measurements. Most detector subsystems of the
HADES consist of six trapezoidal sectors which are arranged in a hexagon. A transverse section view of
the detector layout is shown in Fig. 1.5. The main components are the Ring Imaging Cherenkov (RICH)
detector for electron and positron identification. A tracking system consisting of four planes of Mini Drift

Chambers (MDC), two located in front of and two behind a superconducting magnet. A time-of-flight
system consisting of the Start-Target-Veto System, a Resistive Plate Chamber (RPC) and a scintillator
based Time-of-Flight Wall (TOF). An energy measurement can be performed with an electromagnetic

calorimeter (ECAL). A Forward Hodoscope Wall is used for the event plane reconstruction and centrality
determination. The high performance Data Acquisition System (DAQ), which deals with about 100 000
individual front-end channels, reaches event rates up to 100 kHz for p+p and 20 kHz for Au+Au collision
systems. The data writing capability is up to 400 MBytes/s.
During the last years its subsystems have been continuously improved and upgraded. Recently the ECAL
was installed and the photon detection plane of the RICH detector was upgraded. In the following each
subsystem will be described shortly.

Start-Target-Veto system

The start-veto detector system [17, 18] in the HADES experiment consists of two sensors made of Chemi-

cal Vapor Deposition (CVD) diamond material. The first sensor, a single-crystal Chemical Vapor Deposition

(scCVD) diamond based sensor, is located about 2 cm in front of the target. This detector is used to de-
termine the reaction time (T0) with a precision of about 50 ps. Besides this, it is used for beam diagnostic
purposes. A second poly-crystal Chemical Vapor Deposition (pcCVD) based sensor is located 70 cm behind
the target with the task to veto beam particles which show no interaction in the target. The detectors are
aligned with the beam axis and the beam is focused on the target. In order to reduce photon conversion
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Figure 1.5.: Transverse section view of the HADES detector layout. The beam hits a segmented target

which is surrounded by the RICH detector used for electron/positron identification. The

magnet spectrometer consists of two double layers of drift chambers in front of and behind

a toroidal magnetic field region. A time-of-flight measurement is possible with a scintillator

based TOF detector and an RPC detector. Energy measurement is possible with the ECAL

detector. A Forward Hodoscope Wall is used in order to determine the centrality and the

reaction plane of the heavy ion collisions. (Taken from [16])

Figure 1.6.: Left: Arrangement of the Start-Target-Veto System. Right: Photography of the fifteen times

segmented Ag target which was used during the HADES Ag+Ag production beam.

in the target region, the target consists of 15 silver foils which are glued on kapton foils. The target foils
are held in place with the help of a carbon fiber structure which is placed inside the RICH detector. The
arrangement of the diamond detectors and the target is shown in Fig. 1.6. A more detailed description
of the diamond sensors and its read-out system will be given in Section 7.2.1.
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Figure 1.7.: Left: AMDC chamber is made out of six layers of drift cells. The different inclinations of sense

and field wires in the layers are shown. All cathode wires are aligned in y -direction and are

not shown. (Taken from [13]) Right: The definition of the MDC drift cell, defined by a sense

wire which is delimited by field wires and cathode wires. (Taken from [20])

Particle tracking system

The tracking of charged particles is realized by four planes of M ini Drift Chambers (MDCs) [19]. Two
planes are placed in front of and two behind a superconducting magnet (see Fig. 1.5). This system allows
the tracking of charged particles and their momentum reconstruction by measuring the deflection angle
of particles traversing the magnetic field. It is also possible to identify charged particles by energy loss
measurements inside the chambers. The magnet consists of six superconducting NbTi coils. A toroidal
magnetic field is generated with a gradient from 3.6 T at the coil surface to 0.8 T in the center of HADES.
Polar angles between 18° and 85° are covered by the system. Each plane consists of six chambers. A
chamber is composed out of six layers of drift cells. A single drift cell consists of two layers of cathode
wires. Two field wires, which are made of Al with a thickness of 100µm, are under high voltage and
therefore provide an electrical field. A gold plated tungsten sense wire with a thickness of 20µm is
used as an anode in between the field wires. The field and sense wire planes have an orientation of
0°, 20° and 40° in relation to the normal on the symmetry axis of the module. In Fig. 1.7 a schematic
drawing of an MDC chamber is shown and the definition of the drift cell is given. Depending on the
MDC type, a mixture of argon and C02 (70% : 30%) or a mixture of argon and isobutane (84% : 16%)
is used as counting gas. A traversing charged particle ionizes the counting gas. Consequently, electrons
are accelerated towards the sense wires. Close to the wires an avalanche is created because of the high
electric field gradient. In total, about 30000 channels have to be read out. Currently, the read-out
electronics is planned to be upgraded [20] in order to archive a higher rate capability besides improving
the reliability.
With the help of the momentum, which can be reconstructed by the tracking system and an dE/d x

energy loss measurement, particles in the HADES detector can be identified. An example is shown in
Fig. 1.8.

Time-of-flight measurement system

The time-of-flight (ToF) measurement is realized by three detectors. A diamond based beam-detector
(start detector), which is located in front of the target, is used in order to determine the start time of
a reaction in the target. A scintillator based Time of Flight Wall (for polar angles 44◦ < Θ < 88◦) and
Resistive Plate Chambers (for polar angles 18◦ < Θ < 45◦), which are both located about 3 m upstream of
the target, are measuring the arrival time of charged particles. The time-of-flight measurement principle
in HADES is schematically visualized in Fig. 1.9.
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Figure 1.8.: Correlation between the specific energy loss in MDC and the momentum measured with

the RPC which can be used for particle separation. Theoretical particles curves are indicated

in black. Electrons, pions, protons, kaons and also heavy fragments (i.e. deuterium) are

separated. (Taken from[21])

Figure 1.9.: Visualization of the time-of-flight measurement system in HADES using a diamond based

Start detector and the TOF and RPC (not shown) detectors. The TOF detector consists of

plastic scintillators which are read out by PMTs on both sides. The flight path can be recon-

structed by the MDC tracking system. (Taken from [22])

Each sector of the T ime-of-F light Wall (TOF) [23] detector consists of 48 plastic scintillation rods which
are arranged in sets of eight modules, enclosed in a carbon fiber case. The cross section is 20×20 mm2

for the innermost 192 rods and 30×30 mm2 for the 192 outermost rods. The rod length varies from
1 m to 2 m, respectively, from smaller to larger polar angles. Each rod is made of Bicron BC408 plastic
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Aluminium box 2 mm

Glass 2 mm

Gap of gas 0.27 mm

Screw

Aluminium anode/cathode 1.85 mm

Kapton insulation

Figure 1.10.: Left: Schematic drawing of the HADES multi-gap RPC cell layout. The cells are aligned in

two overlapping rows. (Taken from [25]) Right: Schematic drawing of a RPC sector. The

cells have smaller sizes at smaller polar angles and fill the trapezoidal support frame. (Taken

from [26])

scintillator material. Both ends of the rod are glued to a light guide which is bent by 70° with respect
to the rod itself and coupled to a photo multiplier tube (PMT). Charged particles traversing the plastic
scintillator are generating scintillation light. The rod itself is used to guide the scintillation light to
both ends of the rod, were the PMTs are located. From the arrival time of the PMT signal a position
information can be obtained. The system also provides a trigger signal for the HADES data acquisition.
The time resolution of the detector is 150 ps. Additional information provided by the TOF detector is the
specific enrgy loss which can be derived from the signal amplitude.
Each sector of the Resistive P late Chamber (RPC) [24] detector consists of 1116 cells with different
dimensions. A schematic drawing of a sector and the cell structure are shown in Fig. 1.10. A cell is made
of a sandwich of three aluminum and two glass electrodes which carry a potential of 5 kV. The cell is
enclosed by an aluminum box which is filled with a gas mixture of SF6 and C2H2F4. A charged particle
traversing the detector will ionize the gas atoms along its track. Due to the external electric field an
avalanche will be created which leads to a discharge of the electrodes. Due to the high resistivity of the
electrodes, the electric field close to the discharge will be switched off. This prevents a full discharge of
the electrodes and other parts of the detector are still fully operational. This technology enables a high
time precision in combination with a high rate capability. The time precision which can be achieved with
the HADES RPC is 70 ps [24].
The combination of the time-of-flight measurement with momentum determination, provided by the
tracking system, and, in addition, energy-loss measurement permits to perform efficient particle identi-
fication. An example of particle velocity vs. momentum times polarity is shown in Fig. 1.11. Different
particle species can be separated.

Electron identification

A R ing Imaging CHerenkov (RICH) detector [28] is used in order to identify electrons and positrons.
A schematic drawing which illustrates the working principle is shown in Fig. 1.12 (left). The physical
process which is used in the RICH detector is the Cherenkov effect. A charged particle traversing the C4F10

radiator gas with a velocity faster than the phase velocity of light in that medium is emitting Cherenkov

photons in a Mach cone. The Cherenkov cone is reflected by a spherical ultraviolet mirror which is made
out of 18 pieces. This configuration allows full azimuth coverage of 360°. Due to the mirror diameter of
145 cm, theta angles between 18° and 85° are covered. Ring images are focused on the photon detection

plane. Recently, the photon detection system was upgraded utilizing multi anode photomultiplier tubes

(MAPMTs) which are read out by newly developed read-out electronics [29]. Figure 1.12 (right) shows
the front side of the RICH providing an inside into the new read-out system which consists of 1100 read-
out boards which are directly connected to the MAPDs. A typical response pattern of the RICH photon
detection plane in a Ag+Ag heavy ion collision is shown in Fig. 1.13.
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Figure 1.11.: Particle separation in the HADES detector for a Ag+Ag (1.23A GeV) collision system, using

the velocity information of time-of flight system and the momentum and charge informa-

tion obtained by the tracking system. Besides electrons, pions, protons and also heavy

fragments (e.g. K+, 3He, deuterium and tritium) are visible. (Taken from [27])

Energy measurement and photon detection

In 2018, HADES was extended by an E lectromagnetic CALorimeter (ECAL) [32, 33] which now enables
an energy measurement. It replaces the Pre-Shower [34] detector and covers almost full azimuths and
polar angles from 12° to 45°. The detector consists of 978 lead glass modules which are arranged in six
sectors. The spatial arrangement of the glass modules and the support structure are shown in Fig. 1.14.
Since the ECAL upgrade project is a main part of this work a detailed description will be given in sec-
tion 2.3.

Data acquisition and slow control

All sub-detectors of the HADES spectrometer are connected to a common Data Acquisition (DAQ) net-
work [35]. In order to simplify development, integration and maintenance it is based on a common
network structure which consists of two main parts. One part is an Field Programmable Gate Array

(FPGA) based custom network, the so-called TrbNet [36] network, which utilizes high bandwidth optical
fibers. This network consists of three channels which are used for triggering, data transport and slow
control. The second part is based on a commercial Gigabit Ethernet infrastructure in order to transport
the data to the server farm for storage.
In Fig. 1.15 the simplified structure of the HADES DAQ network is shown. All HADES detectors own
a dedicated front-end electronics (FEE) which is connected to the DAQ network. The TrbNet network
can be divided into three virtual channels. The first channel is used for the distribution of the first

level (LVL1) trigger signal which is distributed by the Central Trigger System (CTS) [38] and controls the
read-out process of all data collecting front-ends. Once the trigger information packet is transmitted,
the channel remains blocked until all front-end endpoints have returned a busy-release packet. After
a trigger cycle is completed, the CTS has to instruct all front-end endpoints to send their data. This is
done in a second TrbNet channel. The event data is requested from the CTS and transferred via Ethernet
to a cluster of event builder servers. Here, up to 16 event building processes receive the data and save
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Figure 1.12.: Left: Schematic drawing of the RICH detector. The Cherenkov cone of an electron (the same

holds for positrons) is focused by a spherical mirror on the photon detection system which is

based onmulti-anode photo-multiplier tubes (MAPMTs). (Taken from [30]) Right: The back

side of the RICH detector provides an inside into the new read-out system which consist

of 150 DiRICH-Boards. The beam pipe is currently opened and the diamond based Start

detector, which is mounted on a green PCB, is visible.

Figure 1.13.: Left: Typical response pattern of the RICH photon detection plane in a Ag+Ag heavy ion

collision. Each square corresponds to a MAPMT. Two possible ring candidates are visible in

the upper part of the detection plane. Right: Enlarged view of the ring candidates. (Taken

from [31])
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Figure 1.14.: Computer animation of the ECAL detector consisting of 978 lead glass modules which are

arranged in six sectors. (Taken from [26])

Figure 1.15.: Simplified HADES DAQ system. Detector signals are processed in the front-end electronics

which are connected to the HADES DAQ network (TrbNet) consisting of three parts. (Taken

from [37])
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the raw event files to hard disks and to a tape archive. The event building software is based on the
Data Acquisition Backbone Core (DABC) framework [39, 40]. A third channel of the TRBNet is used for
controlling and monitoring of the different detectors and front-end boards. The TRB3 platform, which
will be introduced in Chapter 3, is fully compatible with the TrbNet network since it is already in use by
the HADES experiment which makes it well implementable to integrate new read-out electronics based
on the TRB3 family.
During a four week long physics production beam time with an Ag beam of 1.58A GeV on an Ag target
in 2019, the HADES DAQ system was recording with a trigger rate of about 10 kHz resulting in a data
rate of 150 MB s−1. In total 360 TB of data have been recorded to hard disks. It is planned to upgrade
the DAQ system in order to increase the trigger rate to about 100 kHz in the near future. An overview of
interaction rates achieved by existing and planned heavy-ion experiments as a function of center-of-mass
energy is shown in Fig. 1.16.

1.4 Motivation of this thesis

In the context of this work, the read-out system of the recently installed HADES electromagnetic calorime-

ter (ECAL) was designed, installed and commissioned. A successful operation of the new detector has
been shown during a four week physics production beam time with a 1.58A GeV Ag beam. Furthermore,
this work deals with diamond based beam detectors since they are used in HADES with a read-out con-
cept similar to the one of ECAL. Beyond this, for future research and development of new beam detectors
and their read-out electronics, a permanent test set-up has been designed and installed at the S-DALINAC
electron accelerator.
In Chapter 2 the HADES ECAL upgrade will be introduced and basic concepts of calorimetry in high
energy physics will be given. The signal generation in ECAL will be used as an example of a homoge-
neous lead glass calorimeter. Afterwards, the requirements to the read-out electronics will be given. In
Chapter 3 the read-out scheme of the HADES ECAL will be depicted in detail. The charge measurement
of the detector signals is based on a modified time-over-threshold measuring method, implemented in
the PaDiWa-AMPS front-end board for the TRB3 platform. Chapter 4 gives technical details of the ECAL
construction in the HADES cave. Beside the read-out electronics installation in the ECAL detector their
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integration into the HADES data acquisition system will be shown. Chapter 5 deals with a full character-
ization of the read-out electronics in the laboratory which was necessary before a mass scale production
of about 150 boards. The commissioning of the ECAL systems was done by LASER signals, cosmic muons
and a Ag test beam. Issues which have been encountered during the commissioning and their solutions
will be addressed. In Chapter 6 the performance of the ECAL read-out electronics, during a four week
physics production beam time, will be shown. The energy calibration process will be explained and first
analysis results, like the reconstruction of the π0→ γ+γ decay, will be presented. In Chapter 7 diamond
based beam detectors which are used for T0 determination for the HADES time-of-flight system will be
introduced. Their read-out concept is similar to ECAL. The beam detectors were proven to be useful dur-
ing beam focusing and the monitoring of its quality during the beam time. At the end of the section, new
Ultra-Fast Silicon Detector (UFSD) technology, will be introduced. In Chapter 8 a permanent detector test
set-up, which was installed at the S-DALINAC electron accelerator of TU Darmstadt, will be introduced.
The set-up allows beam tests with a 130 MeV electron beam. The installation provides ideal conditions
to perform research and development of various detectors using minimum ionizing particles.
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2 Calorimetry in HADES

Recently HADES has been upgraded by an E lectromagnetic CALorimeter (ECAL) [32] which allows en-
ergy measurement and the direct detection of photons. In this section the HADES ECAL upgrade will
be introduced. Afterwards an introduction into calorimetry will be given. A strong focus will be on the
electromagnetic lead glass calorimeter type since it is used in HADES.

2.1 Motivation for the possibility of an energy measurement in HADES

An addition of ECAL in the HADES set-up will allow a direct photon measurement. This opens the
possibility to reconstruct the decay channels of π0→ γγ and η→ γγ which are important to understand
the theoretical foundations which were introduced in Section 1.1. In addition, the ω vector mesons can
now be reconstructed via the decay channel ω→ π0γ→ γγγ.
In order to extract the dilepton excess yield, a measurement of π0, η and ω is important. The excess
yield as a function of the center-of-mass collision energy is shown in Fig. 2.1 (left). In the energy regime
2GeV ≤ psNN ≤ 10 GeV no measurement data exists. In addition, the η and ω production is not
measured in this energy regime. A simulation of the excitation functions of the π0, η, and ω mesons
is shown in Fig. 2.1 (right). Since the HADES detector is (and will be, in combination with the CBM
experiment) operating in the above mentioned energy regime, the collaborations can make an important
contribution to the understanding of the behavior of the excess yield.
A reconstruction of π0 and η in HADES without ECAL is not trivial. So far the so-called photon conver-

sion method [21] was used. A direct photon measurement with ECAL will significantly facilitate their
identification and increase the precision of the measurement.

Figure 2.1.: Left: Excess radiation as a function of center-of-mass beam energy. In the energy regime be-

tween 2.5 GeV and 10.5 GeV no data exists. (Taken from [41]) Right: Simulation of multiplic-

ities for different beam energies of the π0, η, and ω mesons. The particles follow excitation

functions that are shown as colored lines. (Taken from [42])

Furthermore, an ECAL detector would be essential for the understanding of the hyperon structure. The
importance of the hyperon radiative decays for the understanding of hyperon structure has already been
theoretically motivated in the mid-eighties, but only little experimental progress has been achieved in
the last thirty years. The hyperon structure can be probed by measurements of the electromagnetic
transition form factors in space-like and time-like regions. Dalitz decays of hyperons, in this context,
play an important role since they probe an important mass region −4M2 ≤ −Q2 ≤ 0 and allow to study
the evolution of the hyperon electromagnetic transition form factors from the space-like to the time-like
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Figure 2.2.: Energy measured by ECAL vs. momentum × charge for Ag+Ag at 1.58A GeV beam data.

Pions deposit a constant energy in an ECAL regardless of their momentum. Electrons, on the

other hand, show a linear energy deposition. This fact can be used to separate electrons from

pions at momenta p < 400 MeV/c. (Taken from [43])

region. A special interest is on the decays of the Σ-baryon via the radiative decay Σ0 → Λ0γ and the
Dalitz decay Σ0 → Λ0γ∗ →Λ0e+e− channels. Both, Dalitz decay of hyperons and their radiative decay
could be reconstructed with HADES. The real photon can be reconstructed by a direct measurement with
the ECAL. This program has a novel character due to the unique combination of a broad range of beams
provided by GSI/FAIR with universal detection capabilities of HADES.
An additional advantage of ECAL will be the improvement of the electron/pion separation at large mo-
menta. As shown in Fig. 1.11 for momenta p > 400 MeV/c electrons and pions lie on one line and
cannot, or only with difficulty, be distinguished. Pions deposit a constant energy in an ECAL regardless
of their momentum. Electrons, on the other hand, show a linear energy deposition. This fact can be used
to distinguish between the two particles. The electron/pion separation is demonstrated in Fig. 2.2 for
Ag+Ag at 1.58A GeV beam data.

2.2 Basics of calorimetry in high energy physics

The word calorimeter is derived from the Latin word calor, meaning heat and the Greek word metron,
meaning measure. A calorimeter is a device used for calorimetry, e.g. for measuring the heat of chemical
reactions or physical changes as well as heat capacity. In particle physics, a calorimeter is a detector
which is used to determine the kinetic energy of particles. Calorimeters are differentiated by their
interaction with particles. Electromagnetic calorimeters are able to detect particles by their interaction
with the material via the electromagnetic force (e.g. electrons, photons) and hadronic calorimeters are
suited for particles interacting via the strong force (hadrons: e.g. protons, pions, kaons, neutrons).
The basic principle in both types is to stop an incoming particle in an absorber material and measure
the deposited energy. This is the reason why they are typically located in the outer shell of a detector
system, e.g. behind tracking detectors. From a technical point of view, calorimeters can be divided
into two types. On the one hand, there are homogeneous calorimeters where energy absorption and
detection are combined in the same material. On the other hand, there are sampling calorimeters where
absorber and detection media are separated in different materials. Those types are so-called sandwich

calorimeters as they form a sandwich of repeating absorber and detection material. In both calorimeter
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types the energy measurement is based on the detection of scintillation light (e.g. scintillator crystals),
on the measurement of ionization (e.g. liquid noble gases) or Cherenkov radiation (e.g. lead glass).
Regardless on the detection material the produced signal is proportional to the deposited energy of the
incoming particle. Consequently, the energy of a particle can be determined by measuring one of the
three measurable variables: scintillation, ionization or Cherenkov radiation.

2.2.1 Working principle of a lead glass calorimeter

In the following, the signal generation and the read-out of electromagnetic lead glass calorimeters will
be discussed since this type is used in HADES. The sensitive material which is used there is a lead glass
block with the dimensions of 92 mm× 92 mm× 420 mm. A detailed description of the detector module
will be given in Section 2.3.1.
For example, a photon which enters the lead glass block with an energy greater than 1 MeV has a high
probability to interact with the material via pair production. This effect occurs in presence of an atomic
nucleus where the energy of photons can be converted into an electron–positron pair:

γ −−−−−→
material

e+ + e−. (2.1)

The produced electron–positron pair will again interact with the material mainly via the Bremsstrahlung

process which creates high energetic photons. Those photons can produce electron–positron pairs again,
hence an electromagnetic shower is developing, consisting mainly of electrons, positrons and gamma
photons. Simplified, one can assume that the number of shower particles in a depth t = x/X0, which is
normalized to the radiation lengths X0, is [44]:

N (t) = 2t . (2.2)

In Fig. 2.3 an idealized and a simulated electromagnetic shower development in lead glass is shown.
The mean energy of each particle at the depth t, can be calculated by [44]

E(t) = E0 · 2−t . (2.3)

The shower process continues until the particle’s energies fall below a critical energy E0/N = EC . At
these energies, Compton scattering and photoelectric effects for photons, and ionization for electrons,
dominate. The shower maximum is reached when EC = E0 · 2−tmax is fulfilled for the critical energy,
thus [44]:

tmax =
ln(E0/EC)

ln(2)
. (2.4)

High energy electrons (> 10 MeV) lose energy mainly by Bremsstrahlung and high energy photons by
pair-production. A more general description of the interaction of charged particles with matter can be
provided by the Bethe-Bloch equation which will be introduced in Section 7.1.1.
The radiation length X0 describes the characteristic amount of matter which is traversed for these related
interactions. It is the mean distance over which a high-energy electron loses all but 1/e of its energy by
Bremsstrahlung, and 7/9 of the mean free path for pair production by a high-energy photon [45]. Since
the radiation length is characteristic for both the energy loss of charged particles and photons, it defines
a length scale for electromagnetic showers. This is particularly important for choosing the right radiator
length during the construction of calorimeters. In order to measure the particle’s full energy, the module
length has to be chosen accordingly in order to keep the full shower inside the radiator. If the particle
enters the radiator close to the edge, the shower will extend to the neighboring module. In this case, the
summation of energies in all involved modules, a so-called cluster, has to be taken into account in order
to reconstruct the full energy of the incoming participle.
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Figure 2.3.: Left: Idealized electromagnetic shower production in a calorimeter. The waved lines are

photons and the continuous lines are electron tracks. The material length t is given in ra-

diation length units X0. (Taken from [44]) Right: Simulation of an electromagnetic shower

for a 20 GeV photon in a lead glass module as it will be used in the HADES ECAL detector.

Straight yellow lines are photons, blue and magenta curved lines are electrons and positrons,

respectively. (Taken from [46])

In order to detect the created shower particles, different measurement techniques for electrons/positrons
and photons would be necessary. This is difficult to realize technically. Therefore, a further effect is
exploited, namely the Cherenkov effect. Charged particles, which are created in the shower process, may
travel through the lead glass at a speed greater than the phase velocity v of light in that medium which
can be calculated from the index of refraction n and the speed of light in vacuum c:

v =
c

n
. (2.5)

Those particles will emit an electromagnetic radiation, so-called Cherenkov radiation. It will be emitted
in the direction of a cone which is similar to a Mach cone in analogy with the sonic boom of a supersonic
aircraft. The radiation cone can be described by

cos(θ ) =
1

nβ
, (2.6)

where θ is half of the opening angle of the cone and β = v/c the beta factor. For example, a cosmic
muon with the velocity β ≈ 1 traversing a lead glass module with an refraction index of n = 1.708 will
emit Cherenkov light in a Mach cone with a half opening angle of θ = 54°.
The frequency spectrum of Cherenkov radiation in lead glass has its maximum in the visible blue and near
ultraviolet light. The Cherenkov radiation threshold energy for electrons in lead glass T E

C
≈ 120 keV [44]

is low, implying that the total number of Cherenkov photons is approximately proportional to the total
track length of all charged particles which are produced within the shower. Therefore, the number of
Cherenkov photons is proportional to the deposited energy [44]. Thus, an energy measurement of a
particle can be reduced to the detection of Cherenkov photons, which is technically well realizable.

2.2.2 Photon detection with a photo-multiplier tube

Since decades the photo-multiplier tube (PMT) is used for photon detection. The advantages of PMTs are
large sensing areas, fast response and excellent timing performance. Beside this, they provide high gain
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along with low electronic noise. A disadvantage is the high price and the required high voltage supply.
A PMT is able to detect photons with wavelengths from an ultraviolet spectrum up to near infrared and
converts them into a measurable electrical signal. A schematic view of a PMT is shown in Fig. 2.4.
It consists of an evacuated glass tube with a light sensitive photocathode behind the face-plate. The
photocathode is usually made of deposited photoemessive semiconductors or consists of alkali metals
with very low work functions. An incoming photon hitting the photocathode will be transferred into an
electron via the external photoelectric effect. The maximum kinetic energy EK,max of the ejected electron
is given by

EK,max = hf −W, (2.7)

where h is the Planck constant and f the frequency of the incident photon. The term W is the work
function which gives the minimum energy required to remove an electron from the surface of the metal.
Afterward, the ejected electron is accelerated by the electrical field of the focusing electrode towards
the first dynode of the electron multiplier. In the surface of the dynode more electrons are generated
through secondary emission. Several stages of dynodes, which have a positive high voltage applied in
order to accelerate the electrons to the next dynode, follow. In this way, the number of electrons grows
from dynode to dynode resulting in the multiplication of electrons typically by six orders of magnitude
which finally reach the anode. At the anode an electrical signal can be measured.

Figure 2.4.: Working principle of a linear focused Photomultiplier Tube (PMT). The two phenomena fun-

damental to the operation of a PMT are photo emission on the photocathode and secondary

electron emission at the dynodes. (Taken from [47])

A PMT attached to a lead glass module allows to detect the produced Cherenkov photons. The signal
charge is proportional to the number of photons hitting the photocathode. Consequently, the signal
charge is proportional to the energy which is deposited in the lead glass module.

The performance of a PMT can be affected by magnetic fields because the trajectories of the electrons
could be bent out of the multiplication region. The effect can be reduced by shielding the region using
a material with high magnetic permeability, so-called Mu-metal. Also electrostatic fields can influence
the PMT in a negative way. This effect will be explained in Section 5.3.3 in more detail and effective
countermeasures will be presented.

2.2.3 Energy resolution of a calorimeter

The energy resolution of a lead glass calorimeter can be determined by sending gamma photons with
known energy into a lead glass module and measuring the signal charge of the PMT. One gets a dis-
tribution of measured charges which can be transferred into energy by a calibration. The width of the
distribution characterizes the resolution. In approximation a Gaussian distribution can be used to de-
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scribe the measured data and its standard deviation σ can be used to characterize the resolution. In this
work the resolution is defined by

σE =
σ

µ
· 100[%], (2.8)

with the standard deviation σ and the mean value µ of a Gaussian distribution which was fitted to the
measurement data.

In general the energy resolution of a calorimeter is defined by [44]:
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· (c) , (2.9)

where a characterizes the photo-electron statistic (stochastic term), b characterizes the noise of the
readout electronic and c characterizes the possible uncertainty in the calibration. In Fig. 2.5 the energy
resolution of a HADES ECAL module for different photon energies is shown. The measurement [48] has
been conducted at the Mainzer Mikrotron (MAMI) facility in Mainz. Among others, the ECAL read-out
electronics PaDiWa has been compared with a CAEN flash ADC reference measurement (GSI MA8000
shaper and CAEN ADC) for an ECAL module containing a 3-inch PMT. For this configuration an energy
resolution of

σE

E
=

5.5%
p

E[GeV ]
, (2.10)

was determined by the reference measurement. In the ECAL detector 1.5-inch PMTs will be used as well.
With this PMT type the resolution is

σE

E
=

5.8%
p

E[GeV ]
. (2.11)

Figure 2.5.: Energy resolution of a HADES ECAL module with a 3-inch PMT which was irradiated with dif-

ferent photon energies. Among others, the ECAL read-out electronics PaDiWawas compared

with a CAEN flash ADC reference measurements (GSI MA8000 shaper and CAEN ADC) [48].
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2.3 The HADES electromagnetic calorimeter upgrade project

The HADES electromagnetic calorimeter detector consists of 978 lead glass modules which are arranged
in six sectors. Each module has a weight of approximately 16 kg which leads to an overall mass of more
than 15 t. The support structure is mounted on a rail system in order to allow moving the detector into a
service position. The mechanical construction is used to support the modules of the calorimeter and the
RPC detectors which will be mounted on its front side. A technical drawing of ECAL is shown in Fig. 2.6.
A photography of the current set-up of the HADES experiment is shown in Fig. 2.7. In the following the
module structure will be explained in detail and the requirements for the read-out electronics will be
given.

Figure 2.6.: Technical drawing of the ECAL detector consisting of 978 lead glass modules which are ar-

ranged in six sectors. The detector is mounted on a rail system in order to have easy access

during service. The dimensions are given in mm. (Taken from [32])

Figure 2.7.: The HADES set-up at GSI Helmholtzzentrum für Schwerionenforschung GmbH in Darmstadt

while it is extended to a service position. The new ECAL detector is mounted on a blue

movable support structure. (Picture taken in January 2019)

21



2.3.1 Lead glass calorimeter modules

Each of the 978 HADES ECAL modules consist of a lead glass (Corning CEREN 25) radiator obtained on
loan from the OPAL End-Cap calorimeter at CERN [49, 50]. The glass has a density of ρ = 4.06g cm−3,
a refraction index of n = 1.708 (for photons with a wavelength of 410 nm) and a radiation length
of X0 = 2.51 cm. All radiators have the same dimensions of 92 mm× 92 mm× 420 mm, where the
length is equivalent to 16.7 radiation lengths. A brass box with a wall thickness of 0.45 mm is used
as housing for the radiator, the PMT and its high voltage divider. The PMT is attached to one side of
the lead glass radiator via optical grease (Rhodorsil Paste No. 7). Two types of photo-multiplier tubes
are in use, recycled 1.5-inch EMI 9903KB from the WA80 experiment at CERN [51] and new 3-inch
Hamamatsu R6091, which both have a comparable performance (see Section 2.2.3). All sides of the
glass block are mirror polished and wrapped into white paper (TYVEK 1060B) in order to reduce lateral
escape of photons. An optical fiber is coupled to the glass block, having a standard Lampert Connector

(LC). This allows to send external light from a LED or a LASER system into the module, which then can
be used for calibration and monitoring purposes. A schematic drawing of an ECAL module is shown in
Fig. 2.8.

Figure 2.8.: Schematic drawing of an ECAL lead glass calorimeter module. The lead glass block (shown

in yellow) with the dimensions of 92 mm× 92 mm× 420 mm is coupled to a 3-inch Hama-

matsu R6091 photo-multiplier tube (shown in magenta). The optical fiber (shown in green)

allows to send LED or LASER light into the module which can be used for testing or calibration

purposes. The module is surrounded by a 0.45 mm thick brass box (not shown).

2.3.2 Read-out requirements

A read-out electronic which is able to provide a precise arrival time and charge measurement of the PMT
pulses is required. Typical pulse shapes of 1.5-inch EMI 9903KB and the 3-inch Hamamatsu R6091 PMTs,
generated with blue LASER light, which was coupled into the lead glass, are shown in Fig. 2.9 and 2.10.
The signal shape of the PMTs generated by LED light is very similar to the shape obtained from cosmic
muons or gamma beams. Therefore, it can be used as a useful tool for the evaluation of detector modules
and the read-out electronics. The PMT pulses have a full rise-time of about 2.5 ns and a full fall-time of
about 50 ns. A dynamic measurement range of signal amplitudes from 5 mV - 5000 mV has to be covered
with an accuracy of 5 mV. A time precision of at least 500 ps is required [32]. The expected hit rate is
in the order of 10 kHz per channel. Beside this, the read-out system should be technically feasible to
integrate into the existing HADES read-out scheme.
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Figure 2.9.: Raw signals of an ECAL module containing a 3-inch Hamamatsu R6091 PMT. The signals are

generated by LASER light, which is coupled into the lead glass.

Figure 2.10.: Raw signals of an ECAL module containing a 1.5-inch EMI 9903KB PMT. The signals are

generated by LASER light, which is coupled into the lead glass.
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3 FPGA based charge and time measurement principle for ECAL

The simplified read-out scheme of the HADES ECAL detector is shown in Fig. 3.1. Signals from photo-
multiplier tubes are processed in the PaDiWa-AMPS [52] front-end board for the TRB3 [53] platform.
Remarkable is that the charge and time measurement is based on commercially available Field Pro-

grammable Gate Arrays (FPGAs), which make it possible to digitize many channels using low cost tools.
On the front-end board the arrival time and pulse charge, which is proportional to the deposited energy
in the ECAL module, is measured via a modified time-over-threshold method. The TRB3 platform carries
out the needed high precision time-to-digital conversion and concentrates the data, which is sent to the
HADES data acquisition system when a read-out is requested by the HADES physics trigger. The HADES
data acquisition system is based on the custom network structure TRBNet containing three channels for
trigger, data and slow-control.
In the following the PaDiWa-AMPS front-end board for the TRB3 platform will be introduced. The charge
and time measurement method will be explained in detail. The evaluation of the PaDiWa-AMPS2 board
and finally the installation and commissioning inside the ECAL detector will be covered in Chapters 4
and 5.

Figure 3.1.: Simplified read-out scheme of the HADES ECAL detector. Photo-multiplier tube signals are

digitized in the PaDiWa-AMPS front-end board via a modified time-over-threshold method.

The TRB3 platform is used for the needed time-to-digital conversion. A connection to the

HADES DAQ is realized via the custom network structure TRBNet which contains three chan-

nels for trigger, data and slow-control.

3.1 Charge and time measurement method

As shown in Section 2.2 the energy of a particle, which is deposited in lead glass, is proportional to
the signal charge of the PMT signal. The charge therefore has to be measured with a high accuracy. A
standard time-over-threshold (ToT) discriminator cannot be used to cover the expected dynamic range. A
saturation of the discriminated signal width for pulses with high amplitude will start rather soon, which
makes it especially difficult to distinguish signals with high amplitudes. To avoid this problem the charge
measurement method is based on a modified Wilkinson-ADC [54] circuit where the charge of the PMT
pulse is encoded in the width of a digital pulse via a so-called charge-to-time-over-threshold (Q2ToT)1

conversion system.
The simplified measurement principle allows to determine the arrival time and the charge of detector
pulses and is shown in Fig. 3.2. The analog part and the FPGA based discriminator are realized on
the PaDiWa-AMPS2 front-end board. The needed FPGA based Time-to-Digital-Converters (TDCs) are
implemented on the TRB3 board. In the analog part, the input signal is linearly amplified and split into
a FAST and SLOW component. The so-called FAST signal is sent directly to the discriminator, which
is implemented with the help of an FPGA. The leading edge of the discriminated FAST-signal contains

1 In the following Q2ToT is also abbreviated as ToT in some places. In general the ToT of the so-called SLOW channel has
the same meaning as Q2ToT.
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Figure 3.2.: After attenuation/amplification, the input signal is split into a FAST component, containing

the arrival time and a SLOW component, which contains the charge information. The FAST

signal is discriminated with the help of an FPGA. Afterwards, a TDC implemented in a sec-

ond FPGA is used to measure its leading edge which contains the arrival time information.

The SLOW signal is integrated by a capacitor and discharged by a discriminator driven cur-

rent source. The SLOW signal is also discriminated in an FPGA and its time-over-threshold,

representing the charge, is measured by an FPGA-TDC.

the arrival time information of the PMT pulse. The SLOW component is integrated with the help of a
capacitor. Inside the FPGA a logical AND gate between the leading edge of the SLOW and a delayed
FAST leading edge is used to start a constant discharging signal. This so-called DISCHARGE signal is fed
back into the analog part and ensures a constant discharge of the integrated capacitor. When the trailing
edge of the SLOW signal reaches the threshold, the DISCHARGE signal is switched off. The resulting
so-called SLOW signal is sent to the FPGA for discrimination. This signal is proportional to the input
charge (see 5.3), thereby the charge is encoded in the width of the discriminated SLOW signal.
In summary, one can say that the energy deposited inside an ECAL module is proportional to a charge
measurement of a PMT pulse. For that the charge measurement is converted into a width measurement,
which is encoded in the width of the SLOW signal. The width can be calculated from the leading (LE)
and trailing edge (TE) measurement of the SLOW signal:

Energy∝ Charge∝ Q2ToT = TESLOW − LESLOW. (3.1)

Both the discriminated FAST and SLOW signals are sent via Low Voltage Differential Signaling (LVDS) to
the TRB3 platform which implements precise (8 ps RMS) [55] FPGA based TDCs and data acquisition
functionality.
The signal discrimination [56] on the PaDiWa family is realized with the help of an FPGA. Its Low Voltage

Differential Signaling (LVDS) input buffers are used as a comparator. For that, the analog FAST and
SLOW signals, generated in the analog part of the PaDiWa-AMPS board, are sent to the input buffers
of the FPGA and compared to a reference voltage. The signal discrimination scheme is visualized in
Fig. 3.3. The discrimination threshold can be set by varying the reference voltage of the input buffer.
The reference voltage, often also called threshold voltage, is generated via a Digital-to-Analog Converter

(DAC) implemented with the help of Pulse Density Modulation (PDM) which is generated inside the FPGA.
A low pass filter is used to filter out the edges in order to get a constant reference voltage. Discriminated
signals are processed in the FPGA and sent to the FPGA output buffers. The arrival time and the charge
information of the detector input pulse is then encoded in the digital LVDS output pulse.
In Fig. 3.4 the electronic schematic of the analog electronics part is shown for the first physical input
channel of the PaDiWa-AMPS2 board. The input impedance is matched to the 50Ω impedance of the
PMTs coax cable used in ECAL. The electronics scheme has been optimized for pulse shapes generated
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Figure 3.3.: Scheme of the signal discrimination via the LVDS input buffers. Discrimination threshold can

be set to the input signals by an Digital-to-Analog-Converter (DAC) using Pulse Density Mod-

ulation (PDM) in combination with a low pass filter.

Figure 3.4.: Schematics of the analog stage of the PaDiWa-AMPS2 board. A transformer (TX1) was added

in order to decouple the input ground from the board ground.

by the HADES ECAL detector. The simple circuit design allows to adjust the electronics to different signal
shapes. In order to improve the signal-to-noise ratio a transformer was added in the second version of
the front-end board which decouples the input ground from the board ground and therefore improves
the signal to noise ratio. After the first amplification stage, using a BFS520 transistor (Q1) in an emitter-
circuit, the signal is split into a FAST and SLOW component. The FAST signal is sent to the FPGA for
discrimination (OUTP_FAST). The SLOW component is integrated with the help of a 10 nF capacitor
(C114). The BFP740 transistor (Q2) is used to amplify the voltage at the integration capacitor. Since
ECAL PMTs generate signal amplitudes in the order of several hundreds of millivolts, the amplitude gain
for ECAL is almost 1 V V−1. The DISCHARGE signal, which is generated inside the FPGA, is fed back to
the circuit. The integration capacitor is thus discharged by a constant current source which results in a
linear voltage drop at the capacitor. The SLOW signal is afterwards sent to the FPGA for discrimination
(OUTP_SLOW). Typical analog signals of FAST, SLOW and DISCHARGE, probed with an oscilloscope,
are shown in Fig. 3.5.
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Figure 3.5.: Typical signal shapes measured on the PaDiWa-AMPS2 board with an oscilloscope. The in-

put signal (blue), the resulting FAST (magenta) and SLOW (yellow) signals are shown. The

DISCHARGE signal is visible in the FAST signal.

3.2 General Purpose Trigger and Read-Out (TRB) platform

The HADES ECAL read-out system is based on the General Purpose Trigger and Read-Out Platform

(TRB3) [53, 57]. The abbreviation TRB3, of the read-out platform which is available in the third gen-
eration, has different meanings: TDC-Readout-Board, Triggered-Readout-Board and Triggerless-Readout-

Board. This underpins the flexibility of the platform. The TRB3 platform was initially developed for the
needs of the HADES experiment, but its flexibility already attracted other experiments and applications
all over the globe. A large variety of front-end boards is available, e.g. the PaDiWa discriminator family.
The newest variation is the TRB3 board which implements up to 260 multi-hit Time-to-Digital-Converter

(TDC) channels. The TDCs are implemented via the tapped delay line method [58, 59] inside four
FPGAs. This allows single edge and time-over-threshold (ToT) measurements, with a time precision of
8 ps RMS [55]. In a fifth FPGA a central trigger system (CTS) [38] and data acquisition (DAQ) functional-
ity is implemented. In table 3.1 the key facts of the TRB3 board are summarized. The board is applicable
as a standalone system and also in large systems with many TRB3 boards. A comprehensive software
package is available which includes configuration, read-out and online analysis software [60, 39]. Slow
control communication with front-end boards, e.g. threshold setting is implemented via a Serial Periph-

eral Interface (SPI). In the ECAL detector the crate compatible version TRB3sc [57] is used. This version
is fully compatible with the TRB3 board and is equipped with 48 TDC channels implemented in a single
FPGA which allows to read-out three PaDiWa-AMPS boards in parallel. The TRB3 front-end board and
its crate compatible version TRB3sc are shown in Fig. 3.6.

3.3 PaDiWa-AMPS2 front-end board for the TRB3 platform

A new front-end board for the TRB3 platform was specially developed for the read-out requirements of
the HADES ECAL. In the context of this work the second version of the so-called PaDiWa-AMPS [52]
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Figure 3.6.: Left: The successor board of the TRB family is the TRB3 board which implements 260 FPGA-

TDC channels and data acquisition functionality. Right: The smaller crate capable version

TRB3sc, which is used in the HADES ECAL detector, implements 48 FPGA-TDC channels. (Pic-

tures by G. Otto, GSI)

Key Facts
Supply voltage 48 V (40-50 V), galvanically isolated on board

Power supply current 0.5 A minimum without AddOns
GbE-connectivity max. 95 MBytes/s transfer per link
GbE-slow-control up to 400 registers/transfer, speed depends on GbE latency

Connectivity max. 8 SFPs, each 2GBit/s on board. 4 AddON boards
Max. read-out trigger rate about 300 kHz

Max. hit rate 50 MHz (burst of 63 hits)
TDC channels 260 (multi-hit single edge detection)
Time precision <20 ps

Minimum pulse width <500 ps

Table 3.1.: Summary of some key facts of the TRB3 platform [57].

board was designed, manufactured, tested and finally installed in the ECAL detector. A successful oper-
ation has been shown during a HADES production beam time in March 2019.

The PaDiWa [61] board was originally developed as a discriminator front-end board for the PANDA
DIRC [62] detector. This front-end board was modified and redesigned to implement a charge measure-
ment. The front-end board was developed according to the Keep it small and simple (KISS) principle. The
analog part is based on discrete electronics while signal discrimination and digital processing is imple-
mented with the help of a commercially available Field Programmable Gate Array (FPGA). It is therefore
possible to adjust the electronics easily to different signal shapes. A photograph of the PaDiWa-AMPS2
front-end board is shown in Fig. 3.7. The board has outer dimensions of 87 mm× 52 mm and is equipped
with eight micro-miniature coaxial (MMCX) connectors, allowing to read-out eight PMTs in parallel. For
each physical input an analog electronics part is used in order to prepare the PMT signals for discrimi-
nation. The measurement principle (see also Section 3.1) is to integrate the signals and to encode the
charge in the width of a digital pulse via a modified time-over-threshold method. The discrimination
of the signals is implemented with the help of a Lattice MachXO3 FPGA. Afterwards, the discriminated
signals are sent via a 40-pin differential signal flat cable to a TRB3 board for further processing.
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Figure 3.7.: The PaDiWa-AMPS2 discriminator front end board for the TRB3 platform which is used in the

HADES ECAL detector. Eight PMT signals can be read-out paralelly. A charge measurement is

implemented via a modified time-over-threshold method.

3.4 Production of the second version of the PaDiWa-AMPS front-end board

In 2017 a prototype of the second version of the PaDiWa-AMPS [63] board was designed and manufac-
tured. The first prototype PaDiWa-AMPS1 was already systemically investigated. It was demonstrated
in the laboratory [64] and with test-beam [48] that it is possible to read-out the HADES ECAL modules
with good performance. For the mass production of the required boards for the ECAL its layout was
reworked in order to fix several bugs and add new features. A significant change in the new version is
the use of a newer generation of FPGA (Lattice MachXO3) in order to provide more resources for future
firmware developments. The MMCX connectors have been exchanged for edge mountable types which
are mechanically more stable and three times cheaper. The imperial package size was reduced from
0402 to 0201 which allows more space for an optimized placement of the components on the printed

circuit board (PCB). A High-Density-Interconnect-PCB with eight layers and micro-via technology allows
complex routing. For example, signal layers are now shielded by ground layers in order to increase the
signal to background ratio. Also, the routing of signals lines was optimized to improve the signal timing.
The upper layer of the new PaDiWa-AMPS2 layout is shown in Fig. 3.8. In total, 150 boards have been
manufactured and assembled at the GSI Department for Experiment Electronics.

3.4.1 SPICE model of the PaDiWa-AMPS2 board

For the simulation of analog, digital and mixed electrical circuits the Simulation Program with Integrated

Circuit Emphasis (SPICE) [66] software can be used. The algorithm searches for approximate solutions
for the system describing differential equations. Their relationship is determined by the circuit topology
and transferred to the simulator by means of a net list describing the components and their connections.
The components are described by models which are partly physically oriented, but can also be completely
abstract. In the latter case, a subsystem is described only by inputs/outputs and linking equations,
instead of consisting of single components. This leads to a fast and accurate simulation result.
In this work the LTspice [67] software for circuit simulation from the former semiconductor manufacturer
Linear Technology (since 2017: Analog Devices) was used. Several analog components and idealized
digital gates are provided in the libraries. Since the software is based on SPICE, models from other
sources can be easily adopted and used. The PaDiWa-AMPS1 circuity was fully modeled [68] using this
software. In the context of this work the simulation was adopted in order to simulate features of the
new PaDiWa-AMPS2 board. The analog part is modeled including the SPICE models of the transistors.
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Figure 3.8.: Top layer view of the new PaDiWa-AMPS2 PCB layout [65]. By reducing the package size to

0201 more space for the placement of components and routing is available. This allowed for

signal timing optimizations.

The discriminator and the logic of the DISCHARGE signal generation is emulated with the help of re-
placement circuits. Signals of PMTs (triangular pulses) with different amplitudes can be injected into
the input and all signals (e.g. FAST, SLOW and DISCHARGE) can be probed. The simulation results
have been proven by laboratory measurements to be close to the expected behavior. The LTspice model
is described in Fig. 3.9.
The LTspice model was used in several steps during the design and the optimization of the analog cir-
cuit in order to match it to PMT signals of the ECAL. For example, during the manufacturing of the
PaDiWa-AMPS2 board it was used to adopt a replacement transistor in the first amplification stage to the
schematics. The BFS520 transistor (see Q1 in Appendix A.15), which was used in the PaDiWa-AMPS1
board, is no longer in production and replaced by the BFU55W transistor. Its effect on the analog sig-
nals was simulated and studied. Among others, the signal shapes of the FAST and SLOW signals were
examined more closely. A comparison of the simulated FAST and SLOW signals for both transistor types
are shown in Fig 3.10. They show a similar behavior and theretofore an adjustment of the schematics
was not necessary in order to use the replacement transistor. Nevertheless, before installation of the
boards into the ECAL detector, a detailed performance investigation was done and will be discussed in
Section 5.1.
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Figure 3.9.: LTspice model of the PaDiWa-AMPS2 circuit which is based on [68]. In the upper part, the

analog electronic part is modeled. In the lower left, the generation of the DISCHARGE signal

is modeled. In the lower right, the LVDS input buffers are simulated.

Figure 3.10.: LTspice simulation, comparing FAST and SLOW signals of the obsolete BFS520 transistor with

its replacement BFU550W. The input signal for the simulation is shown in green. FAST and

SLOW signals are shown for both transistor types and have only very slight deviations from

each other.
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4 Integration of the read-out electronics into the ECAL detector

The ECAL mainframe has been installed inside the HADES cave in 2017. Until the beginning of 2018
four sectors have been filled with detector modules and equipped with read-out hardware afterwards.
In Fig. 4.1 a panoramic photography shows an inside view of the ECAL detector. Three of the four fully
equipped sectors are visible from its back side.
Within the scope of this work, the read-out electronics was installed inside ECAL. This includes the in-
stallation of infrastructure for the data acquisition, the laying of several kilometers of cables and the
installation and commissioning of network and read-out equipment. In this section the integration pro-
cess will be described. The read-out structure is shown in more detail and naming conventions of the
individual components are given.

Figure 4.1.: Cylindrical panorama composite sitting inside the ECAL detector. In the central hole one can

see the back side of HADES with TOF detector and the back-most layers of the MDC. Three

fully equipped ECAL sectors are visible which illustrate the high degree of cabling (brownish:

signal and high voltage cables, orange: optical fibers). (Picture taken in February 2019)

4.1 ECAL support frame and module installation

The installation of the ECAL support frame in the HADES cave took place in August 2017. In Fig. 4.2 (left)
the support frame after installation in the cave is shown. In the picture the numbering convention of
the six sectors is indicated. Lead glass modules have been inserted from the front side. Each module is
fixed with four screws on holding rods. During laboratory tests it was found out that the brass box of
the modules is not fully light tight. Therefore the front side of each sector is covered with black PVC foil.
Black silicone is used to close possible light leakages on the back side of the modules. So far, four sectors
have been equipped with detector modules. The upper two sectors number 2 and 6 are equipped with
modules containing new 3-inch Hamamatsu R6091 PMTs. The lower two sectors number 3 and 5 are
equipped with 1.5-inch EMI 9903KB PMTs. A fifth sector is planned to be equipped until the beginning
of 2020 and the last sector will follow in the end of 2020. Those sectors will be equipped with 3-inch
Hamamatsu R6091 PMTs. It is also intended to upgrade sectors number 3 and 5 with 3-inch PMTs in the
near future. The ECAL support structure is also used to mount the RPC detector (see Fig. 1.5) which is
attached on the front-side of the detector. In future, parts of a new forward tracking system [69] will be
mounted in the central hole of the support structure. They will allow tracking of particles in polar angles
between 0° and 7° which is currently not covered by HADES. All three sub detectors, ECAL, RPC and the
future forward tracking system, share the same infrastructure. It has been taken care to create as many
synergies as possible. For example, devices are shared between the detectors, e.g. power supplies and
the network infrastructure.
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Figure 4.2.: Left: Front view (facing into beam direction) of the ECAL mainframe mounted on a rail sys-

tem which allows moving it to a service position. The numbering of the sectors is indicated.

(Picture taken in August 2017) Right: Three sectors filled with modules. One sector is already

covered with a light-tight black PVC foil in order to seal the modules from external light.

(Picture taken in January 2018)

4.2 Read-out electronics and network infrastructure inside ECAL

In Fig. 4.3 the read-out scheme inside the ECAL detectors is shown in detail. Up to eight PMTs are
connected to one PaDiWa-AMPS2 front-end board. A TRB3sc TDC board, which is located in a small
crate, is used to read out three PaDiWa-AMPS2 boards. In total, six TRB3sc crates are evenly distributed
in the detector in order to keep read-out cables as short as possible. Inside the crate seven TRB3sc
TDC boards are connected via a backplane with a TRB3sc master board. This board is used for the
communication with the HADES DAQ. It receives the trigger information and the reference time from
the HADES DAQ via an Ethernet connection. The data requested by the HADES DAQ is also delivered
via Ethernet connection. Control data is sent and received in both directions via an optical link.
It is possible to send photons, generated by a LASER system, into each ECAL module which can be used
for monitoring and calibration purposes. Each sector is equipped with its own LASER system. Each
system contains a LASER diode and an optical micro lens system which couples the LASER diode to 196
optical fibers. The control of each LASER system is realized with a pulser add-on board [70] for the
TRB3 platform. This allows the control and configuration of the LASER system via TRB3 software which
allows to switch on the LASER system during spill brakes. More details about the LASER system will be
given in Section 5.2.3.
In order to house the network infrastructure and power supplies two standard 19-inch network racks
with 32 height units (Tritron RMA-32-A68-CAX-A1) have been mounted in the rear part of the ECAL
support frame. The mounting position was chosen to allow access from both sides. The racks house
the low and high voltage powers supplies, network equipment and the hardware for the trigger and
reference time distribution. Cables are guided through cable chains which are mounted on the support
rails of the ECAL mainframe. The position of the racks is shown in Fig. 4.4. The installed equipment
inside the two racks is shown in Fig. 4.5.

4.3 Read-out electronics installation and naming conventions

In the following, an overview of the read-out electronics integration in the sectors and the naming
convention will be given. Each module is equipped with two coax cables, a high voltage and a signal
cable. Both cables have a length of approximately 1.5 m. In order to guide the cables of each module
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Figure 4.3.: Read-out scheme of the HADES ECAL detector including the number of installed elements.

PMT signals are digitized in the PaDiWa-AMPS2 front-end board for the TRB3 platform. The

TRB3sc crate compatible version is in use. The read-out is triggered by the HADES DAQ and

data is sent to it. Control communication is sent in a separate line.

to the read-out electronics and high voltage distribution boxes the grouping scheme shown in Fig. 4.6
is used. The 163 modules of each sector are divided into seven groups. Each group consists of three
subgroups containing eight modules, respectively. The signal and high voltage cables of each of the
seven groups are guided to the edge of the detector, where the HV distribution boxes are located. Close
to the HV distribution box, a mounting frame is installed, each containing three PaDiWa-AMPS2 boards.
The mounting frame was designed in order to allow passive ventilation between the boards and to give
easy access to them in case of a failure. A technical drawing of the mounting frame can be found in
Appendix A.1.
Each of the three PaDiWa-AMPS2 boards, which are mounted inside the mounting frame, is connected
via 1 m (a few with 1.5 m) long 40-pin LVDS flat cables to one TRB3sc TDC board. Those boards are
mounted in six crates which are evenly distributed in the detector. Each crate contains a master TRB3sc
and seven TRB3sc TDC broads. The schematic drawing in Fig. 4.7 shows the crate location in the ECAL
mainframe and the addresses of the boards. Each crate contains a master board with the address 8A0X

and seven TDC boards addressed 60X Y , where X is the number of the corresponding sector and Y the
board number, both counting from 0. All read-out elements described are indicated in Fig. 4.8, which
gives a side view into sector number 5.

4.4 Low and high voltage distribution system

A low voltage (LV) distribution is needed for the six TBR3sc crates and the 126 PaDiWa-AMPS boards.
Beside this a high voltage (HV) distribution is needed for each detector module. In Fig. 4.4 the routing
for the HV cables is visualized too. The required high voltage is provided by three CAEN SY4527 crates
which are equipped with 14 modules (CAEN 1535N and CAEN 7495N). With each module 24 PMTs can
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Figure 4.4.: CAD drawing of the infrastructure in the ECAL mainframe. Two 19-inch racks house the

network infrastructure, low and high voltage power supplies. A third HV power supply (red

box) is mounted on the top side. The routing of high and low voltage cables is shown in blue.

The yellow boxes are the read-out boards of the RPC detector. The hole in the middle is kept

free since forward tracking detectors will be installed there in future.

Figure 4.5.: Description of the interior of two standard 19-inch racks which are mounted in the ECAL

main-frame. They house the low voltage and high voltage powers supplies, network hubs,

the trigger and the reference time distribution.
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Figure 4.6.: ECAL module grouping scheme, facing to the back side of a sector. The 163 modules in

an ECAL sector are arranged in seven groups. Each group is divided into three subgroups

containing eight modules, respectively.

Figure 4.7.: Location of the TRB3sc boards, facing the beam direction. The boards are mounted in six

crates. Each crate contains a master board 8A0X and nine TDC boards 60X Y , where X is the

sector number and Y the board number counting from 0. (Taken from [71])
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Figure 4.8.: Side view into sector number 5. The main read-out parts are marked.

be powered. A HV crate is located in each of the two racks, a third one is mounted on top of the ECAL.
Since the low voltage power supplies are located close to the HV devices, they follow the same cable
routing to the sectors.
The PaDiWA-AMPS front-end board needs a voltage of 5 V and a current of about 700 mA which results
in a power consumption of 3.5 W per board. For that, three power supplies (Rohde&Schwarz HMP4040)
are used. Each one is equipped with four output channels. One channel is connected to 12 PaDiWa
boards resulting in a power consumption of 42 W per channel. In order to keep the cable losses low
6 mm2 cables are used since long distances with lengths up to 10 m have to be overcome. The energy
loss for a 10 m long 6 mm2 cable with an operating voltage of 5 V is 0.7 W. A voltage drop of 0.4 V is
expected for the same cable which can both be compensated by the power supplies. The cables are routed
to the sectors in the same way as the HV cables. At the sector the cable is connected to a distribution
board which allows to connect up to twelve PaDiWa-AMPS2 boards. The schematics of the distribution
board can be found in Appendix A.16.
The six TRB3sc crates need a 48 V low voltage power supply with a total power of about 300 W. The
power supply is located in rack number 2. Cables with a cross-sectional area of 4 mm2 are in use. All
power supplies can be controlled remotely which is useful to perform a power-cycle of the read-out
electronics in case of a problem during beam time.

4.5 Integration of the read-out electronics into the HADES software structure

After installation of the ECAL read-out electronics, the hardware was integrated into the HADES software
structure. The module naming conventions have been shown in Fig. 4.6. A look-up table (LUT) was
created which allows an assignment of the TDC address and channel to the corresponding ECAL module.
The table contains the TRB3 address, the TDC channel number, a FAST or SLOW channel flag and the
corresponding module number which results in about 2000 entries.
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5 Characterization and commissioning of the ECAL read-out electronics

The performance of the read-out electronic was systematically studied in the laboratory before instal-
lation into the ECAL detector. The evaluation of the PaDiWa-AMPS2 prototype before the final batch
fabrication of 150 boards at GSI was important. For this a SPICE simulation is available and laboratory
tests have been conducted in order to characterize the charge and time measurement precision. Further-
more, this chapter deals with the commissioning of the entire read-out system of the ECAL detector. The
threshold setting procedure for the discriminators and the commissioning of the detector and read-out
system with LED signals, cosmic muons and test-beam will be shown. In the end, issues which have been
encountered during commissioning are addressed and their solutions will be presented.

5.1 Characterization of the PaDiWa-AMPS2 board in the laboratory

Before installation of the PaDiWa-AMPS2 board into the ECAL detector its performance was investigated
in the laboratory. A typical set-up is shown in Fig. 5.1. The PaDiWa-AMPS2 board is connected to a TRB3
board in a stand-alone set-up. A laboratory pulse generator is used in order to generate signals similar
to PMT pulses. Analog and digital signals can be probed on the PCB with the help of an oscilloscope. A
standard personal computer (PC), equipped with the read-out software DABC [39] and Go4 [60], allows
a data analysis in real-time. For example ROOT [72] based analysis macros can be executed in real-time
which is very useful in a laboratory environment.
In the following, the measurements, which have been conducted in order to evaluate important param-
eters like time and charge precision, will be presented.

Figure 5.1.: Laboratory test set-up for the characterization of the PaDiWa-AMPS2 prototype. Test signals,

generated by a laboratory pulse generator, are injected to the PaDiWa-AMPS2 board which

is connected to a TRB3 board. A DAQ PC with ROOT based analysis software is used to

investigate the performance of the system.

5.1.1 Time measurement precision

An important performance parameter is the time precision of the full read-out chain. It can be charac-
terized by the width of a distribution which one gets from a repeated time measurement. In order to
determine the time precision of the PaDiWa-AMPS2 board, a PMT shaped signal with a rising edge of 5 ns

and a falling edge of 50 ns and an amplitude of 1.5 V was generated by the laboratory pulse generator.
The measurement set-up is shown in Fig. 5.2 (left). The pulse generator signals were split and sent into
two different input channels. As described in Chapter 3, the FAST channel is used for the determination
of the arrival time, where the time information is encoded in the leading edge of the discriminated FAST
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Figure 5.2.: Left: Laboratory set-up for the time precision determination. Right: Distribution of the mea-

sured time difference of the two FAST leading edges with a fitted Gaussian distribution.

signal. The distribution of the measured time difference of the two leading FAST edges is shown in
Fig. 5.2 (right). The measurement precision is characterized by the sigma value σch1,ch2 = 22.3 ps of a
fitted Gaussian distribution. By taking into account that both channels have the same contribution to the
time precision, the precision of a single channel can be estimated with:

σch1 =
σch1,ch2p

2
= 15.8 ps. (5.1)

The achieved precision exceeds by far the required precision for ECAL, which is about 300 ps.

5.1.2 Charge measurement precision

Another important performance parameter is the precision of the charge measurement method. For the
evaluation PMT shaped pulses (rise time: 5 ns, fall time: 50 ns) were generated by a laboratory pulse
generator. The amplitude was varied in order to get different pulse charges. The signals have been
injected into the PaDiWa-AMPS2 board and the resulting Q2ToT was extracted in a ROOT analysis. The
Q2ToT distributions have been fitted with Gaussian functions. The fitting parameters for the mean value
µQ2ToT and the standard deviation σQ2ToT are used to characterize the charge and its precision. Thereby
the relative measurement precision is then defined by:

∆Q2ToT =
σQ2ToT

µQ2ToT

· 100%. (5.2)

In Fig. 5.3 the measured Q2ToT for different input pulse charges is shown. The charges correspond to
pulse amplitudes between 50 mV and 2500 mV. Besides a comparison with the PaDiWa-AMPS1 board,
the PaDiWa-AMPS2 prototype is compared with a version containing a galvanic isolation of the input
signal ground. Since a galvanic isolation could potentially deteriorate the signal shape in a negative
way a careful investigation was needed. It has been shown that the version with a transformer shows a
different slope for the measured Q2ToT values. Nevertheless, its course still shows no saturation. Also,
its non-linear behavior will not influence the charge measurement in ECAL, since the full system will be
calibrated offline.
For each Q2ToT measurement the standard deviation σQ2ToT was extracted from a Gaussian fit and the
relative charge measurement precision was calculated by equation 5.2. The result is shown in Fig. 5.4.
The results obtained with the PaDiWa-AMPS front-ends are compared with a reference charge mea-
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out galvanic isolation is compared with the PaDiWa-AMPS1 prototype.

surement, performed with an oscilloscope. For signal charges above 0.5 nA s (signal amplitude above
300 mV) the relative precision is below 0.5 %. The best precision was obtained with the PaDiWa-AMPS2
board containing the transformer.
Every threshold triggered discriminator is affected by a time-walk effect. The effect is illustrated in
Fig. 5.5. Signals with different amplitudes reach the voltage value of the threshold at different times.
The effect is especially pronounced for signals with small amplitudes where the arrival time is shifted
to later times, therefore falsifying the time measurement. This effect has to be taken into account and
corrected. An offline time-walk correction for the ECAL data will be applied on an event-by-event basis.
A detailed description of the calibration process of ECAL will be shown in Chapter 6.
A time-over-threshold measurement is typically very sensitive for noise frequencies in the range of the
measured time-over-threshold. In this case a jitter (see also Fig. 5.5) on the input signal and especially
low frequency noise on the signal could distort the measured time-over-threshold by superimposed inter-
ference. This is typically indicated by a multi-peak structure in the time-over-threshold distribution [74].
In the PaDiWa-AMPS1 prototype this effect was very pronounced and visible in almost all Q2ToT dis-
tributions. An example of such a structure is shown in Fig. 5.6. In the PaDiWa-AMPS2 board these
structures are not present any longer. The improvement can be explained by the transformer in the input
stage which improves the signal-to-noise ratio, e.g. by the elimination of ground loops.

5.1.3 Dynamic measurement range and threshold settings

Another important property of the read-out electronic is its dynamic measurement range. It is defined by
the ratio of the largest and smallest measurable signal amplitude. In order to achieve the highest possible
dynamic range the proper threshold settings are important. The FAST threshold should be very close to
baseline to achieve the best time precision since the signal rise is steepest here. A value of 50 mV above
the baseline has proven to be an optimal value. The threshold for the SLOW signal is more challenging
due to its high sensitivity to low frequency noise. It is difficult to measure the charge of signals with
amplitudes below 40 mV using the proposed measurement concept. This is due to noise in the SLOW
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channels which make a threshold setting below this value difficult. In the SLOW channel a value of about
50 mV is prudent.

At input amplitudes above 3 V the SLOW signal starts to saturate. This is due to the fact that it reaches
the reference voltage which prevents a further rise of the signal. This behavior is shown in Fig. 5.7.
Since the SLOW signals are still increasing in their width, by increasing amplitude of the input signal,
the measuring method also works with large input amplitudes (or larger charges). Even so, the charge
measurement principle has been proven to work with signals amplitudes up to 10 V which results in a
dynamic measurement range of 250, where input amplitudes between 40 mV and at least up to 10 V can
be measured.

5.1.4 Rate capability

The rate capability of the read-out electronics is limited to about 100 kHz. This limitation is due to a sig-
nal overshoot, followed by an undershoot which both are present in the SLOW signal. The oscilloscope
picture in Fig. 5.20 shows the overshoot and undershoot. Together, they have a natural decay time in the
order of about 10µs. A subsequent signal pulse will be influenced by the overshoot and undershoot in the
SLOW signal in case they are not fully decayed. Consequently, because of the fixed discriminator thresh-
old voltage, a smaller width of the signal will be measured. For the PaDiWa-AMPS1 prototype there was
an attempt to reduce the overshoot [64] by tuning the inductance L5 (see the PaDiWa-AMPS2 schematics
in 3.4 and the PaDiWa-AMPS1 schematics in Appendix. A.15), however, only an active baseline restorer
will be able to eliminate this effect fully.

A new front-end board for the TRB platform is currently under development [75]. The new measurement
technique is specially designed for the measurement of signal pulses and is by default equipped with an
active baseline restorer. The board is fully compatible with the TRB platform. A first prototype will soon
be tested for the compatibility with ECAL signals.
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Figure 5.5.: Illustration of time-walk and jitter effects of a discriminated signal pulse. The time-walk effect

is due to the fact that voltage values of the threshold are reached at different times which

are due to the physics of signal formation. This effect is especially pronounced for signals

with small amplitudes. An additional noise jitter added to the signal causes small amplitude

variations which deteriorates the time measurement precision. (Taken from [73])

Figure 5.6.: Left: Multi-peak structure visible in the Q2ToT time-over-threshold measurement of the

PaDiWa-AMPS1 prototype board. Right: In the new PaDiWa-AMPS2 board, which is

equipped with a transformer in the input stage, the multi-peak structure is not present any

longer.

5.1.5 Power consumption and heat emission

The total power consumption of the PaDiWa-AMPS2 board is about 3.5 W. In Fig. 5.9 a thermal camera
picture of the board is shown. Hot spots (see yellow spots in Fig. 5.9) are the transistors of the first atten-
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Figure 5.7.: A saturation of the SLOW signal is visible for input signal with an amplitude above 3 V. The

analog SLOW signal for a 5 V input signal is shown in green, the corresponding discriminated

SLOW signal is shown in yellow.

Figure 5.8.: The SLOW signal contains an overshoot, followed by an undershoot. Both have a total de-

cay time of about 10µs which limits the rate capability of the read-out electronics to about

100 kHz.

uation stage, the FPGA and the Low-Drop-Out regulators (LDOs) for the power supply. The temperature
of the hot spots can reach up to 50 ◦C. Since the boards are not densely arranged in the ECAL detector
an external cooling will not be necessary. It is known that temperature changes can influence the signal
run times inside an FPGA. Since the HADES cave is actively air-conditioned large temperature variations,
which could potentially harm the functionality of the PaDiWa-AMPS2 board, are not expected.
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Figure 5.9.: Temperature measurement with an infrared camera. Hot spots (yellow spots) are the eight

transistors of the first attenuation stage, the FPGA and the Low-dropout regulators (LDO)

which are placed in the lower left region.

5.1.6 Delay adjustment of the DISCHARGE signal

Within the framework of a mini-research project [76] the internal delay of the DISCHARGE signal has
been investigated. As described in Section 3.1, this signal is used to discharge the integration capacitor
in a controlled way. This capacitor should ideally be discharged when the input pulse is fully integrated.
This depends on the width of the input pulse. An adjustment for the start of the DISCHARGE signal is
needed to allow to adopt the measurement principle to a large variety of pulse shapes.
The DISCHARGE signal is generated from a logical AND between the leading edge of the FAST and
the leading edge of the SLOW signal. The same signal is switched off when the trailing edge of the
SLOW signal is detected. Signals, which are routed inside the FPGA need a specific time to pass through
the electronic switches along its route. This causes a delay of the signal, which can be used to delay the
DISCHARGE signal. In order to generate the delay, the DISCHARGE signal is sent back and forth between
two banks which are located on the edges of the FPGA. The arrangement of the banks is schematically
shown in Fig. 5.10. With the help of a multiplexer it is possible to select the number of times the signal
is routed between the banks A and B. The multiplexer allows a selection of time delays in 64 steps. The
obtained time delay for the chosen step number is shown in Appendix A.18. Delays can be generated
between 10 ns and 200 ns with a step size of about 2 ns. In practice, a delay value of 20 ns is used in
order to match the used ECAL PMTs signal shapes (see Fig. 2.9 and Fig. 2.10). The adoption process of
the DISCHARGE signal to an input signal is shown in Fig. 5.11.

5.2 Commissioning of the read-out electronics in the ECAL detector

In this section the most important DAQ-Operator tools will be introduced. The threshold adjustment
and setting procedure will be described. After this, the performance of the ECAL for LASER, cosmic
muons and an Ag-test beam will be given. In the end, issues which have been encountered during the
commissioning and their solutions will be presented.
After the installation of the read-out electronics and the DAQ infrastructure, the ECAL detector was put
into operation. It had to be ensured that all individual components function properly and the perfor-
mance of the whole system had to be evaluated. In order to test the full read-out system, test signals
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Figure 5.10.: Schematic drawing of the DISCHARGE signal delay inside the FPGA. The DISCHARGE signal

is delayed by routing it back and forth between the banks A and B.

Figure 5.11.: Left: The FAST signal including the DISCHARGE signal is shown in yellow. The SLOW signal is

shown in orange. In this situation the DISCHARGE delay is too large. Right: In this situation

the DISCHARGE is adjusted to the width of the input signal width which is equivalent to the

width of the FATS signal.

have been generated by the ECAL LASER system, or cosmic muons have been used. An important part
of the commissioning phase was the threshold settings for almost 2000 FAST and SLOW channels. Fur-
thermore, tools had to be developed to visualize the proper functioning of the detector during beam
time.

5.2.1 Slow control and DAQ-operator tools

For the detector monitoring during a four weeks long beam time, the necessary visualization tools were
developed. They visualize the proper function of the detector and its read-out electronics. The monitor-
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Figure 5.12.: The central monitoring tool in HADES is the tactical overview which visualizes the current

status of the sub detectors and the DAQ-system using a simple color code. The most im-

portant parts for the ECAL operator are marked, e.g. the indication that all TRB3sc and

PaDiWa-AMPS2 boards are addressable, the temperature of the boards and the state of the

high-voltage system.

ing scripts are based on Dmon tools [37] which are available in the comprehensive software package for
the TRB3 platform. They allow reading and visualizing, e.g. registers from the TrbNet and Experimental

Physics and Industrial Control System (EPICS), variables can be displayed in graphs and tables. A big
advantage of the system is that all information is accessible from any web browser, including mobile
devices. The central monitoring tool in HADES is the tactical overview which visualizes the current status
of the sub-detectors and the DAQ-system using a simple color code. An example is shown in Fig. 5.12
where the most important parts for the ECAL operation are marked. In addition, scripts allowing a
power-cycling of the ECAL front-end boards in case of a failure have been added in the form of buttons
to the main DAQ control computer.
A very useful monitoring tool was developed in collaboration with the RICH detector group [77], since
the RICH detector uses also the TRB3 platform. This tool allows to display the TDC-scaler values of the
FAST and SLOW channels for every ECAL module in a web browser. Besides the SLOW and FAST channel
hit rates, the current threshold value can be displayed for each module. In Fig. 5.13 the configuration
of the ECAL detector during a test beam is shown. It is noticeable that modules especially in sector
number 3 and 6 are affected by high rates above 10 kHz which is due to missing electrostatic shielding
of the PMTs. A detailed explanation will follow in Section 5.3.3.

5.2.2 Threshold settings

A key task during the commissioning was the threshold setting for almost 2000 FAST and SLOW channels.
Especially the thresholds for the SLOW channels must be very close to the baseline in order to obtain
the largest possible dynamic range. Problems may occur if the threshold is set too low which might
result in picking up of baseline noise. In the worst case scenario, this could lead to an oscillation of the
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Figure 5.13.: The color code shows the FAST signal rate in s−1 which is displayed for each module, facing

into beam direction. Magenta colored modules show rates above 10 kHz which is due to

the "Max: 10000" filtering.

channels which makes it temporally unusable. In such a case, the threshold has to be set to a higher
value in order to stop the oscillations. Afterward, the threshold can be set back to the nominal value. The
threshold setting has already been discussed in Section 5.1.3. Since a different noise situation prevails
after installation in the HADES cave, the optimal values must be determined again. The experience in
the laboratory showed that the absolute values of the baselines and thresholds are stable. Thus, one set
of thresholds can be used for a complete beam-time which is typically in the order of several weeks.
The thresholds in the ECAL detector can be set automatically via a software [78] which was originally
developed for the HADES RICH detector and adopted to the needs of ECAL. The software runs an au-
tomatic routine in order to find baselines and noise widths for every channel. The threshold value can
afterwards be set relative to the baseline. In Fig. 5.14 the relative position of the SLOW channels (even
TDC-numbers) are shown for three PaDiWa-AMPS2 boards which are connected to the same TRB3sc
board. The baseline width for the FAST (odd TDC-numbers) and SLOW channels (even TDC-numbers)
are shown in Fig. 5.15. On average, the base-lines of the FAST channels have a width of about 2 mV, the
SLOW channels of about 2.5 mV. After extensive testing, a relative FAST threshold of 40 mV and 50 mV

in the SLOW channel was found to be the best compromise between high dynamic measurement range
and noise reduction.

5.2.3 Commissioning with LASER signals, cosmic muons and test-beam

Every module in ECAL is equipped with an optical fiber in order to allow to send external light into the
lead glass. Each sector is equipped with its own LASER system which allows to do a fast calibration
before the runs and during the beam times. It can also be used for performance monitoring of every
single ECAL module. The system consist of a LASER diode (PL 450B, emission wavelength: 450 nm) and
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a lens system which distributes the light into 196 fibers. The intensity variation of each fiber is below
15 %. The LASER system is controlled by a special pulser add-on board [70] for the TRB3 family which
allows remote operation. A schematic picture of the LASER system is shown in Fig. 5.16.
During the commissioning of ECAL, the LASER system was used as an useful tool in order to test the
full read-out chain from threshold settings up to data storage and finally to debug the ECAL software.
In addition, the LASER system can be used to characterize the measurement precision of the read-out
system. In Fig. 5.17 the charge measurement distribution of an ECAL module, which is equipped with
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Figure 5.16.: Schematic picture of the ECAL LASER system which distributes the light of a LASER diode

over 196 fibers. (Taken from [79])
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Figure 5.17.: Oscilloscope reference measurement of the signal-pulse-area (∼charge) distribution of an

ECAL module which is equipped with a 3-inch PMT obtained with LASER light. The relative

measurement precision is sigma/mean= 3.6 %.

a 3-inch PMT, is shown for LASER light. The measurement was done using an oscilloscope in order
to obtain a reference measurement of the pule area (∼charge) distribution. The relative measurement
precision is sigma/mean = 3.6 %. This represents the lower limit of the energy resolution of an ECAL
module for LASER light.

Another method in order to test the performance of the read-out system is the usage of cosmic muons.
They are created indirectly as decay products of collisions of cosmic rays with particles of the Earth’s
atmosphere. At ground level the average muon energy is about 4 GeV [6]. The muons follow an angular
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distribution proportional to cos2 θ . The signal response of an ECAL module to a cosmic muon, which
traverses the entire length of the module, is equivalent to the response of a photon with an energy of
580 MeV [48]. A cosmic muon, which crosses the module laterally, generates a signal which is equivalent
to a 100 MeV photon. This value is important for cosmic muon measurements in ECAL, since the modules
are located nearly horizontally. Cosmic muons also play an important role for the energy calibration
process which will be explained in detail in Section 6.3. In order to achieve a large statistic cosmic muon
measurements are usually running for several days.
In December 2018 the ECAL detector was commissioned using an Ag beam. A beam with an energy of
1.58A GeV has been provided by the SIS18 accelerator of GSI. The main purpose of the test beam was
the commissioning of new detector systems like the HADES RICH and the ECAL detector. The test beam
allowed to test the full read-out chain including data unpacking and analysis.
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5.3 Performance issues and solutions

During the commissioning and after the analysis of the test-beam data several issues have been identified.
In this section, the main issues which are related to the read-out electronics will be summarized. Even
if not every issue was solved completely, a fix was found to guarantee a safe data taking during the
production beam-time. An important part in this section is the introduction of an alternative charge
measurement method in the SLOW channels.

5.3.1 Cross-talk and alternative charge measurement method

In 25 % of the modules the analysis of the test-beam data showed a nonphysical gap at measured Q2ToT
at about 65 ns. An example of an affected module is shown in Fig. 5.18. On closer inspection it has
been discovered that the behavior is only visible in the data of modules which are connected to the
PaDiWa-AMPS2 input channels number 5 and 7.

Figure 5.18.: The PaDiWA-AMPS2 input channels number 5 and 7 show a nonphysical gap at measured

Q2ToT of about 65 ns [80].

A more detailed examination in the laboratory showed a cross-talk between the DISCHARGE signal
which couples into the falling edge of the SLOW signal. The effect is visualized in Fig. 5.19. When the
DISCHARGE signal is switched on or off, a wiggle is visible in the SLOW signal. This effect is especially
pronounced in the PaDiWA-AMPS2 input channels number 5 and 7. For signals with certain amplitude
it can happen that the wiggle is exactly at the level of the discriminator threshold voltage. In this case,
either the smaller or the larger Q2ToT value will be detected by the TDCs which results in a gap in the
measured Q2ToT spectra. This problem was not discovered in the laboratory because only single pulses
with a defined amplitude were used. However, a continuous amplitude spectrum of data was generated
during the beam test.
The first approach in order to eliminate this behavior was to change the driver strength of the LVDS
outputs of the FPGA which drive the DISCHARGE signal. By doing so, the amplitude of the cross-
talk signal was substantially reduced. Furthermore, a mistake was suspected on the PCB-layout which
may be caused by a faulty signal line routing. However, in close inspection, no error was detected.
No qualitative differences have been found between channels number 5 and 7 in the layout of the
PaDiWa-AMPS2 board.
Since the problem could not be solved completely, an alternative charge-measurement method was con-
sidered. This new method is based on the measurement of the overshoot in the SLOW signal (also see
Section 5.1.4). The measurement principle is shown in Fig. 5.20. In the standard procedure, a negative
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Figure 5.19.: The gap in the Q2ToT spectra is caused by cross-talk. The FAST signal including the DIS-

CHARGE signal is shown in yellow. The corresponding SLOW signal is shown in green. At

the time when the DISCHARGE signal is switched on and off, a wiggle is visible in the SLOW

signal. In case the wiggle is crossing the threshold, two different Q2ToT values have been

measured.

threshold is set to the SLOW channel in order to discriminate the negative part of the SLOW signal. But
one can also set the threshold to a positive value in order to discriminate the overshoot of the SLOW sig-
nal. This has the advantage that the disturbance caused by the much later switch off of the DISCHARGE
signal is thereby reduced to an amplitude that is far away from the threshold and thus no longer has any
influence on the time-over-threshold measurement. Since the original charge was also discharged with
the DISCHARGE signal, the time-over-threshold signal is still proportional (with an offset) to the input
charge of the input signal and therefore can be used for the Q2ToT measurement. In the following, this
method is called "overshoot" charge measuring method. It can easily be implemented without any changes
in the PCB and FPGA firmware. Only the thresholds in the SLOW channels have to be set to positive
values.
In order to evaluate the "overshoot" charge measurement method for compatibility with the PMT signals,
tests have been performed. The measurement precision and the dynamic range were investigated more
closely. The measured Q2ToTovershoot for different signals generated by the LASER system are shown
in Fig. 5.21 (left). The behavior is similar to the standard measurement method. The "overshoot"
method results in typical Q2ToTovershoot between 200 ns and 1200 ns in comparison of 50 ns to 200 ns

with the standard measurement method. The "overshoot" charge measurement precision is shown in
Fig. 5.21 (right). For large signals the precision is mainly limited by the photon statistics inside the lead-
glass which is in the order of 3.6 % (see Fig.5.17). In the laboratory it was proven that the Q2ToTovershoot

measurement precision for laboratory pulser signal amplitudes for input amplitude above 300 mV is
below 0.5 %. For example, a signal with an amplitude of 4.65 V can be measured with a relative precision
of 0.22 %. It could thus be proven that the alternative charge measurement method meets the ECAL read-
out requirements.
New threshold settings for the SLOW channels are needed to realize the "overshoot" measurement
method. A big advantage of this method is that the SLOW threshold is not required to be set close
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Figure 5.20.: Overshoot and undershoot in the SLOW signal. The width of the overshoot is proportional

to the input charge. By setting the SLOW thresholds on the overshoot it can be used as

alternative charge measurement method.
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Figure 5.21.: Left: With the overshoot method measured Q2ToT for different input pulse charges.

Right: Q2ToT measurement precision for the overshoot method.

to the baseline any longer in order to cover the largest possible dynamical measurement range. Even a
small signal is generating an overshoot with amplitude of several hundred millivolts. It has been found
that a SLOW threshold of 200 mV can be used to measure PMT signals with amplitudes from 50 mV up
to at least 5 V.

For the generation of an overshoot in the SLOW signal the DISCHARGE signal, which is generated by
the FAST signal and the SLOW signal leading edges, must always be present. Therefore, the threshold
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setting of the FAST signal is also important in order to cover a large charge measuring range in the SLOW
channel. The FAST threshold must remain as close to the baseline as possible.
During the investigation of the minimal possible FAST threshold setting, a cross-talk was observed in
adjacent FAST channels. The minimal thresholds from which cross-talk occurs in adjacent FAST chan-
nels are summarized in Table 5.1. In most channels a cross-talk is visible for thresholds below 20 mV,
but channel number 1 shows cross-talk already at 40 mV. In order to simplify the threshold settings
and to make sure that no cross-talk occurs in the FAST channels, a minimum threshold of 40 mV is
recommended to be set in all ECAL FAST channels.

Table 5.1.:Minimal FAST thresholds values from which cross-talk occurs in adjacent FAST channels.

input minimum threshold note
ch1 40 mV cross-talk in ch2
ch2 20 mV no cross-talk
ch3 20 mV no cross-talk
ch4 20 mV no cross-talk
ch5 20 mV no cross-talk
ch6 20 mV no cross-talk
ch7 20 mV cross-talk in ch8
ch8 10 mV no cross-talk

5.3.2 SLOW channel failure

During the test beam time it was observed that several SLOW channels failed and did not provide data
any longer. Modules close to the beam axis were affected the most. Since the hit-rate is higher in those
modules, the problem can be assumed to be rate dependent. The same effect was observed during the
investigation of the FAST thresholds. By going down to FAST thresholds below 20 mV in PaDiWa-AMPS2
input channels numbers 2-6 and 8, an unstable behavior was observed in all SLOW channels. In this
case suddenly no signals were visible in the SLOW channels. The effect is also caused by high hit rates
in the FAST channels since base-line noise is picked up.
A closer investigation showed high rates might cause the FPGA to no longer generate the DISCHARGE
signal. Why this happens remains unclear and is still under investigation. However, a detailed analysis
of the FPGA source codes uncovered no problems. The problem has been solved temporally by setting
the threshold of the SLOW signal to a high value and then resetting it to the nominal values. Therefore,
a script [81] is running in the background of the HADES DAQ system which monitors the state of the
SLOW channels, and, if necessary, performs a threshold reset procedure in order to activate affected
SLOW channels.

5.3.3 Electromagnetic shielding of PMTs and quality testing

During the commissioning of sectors number 2 and 6, which are equipped with new 3-inch Hamamatsu
PMTs, an unexpected behavior was observed in almost all modules. As shown in Fig. 5.13, the upper
two sectors showed a higher rate than sectors number 3 and 5 which are equipped with 1.5-inch PMTs.
Besides this, an unstable behavior of the HADES DAQ system was observed during the ramp-up of
high voltages in ECAL. This could lead to a failure of the ECAL read-out electronics, which afterwards
needed to be restarted in order to work again. The first explanation was related to electromagnetic
discharges which are generated by the PMTs or its high voltage dividers during ramping of high voltage.
By looking more closely at the PMT signals with an oscilloscope, unexpected signal shapes were observed.
Those signals showed high amplitudes up to 50 V and oddly shaped wide signals in combination with an
unexpected high signal rate. Examples of such signals are shown in Fig. 5.22.
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Figure 5.22.: High amplitude noise signal (red) and oddly shaped wide (green) PMT signals.

In order to find the reason of the problem, an affected module was fully disassembled and reassembled
piece by piece afterwards. During reassembling, the PMT signals were monitored in each intermediate
step. In this way, it was found that the problem is related to the position of the magnetic shielding
which surrounds the PMT [82]. It may happen that the shielding is not placed straight and parts of the
shielding come very close to, or even touch, the region of the photo-cathode. The inner surface of the
bulb, near the cathode of the PMT, is aluminum-coated and maintained on the cathode potential. If the
outside of the bulb has a large potential difference with respect to the cathode, scintillation may occur in
the glass between the two surfaces [47]. The scintillation light is reflected into the photo-cathode which
cause an increase in the dark current.

In order to solve the issue, an active shielding has to be applied to the PMT. A treatment technique,
which is effective in reducing the noise increase caused by the surrounding electric potential, is called
HA treatment [47]. For this, the outer shell of the PMT is maintained on the same potential as the photo-
cathode. This can be done by painting the glass with conductive paint which is connected to the cathode
pin of the high voltage divider. Afterwards an insulating protective cover is applied for safety and to
prevent discharges. The treatment layers are schematically shown in Fig. 5.23 (left).

A similar treatment was developed and successfully tested for the 3-inch ECAL PMTs. A treated PMT
is shown in Fig. 5.23 (right). The cathode pin is connected to the conductive graphite paint which is
attached in the region of the photo-cathode. Afterwards, the whole PMT is covered with black paint. The
photo cathode is additionally protected by a piece of shrinkable tube. In addition, the inner layer of the
magnetic shielding is protected by Kapton foil. With this treatment, the electromagnetic influence of the
PMT has been fully eliminated and a stable operation during several days was proven.

The treatment needs to be applied to all ECAL 3-inch PMTs in ECAL. Since the PMTs cannot be removed
from the modules in the measurement position, ECAL sectors number 2 and 6 where disassembled after
the beam time in March 2018. In the detector laboratory of GSI all modules have been opened and the
PMTs were treated with the active electrostatic shielding.

After reassembling, the modules had to be tested in order to proof the functionality and to re-calibrate
the high voltage settings. The test procedure consisted of two parts. In a first step the PMT is operated
at its nominal high voltage settings and the raw signals of the PMT are observed with an oscilloscope for
several minutes. For this test, the trigger threshold needs to be set to 100 mV in order to evaluate the
signal rates. A typical signal rate is usually in the order of a few Hertz which is mainly caused by cosmic
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Figure 5.23.: Left: Active electrostatic shielding of a PMT which is called HA treatment. For that the PMT

is painted with conductive paint which is connected to the same potential as the cathode.

(Taken from [47]) Right: Photography of a treated 3-inch PMT of the ECAL detector.

particles. After this test, the trigger threshold is set to 500 mV in order to detect signals with amplitudes
above 5 V which are not present at all on a normal functioning PMT.
If the check of the raw signal is passed, a calibrated LED light pulse is injected into the module. The LED
signal is calibrated with the help of cosmic muons. The calibration procedure is illustrated in Fig. 5.24.
The signal amplitude for cosmic muons is measured with an oscilloscope for a reference module. The
trigger signal is realized via a coincidence from two plastic scintillator detectors which are placed above
and below the module. The high voltage of the PMT is adjusted in order to achieve signal amplitudes of
1.5 V. After the the calibration with cosmic muons, an LED light pulse is injected into the same module.
The amplitude of the signal, which drives the LED, is then tuned in order to achieve a signal amplitude
of 1.5 V without changing the high voltage settings. For that the pulse generator is used in pulse mode
with typical signal repetition rate of 1 kHz. The rise and fall times of the signal is 5 ns with a width of
15 ns. The calibrated LED set-up can then be used to perform a efficiently high voltage calibration of
every module.
All modules of sector number 2 and 6 have been tested with the procedure mentioned above. The main
goal was to identify modules which still show high signal rates and amplitudes. Besides this, all modules
have been re-calibrated with the help of a calibrated LED signal. In Fig. 5.25 the difference of the new
HV settings to the previous HV settings, which have been used during the Ag beam time in March 2019,
are shown. The new values are approximately 50 V above the values, which were used during the beam
time. The deviations can be explained by the fact that the calibration was carried out with only one
reference module and, in contrast to the previous calibration, a new LED diode was used. Nevertheless,
a deviation of a few volts is not critical, because each module in ECAL will be finally calibrated with
beam data (see Section 6.3). The test also ensured that no problematic modules are going to be installed
in the ECAL.
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Figure 5.24.:Module calibration procedure. The LED diode is calibrated with a reference module in a

cosmic muon set-up. The calibrated LED signal can be used to tune the high voltage of

ECAL modules efficiently.

Figure 5.25.: Difference of the new HV settings to the previous HV settings which have been used during

the Ag beam time in March 2019 for sector number 6.

58



6 Read-out electronics performance during the HADES Ag+Ag run

In March 2019 HADES carried out a four week long physics production beam time using a beam of
accelerated Ag ions impinging on a stack of Au foils (Ag+Ag at 1.58A GeV,

p
sNN = 2.55 GeV). In total,

15.3× 109 events have been recorded which resulted in a total collected data of 359.23 TB. In Fig. 6.1,
the run statistic is shown for the full-beam time. In terms of the number of events recorded, the beam
time was a success. But also the first online analysis shows the very good quality of the recorded data.
In this section, the performance of the ECAL detector, with particular focus on its read-out system, will
be shown. At the end, first analysis results will be presented, e.g. the reconstruction of the π0 → γγ

decays with photons detected in ECAL.

Figure 6.1.: The HADES run statistic for the March 2019 Ag+Ag 1.58A GeV production beam time [83].

6.1 Stability of the read-out electronics

The configuration of the ECAL detector during the beam time is shown in Fig 6.2. The sectors number 4
and 5, which are equipped with 1.5-inch EMI PMTs, were fully operational. Sectors number 2 and 6,
which are equipped with 3-inch Hamamatsu PMTs, were only partially operational, because of missing
electromagnetic shielding (see Section 5.3.3). It was tried to switch on as many modules as possible
while keeping the stability of the DAQ within a reasonable frame. Unfortunately, sector number 6 needed
to be switched off almost completely, only two outer rows of modules, which are equipped with 1.5-inch
EMIT PMT, stayed switched on. In the last days of the beam time, five modules with 3-inch PMT which
were treated with a first prototype of electromagnetic shielding have been installed in the first row of
sector number 1 for testing purposes. Those modules remained connected to the electronics in sector 6.
Besides this, free channels of the ECAL electronics were used to read out a prototype of a quartz crystal
based forward hodoscope [84].

6.2 Verification of the "overshoot" charge measurement method

An important task during the first days of the beam time was the evaluation of the overshoot measure-
ment method with beam data. The quality of data was constantly checked during the runs. The Q2ToT
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Figure 6.2.: Configuration of the ECAL detector during the Ag beam time in March 2019. White fields in-

dicate where nomodules were installed, dark blue fields indicate modules which are switched

off. Five modules with an electromagnetic shielding prototype have been installed for testing

purposes in sector number 1.

Figure 6.3.: Left: Test beam Q2ToT spectra recorded during the test beam in December 2017. The original

SLOW signal measurement method shows an unexpected gap in the spectra at around 65 ns.

Right: Verification of the Q2ToT spectra in the beginning of the Ag beam time in March 2019.

As expected from measurements in the laboratory, the gap vanishes completely [80].

distribution for both measurement methods is compared in Fig. 6.3 for two identical channels. As ex-
pected from laboratory measurements, the gap vanishes completely. For the complete beam time, the
thresholds have been set to 40 mV in all FAST channels and to 200 mV in all SLOW channels.
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6.3 Time and energy calibration in ECAL

The discrimination method used in ECAL inevitably produces a walk-effect which must be corrected
offline. Besides this, time delays in each channel differ and also have to be corrected. In addition, the
non-linearity of the charge measurement method must be corrected and a calibration of the measured
Q2ToT to the energy is essential. In the following, the calibration process will be described briefly.

Time delays in the channels are mainly caused by variations in the length of the read-out cables. Those
shifts have been corrected [85] using test beam data from December 2017. During this test, the HADES
was measuring without a magnetic field which resulted in straight particle trajectories. It can be assumed
that all paths from the interaction point to the modules have roughly the same length. The time-of-flight
of photons and relativistic electrons from the interaction point to ECAL is known to be about 8 ns which
can be used for calibration. By subtracting the offset in each individual channel, the measured time is
equalized to the real time of flight.

A walk correction has to be applied to every channel. As shown in Fig. 5.5 time shifts occur because of
different signal amplitudes. Especially the arrival times of particles which generate a small signal in the
ECAL module are deferred to later times. This effect can be corrected with the help of the RPC detector
since this detector is mounted about 10 cm in front of the ECAL modules. Charged particles which hit
the RPC detector can therefore be assumed to be registered in an ECAL module, which is placed behind
it, at the same time. A Q2ToT spectrum for an ECAL module before and after calibration is shown in
Fig. 6.4.
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Figure 6.4.: Left: Time-walk effect which is strongly pronounced for small Q2ToT times. Right: After

a time-walk correction all signals, independent from the measured Q2ToT, have the same

arrival time in ECAL (and RPC) [86].

An important task is the energy calibration of each individual module, which is currently ongoing [86].
The current status will be shown in the following. A calibration curve which links the measured Q2ToT
with a signal amplitude is shown in Fig. 6.5. This curve was generated by using LASER signals, varying
their amplitude and measuring the Q2ToT. As expected (see also Section 5.1.2) the behavior is not linear.
Nevertheless, with this information one still cannot deduce the associated energy.

Electrons are the best candidates for an energy calibration of ECAL. They generate signals in the ECAL
module which are identical to those of photons with the same energy. In contrast to photons, electrons
are registered by all detectors in HADES and their trajectories can be reconstructed using information
from tracking and time-of-flight systems. Hence their momentum can be determined, and from this their
energy can be derived. Assignments of fired ECAL modules and electron tracks, with known energy, can
be done with the help of the RPC detector which is placed close to ECAL. In Fig. 6.6 (left) an example
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Figure 6.5.: Connection of measured Q2ToT and signal amplitude, where the signals were generated by

the LASER system.

of the assignment between electron energy and the corresponding Q2ToT is shown for one module. The
connection of Q2ToT and energy can be described with the calibration equation:

E = exp([0] + log(ToT ) · [1] + log(ToT ) · log(ToT ) · [2]) + [3], (6.1)

with the fit parameters [0] = 16.82±0.42, [1] = −5.23±0.42, [2] = 0.53±0.42 and [3] = −36.37±0.42.
The width of the band, which is shown in Fig. 6.6 (left), can be used to characterize the energy reso-
lution of the ECAL detector. Each energy bin can be projected onto the y-axis and fitted by a Gaussian

distribution. The resulting sigma value is divided by energy in order to characterize the energy resolution
(see also 2.2.3). The energy resolution for each measured electron energy is shown in Fig. 6.6 (right).
Currently an energy resolution of σE

E
= 6.6%p

E[GeV ]
is achieved. However, it is expected that the energy

resolution of ECAL will be improved with an improved calibration of the detector.

6.4 Reconstruction of the neutral pion decay

As mentioned in Section 2.1, the additional calorimeter in the HADES set-up allows to measure real
photons directly. This opens the possibility to identify the light neutral pseudo-scalar mesons, e.g. π0

and η, via their decay into two photons (diphoton). The decay channel π0→ γ+γ has been successfully
reconstructed using data from the HADES Ag+Ag 1.58A GeV beam time [86].
In Fig. 6.7 a preliminary invariant mass distribution is shown. All possible combinations of the identified
photons (black histogram), the mixed-event combinatorial background (blue histogram) and the signal
after background subtraction (red histogram) are indicated. A clear π0 peak is visible on top of the
combinatorial background. The analysis was done, using data from sector number 2 only. The invariant
mass distribution of the diphotons has been reconstructed by taking into account all possible combina-
tions of the identified photons. The combinatorial background has been obtained via the mixed event
method, where all combinations of two photons from different events are included. The combinatorial
background has then been normalized to the measured one outside the meson peaks. In order to im-
prove the π0 reconstruction, only photons with energy Eγ > 400 MeV and with 0.9< βγ < 1.2 were used
for both, signal and background reconstruction. Besides this, there should be no hit in the RPC detector,
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Figure 6.6.: Left: Energy calibration of the measured Q2ToT with the help of electrons since their energy

can be reconstructed with by the HADES tracking-system [86]. Right: Currently an energy

resolution of
σE
E
= 6.6%p
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is achieved [86].

Figure 6.7.: Diphoton invariant mass spectra reconstructed in Ag+Ag collisions at 1.58A GeV. All possible

combinations of the identified photons (black histogram), the mixed-event combinatorial

background (blue histogram) and the signal after background subtraction (red histogram)

are shown. A clear π0 peak is visible on top of the combinatorial background [86].

since this detector is not sensitive to photons. A Gaussian fit of the signal peak (red distribution) delivers
a mass of < Mπ0 >= 140.06 MeV/c2 with a resolution of σπ0 = 13.8 MeV/c2. The mass of the π0 is
already close to the PDG value of 134.98 MeV/c2 [6].

With ECAL it is also possible to reconstruct the π0 → γ+ e+ + e− decay channel. For that, an important
ingredient is the electron pair. A preliminary invariant-mass distribution of electron pairs reconstructed
in Ag+Ag collisions at 1.58A GeV is shown in Fig. 6.8. The analysis includes a full event reconstruction
and electron identification after applying background rejection cuts, together with a cocktail of all signal
sources. The main source of random combinations is a mix of incompletely detected pairs from π0-
Dalitz decays or external conversion of photons in the detector and target materials. An additional cut
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on the energy measured by ECAL will improve the lepton identification. This should further improve the
statistics, especially at high invariant masses M > 1 GeV/c2.
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7 Beam diagnostics and T0 reconstruction in HADES

In this chapter, an overview of beam detectors used in the HADES experiment will be given. In the
beginning, diamond based detectors, which are used for the T0 reconstruction and beam monitoring,
will be introduced and their performance during the HADES Ag+Ag run will be shown. In the end, the
research and development status of new Ultra-Fast Silicon Detector (UFSD) technology will be given. For
future investigations of beam detectors, a test set-up at the electron accelerator of TU Darmstadt has
been constructed which will be described in Chapter 8.

7.1 Aspects of diamond detectors

The name diamond is derived from the ancient Greek word adámas, meaning proper, unalterable, un-

breakable, untamed. In fact, diamond material possesses outstanding properties, e.g. its supreme hard-
ness, high thermal conductivity, as well as extraordinary semiconductor properties which have attracted
scientific and technological interest for decades. In the following, diamond based beam detectors will
be described. After an introduction into important aspects of artificial diamond material, the beam de-
tectors of the HADES experiment will be introduced. Their performance for beam monitoring and T0
reconstruction during the Ag+Ag production beam time follows afterwards.

7.1.1 Diamond material properties

Artificial diamond material can be produced using the high-pressure-high-temperature (HPHT) technique
or by using the chemical vapor deposition (CVD) process [88]. Diamond material produced with the
HPHT is not suitable for detectors due to the large number of impurities in the material. Diamonds
produced by the CVD process have less impurities and a smaller defect density. The CVD process is based
on the deposition of atomic carbon onto a substrate within a gaseous atmosphere. The technique allows
to grow poly-crystalline (pcCVD) and single-crystalline (scCVD) diamonds. The pcCVD diamond grows in
a random orientation with a wafer size in the order of several cm. The more expensive scCVD diamonds
are grown on a single crystal diamond resulting in typical waver sizes of several mm. Both pCVD and
scCVD diamonds types can be used for particle detection, but scCVD diamonds show better performance,
e.g. higher charge collection efficiency which results in a better energy resolution.
The material properties of diamond have many advantages for particle detectors in comparison to con-
ventional silicon (Si) material. The main properties and their advantages and disadvantages for diamond
detector operation are summarized in Table 7.1. Diamond is a radiation-hard material and therefore can
be used in regions with high radiation which makes diamond detectors very attractive for various appli-
cations in the field of particle accelerators. The high band gap in diamond in combination with negligible
temperature dependence allows to operate them at room temperature without additional cooling. The
high carrier mobilities in diamond results in a very fast charge collection which is of advantage for timing
applications and to handle high particle rates. The only major disadvantage of diamond is the signifi-
cantly higher energy which is needed to create an electron-hole-pair. This fact results in smaller electrical
signals compared to silicon material. Nevertheless, in Section 7.3 a new detector technology which is
based on Si material will be introduced. Outstanding timing properties can be achieved due to a special
doping of the material.

Energy loss in diamond material

The mean energy loss per unit length −
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Table 7.1.:Material properties of diamond and Si and their advantages (+) and disadvantages (-) for

diamond detector operation. Values taken from [89].

Symbol Property Diamond Si Unit Diamond detector property
Z Atomic number 6 14
ρ Density 3.51 2.33 g cm−3

κ Thermal conductivity 2000 150 W K−1 m−1 + heat dissipation
Eg Band gap 5.47 1.12 eV + room temp. operation
µe Electron mobility 1800-4500 1350 cm2 V−1 s−1 + fast signal
µh Hole mobility 1200-3500 480 cm2 V−1 s−1 + fast signal
Eeh Energy to create e-h pair 11.6-16 3.6 eV - lower signal amplitude
qp Mean MIP ionization 36 108 eµm−1

Edp Displacement energy 43 13-20 eV + radiation hardness

with the coefficient K = 4πNar2
r
mec

2 where Na is the Avogadro’s number, rr the classical electron radius,
me the electron mass and c the speed of light in vacuum. Furthermore, z is the charge number of the
incident particle, Z the atomic number of the absorber, A the atomic mass of the absorber, γ= 1/

p

1− β2

is the the Lorentz factor with β = v/c, I the mean excitation energy and δ(βγ) the density effect
correction to the ionization energy loss. The maximum possible energy transfer Wmax to an electron in a
single collision can be calculated for an incident particle with the mass M by [6]

Wmax =
2mec

2β2γ2

1+ 2γme/M + (me/M)2
. (7.2)

The energy loss mainly depends on the particle’s charge and βγ = p/Mc which is just a function of its
velocity v . By normalizing the energy loss to the material mass-density, the energy loss of all materials are
in the same order of magnitude and follow the same dependence on βγ. As an example, the dependence
of the energy loss on βγ of muons in copper is shown in Fig. 7.1. At βγ ≈ 3 the energy loss is at
its minimum where all charged particles become so-called minimum ionizing particles (MIPs). Those
particles will produce the smallest signal charge in a particle detector and are therefore often used as a
benchmark during the development of a new detector.
In Fig. 7.2 the energy loss of electrons/positrons is shown for diamond and Si. At energies below 1 MeV

the loss is dominated by the ionization effect. At large energies the energy loss is dominated by the
Bremsstrahlung effect, where the electron/positron emits photons due to the interaction with atomic
nuclei. The energy from where the Bremsstrahlung effect dominates the ionization can be estimated
by [89]

Ec =
600 MeV

Z
. (7.3)

Hence, the critical energy for diamonds is at 100 MeV, while it is at 43 MeV for Si. The minimum energy
loss which corresponds to the loss of a MIP is 1.6 eV in diamond and 1.3 eV in Si.
For future research and development of beam detectors, a test set-up has been constructed at the electron
accelerator of TU Darmstadt. A detailed description of the set-up will follow in Chapter 8. The accelerator
can deliver energies up to 130 MeV (βγ = 254) which is ideal in order to study the behavior of detectors
and read-out electronics using particles in the MIPs regime.

7.1.2 Working principle of diamond detectors

In Fig. 7.3 the working principle of a diamond based particle detector is shown. The diamond material
is typically a few hundred microns thick. Electrodes are attached on both sides in order to form an
ohmic contact. The electrodes can be realized as stripes or in a pixel configuration which allows to get a
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Figure 7.1.: The stopping power −



dE
d x

�

for positive muons in copper as a function of βγ= p/Mc. (Taken

from [90])

Figure 7.2.: Mean energy loss of electrons/positrons in diamond and Si. Dashed curves show the loss due

to ionization, dotted curves the energy loss due to Bremsstrahlung while the solid lines show

the total energy loss. (Taken from [89])

position information. Because there is no pn-junction, the polarity of the electric field is irrelevant. The
applied voltage is typically around 2 Vµm−1. Initially, all free carriers inside the material are drained by
the applied electric field and there is no charge movement. Exceptions are thermally excited electron-
hole pairs which will immediately drift to the electrodes. When a charged particle is traversing the
diamond material, atoms in the crystal lattice along the track are ionized which promotes electrons into
the conduction band and leaves holes in the valence band. In case of a MIP which is traversing the
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detector perpendicularly, the number of generated pairs can be calculated from the bulk thickness d and
the mean MIP ionization qp = 36 eµm−1 by

Qpairs = qpd. (7.4)

The electrons will move towards the positive electrode while the holes will drift in the opposite direction
towards the negative electrode. Because of the movement, a charge will be induced in the electrodes
which can be measured by a charge sensitive amplifier. For signal generation it is irrelevant whether
the charges will finally reach the electrodes, only their path contributes to the final signal integral [91].
Since the duration of the signal depends only on the length of the charge generation process, a thin
sensor produces a faster signal. But on the other hand, a thin sensor has a smaller sensitive volume and
therefore produces a smaller signal [91]. In addition, due to trapping and recombination, because of
defects or impurities in the diamond material, many charge carriers will not reach the electrodes. The
resulting small electric signal charges require special emphasis in the signal post processing, e.g. signal
amplification and digitization.

Figure 7.3.: Working principle of a diamond detector. (Taken from [92])

7.1.3 Charge collection efficiency

An important parameter in order to characterize a diamond sensor, with a thickens d, is its charge

collection efficiency (CCE). It is defined from the ratio of collected charge measured at the electrode Qcol l

and the produced charge inside the bulk due to ionization [93]:

CC E =
Qcol l

Qpairs

=
Qe

36 eµm−1 · d
. (7.5)

The produced charge Qpairs can be calculated with equation 7.4. Besides the CCE, the charge collection

distance (CCD) is used which represents the average drift length of the electron and is given by

CC D = CC E · d. (7.6)

7.2 T0 reconstruction and beam diagnostics during the HADES Ag+Ag run

During the the HADES Ag+Ag physics production beam time in March 2019, two diamond based detec-
tors have been used for T0 reconstruction. Moreover, a second independent read-out system allowed an
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online beam monitoring. In the following, a detailed description of the sensors, the read-out system and
their performance will be given.

7.2.1 Diamond detectors, read-out and online monitoring system

The main detector [18, 17, 94], which is used in HADES in order to construct the reaction time (T0), and
also provides beam quality monitoring, is made of scCVD diamond material. A similar detector [17] has
been already used for a 197Au69+ beam, with a kinetic energy of 1.23A GeV and currents up to 107 ions/s.
The detector has an active area of 4.7 mm× 4.7 mm. A thickness of 70µm is chosen in order to reduce
the nuclear interaction probability of the beam ions in the detector material. The diamond material is
metallized with a 50 nm Cr layer which is covered by a 150 nm Au layer. The metallization is arranged in
16 strips (each 300µm wide) which is rotated by 90° on the other side. This configuration allows beam
profile measurements in x- and y-directions. The sensor is able to deliver a time precision <100 ps RMS
and allows to handle rates up to 107 particles/channel.
A second diamond based veto detector is located behind the target (see also Fig. 1.6). It is made of pcCVD
material with the dimensions of 8 mm× 8 mm and thickness of 107µm. A boxed shaped metallization is
chosen in order to allow fragment identification. This allows to exclude events without a reaction in the
target from the HADES trigger generation. A close-up picture of both sensors can be found in Fig. 7.4.
Both diamond sensors are glued to a Printed Circuit Board (PCB) which serves as holder and provides
electrical connections to the read-out electronics. The read-out segments of the diamond sensors are
bonded with aluminum wires to the conducting traces on the PCB. An additional mechanical holding
structure is used to install the detector system close to the target inside the beam tube. It consists of
four PCB rods which serve as a mechanical holder including signal lines for the sensor read-out. The full
detector assembly is shown in Fig. 7.5.

Figure 7.4.: Left: Close-up photography of the scCVD diamond based sensor. The metallization is

arranged in 16 strips (each 300µm wide) which allows beam profile measurements.

Right: Close-up photography of the pcCVD diamond based veto detector. A boxed shaped

metallization was chosen in order to allow fragment identification [95].

The diamond detector read-out scheme, as it was used during the Ag beam time in March 2019, is
schematically shown in Fig. 7.6. Signals from the sensor are amplified and discriminated afterward.
The signal discrimination is based on the NINO [96] chip which also has a fan-out functionality. In
order to prevent a possible influence on the T0 measurement, which is very important for HADES, two
independent TRB3 based read-out systems are used. One TRB3 board is included in the standard HADES
DAQ system and used to measure the T0 time of the reaction in the target. A second independent TRB3
system in combination with the Data Acquisition Backbone Core (DABC) [39] framework is used to allow
to extract online beam monitoring [18] information from the same sensor data.
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Figure 7.5.: The diamond detector system mounted in the HADES beam tube. The diamond sensor is

mounted on PCB plates and the read-out electrodes are bonded to the PCB traces using

aluminum wires.

Figure 7.6.: Read-out scheme of the HADES diamond detector. Signal discrimination is based on the NINO

chip which also implements a fan-out functionality. Two independent TRB3 based read-out

systems are used.
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The DABC software [39] is used to collect the data from the TRB3 boards, performs the needed online
time calibrations, and allows to apply an online data analysis. The results of the data processing in form
of histograms are provided to the DABC web server for visualization. Trend plots showing the beam
position in x- and y-direction can be used for online beam monitoring purposes. In addition, the time
structure of the beam and the beam intensity can be visualized. Those plots can be rendered as a live
display in any web browser. They provide a very useful tool for the accelerator operators during beam
adjustment and they allow a long-term evaluation of the beam stability which is crucial for an efficient
data recording in HADES. An example of such a live display, showing important beam properties, can be
found in Fig. 7.7.

Figure 7.7.: Important beam properties (e.g. x - and y -beam-profile, macro- and micro-spill structure) can

be displayed live in any web browser [18].

7.2.2 Beam profile and position measurement

The scCVD sensor, which metallization is segmented into 16 strips, allows a beam profile and posi-
tion determination of the ion beam in front of the HADES target with a resolution of 300µm. The
HADES experiment typically requires a focused and stable beam on the target with a beam size of about
σx ,y =1 mm. In Fig. 7.8 the typical beam profile in x- and y-direction for an Ag (1.58A GeV) beam is
shown. On average, a beam size of about σx =1.2 mm in x-direction and about σx =0.8 mm y-direction
have been achieved. During the beam-time, the diamond sensor has been moved in y-direction several
times since radiation damage occurs over time which affects the time precision for the T0 determination.
The movement of the sensor is shown in Fig. 7.9.

7.2.3 Spill profile, time structure and quality factor

During the HADES beam time in March 2019 the DABC based read-out system was used to monitor
the quality of the beam. An 107Ag45+ ion beam with an energy of 1.58A GeV has been delivered by the
SIS100 accelerator via a so-called slow extraction. In order to ensure efficient data taking of the HADES
experiment the macro spill profile is required to be almost flat, without spikes. Especially the HADES
tracking system is limited to a maximal beam intensity of 106 particles/s [98]. Any rate above this
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Figure 7.8.: Beam profile measurement in x -direction (left) and y -direction (right) of an 107Ag45+ ion

beamwith an energy of 1.58 AGeV using a scCVDwith ametallization segmented into sixteen

stripes. Each bin corresponds to a width of 300µm [18].

Figure 7.9.: Particle fluence on the HADES diamond detector during a four week beam time. The dia-

mond sensor has been moved three times [97].

could potentially harm the drift chambers. In Fig. 7.10 (left) the typical macro spill structure for a spill
duration of 18 s is shown, the corresponding micro spill structure is shown in Fig. 7.10 (right).

For the evaluation of the beam quality a quality factor or Q-factor has been introduced which represents
the ratio between the peak and average event rates. The Q-factor is defined by [18]:

Q =
Nmax(20µs)

Nmean(40 ms)
, (7.7)

with the maximal number of hits in a 20µs binning Nmax(20µs) and the average number of hits in
a 40 ms binning Nmean(40 ms). This factor should ideally be as close as possible to 1 throughout the
complete spill duration. An example of the quality factor, for the corresponding spill which was shown
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Figure 7.10.: Left: Macro-spill time structure measured by the scCVD diamond sensor in front of the

HADES target. The ion particles are extracted from the SIS18 accelerator via a so-called

slow extraction. A typical spill duration is about 18 s. The maximal average rate should not

be above 106 particles/s. Right: The corresponding micro-spill time structure of the particle

rates [18].
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Figure 7.11.: Quality factor of the Ag beam which is defined by the ratio between the peak and average

event rates [18].

in Fig. 7.10, is shown in Fig. 7.11. As one can see, especially during the beginning and the end of the
extraction of the beam, larger deviations occur.
The beam monitoring system and the associated HADES DAQ infrastructure has been successfully used in
order to improve the cycle-to-cycle feedback on the slow-extraction macro-spill structure [99, 100, 98]
of the SIS18 accelerator. The system allowed to drive the relevant accelerator extraction parameters
directly which improved the event data recording efficiency of HADES by about 15% on top of what has
already been established by expert-driven manual fine-tuning.

7.2.4 Precision of the reaction time (T0) reconstruction

During the beam time, a regular calibration of the T0 detector is needed. Among other things, during
the beam time, threshold and high voltage settings were modified and the y-position of the detector was
changed. For a rough calibration the second diamond detector (veto detector) can be used. Thereby, the
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distribution of time difference between coincident hits in the T0 detector and the veto channels can be
used. A more precise method is based on the usage of negatively charged particles with a momentum
above 300 MeV/c (which mainly consist of pions, see Fig. 1.11). Since their momentum and track length
are measured by the spectrometer a theoretical flight time can be calculated. During one minute of beam
almost 500 000 pions are measured in the HADES spectrometer which ensures enough data to perform
a time calibration every minute. The calibration of the T0 detector is currently ongoing [27]. Currently
the time precision is about σT0,start = 150 ps. However, it is assumed that further calibration will improve
the precision. For example, a precision of 50 ps has been achieved with a similar detector in the HADES
Au+Au beam time in 2012.

7.3 Research and development of Ultra-Fast Silicon Detectors for HADES

In Section 7.1 diamond detectors have been introduced. They have excellent properties for beam mon-
itoring and timing applications. However, those detectors have two major disadvantages. On the one
hand the available bulk size of scCVD diamond samples is only in the order of several millimeters. In
order to cover larger areas mosaic detectors have to be used which are technically demanding to pro-
duce. On the other hand the samples are expensive. In addition, one of the main suppliers has currently
delivery difficulties.
One of the concepts under development is the Ultra-fast Silicon Detectors (UFSD) technology [101, 102,
103, 104]. This new generation of position sensitive detectors is based on Low-Gain Avalanche Detectors

(LGAD) design [105] and adds to the classical silicon detectors the ability to measure accurately time.
Indeed, those detectors are optimized for timing applications for high radiation applications. Next-
generation detectors of this technology, with improved radiation hardness, are in preparation [106].
A main development driver is the RD50 collaboration [107] at the European Organization for Nuclear

Research (CERN). In the following the technology will be introduced. A prototype detector has been
built for the needs of the HADES experiment. First results of its performance with an proton beam will
be shown.

7.3.1 Working principle of Ultra-Fast Silicon Detectors

Ultra-Fast Silicon Detectors (UFSD) [101] are timing optimized Low-Gain Avalanche Detectors (LGAD) [105].
Those detectors are silicon detectors with an internal charge multiplication mechanism. The typical struc-
ture and the working principle of a LGAD is shown in Fig. 7.12. The sensors have an additional thin p+
doped layer (∼ 50µm, nd ∼ 1016 boron/cm2) added under the n implant. This configuration results in
a strong electric field E in the avalanche region which generates signals 10 times larger than in standard
silicon detectors. The technology allows building thin pixelated particle detectors for high precision
timings applications. The fact that all advantages of Si detector technology remain, e.g. large area
substrates, low cost and possible large scale production make them a competitor to diamond detectors.
The main issue for their operation in high radiation environments is the decrease of gain with irradiation,
due to effective acceptor removal in the gain layer. It has been shown [109] that at very high fluences
the concentration of acceptors in the p+ implant is greatly reduced. In addition, acceptors are created
in the bulk material which is then used for multiplication inside the sensor. The multiplication will then
take place in the bulk material which shows even faster induced current rise times. This will result in
even better timing properties. It has been shown [109] that the overall signal gain can be controlled by
the bias voltage with expected time precision of 30 ps up to fluences of 6× 1015 cm−2, which meets the
requirements of the HADES experiment.

UFSD prototype detector

A first UFSD prototype detector [95] for possible timing applications in HADES has been built at GSI. The
sensor (W15_1A and W3 types) is from a FBK (Fondazione Bruno Kessler, Trento, Italy) [106] production
and has a thickness of 500µm. The active avalanche region is 50µm thick. The sensor covers an area
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Figure 7.12.: Structure of a Low-Gain Avalanche diode (LGAD). The red area is a highly doped n-type

layer. The moderately doped p-type multiplication layer is shown in blue. The resistive

p-bulk is shown in yellow. This structure creates a large E-field in a small area resulting in

a moderate charge multiplication with a gain of 10-50 without breakdown. (Taken from

[108])

Figure 7.13.: Left: Close-up picture of the prototype UFSD sensor for HADES. The sensor covers an area of

5 mm× 4.5 mm. For testing purposes 16 stripes are bonded to a read-out PCB. Right: Read-

out PCB with bonded UFSD detector. Two stages of transistor based amplifiers are located

close to the sensor. (Taken from [95])

of 5 mm× 4.5 mm. The active regions are arranged in 30 parallel stripes with a pitch of 140µm. The
sensor, which is bonded to a read-out PCB, is shown in Fig. 7.13. Two amplification stages are installed
close to the sensor. The read-out concept, which is shown in Fig. 7.14, is similar to the one of diamond
detectors (see also Section 7.2.1). For testing purposes the strips of the sensor are read out alternating by
the NINO chip and the PaDiWa1 [57] discriminator board. The performance of both systems is currently
investigated and compared.

1 In contrast to the PaDiWa-AMPS board (see section 3.3), the PaDiWa board, which is used here, implements 32 discrimi-
nator channels without signal integration functionality.
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Figure 7.14.: Read-out scheme of the UFSD prototype detector. A NINO based read-out can be compared

to the PaDiWa based read-out.

7.3.2 Performance study with proton beam at the COSY facility

A telescope set-up of two UFSD prototype detectors has been investigated [95] at the Cooler Synchrotron

(COSY) at Forschungszentrum Jülich with a 2.9 GeV proton beam. The experimental set-up is shown
in Fig. 7.15. Two UFSD prototypes have been aligned perpendicular to the beam z-axis. The strip
orientation of the second sensor has been rotated by 90° in order to allow an evaluation of the time
precision between the two sensors. A linear-stage allows a remote alignment of the telescope in x-and
y-directions. The main goal was the evaluation of the time precision between the two sensors and their
two discriminator systems. For that, two identical channels, which are read-out by the same system, are
compared. Preliminary results [110], after calibration and time-walk corrections, are shown in Fig. 7.16.
For the UFSD system which is read-out with the NINO discriminator a precision of σNINO = 80 ps/

p
2 =

57ps can be archived. The PaDiWa discriminator delivers σPaDiWa = 115 ps/
p

2= 81ps.

Figure 7.15.: A UFSD telescope set-up which has been tested with a minimum ionizing proton beam at

the COSY facility in Jülich. The telescope consists of two UFSD sensors, where the strip

orientation of the second sensor is rotated by 90° in order to allow an evaluation of the

time precision between the two sensors.
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Figure 7.16.: Left: Time difference between first and second sensor using the NINO discriminator. A time
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p

2= 57ps can be achieved. Right: Time difference between the

firsts and the second sensor using the PaDiWa discriminator. σPaDiWa = 115 ps/
p

2 = 81 ps

can be achieved [110].

The time precision achieved with the NINO chip is an excellent result for a system using state-of-the-art
technology. The PaDiWa based read-out concept needs still further tuning. New read-out electronics is
currently being developed. Furthermore, the next generation of UFSD sensors, with less inactive space
between the strips, is being currently produced and will be available soon. An excellent platform for
further investigation is provided by a new multi-purpose detector test set-up at the electron accelerator
of TU Darmstadt, which will be introduced in the following Chapter 8.
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8 Multi-purpose detector test set-up at the S-DALINAC

For research and development of new detectors for timing applications, a detector test stand has been
installed at the electron accelerator of TU Darmstadt. Moreover it is planned to use it as a permanent
multi-purpose set-up in order to allow a large variety of tests with an electron beam, e.g. beam and
tracking detectors development tests or even radiation tests of read-out electronics.
In the following, the accelerator facility which can now be operated as an Energy Recovery Linac will
be introduced. A panorama picture of the S-DALINAC main accelerator hall is shown in Fig. 8.1. Basic
concepts of beam dynamics will be introduced which should facilitate the understanding of the physical
concepts behind the needed beam transport simulations. Besides this, the design process of a new vac-
uum chamber for a dipole magnet will be shown. Finally, the installation, alignment and commissioning
of the new beamline will be covered.

Figure 8.1.: Cylindrical panorama composite of the S-DALINAC main accelerator hall. On the right side

one can see the helium vessels of the super-conducting main linear accelerator. On the left

side three recirculation beamlines are visible. Dipole magnets are painted blue, quadrupole

magnets are yellow and green. (Picture taken in April 2019)

8.1 S-DALINAC in Energy Recovery Linac mode

The Superconducting-DArmstadt-electron-LINearACcellerator (S-DALINAC) [111, 112, 113] is in opera-
tion at the Institute for Nuclear Physics of TU Darmstadt since 1991. During the last years it has been
continuously optimized and upgraded. Recently, an additional recirculation beamline was installed,
which allows to reach higher beam energies, and in addition, to operate the accelerator as an Energy

Recovery Linac (ERL) [114]. An overview of the accelerator complex is illustrated in Fig. 8.3. Elec-
trons can be generated by two different sources. First, by means of a thermionic gun, through glow
emission from a tungsten wire and an electrostatic continuous wave (cw) pre-acceleration, beams with
currents up to 60µA can be provided. In a second source, spin polarized electrons [115] can be pro-
duced via photon emission of a GaAs-cathode. With this source, a cw or pulsed operation is possible.
The electrostatic pre-accelerated electrons are prepared by a Chopper-Buncher-System in order match the
3 GHz acceleration frequency which is used at the S-DALINAC and are focused into the capture section
of the superconducting injector. The injector consists of one five-cell and two twenty-cell superconducting

radio-frequency (SRF) cavities which are made of niobium. The cavities are mounted in a large helium
vessel and operated at 2 K. The injector section allows to increase the beam energy up to 10 MeV. With-
out further acceleration the beam can be used for nuclear resonance fluorescence experiments at the
DHIPS [116] set-up or the beam can be deflected to a diagnostic set-up. For a further acceleration the
beam is deflected by 180◦ into the main linac which consists of eight twenty-cell SRF cavities. The beam
energy is increased up to 30.6 MeV per linac pass. Three recirculations allow the beam to pass through
the accelerator up to four times in order to achieve the maximum energy of 130 MeV. After acceler-
ation, the beam can be extracted to the experimental area. The extraction beamline and the location
of the main experiments is shown in Fig. 8.4. The beam quality can be optimized with the help of the
High-Energy-Scraper-System [117]. The system reduces the energy spread of the beam, as well as the
radiation background count rate which improves the conditions for all subsequent experiments. After
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the passage of the high energy scraper-system the beam is guided to one of three experimental set-ups.
Electron scattering experiments are conducted at the QCLAM [118] and LINTOTT [119] spectrometers.
At the low-energy photon-tagger NEPTUN [120], the electron beam is used to generate Bremsstrahlung

in order to investigate nucleons with photons. In front of the NEPTUN experiment, the multi-purpose
detector test set-up is installed. The beam parameters at the new detector test set-up are summarized in
Table 8.1.

Table 8.1.: Beam parameters of the S-DALINAC at the detector test set-up. (Values taken from [113, 121])

Beam energy up to 130 MeV
Beam current up to 20µA (in main LINAC)
Beam emittance (RMS, normalized) ∼ 1 mm/mrad
Operation mode cw (3 GHz RF-acceleration)
Bunch length (RMS) 5 ps
Bunch charge (RMS) up to 6.67 fC
Simulated beam size (1 σ) ∼ 100µm - several mm

A recently installed beamline in the S-DALINAC allows an operation as an Energy Recovery Linac

(ERL) [114]. This mode allows to reuse the energy of beam particles which have not been lost by
interactions in an experiment. Those particles normally have to be dumped and consequently their
energy is lost as thermal load inside the beam dump. The principle of an one-turn ERL operation is
illustrated in Fig. 8.2. A first beam is injected and accelerated in the main linac. Electron bunches nor-
mally sit on the maximum of the RF-field. A path-length adjustment system, which is added to the newly
installed second recirculation, allows to change the distance traveled by the beam in order to shift its
phase by 180◦. Nevertheless, the return loop is the place for an internal target not interfering too much
with the beam like, e.g. a Free Electron Laser (FEL) undulator, a gas target or a beam-laser interaction
point. The phase shifted beam is re-injected into the main linac as a second beam. The electron bunches
now sit on the minimum of the RF-field and therefore the beam will be decelerated. The kinetic energy
of the decelerated electrons is transferred back to the cavities fields and can be used for acceleration of
the subsequent electrons.

Figure 8.2.: Principle of a once recirculating ERL operation applied to the S-DALINAC. The first beam

(red circles) is accelerated in the main accelerator while the second beam (green circles) is

decelerated due to a phase shift of 180◦. (Taken from [114])
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The S-DALINAC ERL is operated as an accelerator study so far. In August 2017 first ERL measure-
ments [122] have been conducted successfully at the S-DALINAC, making it the first working ERL
accelerator in Germany. The development of new beam diagnostic tools especially for the ERL oper-
ation is important. As shown in Fig. 8.2 electron bunches sit on the maxima and minima of the RF-field
which is operated at 3 GHz. Therefore, bunches are separated by 167 ps. In Chapter 7, diamond and
silicon based beam detector systems were introduced which can achieve a time precision below 100 ps.
It is planned to use this technology for further beam diagnostic applications at the S-DALINAC in future.

8.2 Aspects of beam dynamics

The motion of a charged particle in an accelerator is determined by the Lorentz force which is the com-
bination of electric and magnetic force on a point charge due to electromagnetic fields. A particle with
a charge q moving with a velocity v in an electric field E and a field with the magnetic flux density B

experiences a force of:
~FL = ~FE + ~FB = q(~E + ~v × ~B). (8.1)

For example an electron will be accelerated in the same linear orientation as the ~E field, but will curve
perpendicularly to both the instantaneous velocity vector ~v and the magnetic flux density ~B according to
the left-hand rule1. By comparing the magnitude of the electric force component ~FE with the magnetic
force component ~FB, one obtains ~E ≈ c~B for relativistic particles. This shows that for the same force
resulting from a magnetic flux density of 1 T, which is technically feasible to produce, an electric field
of 3× 108 V m−1 would be required, which is technically challenging. Therefore, mainly magnets are
used to deflect relativistic particles and electric fields are used mainly for acceleration. The two most
common magnet types are the dipole magnet, which is used to deflect the beam on a circular orbit, and
the quadrupole magnet, which is used to focus the beam.
In the following, both magnet types will be introduced. Afterwards, a short introduction into the descrip-
tion of a particle beam in an accelerator via the σ-matrix formalism will be given. In the end, important
beam parameters like its profile and dispersion will be explained.

8.2.1 Dipole magnet

In particle accelerators, dipole magnets are used to realize bends of the particle trajectory. The field is
usually generated by two coils which are wrapped around an iron yoke in order to reinforce the magnetic
flux strength. The magnetic flux strength B can be calculated from the integral form of the Ampere law

∮

~Hd~l = N I , (8.2)

with ~B = µr
~H. It follows for the magnetic flux strength in the homogeneous field of a dipole magnet

|~B|= µ0µr ·
N I

µr l1 + l2
, (8.3)

with the vacuum permeability µ0, the permeability of the yoke material µr , the electric current I , the
coil winding number N , the gap-size of the yoke l1 and the length of iron in the yoke lr . Since in
ferromagnetic material µr,yoke > 1000 and µr,air ≈ 1 for air and vacuum in between the yoke, the equation
can be simplified to

|~B| ≈ N Iµ0

l1
. (8.4)

1 The thumb is pointed in the direction of the motion ~v of a negatively charged particle (e.g. electron). The first finger
is pointed in the direction of the magnetic field ~B (north to south). Then the orthogonal second finger will point in the
direction of ~FL . Note: For positive particles the rules can be transferred to the right hand.
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Figure 8.5.: Cross section view of a H-yoke dipole magnet. The magnetic field lines are orthogonal to

the nominal beam direction. The blue arrow indicates the direction of the Lorentz force on a

positive particle going into the image plane. (Taken from [123])

This holds, until saturation of the yoke material is reached. The use of iron dominated magnets is limited
to approx. 1.5 T for that reason. Higher fields can be generated by super-conducting magnets, which will
not be discussed here.

In Fig. 8.5 the dipole magnet cross section of a so-called H-yoke geometry is shown. In general the
motion of a charged particle in a dipole magnet field will be circular in a plane perpendicular to the field
and colinear to the direction of particle motion and free in the direction orthogonal to it. Thus, a particle
injected into a dipole magnet will travel on a circular or helical trajectory. The magnetic rigidity BR can
be calculated from the Lorentz force and the centripetal force

BR=
p

e
, (8.5)

with the radius of curvature R for a particle of charge e and the fraction of particle momentum p per-
pendicular to B. From this one can deduce a useful formula which holds for an electron beam:

BR[Tm]≈ 3.3356p[GeV/c]. (8.6)

As shown in Fig. 8.5, the magnetic flux density at the edges of the yokes becomes in-homogeneous. For
beam dynamics calculations, an effective length (or magnetic length) is introduced in order to characterize
the expansion of the field. For that, the real field is simplified by a field which has a constant value over
the effective length. The boundary field of the magnet is approximated by instantaneous rising and
falling edges. It describes the actual field distribution by an adjusted rectangular distribution of the
length Le f f and the magnetic flux density B within the field is defined as a constant. In Fig. 8.6, the
definition of the magnetic length is visualized. The effective length is defined in a way that the area
beneath both areas is identical:

∫

Bds = Bmax · Leff. (8.7)

A magnetic length can be defined for all magnet types and is therefore an important parameter for beam
dynamics calculations.

The orientation of the orbit to the field edge of the dipole is determined by the entry and exit edge
angle ψ1 and ψ2. If the orbit is perpendicular to the entry and exit edge, one speaks of a sector magnet
(edge angle ψ = 0). If the nominal path runs under a certain angle to the edges of the magnetic field,
additional focusing or de-focusing effects occur in the horizontal and vertical plane. Focusing effects in
a sector magnet and the definition of the edge angles are shown in Fig. 8.7.
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Figure 8.6.: Themagnetic flux density of amagnet as a function of the location and the resulting effective

length Leff which is typically larger than the length of the yoke Lyoke.

Figure 8.7.: Left: Focusing effects in a sector magnet for particles with the same momenta but different

entry points. Right: Rectangular magnet and the definition of the edge angle ψ1 and ψ2

which are positive in this case. (Taken from [124])

8.2.2 Quadrupole magnet

In order to focus the particle beam in an accelerator, quadrupole magnets are used. They are made
of a symmetric arrangement of four coils. A quadrupole magnet is always focusing in one plane while
defocusing in the perpendicular plane. In Fig. 8.8, quadrupole focusing and defocusing effects are shown
for a positively charged particle.

If the magnetic poles are formed hyperbolically and arranged with an angle of 45° to the horizontal and
vertical planes, the components of the magnetic flux density in the plane transverse to the beam is given
by

By = k · x , Bx = k · y, (8.8)

with the field gradient k of the vertical component in the horizontal direction (or equivalently, the field
gradient of the horizontal component in the vertical direction). The sign of k determines whether the
quadrupole focuses (k>0) or defocuses (k<0) particles in the horizontal plane. The field gradient k can
be calculated from a multipole expansion of the magnetic flux density [125]:

e

p
B(x) =

1

R
+ kx +

1

2!
mx2 + ..., (8.9)

where the first term characterizes the dipole, the second term the quadrupole and the third term the
sextupole, etc. It therefore follows for a pure quadrupole without any unwanted contributions from other
multipole components

e

p
B = kx . (8.10)
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Figure 8.8.: Cross section view of a quadrupole magnet. The magnetic field lines are transverse to the

nominal beam direction in the plane. The blue arrows indicate the direction of the Lorentz

force on a positive particle going into the image plane. (Taken from [123])

For an electron beam one can deduce the following useful formula [114]:

k[m2]≈ 0.2998
g[T m−1]

p[GeV]
, (8.11)

where the gradient g can be calculated by

g =
2µ0N I

r2
0

, (8.12)

with the winding number of the coils N , the current I , the radius of aperture r0 and the vacuum perme-
ability µ0.

Quadrupoles in the lattice1 of an accelerator are typically of two types: so-called F quadrupoles (which
are horizontally focusing but vertically defocusing) and D quadrupoles (which are vertically focusing but
horizontally defocusing). If an F quadrupole and a D quadrupole are placed next to each other and the
distance has been chosen correctly, the overall effect is focusing in both horizontal and vertical planes.
This lattice is called an F0D0 cell and allows the transport of the beam over long distances. It consists of
a focusing quadrupole F, a drift section with 0 fields, a defocusing quadrupole D and another length of
drift section with 0 fields.

Dipole and quadrupole forces are constant or linearly dependent from the particles coordinates. There-
fore, the dynamics in accelerators, which are built only from these magnets, can be described by the
so-called linear beam dynamics, which will be presented in the next section. Non-linear forces like
introduced by sextupoles or higher order magnets are not relevant for the work presented here.

8.2.3 Linear beam dynamics

In order to describe a particle trajectory in an accelerator, a moving coordinate system is introduced,
where the origin is located always at the position of the reference particle and the z-axis is tangential to
the reference path. Such a coordinate system is illustrated in Fig. 8.9. Usually, the individual trajectory
of a beam particle is characterized with respect to the reference particle which travels on an assumed
central trajectory.

1 In accelerator physics, a magnetic lattice is a composition of electromagnets at given longitudinal positions.
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Figure 8.9.: Illustration of the moving coordinate system, where the coordinates of a particle on any path

are described in relation to a reference particle on a reference path. In relation to the refer-

ence particle, the particle has the transverse coordinates x(s) and y(s) and the longitudinal

coordinate l(s).

The equations of motion of charged particles in an accelerator can be described by the Hill’s differential

equations [126]

x ′′(s) +

�

1

R2(s)
− k(s)

�

x(s) =
1

R(s)

∆p

p0

, (8.13)

y ′′(s) + k(s)y(s) = 0, (8.14)

where R(s) is the bending radius, k(s) the quadrupole strength and ∆p

p0
the relative momentum deviation

to the reference particle. The solutions of the Hill’s differential equations describe the transformation of
the orbital vector by a magnetic beam guiding element and can be written in matrix form.

A full description of a beam particle in an accelerator can be represented by the six dimension vector
~r, whose components are the positions, divergences and momentum of the particle with respect to the
reference particle. This vector can be written in a single column matrix:

~r =















x

x ′

y

y ′

l

δ















, (8.15)

where x and y are the horizontal and vertical displacement of the particle with respect to the reference
particle on the assumed central trajectory, x ′ = d x

ds
and y ′ = d y

ds
are the particles divergences, l is

the longitudinal distance and δ = ∆p

p0
is the momentum deviation relative to the reference particle.

For relativistic particles in an accelerator the longitudinal momentum is much larger than the transverse
momenta, resulting in small divergence angles. This allows to describe transverse momenta by transverse
angles, which hold as canonic coordinates. Electromagnetic influences can be described by 6×6 transport
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matrices. In linear approximation the transformation of the particle vector ~r in a magnetic lattice can be
represented by a 6× 6-dimensional matrix T :

~r(s) = T (s)~r(0). (8.16)

In linear beam optics, these matrices are reversible and it holds:

det T = 1. (8.17)

The matrix T has the following shape, if the horizontal and vertical components are decoupled, which is
the case in a well aligned machine, and, if dipole deflection applies horizontally only, which is the case
at S-DALINAC starting from injector on:

T =















T11 T12 0 0 0 T16

T21 T22 0 0 0 T26

0 0 T33 T34 0 0

0 0 T43 T44 0 0

T51 T52 0 0 1 T56

0 0 0 0 0 1















. (8.18)

The traversing of several magnets and interspersing drift spaces can be described by Eq. 8.16, but T is
now replaced by the product matrix T (t) = T (n)...T (3)T (2)T (1) of the individual matrices of the system
elements.

So far, the dynamics of individual beam particles have been considered. In accelerator and beam trans-
port systems, the behavior of an individual particle is often of less concern than the behavior of a bunch

of particles of which an individual particle is a member. One possibility is to describe this bunch of
particles via a density distribution in the phase space. The particle ensemble can then be described by
a 6× 6 beam matrix σ. Those particles are represented in phase space by a 6-dimensional phase space

ellipsoid which is shown in Fig. 8.10.

Figure 8.10.: Two dimension phase space ellipse in the x -x ′-plane. The area which is enclosed by the

ellipsoid is called the emittance εx . (Taken from [127])
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For the transport of a bunch of particles, the calculations are analogous to that of a single particle. The
σ-matrix corresponding to the transport matrices T is transformed via:

σ(s) = T (s)σ(0)T T (s). (8.19)

The transport matrices for a drift section Tdrift, a dipole magnet Tdipole, a quadrupole magnet focusing in
the x-plane Tqad,x and a quadrupole magnet focusing in the y-plane Tqad,x are given by [125]:

Tdrift =















1 L 0 0 0 0

0 1 0 0 0 0

0 0 1 L 0 0

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1















, (8.20)

Tdipol =
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R sin
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R

0 0 0 R(1− cos
Leff
R
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− 1
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sin
Leff
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Leff
R

0 0 0 sin
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Leff

γ2
0

− R(
Leff
R
− sin

Leff
R
)

0 0 0 0 0 1

















, (8.21)

Tquad,x =





















cosΩ 1p
|k|

sinΩ 0 0 0 0

−
p

|k| sinΩ cosΩ 0 0 0 0

0 0 coshΩ 1p
|k|

sinhΩ 0 0

0 0
p

|k| sinhΩ coshΩ 0 0

0 0 0 0 1
Leff
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0

0 0 0 0 0 1





















, (8.22)

Tquad,y =



















coshΩ 1p
k

sinhΩ 0 0 0 0p
k sinhΩ coshΩ 0 0 0 0

0 0 cosΩ 1p
k

sinΩ 0 0

0 0 −
p

k sinΩ cosΩ 0 0

0 0 0 0 1
Leff

γ2
0

0 0 0 0 0 1



















, (8.23)

with Ω =
p

|k|Leff, the length of the drift section L, the magnetic length Leff and the Lorentz factor γ0.

The size of the physical space volume describes the expansion of the ensemble and can be represented
by the emittance ε which is, graphically, the area enclosed by the phase space ellipsoid (see Fig. 8.10). It
is an important beam quality parameter and can be calculated by:

ε=
p

detσ. (8.24)

Often, beam transport simulation software is based on the σ-matrices approach which allows a resource-
saving calculation of the beam dynamics for an accelerator.
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8.2.4 Beam profile

An important parameter of a particle beam is its profile. For example, in x-direction the beam profile can
be described by the one dimensional density distributions ρ(x). Typically, the real density distribution
can be approximated by a Gaussian distribution [126]:

ρ(x) =
1p

2πσx

exp

�

− x2

2σ2
x

�

. (8.25)

In Fig. 8.11, the standard deviation σx
1 of a Gaussian beam density distribution is shown. In this case

the parameter is used to characterize the beam expansion. The matrix element σ11 (see also Fig. 8.10)
is identified with the standard deviation σx ,

xmax = σx =
p

σ11. (8.26)

A beam profile can be approximated in the regime of −3σx ≤ x ≤ +3σx using Eq. 8.25. Typically,
the beam is surrounded by a so-called beam halo, which consists of a cloud of particles, with strong
deviations from the reference particle. The particle distribution for x > |3σx | can therefore differ from a
Gaussian one significantly [126].

Figure 8.11.: Gaussian density distribution of a beam profile in x -direction. The value of σx is used in

order to characterize the beam size. (Taken from [126])

8.2.5 Beam dispersion

Typically beam particles inside a bunch do not have exactly the same momenta. By a passage through
a dipole magnet this momentum spread will lead to a dispersion of the beam. The trajectories of beam
particles with lower momentum are deflected more than those of particles with higher momentum. This
effect is schematically shown in Fig. 8.12. The dispersion function D(s) can be calculated by [126]:

D(s) =
∆x(s)

∆p(s)/p0

, (8.27)

where x(s) is the horizontal distance to the reference particle, p(s) its momentum and p(0) the momen-
tum of the reference particle. The dispersion is given in the units of 1 mm %−1 which means the beam

1 Note: The symbol σ is used two times, for the beam matrix and the standard deviation. One has to deduce the correct
meaning from the context.
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Figure 8.12.: Visualization of the transverse dispersion caused by a dipole magnet.

has accumulated a transverse distance of 1 mm from the reference trajectory due to a momentum offset
of 1 % with respect to the reference particle. By choosing certain dipole and quadrupole settings, disper-
sion functions can be defined accordingly. In particular, so-called achromatic settings (D = 0, D′ = 0) are
chosen at S-DALINAC for all areas facing in long straight sections, like the linac or recirculations. On the
other hand, at the position of scraper systems, D is maximized to enlarge energy definition.

8.3 Construction of a multi-purpose detector test set-up at the S-DALINAC

One goal of this work was constructing a multi-purpose detector test set-up [128, 129] in the E5 section
of S-DALINAC, in between the high energy scraper system and the NEPTUN experiment (see Fig. 8.4).
An additional pair of quadrupoles and a dipole magnet was installed into the beamline including a
dedicated beam dump. Between dipole magnet and beam dump an area of about 2 m2 can be used to
locate detectors for tests with an electron beam. In Fig. 8.13, a technical drawing of the area is shown.
The E5 beamline is divided by a concrete wall into two areas. Namely, the E5-"Bunker" area on its left
side and the E5-"kleine Halle" area on its right side. It is obvious that the space constraints limit the
positioning of new beamline elements. A major condition is, that the new detector set-up should not
deteriorate the beam properties of the NEPTUN experiment which is located further downstream. On
the contrary, in this work it has been shown that the focusing capability could even be improved. A
further requirement was the flexibility of the detector test set-up. It should be possible to clear the area
after the exit window including the beam dump within a short time in case the space is needed.
The old separation dipole magnet of the twice recirculating S-DALINAC version had to be replaced by a
new magnet in order to meet the requirements of the additional recirculation. Therefore, the old magnet

Figure 8.13.: Overview plan of the E5 section. An additional pair of quadrupoles (E5QU01, E5QU02) is

installed in the E5-"Bunker" area. A dipole magnet (E5BM01) and a beam dump is installed

in E5-"kleine Halle" in front of the NEPTUN experiment. Detector tests can take place in the

gray shaded area between the dipole magnet and a beam dump.
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has been reused as a deflecting magnet for the new test set-up. Furthermore, two spare quadrupoles have
been available, which have been placed in front of the dipole in order to give more flexibility in focusing
the beam on the detectors.
In the following, the design, installation and commissioning of the detector test set-up will be described.
The results of beam transport simulations and the construction of a new vacuum chamber for the dipole
magnet will be shown. Finally, the installation, alignment and the commissioning of the beam elements
will be covered.

8.3.1 Beam transport simulations

The lattice from the extraction of the S-DALINAC to the NEPTUN experiment and to the detector test
set-up was simulated [117] using the XBEAM software [130, 131]. The software is based on the σ
matrices approach in order to allow a fast calculation of linear beam optics. A detailed description of the
physical concepts can be found in Section 8.2.3. All following simulations have been carried out with
electron beam energy of 130 MeV. For lower energies all fields need to be scaled down with the same
factor (e.g. E/130 MeV). In Table 8.2 the simulation parameters are summarized. The lattice of beam
elements has been modeled from the S-DALINAC extraction through the high energy scraper system up
to the NEPTUN experiment. The simulations of the beam envelope must fulfill certain conditions. On the
one hand, the beam envelope should fit the beam tube at every position which typically has a diameter of
30 mm at every point. Ideally, the beam envelope inside the beam pipe should be kept below 2 mm. On
the other hand the beam envelope should be able to be focused at the position of the NEPTUN radiator
foil and the detector test set-up.

Table 8.2.: Parameters used for the X-BEAM beam transport simulations.

Beam energy 130 MeV

Quadrupole effective magnetic length (green) 0.1959 m

Quadrupole effective magnetic length (yellow) 0.1958 m

Dipole effective magnetic length 0.1836 m

Dipole deflecting angle 34.56°
Dipole entrance angle 11.01°
Dipole exit angle −4.25°

In the past, two pairs of quadrupoles, which are separated by a long distance of about 10 m, have been
used to focus the beam on the NEPTUN radiator target [132]. In Fig. 8.14 the simulated beam envelope
of the 1σ-regime is shown for the x- and y-directions for the original lattice configuration. In order
to allow focusing of the beam at the position of the new detector set-up, two additional quadrupoles
have been installed in between the two existing pairs. Now these two pairs of quadrupoles can be used
to increase the focusing capability on the NEPTUN radiator as well. The simulation of the resulting
lattice is shown in Fig. 8.15. The additional quadrupoles allow to improve the focusing capability for the
NEPTUN experiment. On the entire route, the beam envelope σx ,y is below 0.2 mm. This also applies to
the position of the dipole magnet, since the yoke and the vacuum chamber limit the beam pipe height
constructional to 23 mm.
In Fig. 8.16, the simulated beam envelope from the main linac extraction to the detector test set-up is
shown. The beam envelope should also be as small as possible at the test site. With the help of the two
quadrupoles which are located in front of the dipole a minimum beam size of σx ,y = 0.1 mm is expected
to be realized.
The dipole magnet will cause a dispersion of the beam at the position of the test location. The expected
transversal dispersion of about 5 mm %−1 is not crucial for detector tests, as ∆E/E is much smaller than
10−3.
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Figure 8.14.: Beam dynamics calculations for the NEPTUN beamline, from the main linac extraction to

the NEPTUN radiator, using the original lattice. The dashed red line shows the 1σ beam

envelope in x -direction, the solid green line in y -direction, both in mm. Dipole magnets are

shown in blue, quadrupole magnets are shown in yellow.

Figure 8.15.: Beam dynamics calculations for the NEPTUN beamline, from the main linac extraction to the

NEPTUN radiator with an additional pair of quadrupoles. The dashed red line shows the 1σ

beam envelope in x -direction, the solid green line in y -direction, both in mm. The vertical

blue lines indicate the position of a new vacuum chamber which limits the beam tube height

to 29 mm. The focusing properties for the NEPTUN experiment are significantly improved.

8.3.2 Dipole magnets, quadrupole magnets and power supplies

The separation dipole magnet of the twice recirculating version of the S-DALINAC is used to deflect the
beam to the new detector test set-up. Important parameters are summarized in Table 8.3. A DANFYSIK
SYSTEM 9000 power supply is available and can be used to power the dipole magnet. It can deliver a
maximum voltage of 60 V with a current of 160 A. The dipole magnet was constructed with a maximum
deflecting angle of 60° for 130 MeV electrons and a coil current of 182 A. Consequently, with 160 A,
which can be provided by the power supply, a maximum bending angle of 52.7° can be realized.
A dedicated support structure has been designed and manufactured in order to allow an adjustment of
the dipole magnet. The total weight of the dipole sits on three screws with embedded ball bearings
which allow an adjustment of the height. The horizontal and vertical axes of the dipole magnet can
be adjusted via adjustment screws which are mounted on the side and push the magnet in the desired
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Figure 8.16.: Beam dynamics calculations from the main linac extraction to the detector test set-up. The

beam is focused 15 cm downstream from the exit window. The dashed red line shows the

1σ beam envelope in x -direction, the solid green line in y -direction, both in mm. Dipole

magnets are shown in blue, quadrupole magnets are shown in yellow.

Figure 8.17.: Beam dynamics calculations of the beam dispersion from the main linac extraction to the

detector test set-up. The dispersion D (T16) is shown in red and is given in mm %−1. The

angular dispersion, in mrad%−1, is shown in green.

direction. The schematic drawing of the complete support structure is shown in Fig. 8.18. The detailed
technical drawings of all sub parts can be found in Appendix A.2-A.6.

8.3.3 Vacuum chamber

Initially it was planned to reuse the vacuum chamber of the twice recirculating S-DALINAC which was
already mounted inside the dipole magnet. A photography of this chamber is shown in Fig. 8.19. On
closer inspection, it was found that the 0°-beamline, which should direct the beam to the NEPTUN
experiment, only has an inner diameter of 15 mm. This could be problematic for the NEPTUN experiment
because a beam halo, which could eventually hit the beam pipe, would significantly increase the signal
to background noise ratio in the experiment. For this reason, a new chamber has been designed in order
to maximize the aperture of the 0°-beamline.
In order to design a new vacuum chamber, the dipole magnet and the original chamber has been re-
modeled in CAD software [133, 134]. Necessary information of the dimensions has been taken from the
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Table 8.3.: Physical parameters of the dipole magnet.

Naming convention E5BM01
Pole gap 30 mm

Original deflecting angle max. 60°
Original entrance angle 16.1°
Original exit angle -18.6°
New deflecting angle max. 49.8°
New entrance angle 11.0°
New exit angle (34.6°-beamline, R= 304 mm) -4.3°
New exit angle (49.8°-beamline, R= 400 mm) 11.0°
Maximal voltage 12 V

Maximal current 190 A

Total weight 250 kg

Figure 8.18.: Schematic drawing (left) and photograph (right) of the support structure for the dipole

magnet. The construction allows an alignment of the dipole with the help of several adjust-

ment screws. Detailed technical drawings of all sub parts can be found in Appendix A.2-A.6.

original technical drawings and missing ones have been measured. For the construction of new bending
angles, the geometry of the magnetic field has to be known precisely. The CAD drawing in Fig. 8.20 (left)
shows the yoke geometry, the magnetic field and the three beamlines for which the magnet was originally
designed. The effective magnetic field was reconstructed from the original drawings. It is limited by two
lines which are parallel to the yoke edges. By knowing the field geometry new bending angles have
been defined. In order to maximize the beam tube diameter of the 0°-beamline, the new 0°-beamline
had to be moved downwards 5 cm and rotated by about 5° with respect to the original 0°-beamline. The
beamline which will be used for the detector test set-up has been for construction and space limitation
reasons chosen to be 34.56° (R = 400 mm). An additional third beamline with a deflection angle of
49.81° (R = 304 mm) can be used in order to guide the beam to a second test area for possible future
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Figure 8.19.: Vacuum chamber of the twice recirculating S-DALINAC. The entrance beamline is visible on

the right. The inner diameter of the exit-beamline which was dedicated to guide the beam

to the NEPTUN experiment is only 15 mm.

Figure 8.20.: Left: Reconstruction of the original deflecting angles in order to determine the mag-

netic field limitations, since they are essential in order to construct new deflection angles.

Right: Construction of new deflecting angles and design of a new vacuum chamber. More

detailed drawings can be found in Appendix A.7-A.10.

applications. The final construction of the vacuum chamber is shown in Fig. 8.20 (right). More detailed
technical drawings of the vacuum chamber can be found in Appendix A.7-A.10.

8.3.4 Exit window

The detector tests will take place in the space between the vacuum chamber and the beam dump. It
should be possible to conduct tests under normal air pressure while the beam is extracted through a
window and the detectors-under-test are placed behind it. This offers greatest flexibility on positioning
and placing of devices under test (DUT). For that an exit window was made of aluminum with a thickness
of 300µm. It is installed instead of a gasket between two CF-40 flanges. A photography of the exit
window is shown in Fig. 8.21, the corresponding technical drawing can be found in Appendix A.11.
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Figure 8.21.: Exit window made of aluminum with a thickness of 300µm which is installed instead of a

gasket between two CF-40 flanges.

For most of the tests the beam size behind the exit window should be as small as possible. In Fig. 8.16 a
minimum beam size of σx ,y = 0.1 mm is visualized for a beam which is totally guided in vacuum. The
beam extraction through an exit window and transport through air will cause an additional spreading of
the beam.
A charged particle traversing a medium is deflected by many small-angle scatterings which are mainly
caused due to Coulomb scattering with nuclei [6]. The deflection angle θCS of the beam can be calculated
by [6]

θCS =
13.6MeV

β cp
Z
Æ

x/X0 (1+ 0.038 ln(x/X0)) , (8.28)

where p, β c and Z are the momentum, velocity and charge number of the incident particle, the thickness
of the scattering medium is given in radiation length x/X0. For an assumed electron beam momentum
of 130 MeV/c and an exit window thickness of 300µm, which is assumed to be hit by the electron beam
perpendicularly, a deflection angle of θCS,300µm = 0.22°= 3.8 mrad can be calculated.
For detector tests a beam widening is not crucial since this allows to illuminate a larger area of the DUT
with the beam. Nevertheless, for future experiments it is planned to exchange the exit window with a
thinner one, e.g. a titanium foil with a thickness of about 35µm.

8.3.5 Test set-up

Behind the exit window a total length of 1 m is available for any kind of detector tests. In Fig. 8.22 the
test set-up is shown. It is possible to move the beam dump further downstream in order to gain more
space. But for radiation safety reasons it must always be guaranteed that the beam will hit the entrance
hole of the beam dump. For silicon and diamond detector tests, which were introduced in Chapter 7,
a table will be mounted between exit window and beam dump. The devices under test (DUT) will be
installed on linear-tables which can be operated remotely. This allows an alignment and the irradiation
of different parts of the detector without touching the beam parameters. An example of such a set-up is
shown in Fig. 8.23.

8.3.6 Beam dump

Behind the experimental area the electron beam has to be stopped in a controlled way. A beam dump,
which was initially planned for [135, 136], is used for this purpose. The beam dump was originally
designed in order to dump an 130 MeV electron beam with a current of up to 20µA, which results in a
maximal dissipated heat load of 2.6 kW.
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Figure 8.22.: Side (left) and top view (right) of the multi-purpose detector test set-up. Any kind of detec-

tors can be placed between the dipole chamber exit window and the beam dump.

Figure 8.23.: Example set-up for silicon and diamond detector tests. The sensors are arranged in a tele-

scope which is mounted on a linear-table. A remote control of the linear-stages allows an

alignment and the irradiation of different parts off the detector without touching the beam

parameters.

In Fig. 8.24 the structure of the beam dump is schematically shown. The beam dump consists of a
cubic core of aluminum with an edge size of 30 cm. The core is surrounded by lead in order to shield
high energetic gamma rays which are generated by Bremstrahlung. An outer layer of polyethylene is
used to shield the detector test set-up and the NEPTUN experiment from neutrons. In order to keep
back scattered electrons inside the beam dump a counter voltage of 200 V can be applied. Aluminum
has the advantage that it is only slightly activated by the electron beam and has only a low neutron
production rate at the used beam energies. In addition, the thermal conductivity of aluminum with
2.37 W cm−1 K−1 [137] is high, from which the heat dissipation will benefit. In addition, it is possible
to cool the core with a water-cooling-system. The materials used are designed to withstand a maximal
temperature of 200 ◦C. In [136] it has been estimated that due to the high weight of 2.8 t a temperature
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Figure 8.24.: Schematic view of the beam dump. The diameter of the entrance hole is 10 cm.

rise of 20 K is expected if the beam dump is irradiated by a 130 MeV electron beam with a current of
20µA for 1 h.
For diamond or silicon based beam detector tests, beam currents of several nanoamperes are considered.
Therefore, a water-cooling of the core is not needed. The diameter of the entrance hole is 100 mm. In
the case the beam tests are planned in air, the beam will be widened due to the exit window (see also
section 8.3.4), the air and the DUT material. Due to the low beam currents, however, the expansion does
not need to be considered further. Nevertheless, for safety reasons, the beam dump should be located as
close as possible behind the DUT. For experiments with higher beam currents, the beam expansion due
to the exit window, the air and the DUT material must be examined in detail and the results have to be
agreed with the Radiation Safety Department of the S-DALINAC. In the case beam tests will be performed
in vacuum a beam size of σx ,y = 0.1 mm (see Appendix A.4) is expected at the entrance of the beam
tube, which is placed 125 cm behind the exit of the dipole magnet vacuum chamber.

8.4 Installation and alignment of beam elements

A precise alignment of the beam elements is important in order to ensure that the beam is always kept
in the middle of the beam pipes. Especially the alignment precision of the vacuum chamber inside the
dipole magnet should be below 1 mm. The alignment of the beam elements was done with the help
of two Bosch GLL 3-80 line-lasers. They can be operated in a self-leveling mode with a precision of
0.2 mm m−1 [138]. In the E5-"Bunker" area, alignment marks for the horizontal and vertical beam axis
are available [139]. The alignment process of two quadruples, with the help of a line-laser and reference-
marks, is shown in Fig. 8.25. The quadrupole magnets are mounted on support structures which allow
an alignment in all three directions with the help of adjustment screws.
In order to allow a precise alignment of the vacuum chamber inside the dipole magnet the course of the
0°- and the 35°-beamlines have been marked on the upper side of the magnet. As shown in Appendix A.9,
the same beam axes have been marked on the vacuum chamber by the manufacturer. The alignment of
the chamber inside the magnet can be done with the help of two line-lasers. The alignment process is
illustrated in Fig. 8.26. The coordinates of the reference beamlines, which are useful for an alignment,
are shown in Appendix A.8.
For the alignment of the horizontal beam axis, a beam height reference mark in the E5-"Bunker" area was
used [139]. The mark was transferred with the help of a line-laser to the E5-"kleine Halle" area. In order
to minimize the leveling error of the line-laser, the device was rotated around its axis and the height
for each rotation setting was marked on the wall. The mean value is marked by a circle. Several new
height marks have been affixed in the E5-"kleine Halle" area. This height measurement is within 1 mm

in agreement with a measurement carried out by a height gauge in 2016 [140]. The dipole magnet and
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Figure 8.25.: Alignment of quadrupoles (E5QU1, E5QU2) in the E5-"kleine Halle" area with the help of a

line-laser.

the two quadrupole magnets in the E5-"kleine Halle" have been adjusted with respect to the new laser
marks. The height to the center of the beam pipe in the E5-"kleine Halle" area is about 94 cm.

The alignment of the vertical axis in the E5-"kleine Halle" was done with two alignment marks which
have been prepared by the NEPTUN group [141]. The position of the marks are shown in Fig. 8.26.

8.5 Commissioning of the detector test set-up

Shortly before the completion of this work, the detector test set-up has been put into operation and a
first electron beam was successfully extracted. The main task was to perform the function test of all
beamline elements and the machine safety system. Another important part was the commissioning of the
dipole magnet and the evaluation of the beam quality at the new detector test set-up and at the NEPTUN
experiment.

The functionality of all beam elements was tested in so-called dry runs. For this, the magnets were
operated without a beam in order to check the dipole magnet water-cooling system and the polarity
of all installed magnets. Also, the correct operation of fast closing safety valves was checked which are
important parts of the machine safety system.

For the commissioning of the beamlines several BeO targets are available. They can be moved pneu-
matically into the beam and monitored with the help of a CCD-camera. The overview map in Fig. 8.13
indicates the position of the targets. The E5T1 target is located in front of the new quadrupole doublet
in the E5-"Bunker" area. The E5T2 target is located about 1.5 m in front of the NEPTUN radiator.

For the commissioning of the new beamline a BeO target (E5R1) with a diameter of 3 cm was mounted
about 10 cm behind the exit window (see Fig. 8.27). The target was aligned with the help of a line-laser.
A CCD-camera which is mounted in a lead brick can be used to observe the beam.
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Figure 8.26.: Left: Vertical alignment of the vacuum chamber and dipole magnet (E5BM01) with the

help of two line-lasers. Right: Vertical alignment of two quadrupoles (E5QU3, E5QU4) in

the E5-"kleine Halle" area. Vertical alignment marks have been provided by the NEPTUN

group.

Figure 8.27.: Commissioning of the new detector test set-up. A BeO target (E5R1) with a diameter of

3 cm is mounted about 10 cm behind the exit window. Beam elements were aligned with

the help of a line-laser.
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Figure 8.28.: Left: Camera picture of the E5T2 target which is located in front of the NEPTUN radiator.

One tick is 5 mm, one pixel is 5/55 mm. Right: Beam spot on the same target without

external illumination.
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Figure 8.29.: Left: Projection of the E5T2 target picture, shown in Fig. 8.28 (right), on the horizontal axis.

From a Gaussian fit a beam size of σE5T2,horiz. = (5.50± 0.23)pixel= (0.50± 0.02)mm can

be estimated. Right: Projection of the same picture on the vertical axis delivers a beam size

of σE5T2,vert. = (5.71± 0.22)pixel= (0.52± 0.02)mm.

For the commissioning of the beamlines an electron beam with an energy of 30.5 MeV and a current of
100 nA1 was focused on the E5T1 target. After this, the 0°-beamline towards the NEPTUN experiment
was commissioned. The two new installed quadrupoles offer the operators more degrees of freedom
during beam focusing and make it easier for them to adjust for a small beam size, which is requested
by the NEPTUN experiment. The beam spot at the E5T2 target is shown in Fig. 8.28, the corresponding
currents of the magnets are shown in Appendix A.3 (Table A.1). The beam spot has a nearly circular
shape and especially without external illumination (see Fig. 8.28) no beam halo is visible.
With a focused beam on the E5T2 target, the new dipole magnet E5BM01 was switched on. The beam
was focused on the E5R1 target which is shown in Fig. 8.30. The corresponding magnet currents are
shown in Appendix A.3 (Table A.2).
The beam size on the E5T2 and E5R1 target has been evaluated by projecting the beam spot pic-
tures Fig. 8.28 (right) and Fig. 8.30 (right) on the horizontal and vertical axis. The result is shown

1 No current measurement was available at the time of commissioning. Since an energy scraper system is mounted in front
of the new set-up the current is expected to be about a factor of a half lower.
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Figure 8.30.: Left: Camera picture of the E5R1 target which is located at the new detector test set-up in

front of the beam dump. One tick is 5 mm, one pixel is 5/126 mm. Right: Beam spot on the

target without external illumination.
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Figure 8.31.: Left: Projection of the E5R1 target picture, shown in Fig. 8.30 (right), on the horizontal axis.

The spikes in the distribution are caused by the cross-hair on the target. From a Gaussian

fit a beam size of σE5R1,horiz. = (50.66± 1.27)pixel = (2.01± 0.05)mm can be estimated.

Right: Projection of the same picture on the vertical axis delivers a beam size of σE5R1,vert. =

(51.19± 0.72)pixel= (2.03± 0.03)mm.

in Fig. 8.29 and Fig. 8.31, respectively. By fitting the beam spot with a Gaussian distribution a
beam size of σE5T2,horiz. = (0.50± 0.02)mm and σE5T2,vert. = (0.52± 0.02)mm can be estimated at
the E5T2 target location. For the E5R1 target the beam size is σE5R1,horiz. = (2.01± 0.05)mm and
σE5R1,vert. = (2.03± 0.03)mm. At this point it must be noted that the beam spot appears, due to flare
effects of the used BeO target material, slightly larger than it actually is.

For the NEPTUN experiment this work contributed to a significant improvement of the beam quality.
During the commissioning it could be shown that the newly installed vacuum chamber of the dipole
magnet did not create additional beam halo and therefore background radiation at the position of the
NEPTUN experiment. Of great advantage are the two additional quadrupoles which offer the operators
more freedom during beam focusing. Since the NEPTUN experiment was not ready for operation at
the time of the commissioning, a detailed evaluation of the beam quality for the experiment was not
possible. A further evaluation of the beam quality is planned for the next beam time in the beginning of
2020.
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Through the commissioning it could be shown that it is possible to guide an electron beam to the new
detector test area. Efforts were made to keep the beam spot as small as possible, but these were limited
due to time constraints. Furthermore, the large beam spot, shown in Fig. 8.30, is mainly caused by the
expansion of the beam in the exit window (see also section 8.3.4) and in air. For the planned detector
tests this is not an obstacle, because it will allow a large illumination of the DUT. In order to reduce the
expansion of the beam through the exit window, the installation of a thinner exit window is planned for
future beam experiments. The exit window could be made for example from titanium were a thickness
of approximately 35µm is realizable. A new exit window is in planning and first detector tests, e.g.
UFSD prototype detector tests, are planned for the beginning of 2020.
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9 Summary and outlook

A major goal of this work was the design, installation and commissioning of new read-out electron-
ics for the HADES ECAL detector. For that a Charge-to-Digital-Converter (QDC) and Time-to-Digital-

Converter (TDC) based on a commercial Field Programmable Gate Array (FPGA) technology are used to
read out 978 PMT signals of the ECAL. The charge measurement of the detector signals is based on a
modified Time-over-Threshold (TOT) measuring method. In the context of this work the second gener-
ation of the PaDiWa-AMPS front-end board, for the TRB3 (General Purpose Trigger and Readout Board

- generation 3), was designed, manufactured and tested in the laboratory. The requirements of the
detector could be confirmed in laboratory measurements. The front-end achieves a time measurement
precision of σt = 16 ps. The relative charge measurement precision for signal amplitudes above 1 V is
below σc = 0.5 %.
The read-out electronics was installed in the ECAL detector and integrated into the HADES DAQ system.
The system was commissioned with LASER signals and cosmic muons. A successful operation of the ECAL
read-out system was shown during a four week physics production beam time with an 1.58A GeV Ag
beam. The ECAL detector system is currently being calibrated, first results showed an energy resolution
of σE

E
= 6.6%p

E[GeV ]
which is already close to the design value of σE

E
= 5.5%p

E[GeV ]
. Besides this, the π0 → γγ

decay could be successfully reconstructed.
Despite the successful usage of the read-out electronics during the production beam time, there is still
room for improvements. One of the weak points of the read-out electronics is the limitation to a maxi-
mum rate of 100 kHz. This limitation can only be overcome by an active baseline restorer which requires
a major change in the measurement method. The modular structure of the ECAL read-out system al-
lows an easy exchange of individual parts in the read-out chain in a cost efficient way. A new front-end
board with a novel charge measurement design is currently developed at GSI Department for Electronics.
The used measurement technique implements a baseline restorer by default and could therefore be a
potential successor of the PaDiWa-AMPS2 front-end board, which was addressed in this work. A first
prototype is currently in production and first laboratory tests, in order to check the compatibility with
ECAL signals, are planned for the beginning of 2020.
A read-out concept which is similar to ECAL is used to read-out diamond based beam detectors in the
HADES experiment. Those detectors are used for the T0 determination of the Time-of-Flight measuring
system, which is important for particle identification. Besides this, they are important for online beam
monitoring purposes. The requirements for the time precision are in the order of 50 ps. Diamond detec-
tors have been successfully used in HADES for years. Its radiation hardness and its time precision proved
to be an advantage. Unfortunately, only small areas can be covered and the availability of artificial,
detector grade diamond material is currently limited.
The new Ultra-Fast Silicon Detector (UFSD) technology has already been identified as a potential succes-
sor. A prototype detector was developed at GSI and tested with a proton beam. It could be shown that
the requirements to the time-precision are almost met. A time precision of 56 ps, which was achieved
with the NINO chip, is an excellent result for a system using state-of-the-art technology. The PaDiWa
based read-out concept, which is currently adopted in order to read out UFSD sensors, needs still further
tuning. New pre-amplifiers are currently being developed. Furthermore, the next generation of UFSD
sensors, with less inactive space between the strips, is currently produced and will be available soon. It
is planned to use this technology as a diagnostic instrument for Energy Recovery Linac operations of the
electron accelerator S-DALINAC of TU Darmstadt.
In the context of this work a multi-purpose detector test set-up was constructed at the S-DALINAC. This
set-up allows a large variety of detector tests using an electron beam with an energy up to 130 MeV

and beam current up to 20µA. Of special interest are research and development of UFSD prototype
detectors, which have been presented in this work. These conditions are ideal to perform tests with a
beam of minimum ionizing particles. The flexibility of the set-up and the available space allows the test
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of many different systems in future. In the context of this work the necessary beam dynamic calculations
were carried out. Furthermore, a new vacuum chamber for the dipole magnet was constructed with the
goal of a maximized beam tube cross section. This will improve the signal-to-noise ratio in the NEPTUN
experiment. The beamline of the test set-up was optimized to the spatial circumstances. The beam
elements were installed and adjusted. The beamlines have been put successfully into operation shortly
before the completion of this work. It could be shown that the focusing capabilities for the NEPTUN
experiment are significantly improved. Besides this, the beamline of the new multi-purpose detector test
set-up was successfully commissioned and is now ready for the first detector tests. A beam expansion
which is mainly caused by the aluminum exit window will be eliminated in the future using a thinner
metal foil. A titanium exit window is currently being planned. First detector tests are currently being
planned and are scheduled in the next beam time of the S-DALINAC.
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A Appendix

A.1 Technical drawings
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A.2 Schematics
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Figure A.14.: Schematics of the analog part of the first channel of the PaDiWa-AMPS2 front-end board. Note: The transistor BFS520 is exchanged
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Figure A.15.: Schematics of the analog part of the first channel of the PaDiWa-AMPS1 front-end board.
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Figure A.16.: Schematics of the 5V-distribution board.
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A.3 Magnet currents during the beam commissioning at S-DALINAC

Table A.1.: Settings of the magnet currents for beam focusing on the E5T2 target (see Fig.8.28) which is

located in front of the NEPTUN radiator.

Magnet Current
E5QU01 0.54 A

E5QU02 −0.46 A

E5BM01 0 A

E5QU02 1.07 A

E5QU02 −1.84 A

Table A.2.: Settings of the magnet currents for beam focusing on the E5R1 target (see Fig.8.30) of the

new test set-up.

Magnet Current
E5QU01 0.78 A

E5QU02 −0.191 A

E5BM01 70.53 A

E5QU02 0 A

E5QU02 0 A

A.4 Beam dynamic simulation to the beam dump in vacuum

In Fig. A.17 a simulation of the beam envelope in vacuum to the beam dump, which is located 125 cm

away from the dipole chamber exit, is shown. A beam size of σx ,y = 0.1 mm is expected, which will fit
the beam dump entrance hole with a diameter of 10 cm.

Figure A.17.: Beam dynamics calculations from the main linac extraction to the beam dump of the de-

tector test set-up. Simulation parameters are the same as in Fig. 8.16 but now the beam is

transported to a beam dump 125 cm downstream from the exit window. The dashed red

line shows the 1σ beam envelope in x -direction, the solid green line in y -direction, both

are given in mm.
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A.5 PaDiWa-AMPS2 delay adjustment values

Figure A.18.: Time delay for the register value "–data". A delays between 10 ns and 200 ns with a step

size of about 2 ns can be generated.
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