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Chapter 1. Introduction                                                                             

1. Introduction

The Standard Model (SM) of elementary particles and fields has been very successful in 
describing the fundamental constituents of matter and their interactions. According to the 
theory, the particles and force carriers are divided into three families as shown in Figure 1.1 
[1]. 

The Standard Model has been extensively tested by various experiments at high energies  
and it has shown a remarkable predictive power which helped to observe yet undiscovered 
particles. However, it leaves us with many unsolved questions [2].

Recently the Large Hadron Collider (LHC) has started to run and it  accelerates  two 
beams of particles of the same kind (protons or ions up to Pb ions). The collision energy for 
protons will go up to 14 TeV. 

LHC  experiments  at  these  high  energies  may  help  to  understand  some  of  the  yet 
unsolved questions of the SM. In the Standard Model the origin of mass of the fundamental 
constituents of matter is explained by the Higgs mechanism: the whole space is filled with a 
‘Higgs field’ and by interacting with this field, particles like leptons and quarks can acquire 
mass.  The Higgs field is  mediated by the Higgs boson [2,  3].  If  such a particle  exists,  
experiments at the LHC should be able to detect it and determine its properties. However, 
the Higgs mechanism does not explain, why some particles are heavy and others are light or 
extremely light, like the neutrinos. Nor does the Higgs mechanism explain how particles 
composed of light quarks can acquire a large mass.

According to the current theories, the Universe born from the Big Bang went through a 
stage during which matter existed as a sort of extremely hot, dense soup, called quark-gluon 
plasma (QGP) composed of the elementary building blocks of matter [3]. As the Universe 
cooled, the quarks became trapped into composite particles such as protons and neutrons. 
This phenomenon is called the confinement of quarks. The LHC is able to reproduce the 
QGP by colliding two beams of heavy ions (Pb ions). In the collisions, the temperature will  
exceed 100 000 times that of the center of the Sun.

Quantum chromodynamics (QCD) is a main component of the SM together with the 
electroweak theory [1, 2] and plays a key role in describing the strong interaction between 
quark and gluon constituents of matter. 

In the past decades QCD has been extensively tested at high energies, where the strong 
coupling constant  becomes small  and perturbation theory applies.  However,  in  the low-
energy  regime  QCD starts  to  become  non-perturbative.  This  situation  requires  the 
development of approximate theoretical models based on effective field theories which are 
rooted on the symmetries of QCD and are formulated in terms of the more relevant low-
energy (i.e. hadronic) degrees of freedom. The exact formulation of an effective field theory 
depends on the energy range of interest.

In  a  more  direct  approach,  based  on  first  principles,  the  problem  of  solving  non-
perturbative QCD is treated by numerical calculations on a space-time lattice.  However, 
computational limitations may lead to systematic errors that may require a comparison to 
results of an effective field theory. Such approaches need to be scrutinized by confrontation 
with precise experimental data e.g. on hadron masses, hadron decay rates and information 
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on the structure of hadrons.  The Fermilab Lattice Collaboration [4]  calculated the mass 
value of the hadrons and was able to reduce the uncertainty in the mass value from the 10% 
level to about 2% [5]. 

Figure 1.1: Elementary particles and the gauge bosons carrying the forces in the Standard 
Model.

The PANDA (antiProton ANnihilation at DArmstadt) experiment at the recently founded 
Facility for Antiproton and Ion Research (FAIR) in Darmstadt, Germany, will address the 
yet unresolved questions of nonperturbative QCD [6] with antiproton beams in the 1.5 – 
15 GeV/c momentum range. The realization of this experiment to study QCD in the non-
perturbative regime can therefore be considered as one of  the most  important  events  in 
recent years for hadron physics. One of the main purposes is to study hadrons containing a 
charm  quark  or  consisting  of  a  charm  c  and  anti-charm  c  quark.  Such  systems  are 
particularly  suited  for  comparisons  with  theory  since  the  charm  quark  allows  a  non-
relativistic approximation due to its large mass. The rich spectrum of charmonium ( cc ) 
states and the transitions between these states can be accessed directly in proton – antiproton 
annihilations.  This  is  a  great  advantage  over  electron-positron  annihilation  experiments 
where only states with the photon quantum numbers can be accessed directly.

PANDA will be a unique experiment providing precise data for the  understanding of  
hadronic bound states and resonances, the generation of exotic quark-gluon structures, and 
the  importance  of  QCD  symmetries.  The  physics  program  of  the  PANDA experiment 
focuses on charmonium spectroscopy and the search for hybrid states (i.e. mesons with an 
explicit gluon component) and glueballs (i.e. states consisting merely of gluons). Moreover,  
a large variety of other physics topics such as the study of hypernuclei, in particular those 
with two  hyperons,  and measurements of the timelike form factor of the proton [6] will 
be addressed. 

The study of the spectrum of charmonium states is an important research topic and a 
powerful tool for the understanding of the strong interaction [6]. Precision measurements of 
mass, width and decay branches of all charmonium states will provide information on the 
quark-confining potential and its spin dependence. Such a broad physics program of the 
PANDA experiment requires a multi-purpose detector with the important component of a 
high-resolution Electromagnetic Calorimeter (EMC) [7]. 

For high precision charmonium spectroscopy a low photon energy threshold is required. 
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One of the crucial issues is to optimize the energy resolution for studying narrow resonances 
with  high  precision.  Another  important  requirement  is  the  minimization  of  the  time 
resolution to less than 1 ns for a clean event correlation and background suppression. These 
above-mentioned requirements demand a state-of-the-art development of the PANDA EMC 
front-end electronics and extensive performance studies. 

This thesis will focus on research and development of the front-end electronics for the 
PANDA Electromagnetic Calorimeter. 

 Chapter 2 gives a brief introduction to charmonium and exotic hadronic states. The 
physics program of the PANDA experiment is described.

 Chapter  3  provides  an  overview  of  the  PANDA detector.  The  most  important 
detector components are briefly discussed.

 The working principle and technical details of the PANDA EMC are explained in 
Chapter 4.

 Chapter 5 provides a description of the readout electronics for the PANDA EMC. It  
gives an overview of the employed preamplifiers, digitizer modules and the developed 
data acquisition and analysis scheme. 

 In Chapter 6 the three different test measurements with LED light pulser,  high-
energy ion and photon beam and their analysis results are described. 

 Chapter 7 assesses the implementation details of the online-analysis algorithm into 
a  commercial  XILINX  Spartan  FPGA development-board  and  SIS3302  Sampling 
ADC. 

 Chapter  8  provides  a  simulation  study for  the  PANDA EMC.  Results  will  be 
discussed  for single photons hitting a 33 crystal array and for the decay of the hc 

charmonium into 7 γ detected with the PANDA EMC.
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Chapter 2. Charmonium and exotic hadronic states

2. Charmonium and exotic hadronic states

The PANDA experiment in the High Energy Storage Ring (HESR) at FAIR in Darmstadt 
will investigate proton - antiproton annihilations. The physics program of PANDA contains 
topics of high current interest like the study of charmonium states, the search for glueballs,  
hybrids,  exotic  mesons,  and  hypernuclei.  Figure  2.1  compiles  the  focus  topics  of  the 
PANDA experiment for the accessible antiproton momentum range from 1.5 – 15 GeV/c and 
interactions with protons from a hydrogen cluster jet or frozen pellet target. 

Figure 2.1: Mass range of hadrons that will be accessible by PANDA in the HESR with 1.5 
to 15 GeV/c antiprotons. The upper scale indicates the corresponding antiproton momenta 
required in a fixed-target experiment. The accessible mass range will allow charmonium 
spectroscopy,  the search  for  charmed hybrids  and glueballs,  the production of  D-meson 
pairs, baryon pairs, and the production of hypernuclei [6].

The research goals of PANDA experiments aim at a clear understanding of QCD in the  
non-perturbative regime, which governs the formation and structure of hadrons. Here we 
will discuss two main topics of physics investigations in the PANDA experiment:

• Charmonium spectroscopy;
• Exotic hadronic states.
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2.1 Charmonium spectroscopy

In 1974, the J/Ψ charmonium state was discovered in electron-positron collisions [8]. 
Subsequently, in electron-positron collisions also other states of the charmonium spectrum, 
Ψ'  and  Ψ (3770)  resonances,  were  found and  the  quantum numbers  JPC =  1--  could  be 
assigned,  which  are  the  quantum  numbers  of  the  photon.  Charmonium  states  (see 
Figure 2.2) are bound states of a c and a c  quark and the JPC = 1--  states can be formed in 
electron-positron collisions via the coupling to a virtual photon.

Figure  2.2:  Spectrum of  charmonium states  [6]  and  transitions  according  to  the  given 
legend. Dashed-line transitions need further confirmation. The thresholds for DD  states are 
indicated.

Since their  discovery,  the charmonium states  played a key role in understanding the 
nature of the strong interaction. The high mass (≈1.5 GeV/c2) of the charm quark allows to 
describe the charmonium bound states rather well in a non-relativistic potential model. 

In e+e− collisions only states of charmonium with the quantum numbers of the photon 
can be directly formed. Meanwhile, a number of experiments (e.g. CLEO [9], BELLE [10], 
BES [11]) have produced  charmonium states and rather well completed the charmonium 
spectrum (Figure 2.2). Charmonium can be produced e.g. in B-meson decays, two photon 
collisions, or pp  interactions. In  pp  annihilations, all possible states of charmonium can 
be  directly  excited.  Exploiting  the  precise  knowledge  of  the  beam momentum and  the 
momentum scanning technique,  the masses  and widths of all  charmonium states  can be 
determined with excellent accuracy, limited by the very precise knowledge of the initial pp  
state  and  not  limited  by  the  detector  resolution,  unlike  the  situation  of  charmonium 
production in e+e− collisions. The concept of the resonance scan is illustrated in Figure 2.3. 
The mass distribution that should be determined for the particle of interest is indicated by 
the green dotted curve. The nominal beam momentum is adjusted to several discrete values. 
Due to the finite momentum distribution of the beam, each of the nominal settings of the 
beam momentum excites a distribution of the center-of-mass energy ECM as indicated by the 
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red dotted curves. The measured yield distribution for a given final state is the convolution 
of these two types of distributions, as indicated by the filled points along the blue solid line. 
The power of this method is clearly recognized by comparing measurements of the total 
decay width of the  χc1. Measurements from the Crystal Ball were only able to achieve a 
precision better than 3.8 MeV [12] and newer measurements from the BES collaboration 
achieved a precision of Γ = 1.39 ± 0.40 ± 0.26 MeV [13]. In contrast, the E835 experiment 
was able to achieve uncertainties which are about one order of magnitude smaller resulting 
in a width Γ = 0.876 ± 0.045 ± 0.026 MeV [14]. In the spectrum of charmonium states, 
shown in Figure 2.2,  the  cc  states  below the  DD  threshold are  well  established.  The 
properties of the triplet-P states χc0  ,  χc1 of and χc2  are studied well. However, the width of 
the charmonium ground state ηc is determined very poorly. 

f

Figure 2.3: Scheme of the resonance scan technique [15]. The mass distribution that should 
be determined for the particle of interest is indicated by the green dotted curve. The nominal  
beam momentum is adjusted to several discrete values (red curves). The measured values 
(blue dots) need to be corrected for the beam resolution to obtain the true mass distribution.

The ηc
’ state, the first excitation of the ηc ground state, was discovered by BELLE [16] 

and  was  observed  as  an  8σ deviation  from the  initial  claims  of  the  Crystal  Ball  [17]. 
Furthermore, different values of mass and width were established.  However, the existing 
data on the mass only have a precision of 4 MeV and there is a 50% uncertainty in the 
width. These results are only marginally consistent with most predictions.

The singlet-P resonance (hc) is of extreme importance to determine the spin-dependent 
component of the qq  potential. For this state only two decay channels have been seen [18], 
but due to the narrow width of this state (Γ < 1 MeV) only pp  formation experiments, as 
are proposed for PANDA, will allow measuring the width and systematically investigating 
the decay modes.

A rich  spectrum  of  states  may be  expected  in  the  energy  region  above  the  DD  
threshold, but up to now, this region is poorly explored. Since 2003 a number of narrow 
states in this mass region have been observed by the BELLE [10], BABAR [19] and CLEO 
[9]  experiments.  Many  basic  parameters  of  these  states  have  yet  to  be  determined. 
Furthermore, precision measurements of  all  1D and  3D states  are required to distinguish 
between models that provide different interpretations of the nature of these states.
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2.2 Exotic hadronic states

The confrontation of QCD-based theoretical predictions for exotic hadronic states with 
experimental data will provide a deeper understanding of the QCD dynamics. On the theory 
side,  two  different  approaches  are  generally  used:  (i)  lattice  calculations  (LQCD)  [20],  
which attempt to solve non-perturbative QCD by numerical calculations, and (ii) effective 
field theories [6], either with quark-gluon or with hadronic degrees of freedom, which obey 
the symmetries of QCD and the existence of hierarchies of scales to provide predictions 
from  effective  Lagrangians.  The  exotic  hadronic  states  are  classified  in  three  main 
categories:

Hybrid  states: Such  states  differ  from  conventional  mesons  by  an  explicit  gluon 
contribution. In the simplest scenario, the quantum numbers of such states may be found by 
adding the quantum numbers  of  a  gluon to those of  a  simple  qq  pair.  This procedure 
creates  e.g.  for  S-wave  mesons  eight  lowest-lying  hybrid  states.  Exotic  charmonia  are 
expected  to  exist  in  the  3–5  GeV/c2 mass  region.  Predictions  are  provided  mainly  by 
calculations based on the bag model, flux tube model, constituent gluon model, and recently 
by LQCD [4, 5] calculations. These predictions qualitatively agree, and all models expect 
[21] that the lightest exotic state would be a JPC = 1−+ state. Predictions for the mass and the 
width estimate values around 4.3 GeV/c2 and 20 MeV/c2, respectively. In addition, there are 
seven other hidden charmed hybrids [22] to be discovered. Therefore, the main goal would 
be to measure the whole pattern of charmonium exotic states. The PANDA program aims to 
search for charmonium-hybrid states in production experiments at the highest antiproton 
energy available  (Ep = 15 GeV,  √s  =  5.46 GeV).  Such measurements  allow studying all 
possible  channels,  exotic  and  conventional.  The  next  step  would  consist  of  formation 
measurements to scan the antiproton energy in small steps in the regions where promising 
hints of hybrids have been observed in the production phase.

Glueballs: Such states are composite particles consisting of gluons without any valence 
quarks. States of pure glue are possible since gluons carry color charge and can interact with 
each other according to QCD. LQCD calculations can provide predictions for the glueball 
mass spectrum (Figure 2.4).  The glueballs are experimentally [23] hard to identify since 
they may mix with ordinary mesons. Therefore,  glueballs with exotic quantum numbers 
(“odd-balls”) would be narrower and easier to be detected. LQCD predicts the presence of 
about fifteen glueballs in the mass range accessible to the PANDA experiment, some with 
exotic quantum numbers. The lightest odd-ball, with JPC = 2+−, has been predicted with a 
mass of 4.3 GeV/c2. 

Like  charmonium  hybrids,  glueballs  can  either  be  formed  directly  in  the  pp -
annihilation process, or produced together with another particle. In both cases, the glueball 
decay into final states like ϕϕ or ϕη would be the most favorable decay below 3.6 GeV/c2, 
while J/Ψη and J/Ψϕ are the first choices for the more massive states. The indication for a 
tensor state around 2.2 GeV/c2 was found in the experiment JETSET at LEAR [25]. The 
acquired  statistics  was  not  sufficient  for  the complementary reactions to  be determined. 
Accordingly, the PANDA collaboration is planning to measure the φ φ→pp  channel with 
two orders of magnitude better statistics than in the previous experiments. 

Multiquark  states: These  are  mesonic  excitations  of  qq  states.  These  mesonic 
excitations are expected to be loosely bound, thus resulting in states having a large width. 
Nevertheless, in the vicinity of a strong threshold, this property may change, and states with 
a potentially large additional mesonic component can become narrower if they appear sub-
threshold. This for example could be the case for the (a0(980), f0(975)) system, which has a 
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large (may be dominant) KK  component in the wave function. In the case of the extremely 
narrow X(3872) state [26] the  DD  threshold could have a similar impact on the mass of 
this state and could explain why it is  not  fitting into the conventional systematic of the  
charmonium spectrum.

Figure 2.4: Predictions from LQCD calculations [24] for glueball masses with various PC 
quantum numbers. The masses are given in terms of the hadronic scale r0 on the left vertical 
axis and in terms of GeV on the right vertical axis.

2.3 Conclusion

In  conclusion,  the  main  scientific  research  topics  of  the  PANDA experiment  are 
charmonium spectroscopy,  the  search  for  exotic  hadronic  states,  such  as  hybrid  states, 
glueballs,  and  multiquark  states.  In  order  to  underline  the  importance  of  an  excellent 
electromagnetic  calorimeter,  we discuss as an example of hybrid states the charmonium 
hybrid  state ch~  [6]. The  charmonium  hybrid  states  are  expected  to  decay  mainly  to 

charmonium final states, like in this reaction channel ηππψη 00/~ Jhpp c →→ : For this 

decay channel,  the EMC is crucial to detect  the complete final  state because  J/ψ decays 
electromagnetically,  the  η  meson  decays  to  three  π0 which  in  turn  decay  each  to  two 
photons. In the search for glueballs, the experiment will study final states including ϕϕ or ϕη 
for states below 3.6 GeV/c2 and  J/ψ η and J/ψϕ for higher-mass states. As an example of 
charmonium spectroscopy we mention here one of the charmonium states, the hc state (see 
Figure 2.2). Precise information about this state will give more insight to determine the spin-
dependent component of QCD bound states. One of the cleanest ways to identify the h c state 
is to detect its decays into the 7 γ final state. This decay is discussed in Chapter 8, in order to 
evaluate the performance of the PANDA EMC.
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3. The PANDA Detector

The physics program of the PANDA experiment demands a detector with challenging 
requirements, which are described as follows [27]: 

The detector must 
• cover 4π solid angle;
• be capable of operation with high rates (2·107 annihilations/s);
• have a good particle identification and momentum resolution for γ, e, μ, π, K and p; 
• have a good vertex reconstruction and excellent calorimetry.

The PANDA detector  consists  of  two parts,  namely the  target  spectrometer  and  the 
forward spectrometer. The combination of these two spectrometers provides the full angular 
coverage. The target spectrometer surrounds the interaction point and will be placed inside a 
2 T solenoid magnet. The forward spectrometer will host a 2 T dipole magnet for tracking of 
charged particles under small angles with respect to the beam direction. A three-dimensional 
illustration of the PANDA detector including all sub-detectors is shown in Figure 3.1. 

The most important sub-detector and infrastructure systems are discussed briefly in the 
following sections.

3.1 Target Spectrometer

The target spectrometer is designed to detect particles with scattering angles larger than 
22° and is placed inside the 2 T solenoidal field of a superconducting magnet. The most  
important sub-detector components of the target spectrometer are [28]:

Target System: The target will be brought into the beam-line by a vertical pipe structure 
as shown in Figure 3.1. There are two options for the target system: a cluster-jet target and a 
pellet  target.  Both target  systems fulfill  the requirement of a target  thickness of roughly 
4·1015 hydrogen atoms per cm2 in order to cope with the design luminosity of 2·1032 s-1 cm-2. 
The cluster-jet target will be realized by a narrow jet of hydrogen-clusters with 103  - 106 

hydrogen molecules per cluster. The pellet target would feature a stream of frozen hydrogen 
micro-spheres  (“pellets”).  Such  type  of  pellet  target  is  presently  in  use  in  the  WASA 
experiment  at  the  COoler  SYnchrotron  (COSY)  accelerator  at  the  Forschungszentrum 
Jülich, Germany [29].

Solenoid Magnet: The solenoid coil surrounds the electromagnetic calorimeter and the 
inner tracking detectors inside the calorimeter barrel. The solenoid produces a 2 T magnetic 
field in the target  spectrometer.  To achieve optimum tracking performance the magnetic 
field homogeneity is required to be better than ~1% [31].

11



Chapter 3. The PANDA Detector

Figure 3.1: The PANDA detector including the sub-detector systems. The beam enters from 
the left. The length of the whole detector system is ~ 12 m [30]. 

Central Tracker and MVD: The Micro-Vertex Detector (MVD) directly surrounds the 
interaction region with a radiation-hard silicon pixel and silicon-strip detector system. The 
current  design of the MVD uses  a  four-layer  barrel  detector  and eight additional  layers 
perpendicular  to  the  beam  direction.  It  has  a  very  good  spatial  resolution,  which  can 
improve the momentum resolution of the whole detector setup. The MVD is able to detect 
secondary  vertices,  such  as   D-meson  decays,  kaon  and  hyperon  decays.  The  Central  
Tracker surrounds the MVD and has  a  good detection efficiency for  secondary vertices 
which  can  occur  outside  the  inner  vertex  detector  [28].  The  detectors  foreseen  for  the 
Central Tracker of PANDA are either a Time Projection Chamber (TPC) or a Straw Tube 
Tracker (STT), depending on the prototype performances. The tracks of particles emitted 
below 22° in the forward direction will be covered by a Gas Electron Multiplier (GEM) 
detector  layer:  The high  particle  flux  and  the  magnetic  field  forbid  the  employment  of 
traditional drift chambers. 

Cherenkov Detector:  Particle  identification (PID)  is  a  very important  aspect  of  the 
event  reconstruction  in  order  to  obtain  reliable  physics  information.  PID  requires  the 
determination  of  velocity  or  energy  loss  in  addition  to  the  particle  momentum.  Above 
momenta  of  1 GeV/c  the  PID  will  be  provided  by  Cherenkov  Detectors.  Below  the 
Cherenkov threshold the tracking system will provide information on the energy loss of 
particles. The Cherenkov detector for the target spectrometer contains a barrel and a forward 
endcap component.

ElectroMagnetic  Calorimeter:  The  crucial  part  of  the  PANDA  detector  is  a 
ElectroMagnetic  Calorimeter  (EMC)  [7],  which  is  placed  in  the  magnetic  field  and 
surrounds the interaction point. The PANDA EMC of the target spectrometer consists of 
three parts: the Barrel, Backward and Forward Endcap EMC. The PANDA EMC employs 
very dense scintillation crystals with a short radiation length.  Lead tungstate (PbWO4 or 
PWO) crystals were already chosen for the CMS (Compact Muon Solenoid) [32] and the  
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ALICE (A Large Ion Collider Experiment) experiments at CERN [33]. In addition, the very 
fast scintillation decay time and the radiation-hardness, verified also at low temperatures  
[33],  make  the  PWO  crystals  an  excellent  choice  for  the  PANDA  EMC.  Recent 
developments of PWO-II crystals [34], as foreseen for the PANDA EMC, provide a two 
times higher  light  yield than  achieved  for  CMS crystals  [32].  The roughly 20 cm long 
crystals will be cooled down to a temperature of -25 °C in order to improve the light yield 
by a factor of four. To achieve the ultimate energy resolution, a temperature stability of 0.1° 
is required [34]. 

Time  Of  Flight:  As  already  mentioned  above,  the  Cherenkov  detector  will  detect 
particles  with  momenta  higher  than  1  GeV/c.  To  identify  the  particles  with  lower 
momentum, a Time Of Flight (TOF) detector will be used providing a time resolution of 
about  100 ps.  The TOF detector  will  be placed in  front  of  the Barrel  and the Forward 
Endcap  EMC  and  consists  of  ~2×2cm2 scintillation  tiles  coupled  to  silicon  photo-
multipliers. Such a construction provides fast timing, position sensitivity, and easy handling 
of multiple-hit events, and allows minimizing the γ conversion in front of the EMC due to 
the low material budget.

Muon detector: Muons in the final state of interesting decay channels (e.g. Ј/Ψ decays, 
semi-leptonic decay of D mesons) and muons from background pion decays require proper 
tracking and separation. Therefore, the PANDA detector incorporates muon detectors, which 
will be installed in the outer layers of the detector setup and consist of the inner barrel and 
the outer barrel components. 

3.2 Forward Spectrometer

The  forward  spectrometer  is  also  equipped  with  a  charged-particle  tracking  system, 
particle identification, calorimetry, and muon detector. Tracking of high-energy particles is 
done by a set of wire chambers. For the PID and the p/K and K/ separation a Cherenkov 
detector and a time-of-flight wall detector will be employed.

For the detection of photons and electrons with moderate energy resolution and high 
efficiency, the forward spectrometer will be equipped with a Shashlyk-type [7] calorimeter.  
The detection is based on lead-scintillator sandwiches read out with optical fibers which are 
coupled  to  photomultipliers.  The  last  detection  system  of  the  forward  spectrometer  in 
downstream direction is a muon detector built as a multi-layer muon-range detection system.
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Chapter 4. The PANDA Electromagnetic Calorimeter

4. The PANDA Electromagnetic Calorimeter

One of the important components of the PANDA spectrometer is the Electromagnetic 
Calorimeter (EMC). The PANDA detector consists of target and forward EMC. The target 
EMC surrounds the interaction point and provides an almost 4π coverage. It  consists of 
three parts - Barrel, Forward and Backward Endcaps. The EMC of the forward spectrometer 
will employ a Shashlyk type calorimeter. Figure 4.1 displays the main parts of the EMC in 
the target spectrometer on the left side and the forward-spectrometer EMC on the right side. 

The EMC was designed to achieve an almost 4π coverage for the detection of photons, 
electrons, and positrons in the target spectrometer. The forward spectrometer is located 7 m 
downstream of the target and will cover an area of about 3 m2.

Figure 4.1: The layout of the PANDA Electromagnetic Calorimeters.

Due to the expected high annihilation rate of 2⋅107 annihilations/s, a calorimeter with a 
fast signal  response is required. Further,  the calorimeter needs to cover a wide dynamic 
range for energy deposition in individual crystals from 10 MeV up to 10 GeV. This range is 
dictated  by  the  physics  program  of  the  PANDA experiment,  which  aims  at  precision 
spectroscopy of charmonium states and of exotic hadrons in the charmonium region. These 
demanding requirements impose the deployment of fast and high-density crystals such as 
lead-tungstate (PbWO4 or briefly PWO) inorganic scintillator crystals as detector material in 
the target EMC [7].  The scintillation light from these crystals will be measured by Large-
Area  Avalanche  Photo  Diodes  (LAAPDs)  and  Vacuum  Photo  Triodes  (VPT)  as  photo 
sensors  and specially designed front-end electronics. In  comparison to the LAAPDs the 
VPTs have lower gain and lower quantum efficiency. However, the VPTs are more radiation 
hard,  have  lower  dark  current  and  lower  capacitance,  which  provides  advantages  for 
operation in a high hit-rate environment. Therefore, VPTs will be used in the regions where 
high hit rates are expected, i.e. in the most-forward region of the target EMC.

The target  electromagnetic calorimeter of PANDA will consist  of about 17000 PWO 
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crystals. The optimization of the front-end electronics is the focus of this thesis and will be 
described in the following chapters.

This chapter will review the physics of photon interactions with matter, the properties  
of the detector material and the characteristics of the  LAAPD photo sensors which were 
used for all the measurements described and evaluated in this thesis. The readout chain will 
employ the same preamplifiers for the VPTs and the LAAPDs, which results in the same 
waveform for both types of photo sensors. Therefore, the obtained results with LAAPDs can 
be applied as well to evaluate the performance of the VPTs.

4.1 Photon interactions with matter

When a high-energy photon interacts with matter it likely produces a pair of an electron 
and a positron with still high energies. The generated electron and positron interact with 
matter  and  can  cause  bremsstrahlung  [35]  of  considerable  energy.  The  bremsstrahlung 
photon  again  gives  rise  to  electron-positron  pair  production.  Thus,  a  cascade  of  many 
electromagnetic particles with gradually lower energy will build up until the energy of the  
particles falls below the threshold for pair production. The remaining energy is dissipated by 
excitation  and  ionization.  Figure 4.2  shows  the  cross  section  of  different  processes  of 
photons and electrons as a function of their energy. The main physics of photon interaction 
with matter is described briefly below:

Bremsstrahlung:  The  principal  source  of  energy  loss  of  high-energy  electrons  or 
positrons passing through matter  is  bremsstrahlung resulting from Coulomb interactions 
with the electric field of atomic nuclei. The energy spectrum of the radiated photons behaves 
like  1/E – where  E is the energy of the bremsstrahlung photon. In the limit of very hard 
bremsstrahlung the entire kinetic energy of an electron can be emitted as a photon but this is 
a very rare case. In general, the bremsstrahlung photons carry only a small fraction of the 
kinetic energy of the charged particle. The direction of the initial particle changes slightly 
during such a process. The energy loss of an electron by bremsstrahlung is approximately 
proportional to the electron kinetic energy. The interaction of photons with matter can be 
explained by three basic processes – the photoelectric effect, Compton scattering, and pair 
production [35, 36].

Photoelectric effect: At low energies, an atom absorbs a photon and emits an inner-shell 
electron. The atom is put into an excited state by this process and will return into its ground 
state by emission of Auger electrons or X-rays. The cross section for the photoelectric effect  
depends strongly on the electron density and thus on the Z of the absorber material. 

Compton scattering: When a photon undergoes Compton scattering it transfers part of 
its energy and momentum to an atomic electron that is freed into an unbound state. The  
process will result in a free electron and a scattered photon. For most absorber materials, 
Compton scattering is by far the most likely process for photons with energies between a  
few hundred keV and a few MeV.

Pair  production:  Photons  with  energy  of  at  least  twice  the  electron  rest  mass 
(1.02 MeV) can produce an electron-positron pair in the Coulomb field of an atomic nucleus 
or an electron. The cross section for this process rises with energy and reaches an asymptotic 
value at very high energies (>  1 GeV). For energies above a few MeV (depending on the 
absorber material), pair production becomes the dominant photon interaction process.

Radiation  length:  The  appropriate  length  scale  to  describe  the  development  of  an 
electromagnetic shower is the radiation length X0. One radiation length is the mean distance 
over which the electron energy is reduced to 1/e of its original value due to radiation loss 
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only.  The mean free path of a high energy photon for pair production is 9/7 of a radiation 
length [35]. The radiation length is, therefore, a characteristic distance for the two processes 
that  shape  the  electromagnetic  cascade.  The  radiation  length  in  a  material  is  usually 
measured in g/cm2. It can be approximated by [35]:

Figure 4.2: Left: Photon cross section as a function of the photon energy in lead. Right: 
Fractional energy loss of electrons per radiation length as a function of energy [37].
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where A is the atomic mass and Z is the atomic number of the material. To measure the 
energy of an incoming particle the calorimeter must be thick enough in terms of radiation 
lengths to fully contain the electromagnetic shower. To achieve this for the PANDA EMC, 
the high-Z, high-density lead-tungstate material was chosen with a crystal depth (i.e. length) 
of at least 22 radiation lengths [7].

The following equation describes the amount of energy loss by bremsstrahlung:

0X
E=

dx
dE−                                            (4.2)

where  dE/dx is the specific energy loss,  E is the energy of the particle, and  X0 is the 
radiation length given in (4.1). On the contrary,  charged particles in the electromagnetic 
shower loose energy continuously by ionizing the traversed material.

4.2 Electromagnetic Shower

If the incoming photons have high energy, it is most likely that pair production occurs.  
In  this process,  the photon converts into an electron-positron pair.  The electron and the  
positron  undergo  bremsstrahlung and  are  therefore  deflected.  Subsequently,  a  photon  is 
emitted which again can produce an electron-positron pair if the energy is high enough. The 
shower  process  may spread  in  all  directions,  but  is  mainly focused  in  the  longitudinal 
direction because of the high incoming longitudinal momentum. Figure 4.3 illustrates the 
development of such a cascade as a function of the radiation length. The shower continues 
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until the critical energy Ec is reached. Ec is the electron energy at which the cross section of 
bremsstrahlung  becomes  equal  to  that  of  pure  ionization  [36].  Therefore,  the  shower 
development  is  stopped  and  no  further  secondary  particles  are  produced.  The  equation 
below  shows  that  the  critical  energy  depends  on  the  atomic  number  Z of  the  detector 
material:

Z
MeVEc

550≈                               (4.3)

It is obvious that a material with a high Z value corresponds to a low critical energy and 
is thus more sensitive to the full energy deposition. 

In  this  context,  the  Moliere  radius  should  also  be  mentioned.  It  is  a  characteristic 
constant of a calorimeter material and is related to the radiation length:

)+(ZX=RM 1.20.0265 0⋅            (4.4)

The Moliere radius RM is a good scaling variable for describing the transverse dimension 
of an electromagnetic shower.

Fluctuations: The number of electrons and positrons in a shower produced by a photon 
with a given energy fluctuates statistically. Since the total ionization signal is proportional to 
the number of charged particles, the reconstructed energy fluctuates in the same way. The 

relative width of the distribution is equal to  
n

=
n
n 1  where  n is the number of charged 

particles. Therefore, the relative precision of the energy measurement with a calorimeter can 
be expressed as 

Figure 4.3: Illustration of an electromagnetic shower [38].
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E
b=

E
σE                               (4.5)

One can see from this formula that the relative energy resolution of a calorimeter improves 
with  the  energy.  Therefore,  calorimeters  are  very attractive  instruments  for  high-energy 
particle physics experiments.

The energy resolution of a calorimeter can be expressed in terms of the parameter  b,  
which is a stochastic term related to intrinsic shower fluctuations and photo-electron (phe) 
statistics.  In  practice,  equation 4.5 has  to  be  extended by adding a  noise  term  c and  a 
constant term a to account for instrumental effects independent of the shower development 
like non-uniform absorber thickness. This leads to [37]:

E
c+

E
b+a=

E
σE                       (4.6)

At moderately high energies, the noise term c becomes small and can be safely neglected. 
For very high energies, the stochastic (sampling) term becomes small and the resolution of 
the calorimeter is determined by instrumental effects represented by the parameter a. 

4.3 PbWO4 crystals as detector material

To detect high-energy photons, the EMC detector material should have the following 
properties. A high density and a short radiation length are required to allow for small size 
crystals  and  a  compact  EMC;  a  high  light  yield  is  needed  to  obtain  the  best  energy 
resolution.  Therefore,  to  detect  high-energy  photons,  electrons  and  positrons  with  high 
energy-,  time-  and  position-resolutions,  the  PANDA EMC  will  employ  lead-tungstate 
crystals  PbWO4  (PWO)  [39].  PWO  material  is  being  used  in  the  electromagnetic 
calorimeters  of the CMS (ECAL) [32] and ALICE (PHOS) [33] experiments at  CERN. 
However, in the meantime, through continued development efforts the PWO material has 
been improved to achieve the PWO–II material  for the PANDA EMC. PWO-II has two 
times higher light yield [7] compared with PWO applied in the CMS experiment.

One of the key features of PWO is the fast scintillation process with a short decay time. 
Due to the short decay time, the PWO material is advantageous at high event rates as they 
are expected in PANDA at high antiproton annihilation rates. The short decay time is useful 
to get precise timing information as well. The PWO material has a short radiation length of 
about 0.89 cm [7] and the Moliere radius is 2.2 cm [7].

The  main  properties  of  PWO-II  crystals  are  presented  in  table  4.1.  The  light 
luminescence yield compared to NaI(Tl)  is  very low, only about 1%. However,  cooling 
PWO down to  -25  °C improves the light yield by a factor 4 [7]. Full-size 200 mm long 
crystals deliver a light yield of 17-20 phe/MeV at 18 °C measured with photomultiplier [7] 
with bi-alkali photocathode (quantum efficiency ~20%). Figure 4.4 shows a photograph of 
lead-tungstate crystals used in the test measurements. 
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Figure 4.4: Two samples of PWO-II crystals with dimensions ca. 20×20×200 mm3.

Parameter PbWO4

Density 8.28 g/cm3

Radiation length 0.89 cm

Moliere radius 2 cm

Luminescence
peak wavelength 

420 nm

Decay time 5 - 15 ns

Relative light output (NaI(Tl)) 0.6% at RT
2.5% at -25 °C

Table 4.1: Main properties of PbWO4 (PWO-II) [7].

4.4 Large-Area Avalanche Photo Diode

The operation of the electromagnetic calorimeter  in the magnetic  field of the target-
spectrometer solenoid excludes the use of photomultiplier tubes for the readout of the PWO 
crystals. For that reason, a photo sensor is required which is insensitive to magnetic fields. 
Due to the low light yield of lead-tungstate the photo sensor should have internal  gain.  
Large Area silicon Avalanche Photo Diodes (LAAPDs) satisfy these requirements and are 
therefore an ideal solution for the PANDA calorimeter.

Photo diode operation: When a photon enters a photo diode, an electron-hole pair is 
generated, if the energy of the incident photon is higher than the band-gap energy. The band-
gap of silicon is 1.12 eV at room temperature and silicon becomes sensitive to wavelengths 
shorter than 1100 nm. Two terms, needed to describe this sensitivity, are called the photo-
sensitivity S and the quantum efficiency QE. S is given by the photo current divided by the 
incident radiant power and QE is the ratio of generated electron-hole pairs over the number 
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of incident photons (%). The following equation connects these two terms:

[%] 1001240 ⋅⋅
λ

S=QE                       (4.7)

where λ is the wavelength of the incoming photon. Figure 4.5 shows a schematic view of 
a silicon APD with reverse-bias structure. The photons enter the APD via the p++ layer. They 
are absorbed in the p+ layer where the electron-hole pairs are generated. Due to the electric 
field, the electrons drift towards the n++ side and the holes towards the p++ side. If the electric 
field is  sufficiently high, these charge carriers  will  likely collide with the crystal  lattice  
where ionization takes place.  Due to the ionization process,  new electron-hole pairs  are 
generated. These electron-hole pairs again create additional pairs. A chain reaction occurs 
which  is  called  avalanche  multiplication.  The  avalanche  multiplication  starts  when  the 
electric  field  reaches  a  strength  of  about  2·105 V/cm.  The  charge  collection  of  all  the 
produced electrons takes place in the n++ region. A passivated layer made of silicon nitride 
(Si3N4) is mounted in front of the p++ layer to reduce the decrease of quantum efficiency 
caused by reflection losses.

Figure 4.5: Schematic view of an APD with reverse-bias structure [7].

The internal current gain of an APD becomes higher, when the applied reverse voltage 
increases.  There are various expressions for  the multiplication factor  M of  an APD. An 
informative equation is given below [40]:

∫−
L

α(x)dx
=M

0
1

1
                          (4.8)

where L is the space charge boundary for electrons and α is the multiplication coefficient 
for electrons. The  α has a strong dependence on the applied field strength, doping profile 
and temperature.

An important noise factor is the excess noise, which describes the statistical noise that is 
inherent  with  the  stochastic  multiplication  process.  It  is  denoted  by  F(M) and  can  be 
expressed as [40]:
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k)()
M

(+kM=F −⋅− 112                     (4.9) 

where k is the ratio of the hole impact ionization rate to that of electrons. F(M) is one of 
the main factors which limit the best possible energy resolution.

Large-Area Avalanche Photo Diode developments:  APDs for  the readout  of  PWO 
crystals have already been developed for the CMS experiment at CERN [32]. These APDs 
have several advantages: compactness with an overall thickness of about 200 μm, low cost,  
insensitivity to magnetic fields and a high quantum efficiency of approximately 70%. A 
disadvantage of these APDs is their relatively small active area of 5×5 mm2 compared to the 
area  of  the  crystal  end  faces.  For  that  reason,  the  development  of  large-area  avalanche 
photo-diodes by Hamamatsu [41] with an active area of 10×10 mm2 was initiated by the 
PANDA collaboration. The LAAPDs for PANDA will have the same internal structure as the 
APDs for CMS (see Figure 4.5). In the final PANDA setup there will be two rectangular  
LAAPDs  attached  to  one  end-face  of  the  PWO crystal.  Figure  4.6  shows  a  picture  of 
standard APDs and LAAPDs to compare the different sizes of the active areas.

The crystals used for the test measurement at the MAMI accelerator, Mainz, Germany,  
have an end face area of 4 cm2 and were covered with one square LAAPD of 1 cm2. Cooled 
down to -25  °C PWO–II crystals yield about 500 photons per MeV. The applied square 
LAAPDs have a quantum efficiency of 75%. Therefore, the resulting signal of the LAAPD 
is generated by 94 electron-hole pairs per MeV [7].

Figure  4.6:  Photograph  of  two  standard  (5×5  mm2)  APDs,  one  square  LAAPD 
(10×10 cm2), and one rectangular (7×14 mm2) LAAPD [41].
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5. Signal analysis for the PANDA EMC

As mentioned in the previous chapter, the PANDA EMC in the target spectrometer will  
be built with PbWO4 (PWO) crystals [7]. The photo sensors are directly attached to the end 
face of the individual crystals and the preamplifier will be placed close to the photo sensor  
for optimum performance. To improve the light yield of PWO scintillators the EMC will be 
operated at a low temperature of -25  °C. Operation at low temperature also improves the 
noise performance of the preamplifiers. This helps to achieve the required large dynamic 
range of  the front-end  electronics.  However,  a  placement  of  the  electronics  in  the  cold 
detector volume requires to minimize the power-dissipation of the preamplifiers.

The challenging requirements for the PANDA detector (Chapter 3) can only be met by a  
new approach to the data acquisition system (DAQ): the "trigger-less DAQ": the analog 
preamplifier  signals  will  be  continuously  digitized  by  Sampling  ADCs  (SADCs).  The 
system must be able to detect events and pre-process them on-line to extract and transmit 
only the physically relevant information. Due to mechanical constraints it is impossible to 
bring all  analog signals  outside the calorimeter  volume,  since the solenoid magnet  only 
allows a limited space for feed-throughs. Therefore, the digitization module which digitizes 
the preamplifier signal will be placed inside the calorimeter volume but outside the low-
temperature region [7]. Optical links will be employed to transfer the digitized data via a  
multiplexing stage in a fast and compact manner to the computer node.

It is impossible to store all the data produced by the digitizer modules. Therefore, only 
reduced information should be reported and stored, namely the energy and the time-stamp of 
each hit. To derive this information reliably and fast during data taking, i.e. “on-line”, for 
each incoming event, the so-called feature-extraction algorithm was developed in this work. 
This data-processing algorithm will be applied to the digitized data. Compared to an analog 
signal treatment by filtering and noise suppression, such a digital treatment allows more 
flexibility.  By tuning  the  parameters  of  the  digital  signal-processing  algorithm one  can 
provide better results. This chapter will focus on the main readout electronics chain for the 
PANDA EMC, the preamplifiers, and the feature-extraction algorithm.

5.1 General EMC Readout Scheme

The readout scheme of the electromagnetic calorimeter contains the low-noise charge-
sensitive  preamplifier  and  shaper  units,  the  digitizer  module,  and  the  data  multiplexer 
(MUX). The concept of the readout scheme is depicted in Figure 5.1.

The low-noise charge-sensitive preamplifier, combined with a shaper stage, is placed in 
the cold area of  the calorimeter  and directly attached to the photo sensor.  The digitizer 
modules are located at a distance of 20-30 cm and 90-100 cm for the Barrel EMC and the  
Forward  Endcap  EMC,  respectively,  [7]  from  the  analog  circuits  and  outside  the  cold 
volume. The digitizer modules consist of high frequency, low-power pipelined ADC chips 
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[7],  which  continuously  sample  the  amplified  and  shaped  signals.  The  features  of  the 
individual  signals  are  extracted  in  the  digitizer  module.  The  digital  data  are  further  
transferred  by  optical-link  connections  to  Data  Multiplexer  units  which  combine 
information from a few EMC-digitizers and transfer the data to a Compute Node. This is a 
FPGA-based processing unit for on-line data processing, e.g. cluster finding for the EMC 
and particle identification.

Figure 5.1: The layout of the readout electronics for the PANDA EMC.

5.1.1 Charge-sensitive preamplifier

As already mentioned in the previous Chapter, when an incident photon interacts with 
the detector material a shower of charged particles is produced which generates scintillation 
light and subsequently a charge signal in the photo sensor. For e.g. a Geiger-Müller tube and 
many scintillation counters, the amount of produced charge is large and the corresponding 
large  voltage  pulse  can  drive  a  long  cable.  In  a  semiconductor  detector,  however,  the 
produced charge is small and it needs amplification. The first-step amplification element is 
called “preamplifier” [42]. The preamplifier is  located close to the detector to prevent a 
capacitive loading. One function of the preamplifier is to terminate the capacitance quickly 
and,  therefore,  to  maximize  the  signal-to-noise  ratio.  For  this  reason,  the  preamplifiers 
should be placed as close as possible to the detector. The rise time of the output pulse should 
be kept as short as possible, equivalent to the charge collection time in the detector. The 
decay time of the pulse is relatively long (20 - 100 µs) to allow full collection of the charge 
from the detector [42].

Preamplifiers  can  be  either  of  the  voltage-sensitive  or  charge-sensitive  type.  A 
schematic diagram of a voltage-sensitive configuration is shown in Figure 5.2. If the time 
constant of the input circuit is large compared to the charge collection time, then the input  
pulse amplitude is equal to

C
Q=Vmax                        (5.1)

where C is the input capacitance and Q is the produced charge. For most detectors the 
input capacitance is fixed, for example, in the case of a voltage-sensitive preamplifier the 
output pulse is proportional to the charge Q liberated by the incident radiation. However, in 
semiconductor detectors, the detector capacitance can change with the operating parameters. 
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In these situations, a voltage-sensitive [42, 43] preamplifier is undesirable since the fixed 
relationship between Vmax and Q is not applicable anymore. For this case the charge-sensitive 
preamplifier is the best option. 

Figure  5.2:  Schematic  diagram  of  a  simplified  voltage-sensitive  preamplifier  with 
amplification A of the operational amplifier. R1 is the input resistance and R2 is the feedback 
resistance. If A >> R2/R1 then Vout = -Vin·R2/R2·R1.

The  elements  of  a  charge-sensitive  configuration  are  shown  in  Figure 5.3.  For  this 
circuit, the output voltage is proportional to the total integrated charge in the pulse. The rise 
time of the pulse produced by the preamplifier is determined only by the charge collection 
time in the detector and is independent of the capacitance of the detector or preamplifier  
input. 

For the PANDA EMC two different charge-sensitive preamplifiers have been developed: 
an ASIC (Application-Specific Integrated Circuit) preamplifier and a discrete-component 
preamplifier  including  a  shaper  unit,  developed  at  GSI  Darmstadt,  Germany,  and  at 
University  of  Basel,  Switzerland,  respectively  [7].  Here,  we  give  a  short  functional 
description of these preamplifiers.

Figure  5.3:  Schematic  diagram  of  a  simplified  charge-sensitive  preamplifier  with 
amplification  A of the operational amplifier. The time constant given by the product  CfRf 

determines the decay rate of the tail of the output pulse.  Ci is the input capacitance, Cf the 
feedback  capacitance,  and  Rf is  the  feedback  resistance  [42].  If  A >> (Ci +Cf)/Cf  then 
Vout = -Q/Cf .

The  Low-Noise  Low-Power Consumption (LNP) preamplifier  is  a  discrete charge-
sensitive  preamplifier  [7],  which  was  primarily  designed  for  the  LAAPD readout.  The 
design was further developed for  the readout of the vacuum photo-triode (VPT) for  the 
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Forward Endcap EMC. The LNP was implemented in the prototype of the Barrel EMC for 
the readout of the Large-Area Avalanche Photo Diodes to study the performance in beam 
experiments.  The LNP has excellent  noise performance in  combination with low power 
consumption. The LNP has a power consumption of 45 mW in the idle state, but the power 
dissipation is dependent on the event rate and the photon energy [7]. A reasonable maximum 
power consumption of ~100 mW can be presumed. To reach a low detection threshold, the 
noise performance of the preamplifier is very important. The noise of the LNP preamplifier  
with an input capacitance of 22 pF at -25 °C has a typical equivalent noise-charge (ENC) of 
235 e- [44].

Figure  5.4:  The  single-channel  LNP preamplifier  prototype  circuit  board  and  a  typical 
output pulse shape. The pulse shape is recorded with a 100 MHz sampling rate and 16-bit 
resolution SADC.

The LNP preamplifier is designed for a single-pulse charge input of maximum 4 pC. The 
single-ended output of the preamplifier is designed to drive a signal on a 50 Ω line. The rise  
time and fall time (change of the signal from the 10% level to the 90% level) of the LNP 
preamplifier signals are 10 ns and 55 µs, respectively. Figure 5.4 shows a photograph of the 
preamplifier and the output pulse shape. 

ASIC  APFEL  preamplifier: This  charge-sensitive  preamplifier  and  shaper  ASIC 
APFEL (Asic Panda Front-End ELectronics) was developed for the readout of the avalanche 
photo diodes with a capacitance of 300 pF [45]. It has two independent channels with dual-
gain output per channel. The gain ratio of 1:32 per single LAAPD was chosen to cover a  
large dynamic range from 10 MeV up to 12 GeV.

An overview of the  readout  stages  is  shown in Figure  5.5.  A channel  consists  of  a 
charge-sensitive amplifier (CSA), a pulse shaper and an output stage. The ASIC preamplifier 
and  shaper  will  be  placed  in  the  Barrel  EMC.  The  bulk  of  particles  produced  in  the 
antiproton annihilations will be emitted in the forward direction and the hit rate in the Barrel 
EMC will be much less in comparison with the Forward Endcap EMC. 

Therefore, the charge sensitive preamplifier output in the ASIC is connected to a shaper 
unit with 250 ns peaking time [46], in order to reach a better energy resolution due to a 
better  charge collection. The ASIC chip will  be placed on a specially designed Printed-
Circuit  Board (PCB) which is directly soldered to the LAAPD. The ASIC chip itself  is  
protected  by a  2×2 cm2 large  capsule  made from PEEK material.  The  capsule  will  be 
attached to the end face of the PWO crystal. The output signal of the ASIC chip is connected 
via flat cable to a driver board. To get maximum performance, 10 cm length has been found 
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as optimal length. The driver board has channels with different gain to cover the required 
dynamic  range.  The test  board  and the  corresponding output  pulse  shape  are  shown in 
Figure 5.6.

Figure 5.5: Concept of the ASIC preamplifier [46].

 

Figure 5.6: Left: The ASIC-chip preamplifier board; Right: a voltage signal with the typical 
pulse shape [47].

5.1.2 SADC readout

For  the  data  acquisition,  the  preamplifier  output  signals  are  digitized  by  Sampling 
Analog-to-Digital Converters (SADCs). The SADC takes samples of the continuous analog 
signal and converts these to a time series of digital values.

The application of  an  SADC is  the  best  choice  to  prevent  a  high  dead  time of  the 
detector,  which  might  occur  due  to  the  expected  high  annihilation  rate  of 
2·107 annihilations/s. The digitized signal traces are stored to a buffer in a FPGA (Field-
Programmable Gate Array) which is part of the digitizer module. The program-code, the so-
called firmware loaded to the FPGA, can process the digitized signal and will provide the 
detected pulse features. An implementation of the feature extraction into an FPGA will be 
described in Chapter 7. For all test experiments, we have used a commercial SADC, the 
STRUCK SIS3302 module [48]. The SIS3302 module is an 8-channel ADC/digitizer board 
with a sampling rate up to 100 MHz for an individual channel and a resolution of 16 bit  
[48].

27



Chapter 5. Signal analysis for PANDA EMC

The SADC contains 5 SPARTAN FPGA from the Xilinx family. Four FPGAs process 
data  from 8 ADC channels  and one  FPGA is  controlling the VME interface.  The main 
features of the SADC are the following:

8 channels;
16-bit resolution;
32 MSamples/channel memories;
External clock range 1 - 100 MHz;
Input bandwidth of 50 MHz;
+5, +12V and -12 V VME standard voltages.

Figure 5.7:  SIS 3302 8-channel sampling ADC with 100 MHz sampling rate and 16-bit 
resolution.

5.2 Data Acquisition

The  VME-based  Data  AcQuisition  system (DAQ)  applied  for  the  test  experiments 
consists of a single “branch” within the GSI Multi-Branch System (MBS) framework [49].

The data sender is a RIO-3 [50] processor, which resides in the VME crate. The RIO-3 
handles the readout of the digitizers (SADCs, Time-to-Digital Converters) and then passes 
the  data  via  TCP/IP (transmission  control  protocol/internet  protocol)  to  a  Lynx-OS PC, 
which  acts  as  data receiver.  The latter  formats  the events  and makes  these available to  
analysis clients (e.g. via a remote event server) and controls taping or disk storage. For on-
line visualization of the data stream, several different software packages can be used. For all 
our  test  measurements,  we  have  used  the  GO4 program package  for  data  analysis  and 
visualization [51]. 
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5.3 The feature-extraction algorithm

The charge-sensitive preamplifier output is directly digitized by the SADC. The direct  
digitization has some advantages in comparison with an analog signal-filtering approach in 
between. Applying digital signal processing tools to the digitized signal can provide a better 
performance,  as  already  discussed  above.  Another  disadvantage  of  analog  filtering 
components is that they could be sensitive to environmental influences,  e.g.  temperature 
changes or magnetic fields, but the digital filter remains unaffected by such environmental 
influences [52].

To extract energy and time information of a digitized signal data-stream, digital filter 
processes  are  applied such as  the Moving-Window Deconvolution (MWD),  the Moving 
Averaging  (MA),  and  the  Constant-Fraction  Timing (CFT).  These  are  explained  in  the 
following:

Moving  Window  Deconvolution:  The  particle  energy  or  energy  deposition 
corresponding to the measured signal is usually obtained from the signal amplitude which is 
generated  by  an  analog  shaping  preamplifier  with  a  combination  of  integrating  and 
differentiating circuits with time constants of a few  µs. Equivalently, to extract the pulse 
amplitude from a digitized preamplifier signal, the MWD process is applied [53]. The MWD 
filter transforms the fast rising pulse with a long exponential tail into a rectangular shaped 
signal [54].

As mentioned above, the output of a charge-integrating preamplifier has a fast rise time 
of 10 ns and an exponential tail (fall time) of about 55 µs. The pulse provided by an ideal 
charge-integrating preamplifier should have a step-like shape, where the height of the step 
corresponds to the accumulated charge. However, the resistor in the feedback loop of the 
preamplifier continuously discharges the integrating capacitor. Therefore, the output pulse is 
a  convolution of  a  step-like function with an  exponential  decay.  To restore  the  original 
height  of  the  step  one  needs  to  apply  a  deconvolution  procedure.  Let  us  consider  a 
convoluted pulse f(t) starting at time of t0 which is the time t = 0,
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where τ is the signal decay constant and A the pulse amplitude. The amplitude A at time 
t0 can be derived from
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where n is the sample number. Since we are going to apply the MWD filter digitally to 
the digitized pulse it is useful to change from the continuous to the discrete expression:
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The deconvolution equation 5.7 transforms the continuous-discharge preamplifier signal 
into a signal from a transistor-reset preamplifier, which is a stair-case signal. Applying a 
numerical differentiation to the discrete form of the deconvolution equation 5.7, we obtain 
the MWD equation 

MWDm [n ]=A [ n ]− A[ n−m ]=

x[ n ]−x [n−m ]+1
τ ∑

k=n−m

n−1
x [k ]

                                           (5.9)

where m is the output pulse length given as the number of sample points1). The process 
of MWD filtering is illustrated in Figure 5.8. A deconvolution operation does not improve 
the  signal-to-noise  ratio  [55].  Therefore,  the  noise  contribution  to  the  MWD  signal  is 
reduced by a subsequent low-pass filter.

Figure 5.8: Top: the raw preamplifier signal with a total pulse length of 55 µs, but for the 
MWD only a few sample points are needed after the rising edge. Bottom: pulse shapes 
obtained after the MWD (black histogram) and the combined filters MWD and MA (red 
histogram).

The Moving Average (MA) procedure is a filter algorithm in digital signal processing. A 
number of sample points from the input signal are averaged to produce each point of the 
output  signal.  This  averaging  action  can  remove  the  high-frequency components  in  the 
signal and it plays the role of a low-pass filter. The MA equation for this filter procedure 
reads as follows [55]

MA [n ]= 1
L ∑

j=0

L−1
A [n+j ]        (5.10)

1)  For  convenience,  m is  also  occasionally  used  to  indicate  the  deconvolution 
differentiation length in [ns], i.e. the number of sample points is multiplied by the length of  
the sampling interval.
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where L is the number of sample points in the average2). The parameter L is usually equal 
to the integration time of the analog filter. Increasing the number of averaged samples can 
cause a decrease of the noise level. Figure 5.9 shows the variation of the noise level for 
different  averaging  lengths.  We observe  that  the  RMS width  of  the  noise  level  can  be 
reduced from 1 MeV (for the conventional electronics) down to 0.3 MeV. 

The MWD procedure together with the MA filter provides the pulse shaping and the  
noise reduction of a digitized preamplifier signal. Tuning of the parameters of the MWD and 
MA algorithms can influence the obtained pulse shape. For an averaging length L equal to 
the deconvolution differentiation length  m a triangular shape is generated, and if  L ≠ m a 
trapezoidal  signal  shape  is  generated. Defining  ⊕ as  the  operator for  the  combined 
application of MWD and MA filter, we obtain:

][][ nMWDnMA=[n]T mL
m

L ⊕         (5.11)

Figure 5.9: The dependence of the noise level on the smoothing length L.

The Forward Endcap EMC [7] will operate at high single-hit rates, up to 500 kHz. To 
avoid pile-up of different signals it is extremely important to keep the hit response of the 
single-crystal detector as short as possible.  In order not to loose efficiency of the PANDA 
detector, the pileup probability of the PANDA EMC needs to be limited to 1% [7]. For the 
500 kHz hit rate, this requirement demands a very short response time of the detector of 
about 20 ns. With the optimal shaping parameters for the highest energy resolution, namely 
with a differentiation time-constant of 200 ns, the pile-up probability will be ~14%, which is 
unacceptably high. Therefore, the detector response should be shortened while keeping the 
EMC energy resolution within the requirements  defined by the physics program, namely 
below about 3%.  The pulse shape of the LNP preamplifier, used in the Forward Endcap 
EMC, is shown in Figure 5.10. As described above, the MWD digital filter differentiates the  
incoming pulse and compensates for the exponential discharge of the integrating capacitor 
in the preamplifier. It was found that the resulting tail of the LNP preamplifier pulse, shaped 
by the MWD filter, has an exponential behavior.

2)  For convenience,  L is also occasionally used to indicate the smoothing length in 
[ns], i.e. the number of sample points is multiplied by the length of the sampling interval.
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Therefore,  such tail  can be compensated by applying a second MWD filter with the 
corresponding decay constant. The resulting double MWD shaping of an LNP preamplifier 
trace is shown in Figure 5.10.

Figure 5.10: LNP preamplifier pulse shape before (black solid line) and after single (red 
dashed line) and double (blue dash-dotted line) MWD filtering for 80 ns length (left) and  
200 ns (right) differentiation time constants of the MWD filter [56]. 

The  double  MWD  filtering  allows  obtaining  a  much  shorter  pulse  and  recover  its 
original amplitude for short differentiating time-constants without increasing the noise level. 
Figure 5.11 shows the recovery of the pulse amplitude after a second MWD filtering as a  
function of the differentiation time-constant of the first MWD filter. Only for the very short 
differentiation  time-constants,  below 80 ns,  the  pulse  amplitude  can  not  be  completely 
recovered even though it provides a much higher amplitude than the single MWD filtering.  
Such a signal recovering technique allows to efficiently achieving a low triggering threshold 
while reducing the pulse width. In order to exploit this advantage, it is preferable to keep the 
pulse-amplitude recovery at the level of minimally 95%. The usage of the double MWD 
MWD

Figure 5.11: The pulse amplitude after single (red solid line) and double (blue dashed line) 
MWD filtering as a function of the differentiation time-constant of the first MWD filter  
[56].
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filtering does not influence the resulting energy resolution of the detector.  Using signals 
from  the  tagged-photon  measurements  at  1 GeV  (see  Chapter  6.3.5),  we  observe  in 
Figure 5.12 that the cluster energy resolution for  rays is the same for the single and double
MWD  filtering  [56].  For  the  Forward  Endcap  EMC,  taking  into  account  the  above 
mentioned criteria for the energy resolution and the pulse-amplitude recovery, the double 
MWD filtering with the differentiation time-constant of about 60 ns will provide the best 
performance in terms of low pile-up probability without compromising the energy resolution 
of the detector.

Figure  5.12:  Measured  cluster  energy  resolution  for  tagged  photons  of  1 GeV energy 
obtained  using the single  (red solid  line)  and double  (blue  dashed  line)  MWD filtering 
method. The energy resolution is plotted as a function of the differentiation time-constant of  
the first MWD filter [56].

The Constant Fraction Timing (CFT) algorithm is applied to extract the precise time 
information  from the  measured  signal.  This  signal  time-stamp  can  be  used  to  correlate  
particle  signals  to  specific  events.  As  mentioned  before  [7],  for  the  precise  event-time 
determination and random background suppression the timing performance of the EMC was 
considered an important issue. A good time resolution (better than 1 ns) is required for the 
suppression of random coincidences. The timing performance of scintillation detectors is 
mainly limited by variations of the signal shape and the signal-to-noise ratio. The variation 
of the signal shape is caused by the scintillation mechanism in the detector crystals [57, 58,  
59].

Traditionally, a constant-fraction time pick-off is performed by producing a trigger at the 
zero-crossing level of a bipolar pulse [57], which is created by subtracting an attenuated 
copy of the input pulse from a delayed copy of the same pulse [57]. In our signal processing 
procedure the CFT algorithm is implemented digitally after the MWD operation: 

][][][ dnMWDknMWDnCFT +⋅−=                (5.12)

where  n is  the  sample  number,  k is  an  attenuation  coefficient  (giving the  “constant 
fraction”), and d is a delay. In our measurements, the k value was set to ~40% of the original 
pulse amplitude and the delay was set  equal  to  the signal  rise time.  When we digitally 
transform the  unipolar  preamplifier  signal  to  the  bipolar  CFT signal,  the  bipolar  signal  
crosses  the  time  axis  and  this  zero-crossing  is  considered  a  well-defined  time-stamp. 
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Figure 5.13 shows the process to obtain the CFT signal by applying digital signal processing 
techniques. The signal is analyzed by a linear interpolation to determine the zero-crossing 
time. This time stamp defines the arrival time of the pulse (or the event). 

Figure 5.13: The signal processing sequence to obtain the CFT signal and the time stamp. 
Top: the raw LNP preamplifier signal, middle: the resulting MWD (blue histogram) and 
smoothed MWD (red histogram) pulses; bottom: the CFT signal.
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6. Performance studies 

In  this  chapter,  the  performance  of  the  PANDA EMC  front-end  readout  system  is 
investigated. Three different test measurements and their analysis results are described. Two 
of these measurements were performed with a single PWO crystal and the third one with a 
matrix of 60 PWO crystals. 

The setup with a  single crystal  consisted of two LAAPD photo sensors,  attached to 
opposite  end  faces  of  the  PWO  crystal  bar  and  coupled  to  LNP discrete  component 
preamplifiers.  This  setup  was  applied  in  measurements  with  a  light  pulser  and  in  test 
measurements with a high-energy ion (6Li) beam. Further details of these experiments are 
described in the first and second section of this chapter. 

The third section describes the details of a test measurement with a high-energy tagged 
photon beam. The aim of this experiment was twofold:  in order to obtain precise energy 
information the beam was directed onto the central crystal of a matrix of 60 PWO crystals; 
to obtain precise relative time information the beam was directed between the central and 
one of its neighboring crystals, which provided us with two crystals detecting an about equal 
amount of energy.

6.1 Timing performance studies

6.1.1 Setup with LED light pulser

The light  pulser  [60] generates fast  light  pulses with 14 ns rise time and the same 
wavelength as the mean of the scintillation light distribution (420 nm or blue light) of the 
PWO crystal. Bundles of optical fibers [61] guide the light from the pulser to the crystal. 
The LAAPD and LNP preamplifiers are attached at both end faces of the PWO crystal. 

The light is injected at both end faces of the crystal bar. The complete experimental 
setup is placed in an air-tight and light-tight aluminum box and measurements were done at 
room temperature and at -25 °C. Cooling was achieved by flowing cooled methanol through 
pipes in an aluminum block and placing the crystal and attached sensors into a central cavity 
of this block. To prevent ice forming on the crystal and the electronics, the humidity in the 
measurement box was kept at a low level by flushing with dry nitrogen through an attached 
tube. The setup inside the measurement box is shown in Figure 6.1.

6.1.2 The results with LED light pulser

Using the LED light pulser, we have studied the performance of both the LNP and the 
ASIC preamplifiers. In this way, we obtained important results on the time resolution for 
different light intensities or the correspondingly produced charge in the LAAPD. For this 
purpose, we studied the coincidence time, i.e. the difference of the time stamps of the two 
LAAPDs which were coupled to both end faces of the PWO crystal. The time stamp was 
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determined from the zero-crossing point [57] after a linear interpolation (see Figure 5.13).

Figure 6.1:  Experimental  setup.  Top:  a  photograph of  the  setup with the crystal  in  the 
aluminum block, attached LNP preamplifiers, fibers and pipes for the cooling liquid and 
nitrogen. Bottom: a sketch of the experimental setup.

determined from the zero-crossing point [57] after a linear interpolation (see Figure 5.13). 
The results of the obtained time resolution for different produced charge values are shown in 
Figure 6.2. The time resolution  ∆tRMS for a single LAAPD sensor is determined from the 
RMS width of the coincident time distribution, divided by  √2. We observe that the time 
resolution improves strongly for higher values of the collected charge and thus with the 
signal-to-noise ratio. At small values of the collected charge, the time resolution deteriorates  
due to the influence of the noise level.

Figure 6.2: The dependence of the time resolution on the charge collected at the LAAPD. 
The black arrow indicates the position of cosmic muon energy deposition. The solid black 
lines  show  two  measurement  series  at  -25 °C  and  the  solid  red  lines  represent  two 
measurement series at room temperature.
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In order to confirm the constant fraction timing (CFT) algorithm we did parallel timing 
measurements  and  compared  the  results  obtained  by  a  VME-based  Time-to-Digital 
Converter (TDC) and the sampling ADC readout. The test setup and the result are presented 
in Figure 6.3. The signal from one end face of the PWO crystal is split and sent to the SADC 
and the TDC, the signal from the other end face is delayed before splitting. By varying the 
delay, we could change the relative time between the two LAAPDs. In Figure 6.3 (bottom), 
we observe a linear correlation between the absolute times determined by the SADC, using 
the CFT method, and the TDC. The linearity confirms that the digital implementation of the 
CFT algorithm is working well.

Figure 6.3: Comparison of timing measurements with Sampling ADC running at 100 MHz 
sampling rate and TDC. Top: Sketch of the experimental setup. Bottom: Correlation of the 
absolute time measured by the SADC and the TDC for different applied delay values. The 
delayed and non-delayed signals are split into two parts via signal splitters.

6.1.3 Time precision studies

The time resolution is defined by the digital implementation of the CFT timing method. 
Here we study the precision of this method. Figure 6.4 shows the coincidence time between 
2 LAAPDs for 100 MHz (top) and 50 MHz sampling rate (bottom). 
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Figure 6.4: Coincidence time between 2 LAAPDs measured with LNP preamplifiers. Top: 
measurement at 100 MHz sampling rate. Bottom: measurement at 50 MHz sampling rate.

The observed shape of the distributions is not symmetric and the asymmetry becomes 
worse at 50 MHz sampling rate. As mentioned before (Chapter 6.1.2) the coincidence time 
is defined as the difference of time stamps of individual LAAPDs and the time stamp itself  
is determined from a linear interpolation to the zero-crossing point of the CFT signal (see  
Figure  6.5).  The linear  interpolation  is  done between two nearest  sampling points,  one 
below and one above the zero line. If the true zero-crossing point can not be determined by 
linear  interpolation,  the  distribution  of  the  coincidence  time  will  be  smeared  by  the 
corresponding  uncertainty.  To  clarify  this  problem,  we  introduce  the  phase.  At  a  given 
sampling frequency f the sampling interval is tf = 1/f. The phase p is defined by the relative 
time tp between the time-stamp of the pulse and the preceding sampling point of the SADC 
time: p = tp/tf, thus p varies in the range [0, 1]. The phase determines the phase slope of 
the linear interpolation of the zero-crossing time. In the graph at the bottom of Figure 6.5 the 
black-line CFT signal is shifted by a phase p~  relative to the blue-line signal. This variation 
clearly affects the position of the zero-crossing point. 
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the sampling

Figure 6.5: Top: Illustration of the linear interpolation to the zero-crossing point for a CFT 
signal measured with 100 MHz and 50 MHz sampling frequency. Bottom: Illustration of the 
shift in the interpolated zero-crossing for a CFT signal shifted in the sampling interval for 
100 MHz sampling frequency by a relative phase .~p

Systematic  experiments  were  performed  to  study  the  dependence  of  the  time 
determination  on  the  phase.  The  experimental  setup  is  shown in  Figure 6.6.  The  pulse 
generator provides the trigger for two LED light pulsers. One of the LED light-pulser trigger 
signals was delayed with respect to the other one. The summed signal of both LED light 
pulsers provides a double-pulse which is injected into the LAAPD sensor via an optical fiber 
bundle.  The  LAAPD  output  is  directly  connected  to  a  preamplifier/shaper  unit.  The 
preamplifier/shaper output is split via an impedance-matched resistor splitter into two equal 
signals which are fed simultaneously into the TDC and the SADC for digitization. The TDC 
provides a precise time measurement and will be used as an accurate reference for the time 
measurement of the SADC. 

In order to determine the relative timing between the TDC and the SADC, the delay 
module  varied  the  time between the  two signals  of  the  double-pulse.  The  double-pulse 
structure obtained from the preamplifier was digitized by the SADC. Figure 6.7 shows an 
example of the digitized signal  shape obtained directly after the preamplifier (right) and 
after the shaper unit (left). The time between the two pulses is 700 ns in this example. The  
generated double pulse is characterized by the two time stamps t1 and t2. 
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Figure  6.6:  Scheme  of  the  experimental  setup  with  LNP preamplifier  and  shaper  for 
investigating the CFT timing precision.

Figure 6.7: Signal trace of a double-pulse recorded by the SADC. Left: the shaper output 
signal. Right: the unshaped LNP preamplifier signal.

The time difference  ∆t is  determined as  the  difference between the  time differences 
ΔtTDC = t1TDC – t2TDC and ΔtSADC = t1SADC – t2SADC of t1 and t2, measured by the TDC and by 
the SADC applying the CFT method, respectively:

∆t = ΔtTDC - ΔtSADC 

The error in this measurement will be dominated by the error in the precision of the CFT 
method, as the TDC resolution (12-bit resolution) is much better.  The TDC measures the 
relative time but no absolute time. The CFT algorithm can provide the absolute time with 
respect  to the preceding SADC sampling point. The absolute time is determined for the 
SADC from the  mean value  of  the  ΔtSADC distribution.  Figure  6.8 shows the correlation 
obtained for the time difference measured by TDC and SADC. Using this correlation we can 
calibrate the measured time of the SADC according to the precisely measured TDC time. 
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ear correlation. 
Figure  6.8: Top:  The  correlation  between  the  time  differences  measured  by  TDC  and 
SADC.  The obtained  calibration of  the  SADC time will  be  used  for  corrections of  the 
measured SADC time. The uncertainty is smaller than the symbol size. Bottom: The residual 
plot of the calibration curve shown in the upper panel.

Figure 6.8 reveals  a  linear  timing correlation. If  the time determination by the CFT 
method  is  misbehaving,  we  ought  to  observe  a  deviation  from  the  linear  correlation. 
According to  the result  shown in Figure 6.8 the calibration between the TDC time and 
SADC time is given: Cal(ΔtTDC)= 3.48 [ns] + 0.22 (ΔtTDC/bin) [ns].  It can be seen that the 
calibration curve, presented in Figure 6.8 is not perfect and that there is a slight deviation 
from the linear behavior. This slight non-linearity effect is caused by the setting chosen for 
the  TDC  in  order  to  achieve  the  maximum  possible  range  of  the  TDC.  All  the 
measurements, described below, were done in a rather narrow Δt range around the value of 
Δt about  800 ns.  Therefore,  the  above  described  non-linearity  can  be  compensated  by 
changing the constant term in the calibration from 3.48 ns to 4.78 and 5.18 ns for 50 and 
100 MHz data, respectively. This modification of the calibration was defined such that the 
mean values  of  the distributions shown in Figure 6.4 became zero.  Using this  modified 
calibration  function  we  recalibrated  the  SADC  time  according  to  the  TDC  time  [62]. 
Figure 6.9 shows the resulting ∆t as a function of the phase of the signal for 100 MHz and 
50 MHz  sampling  rates.  The  phase  dependence  was  determined  for  the  direct  LNP 
preamplifier signal and the shaped signal. The phase of the first pulse was fixed and the 
second pulse varied in phase in the range [0, 1], as presented on the x-axis of Figure 6.9. 
According to  the  calibration  obtained  from Figure  6.8  we expect  the  data  points  to  be 
scattered along the zero-line in Figure 6.9.  However,  we observe a strong deviation for 
50 MHz and some deviation for 100 MHz sampling frequency. The phase of the signal does 
not depend on the pulse amplitude (Chapter 5), however, it depends on the CFT parameters 
for fraction and delay. For the reported measurements we have used the optimum fraction 
and delay values. Therefore, we need to apply a correction according to the measured time 
(the true time). For this reason, the x-profiles of the two-dimensional histograms have been 
generated and are shown in Figure 6.10. The distributions are fitted by 2nd and 3rd order 
polynomials to obtain the respective correction coefficients. 
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Figure 6.9: Scatter plot of time differences Δt for each event as function of the phase [62]. 
Top and bottom rows: 100 MHz and 50 MHz sampling rate, respectively.  Left and right 
columns: time determined from shaped signal and LNP signal, respectively.

Figure 6.10:  x-profile of the distribution of mean values in time difference for different 
values  of  the  phase. Top  and  bottom  rows:  100  MHz  and  50 MHz  sampling  rate, 
respectively. Left and right columns: time determined from shaped signal and LNP signal, 
respectively.
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The order of the polynomials has been limited for simplicity. Higher orders provide even 
better  fits  but  the  resulting  functions  cause  difficulties  for  the  implementation  of  the 
correction method into the Field-Programmable Gate Array (FPGA) for on-line applications. 

Applying the resulting correction functions for the LNP preamplifier to the distributions 
of Figure 6.9 we observe improved distributions in Figure 6.11.  The variation of the time 
differences around the zero line is decreased. If we apply the obtained correction functions 
to the coincidence time distributions as presented in Figure 6.4 for 100 MHz and 50 MHz 
sampling rate, we observe in Figure 6.12, that the asymmetric shape has disappeared. The 
widths of the distributions clearly have improved, which demonstrates the potential of this 
correction method.

Figure  6.11: Same as  Figure  6.9  after  applying  the  correction  functions  obtained  from 
Figure 6.10. Top and bottom rows: 100 MHz and 50 MHz sampling rate, respectively. Left 
and right columns: time determined from shaped signal and LNP signal, respectively.
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Figure 6.12: Same as Figure 6.4 after applying the correction function for the time shift in 
dependence  of  the  signal  phase.  Top:  measurement  at  100 MHz sampling rate;  Bottom: 
measurement at 50 MHz sampling rate.
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6.2 Single-crystal performance with 6 Li ion beam 

6.2.1 The experimental setup

The performance of the readout electronics chain based on the Sampling ADC technique 
was studied using the 2 AGeV 6Li ion beam at GSI, Darmstadt, Germany. The main goal of 
the  shared  experiment  was  to  study  hypernuclei  production  in  2  AGeV  6Li  ion  beam 
interactions with a light target, in this case 12C [63]. We exploited this ion beam arrangement 
to test our setup employing a single PWO crystal with prototype readout electronics. The 
experimental setup is sketched in Figure 6.13.

The  diameter  of  the  beam-spot,  measured  by the  pair  of  scintillating  fiber  detector 
planes, was about 0.4 cm. The applied beam intensities were ~103 ions/cm2 and 106 ions/cm2. 
The start detector was a plastic scintillator and was included in the event trigger. In front of 
the start detector, a carbon target was placed. The thickness of the target was 8 g/cm2 [63].

The PWO setup was placed at a distance of ~ 2 m from the target. The setup employed a  
PWO  crystal  with  dimensions  20×20×200  mm3,  two  LNP  preamplifiers,  and  one 
10×10 mm2 LAAPD at either of the two end faces of the PWO crystal bar. 

Measurements were done at a crystal temperature of -25 °C for improved light yield of 
the PWO crystal. During the measurements we kept dry nitrogen flowing continuously to 
prevent ice forming inside the experimental box. 

Figure 6.13: Experimental setup (top view) used for test measurements with the 2 AGeV 6Li 
ion beam. The PWO setup was our light-tight detector box with a single crystal inside and  
on both small end faces coupled to a LAAPD + LNP preamplifier combination. 

6.2.2 Results of the ion beam experiment

The preamplifier output signals were directly digitized by the SADC and the digitized 
traces were stored on disk for further analysis. Figure 6.14 compares a digitized trace of a Li  
ion-beam event with a light-pulser event. The rise times of the traces for the LED light 
pulser and the ion beam are clearly different and are 20 ns and 90 ns, respectively.  The 
longer rise time in the case of a 6Li event is caused by the PWO scintillation mechanism and 
the integrating nature of the preamplifier. 

The data acquisition (DAQ) was triggered when the beam fired the start detector in front 
of  the  carbon  target.  After  applying  the  feature-extraction  algorithm  (Chapter  5),  we 
extracted the energy and time information from the events.  After  applying the Moving-
Window  Deconvolution  (MWD)  to  the  signal  and  using  the  Moving  Average  (MA) 
procedure for smoothing, we took the maximum of the obtained pulse to obtain information 
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about the energy. The energy deposition for 2 AGeV  6Li ions in the 20 mm thick PWO 
crystal is about 180 MeV, calculated by the SRIM [64] software package. When the ion 
beam passes the carbon target, there is a probability to fragment the primary beam particles. 
In Figure 6.15, the energy deposition spectrum of different fragments is shown. The various 
peaks indicate the production of different lighter ions, such as protons and alpha particles, 
by

Figure 6.14: Measured pulse shapes of a LED light-pulser event (left) and a Li-ion beam-
event (right). The increase of the rise time is due to the light production mechanism in the 
crystal.

by beam fragmentation, next to the Li ion signal. For the identification of the peaks we 
assume that the fragment velocity was the same as the velocity of the  6Li beam particles. 
According to the Bethe-Bloch [42] equation the deposited energy will vary with the charge 
number  Z of the fragment as  Z2 for the same fragment velocity. The peak position for  6Li 
ions is found at 102 mV, for alpha particles at 45 mV and for protons at 10 mV. Following 
the Bethe-Bloch equation the ratio of deposited energy for 6Li and alpha particles should be 
dE/dx6Li : dE/dxalpha = (Z6Li /Zalpha)2 = 2.25 and according to the data in Figure 6.15 the ratio 
for the peak positions of 6Li and alpha particles is 102 mV/45 mV ≈ 2.27. Similarly, for 6Li 
and protons we obtain dE/dx6Li  : dE/dxproton = (Z6Li /Zproton)2 = 9 and according to the data in 
Figure 6.16 we find the ratio 102 mV/11 mV ≈ 9.3. Therefore, we may identify the peaks 
shown by the black (upper) line in Figure 6.15 as caused by protons, alpha particles and 6Li 
beam ions,  respectively.  The  peak  at  22  mV can  be  associated  with  twice  the  energy 
deposition of a proton. Around 55 mV we notice a shoulder which can be associated with a 
double hit of an alpha and a proton.

In  order  to  confirm the  nature of  the  peak  at  22 mV (or  at  55 mV) in the  energy-
deposition spectrum, the events with a more precisely defined time-stamp difference below 
1 ns were selected, see Figure 6.16. In the resulting energy-deposition spectrum the peak 
around 22 mV (or 55 mV) is strongly suppressed, see Figure 6.15. Therefore, we conclude, 
that events producing this peak have a badly defined time correlation. This can happen e.g. 
for pile-up events, if simultaneously two protons (or a proton and an alpha particle) traverse 
the PWO crystal at different positions. 
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Figure 6.15: The energy deposition of 2 AGeV 6Li ions and beam fragment ions in the PWO 
crystal is shown by the black (upper) line. The red (lower) line shows the energy-deposition 
spectrum after the time-cut.

Figure 6.16:  The distribution of  time-stamp differences with vertical  bars indicating the 
selected region of absolute time differences < 1 ns.

Figure 6.17 shows the correlation between the measured energy deposition in the PWO 
crystal and the deposited energy calculated using the SRIM software package [64]. This 
correlation was used as an energy calibration for the experimental setup. To obtain the time 
information, we used the digitally implemented CFT algorithm applied to the de-convoluted 
pulse. The time resolution is determined from the difference distribution of time-stamps of 
signals measured by two LAAPDs, which are coupled to both end faces of the PWO crystal. 
The time resolution becomes better than 1 ns for an energy deposition above 80 MeV, see 
Figure 6.18.
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Figure 6.17: The calibration curve for energy deposition of the fragmented 2 AGeV 6Li ion 
beam impinging on the PWO crystal. The uncertainties for peak positions are smaller than 
the symbol size.

Figure 6.18: The dependence of the time resolution on energy deposition in PWO crystals. 
For energy deposition above 80 MeV the time resolution is less than 1 ns. The uncertainties 
in time resolution and energy deposition are smaller than the symbol size.

The time and energy resolutions measured for the Li ion-beam data were investigated for 
different  sampling  rates  and  resolutions  of  the  SADC.  Figure  6.19  shows the  resulting 
energy and time resolutions for 100, 50 and 25 MHz sampling rates at 16-bit resolution, 
measured for 180 MeV energy deposition in the PWO crystal. The relative difference in the 
energy resolution at 100 and 50 MHz is about 0.9% and for the time resolution about 5%. 
However, comparing 50 MHz and 25 MHz sampling rates, the difference for the energy 
resolution increases to 13% and for the time resolution to 52%. 

In order to study the influence of reduced bit-resolution on the precision of the time and  
energy information, we did investigations for 100 and 50 MHz sampling rates. Energy and 
time resolution were analyzed for 16, 14 and 12-bit resolutions. The obtained results are 
presented in Figure 6.20.
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Figure 6.19: Energy and time resolution for 180 MeV energy deposited in the PWO crystal.  
The uncertainty in energy and time resolutions is smaller than the symbol size.

Figure 6.20: Energy and time resolutions for 180 MeV deposited energy of Li ions in a 
PWO  crystal  measured  for  100  and  50  MHz  sampling  rates  at  different  SADC  bit 
resolutions. The uncertainty in energy and time resolution is smaller than the symbol size.

We observe only small differences in time and energy resolutions for 100 and 50 MHz 
sampling rates. By using an SADC with 14-bit instead of 16-bit resolution, the time and 
energy resolutions only slightly deteriorate.  From these investigations we conclude,  that 
50 MHz  sampling  rate  and  14-bit  SADC  resolution  will  be  reasonable  choices  for  the 
digitization electronics of the PANDA EMC. 
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6.3 Measurements with the EMC prototype 

6.3.1 Proto60 setup

The Proto60 detector system consists of 60 PWO-II crystals and is a prototype of the 
PANDA Electromagnetic Calorimeter [7].  The mechanical structure is exactly the same as 
for one section of the Barrel EMC. The end face of each crystal is optically coupled to one 
10×10 mm2 LAAPD. Thin carbon fiber  cases,  called alveoli,  are employed for  holding 
groups of crystals together (Figure 6.21), fitting them to the preamplifier and preventing the 
brittle  crystals  in  the  calorimeter  to  receive  mechanical  strain.  The surroundings  of  the 
crystal arrangement are foreseen with copper pipes for cooled alcohol flowing to allow the 
operation at a temperature of -25 °C. To prevent ice forming on the electronics the detector 
setup is continuously flushed with dry nitrogen. Together with the crystal and the attached 
LAAPD,  the  LNP preamplifier  is  placed  in  the  cold  part  of  the  setup  to  minimize  the  
electronic noise. To monitor the temperature stability the setup included 13 thermometers. 
During long measurement periods of several days the temperature variation remained in the 
range ± 0.05 °C [7]. 

Figure 6.21: Left: Backside view of Proto60. There are 60 crystals, 3 groups of 4 crystals 
are  covered  by Al  holders,  3  other  groups  of  4  are  covered  by a  readout  strip.  Right: 
Photograph of carbon fiber alveoli (top) and a group of four crystals packed in reflective 
material (bottom) [7]. 

6.3.2 Experiment at the MAMI accelerator in Mainz

The performances of the readout of PWO crystals equipped with LAAPD sensor and 
LNP preamplifier  was  studied  at  the accelerator  facility MAMI,  Mainz  University.  The 
electron  accelerator  MAMI [65]  consists  of  three  cascaded racetrack  microtrons  with  a 
3.5 MeV injector linac,  followed by a Harmonic Double Sided Microtron (HDSM). The 
maximum electron energy is 1508 MeV with a beam current of up to 100 µA. The mono-
energetic  electrons  from  MAMI were  guided  on  a  Ni  target  (Figure  6.22)  to  produce 
bremsstrahlung radiation. Using a magnetic spectrometer to measure (tag) the momentum of 
the scattered electrons provided us with the energy of (tagged) photons up to a maximum 
photon energy of 1401 MeV with energy resolution 4 MeV [66]. The photon energy Eγ  can 
be determined from the electron beam energy Ee and the energy Ee' of the scattered electrons 
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measured in the magnetic spectrometer: Eγ =Ee  – Ee'.
In a first round of measurements, MAMI-C provided photon energies up to 1.4 GeV. 

Data were measured with 100 MHz sampling rate of the SADC and 10 µs long preamplifier 
output traces were stored for the analysis. However, due to beam time constraints we were 
only able to gather data with low statistics at high energy. Therefore, a 2nd beam time was 
scheduled but the accelerator could only provide photon energies up to 0.6 GeV. In order to 
study the time resolution in the 2nd run, the photon beam was directed between two adjacent 
crystals. In this run we used SADC sampling rates of 100 and 50 MHz and we recorded 2 µs 
long preamplifier output traces.

The  signals  from  16  selected  tagger  channels  and  from  23  detector  crystals  were 
connected  to  the  data  acquisition  system  (Figure  6.22).  The  tagger  channels  and  their  
corresponding  energy  values  are  given  in  Table 6.1.  The  energy  threshold  for  signals 
accepted by the data acquisition system was set  3 σ above the noise level where  σ is the 
width of the noise level. The photon beam was hitting crystal number 35 as the “central  
crystal” (Figure 6.23). The signals from the tagger-channels were digitized by TDC units 
and the correspondingly filled histograms were used to monitor the energy distribution and 
the  accumulated  statistics  (Figure  6.24).  In  Figure  6.25  calibrated  single-crystal  energy 
spectra  on  a  logarithmic  scale  are  shown  for  all  crystals.  When  the  photon  beam 
perpendicularly  hits  the  surface  of  one  crystal,  the  photons  initiate  an  electromagnetic 
shower that spreads over the surrounding modules. The deposited energy in the neighboring 
crystals depends on the photon energy and can be reduced due to dead material (for example 
Teflon foil) between the crystals. 

Tagger channels
Energy (GeV)

1st run
Energy (GeV)

2nd run

1 1.44 0.686

2 1.36 0.651

3 1.26 0.602

4 1.16 0.579

5 1.06 0.509

6 0.96 0.443

7 0.86 0.387

8 0.76 0.339

9 0.66 0.269

10 0.56 0.201

11 0.46 0.152

12 0.36 0.107

13 0.26 0.094

14 0.16 0.084

15 0.12 0.062

16 not used 0.05

Table 6.1: Tagger channels and the corresponding tagged-photon energy values. 
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Figure 6.22: Experimental setup at the MAMI tagged-photon beam with Proto60 readout by 
Sampling ADC (SADC).

Figure  6.23:  Crystal  mapping  for  the  Proto60  setup.  For  the  data  acquisition  we  only 
considered 23 crystals.  Crystal  number 35 was defined as  the “central  crystal”.  For the 
determination of the cluster energy resolution the beam was centered on crystal #35 and for  
determining the time resolution the beam was guided between crystals 35 and 36.
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Figure 6.24:  The tagged-photon event distribution as a function of the photon energy. The 
dashed line is a fit of the bremsstrahlung energy (E) distribution with a function A/E and a fit 
parameter A= 10746 ± 480.

Figure 6.25: The distributions of tagged photon energy deposition on a logarithmic scale in 
a 3×3 array of crystals with the beam centered on the middle crystal. The photon energies  
cover the bremsstrahlung spectrum in the range 0.05 - 0.685 GeV.
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6.3.3 Readout Electronics of Proto60

For the data acquisition, we have used three STRUCK SIS3302 Sampling ADC units 
with 100/50 MHz sampling rate and 16-bit resolution and one CAEN v775AC TDC [67] 
module  to  obtain  the  time  information  from  the  tagger  signals  (see  Figure  6.22).  For 
triggering the data acquisition system we used the coincidence between the central crystal 
signal  and the logic OR output signal of the 16 tagger channels.  Figure 6.26 shows the  
scheme of the applied readout electronics. 

The coincidence between the central crystal signal and the logic OR output signal (NIM 
signal from a coincidence module) of the 16 tagger channels is given as a trigger signal to 
the NIM-ECL converter to provide the signal for the trigger module Trivia (with ECL input)  
for the data acquisition system. The trigger module is connected via the trigger bus and  
takes care of the correct inhibition of ADC gates and TDC starts during the conversion and 
read-out period as well as the collection of corresponding sub-events. Another NIM-ECL 
output signal is fed to a timing filter amplifier (TFA) to gather timing information and still  
another is provided to the logic splitter FAN-IN-FAN-OUT. The logic splitter provides the 
Sampling ADC and the  TDC with the  identical  stop signal.  The first  SADC clock  was 
initialized via software to operate at 100 MHz or 50 MHz sampling frequency and the other 
two SADCs were synchronized according to the first SADC. The preamplifier signals from 
23 crystals were connected to SADC channels and the remaining SADC channel was used 
to digitize the TFA signal for timing information. The energy and time information of each 
scintillator crystal together with the timing response of the relevant tagger channels were 
recorded event-by-event to data storage for further off-line analysis.

Figure 6.26: Scheme of the readout electronics of the Proto60 detector setup.

6.3.4 Cosmic muon calibration

To calibrate  the  measured  energy spectrum we  have  used  the  cosmic  muon energy 
deposition in PWO crystals. According to the information from the Particle Data Group [68] 
the mean energy loss of minimum ionizing particles in 1 cm PWO material is 10.2 MeV and 
this is to a good approximation valid also for cosmic muons. The calibration was performed 
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at  a  crystal  temperature of  -25  °C and at  the same LAAPD gain as  applied during the 
measurements  with  tagged  photons.  The  Landau-fit  tool  provided  by  the  ROOT  [69] 
software package was used to associate the mean energy deposition of cosmic muons with 
the most probable value of the Landau distribution.

For the energy calibration, we have used two kinds of geometry of the Proto60 setup: the 
horizontal and the vertical positions as shown in Figure 6.27 and Figure 6.28, respectively.  
In the horizontal position, the cosmic muons traverse on average a length of 2.4 cm in PWO 
and  the  corresponding  mean  energy deposition  is  24.5  MeV.  For  this  measurement  we 
placed a thin plastic scintillator (2×45 cm2) on top of the setup and we used as trigger signal 
the  coincidence  between this  plastic  scintillator  and  the  row of  crystals  below.  For  the 
vertical position of the setup (Figure 6.28) the path length of cosmic muons in PWO is about 
20 cm and the energy deposition is approximately 204 MeV. For this measurement the data 
were taken for 10 days. In this case we used as trigger signal the coincidence between a 
wide plastic scintillator and an array of 5×5 crystals which were covered by the scintillator. 
The energy deposition was determined from the amplitude of the MWD-filter signal, called 
the MWD amplitude. For the vertical position of Proto60 the obtained spectrum of energy 
deposition is shown in Figure 6.29 and the spectrum for the horizontal position with Landau 
fit is shown in Figure 6.30.

The cosmic muon energy-deposition spectrum for the horizontal (Figure 6.27) and the 
vertical  setup  (Figure  6.29)  are  clearly  different.  As  mentioned  before,  cosmic  muons 
passing through the full length of the crystal must deposit about 204 MeV, but this is true 
only for  exactly  vertical  incidence  on  the  front  face.  In  order  to  impose  this  “vertical 
selection” condition, events were selected in which only a single crystal was giving a signal 
and  none of  the  neighboring crystals.  The corresponding energy deposition  spectrum is 
shown in the bottom panel  of  Figure  6.29.  For  the large  length that  the photons travel 
through the crystal in this case, a Gaussian distribution is most appropriate. The Gauss fit is 
shown in Figure 6.29. 

Figure 6.27: The Proto60 setup in horizontal position and the corresponding cosmic muon 
energy deposition spectrum with the peak value indicated by the vertical arrow. For this 
measurement, a thin plastic scintillator (2×45 cm2) was placed on top of the setup to derive 
a  trigger  signal  from the  coincidence with the row of PWO crystals  below. The MWD 
amplitude corresponds to the pulse maximum of the MWD-filtered signal. 
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Figure 6.28: Left: photograph of the Proto60 setup in vertical position. The red-colored 
structure is a frame for holding the Proto60 setup and the blue frame houses the rotation 
axis. The gray box is the thermostat containing the 60 PWO crystals. The black-colored 
plate above the red frame is a plastic scintillator panel (20×45 cm2), used as a trigger. Right: 
Sketch of the Proto60 setup in vertical position.

Figure 6.29: The cosmic muon energy-deposition spectrum for the vertical position of the 
setup. Top: the raw spectrum; Bottom: the spectrum after applying the “vertical selection” 
condition. A clear peak containing 422 events arises with a mean value of the Gauss fit at 
4129 units; this value is associated with the energy deposition of 204 MeV. 
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Figure 6.30: The cosmic muon energy-deposition spectrum as shown in Figure 6.27, but 
here  with  the  Landau  fit  function  for  the  horizontal  detector  position.  From  the  most 
probable value of the Landau fit we obtain that the mean energy deposition of 24.5 MeV 
corresponds to 392 units in the MWD amplitude.

Using the two calibration points obtained in Figures 6.29 and 6.30 we can derive the 
calibration function for any of the 23 crystal detectors. Figure 6.31 shows the calibration of 
the MWD amplitude m in units of energy deposition for the central crystal. 

Figure 6.31: The energy calibration curve for the central crystal. The error bars given for 
the x-axis are determined from the widths of the corresponding amplitude distributions. 

6.3.5 The results with high-energy photons

The  photon  response  function  and  cluster  energy  resolution: During  the 
measurements at MAMI, the tagged photon beam providing a bremsstrahlung spectrum of 
energies was directed to the central crystal (number 35) and simultaneously the signals of 23 
crystals and 16 tagger channels were recorded. If the energy of the incoming photon is high 
enough it can cause an electromagnetic shower in the central crystal and the surrounding 
crystals. For the determination of the photon energy response or the line shape, we have to  
collect the sum of energy depositions in all neighboring crystals. The detector response for  
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low energy  photons  or  gamma  rays  is  well  described  by a  Gaussian  distribution  [70]. 
However, for high-energy photons the shape of the response function may be different due 
to the photon leakage from the crystal array. Therefore, to determine the photon response for 
different incident photon energies, we study the energy deposition in a 3×3 array of crystals. 
An  example  of  photon  responses  for  different  incident  photon  energies  is  plotted  in 
Figure 6.32. 

Figure  6.32:  The  photon  response  measured  for  a  3×3  array  of  crystals  for  different 
incident photon energies of 0.39, 0.44, 0.6 and 0.69 GeV. 

The experimental response function has been parameterized by two analytical functions 
valid below and above the most probable energy Epeak [71]:
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The parameter N is used for the normalization to the peak height and two different width 
parameters are introduced. The width FWHM of the Gaussian describes the high-energy side 
of the peak and λ describes the low energy tail.  Epeak is the most probable detected photon 
energy. Figure 6.33 illustrates the quality of the analytical expression for a photon energy of 
Eγ = 0.685 GeV.
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Figure  6.33:  Experimental  line  shape  measured  at  the  incident  photon  energy 
Eγ = 0.685 GeV.

For  the  determination  of  the  energy resolution  we have  used  the  parameters  of  the 
response function after fitting. The observed energy resolution is calculated from the Full  
Width at Half Maximum (FWHM) of the measured line shape: 

σ = FWHM
2. 355

and the relative detector energy resolution  σ/Epeak is calculated. Figure 6.34 presents the 
dependence of the energy resolution on the tagged photon energy for the Sampling ADC 
readout  at  100  MHz  and  at  50  MHz  sampling  frequency.  We observe  that  the  energy 
resolution is nearly the same for 50 and 100 MHz sampling rates. From this observation, we 
conclude that we safely may apply the SADC with 50 MHz sampling rate and gain power 
consumption and digitization time at a reduced cost compared to a SADC with a higher 
sampling rate. The obtained result in energy resolution also compares well with the result 
obtained  with  a  conventional  charge  integrating  ADC [72].  The  energy  resolution  as  a 
function of the photon energy could be fitted with constant term and stochastic term, while 
the noise term had no influence. Figure 6.35 demonstrates the energy resolution analyzed for 
different  smoothing  length  L (Moving  Averaging  length)  and  differentiation  length  M 
(Moving-Window Deconvolution length). The energy resolution has reached its optimum 
value at 200 ns differentiation time or MWD filter length. From the analysis of Proto60 data  
we concluded that optimal parameters for digital filters are  M = 300 ns, to be on the safe 
side, and 40 ns ≤ L ≤ 160 ns, depending on the count rate due to changes of the pulse width.

Time resolution study with Proto60: To study the timing performance of the readout 
electronics in a realistic experimental situation we had used the 2 AGeV Li beam and the 
single  crystal  setup (see  section  6.2.2).  During that  experiment,  we had  used a  straight 
crystal,  which  has  a  different  geometry  than  required  in  the  TDR [7].  In  addition,  the 
covered energy range was not wide enough. Here we study the timing performance in a 
wider energy range of tagged photons with Proto60. 
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Figure 6.34:  Energy resolution for  a  3×3 PWO crystal  array as function of  the tagged 
photon energy.  The solid  (yellow)  curve  indicates  the  result  obtained with conventional 
QDC readout. The uncertainty in energy resolution is smaller than the symbol size.

Figure 6.35: Cluster energy resolution for different lengths L of the MA filter (top) and M of 
the MWD filter (bottom) at low and high photon energy [56].
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To study the timing performance of Proto60, the beam was directed between the central  
crystal and one of its neighboring crystals. According to the crystal map (Figure 6.23) the 
crystals number 35 and 36 receive about an equal energy deposition. Those two channels 
triggered the SADC readout. In order to avoid time walk, the corresponding preamplifier 
output  signals  were  connected  to  the  same SADC (channel  1  and  8 of  the  1st SADC). 
Figure 6.36 shows the energy distributions measured in the 9 channels of the 3×3 crystal 
matrix.

Figure 6.36: The distributions of tagged photon energy deposition on a logarithmic scale in 
a 3×3 array of crystals with the beam centered  between  crystal number 35 and 36. The 
photon energies cover the bremsstrahlung spectrum in the range 0.05 - 0.685 GeV.

To  determine  the  time  resolution  for  each  tagged  photon  energy,  we  fill  a  two 
dimensional histogram (Figure 6.37) with the energy deposition on the horizontal axis and 
the difference of time stamps for crystal 35 and 36 on the vertical axis. For the calculation of 
the time resolution, we applied the condition that the energy depositions in both crystals for 
one event should not differ by more than 10%. This condition ensures that the results of both 
detectors  are  of  comparable  quality.  From  Figure  6.37  we  extract  time  difference 
distributions in bins of deposited energy. From these distributions, we determine the time 
resolution in bins of energy deposition as /√2 of a Gauss fit, as plotted in Figure 6.38. The 
time resolution is below 1 ns,  when the energy deposition is  higher than 80 MeV. The 
obtained time resolution is better than the sampling period of the SADC and comparable 
with the result obtained with the Li ion beam.
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more than 10%. 

Figure 6.37: Difference in time stamp between the central crystal and its neighboring crystal 
for different values of the energy deposition.

Figure 6.38: Time resolution determined between two adjacent crystals receiving about an 
equal energy deposition, as a function of the energy deposition [56].
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6.4 GEANT simulation study of timing properties

For optimum background reduction and clean event definition the best possible time 
resolution should be achieved. The time resolution was investigated with the LED light 
pulser, with cosmic muon energy depositions, with the Li ion beam, and with high-energy 
tagged photons. Figure 6.39 presents the dependence of the time resolution on the energy 
deposition for all different measurements (see Figures 6.2, 6.18 and 6.38). From this figure, 
we notice that there are large discrepancies between the time resolutions measured with the 
LED light pulser and the ion beam or the tagged photon beam. For instance, at the energy 
deposition of 100 MeV we observe a time resolution of 0.24 ns for the LED light pulser, and 
0.8 ns and 1 ns for the ion beam and the high-energy photon beam, respectively. The time 
resolution time is dependent [43] on the width n of the noise level and the slope dV/dt of the 
signal as σtime = σn/|dV/dt|. From this equation, we can see that the time resolution may get 
worse due to two reasons: an increasing noise level and a changing slope of the signal. In 
the experiments with the LED light pulser, the photon beam, and the ion beam, the main 
source of noise was the preamplifier. For all the measurements, we used the same type of 
preamplifier and the estimated noise level was about 1.4 MeV. The slope of the signal is  
different between a pulse generated by the LED pulser and that generated by the scintillating 
process in the crystal. To investigate the corresponding influence on the time resolution we 
performed GEANT simulations [73] and experiments with the LED light pulser.  

Figure 6.39: The dependence of the time resolution on the energy deposition in a single 
PWO crystal bar for different measurements. The uncertainty in time resolution is smaller 
than the symbol size.

Figure  6.40  shows the  recorded  trace  from the  charge-integrating preamplifier  for  a 
100 MeV photon hitting the PWO crystal and, for comparison, the trace obtained with the 
LED light pulser. The rise time of the signal is about 100 ns for the photon beam and about 
10 ns for light from the LED light pulser. 
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Figure 6.40: The recorded traces from a charge-integrating preamplifier for a 100 MeV 
photon entering and the LED light pulser injected to the PWO crystal, respectively.

In order to understand, why the pulse rise time is getting longer in the real case for the  
ion  beam  or  the  photon  beam,  GEANT  simulations  were  studied  for  1,  10,  100  and 
1000 MeV  incident  photons  on  a  PWO  crystal  with  dimensions  2×2×20 cm3 (see 
Figure 6.41). The beam source was placed at a distance of 0.5 m from the front face of the 
PWO crystal. Photons with high energy hit the front face of the PWO crystal bar. The main 
light-transport properties as refraction index, density, energy of scintillation light and decay 
time of the PWO crystal are introduced to enable the realistic generation of scintillation 
light.  The decay time of  scintillating centers  for  PWO material  was introduced into the 
simulation [7]. However, the exact value of this decay constant is not known. Therefore, this 
constant was considered as a variable that can be adjusted in order to reproduce the pulse-
shape produced by the PWO crystal. The photo sensor is attached at the end face of the  
crystal. The arrival time of optical photons detected by the photo sensor is calculated. Figure 
6.42 shows the  arrival  time distributions for  different  decay times  at  100 MeV incident 
photon energy.

Figure 6.41: The geometry adopted for GEANT simulations to study the arrival time of 
optical photons at the LAAPD light sensor. The photon source (yellow dotted line) is placed 
at a distance of 0.5 m from the front face of the PWO crystal (blue dashed line) and the 
optical photons are detected at the light sensor (red).

The number of scintillation photons produced with decay time τ at time t is described by 
the exponential decay law: N = N0 e-t/τ with N0 the number of scintillation photons at the time 
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t = t0 when  the  high-energy  photon  hits  the  crystal.  From  the  generated  arrival  time 
distributions  in  Figure  6.42  we  can  determine  the  inverse  slope  parameters  -0.19  ns-1, 
-0.064 ns-1,  and  -0.029 ns -1,  respectively,  and  calculate  the  effective  decay times  5.3 ns, 
15.6 ns, and 34.5 ns, respectively. The calculated effective decay times are slightly larger 
than the simulated decay times used to generate the scintillation photons in the crystal. After 
emission, the scintillation photons may undergo multiple reflections in the crystal, which 
leads to larger effective decay times. The simulation was repeated for different PWO crystal 
decay  times  and  different  photon  energies.  To  study  possible  differences  between  the 
response for various energies and for different decay times, the cumulative distribution of 
the number of photons as a function of the arrival time of optical photons was generated and 
normalized to 1 for asymptotic light collection times. This distribution represents the output 
signal after the charge-integrating preamplifier. The cumulative distributions for different 
incident photon energies and decay times are shown in Figure 6.43. 

Figure 6.42: The result of GEANT simulations for 100 MeV incident photon energy. The 
arrival time distribution of optical photons are shown for different decay times [7] of the 
PWO crystal: 5 ns (top left), 15 ns (top right), 30 ns (bottom). 

From the top figures one clearly recognizes, that the signal rise time slows down due to  
the scintillation mechanism. From the top right figure we can notice, that the slope of the  
signal rise time is getting wider due to longer decay times of the scintillation process in the 
crystal. To get approximately the same slope of the signal as for the measured pulse, the 
decay  time  had  to  be  set  to  30  ns.  The  resulting  trace  compares  well  in  shape  (see 
Figure 6.43 bottom right) with the trace from the LNP preamplifier for a 100 MeV photon 
impinging on the PWO crystal. The signal rise time is about 100 ns. From the shape of the 
additional curves for different decay times we conclude a sensitivity of better than ±5 ns for 
the determination of the decay time of scintillation light inside the crystal. Recently,  for  
PWO material  decay  times  of  30  ns  and  10  ns  with  relative  yields  of  80% and  20%, 
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respectively, were measured [74].
Once we can reproduce the pulse shape of the preamplifier signal, it is possible to check  

how  stable  the  shape  is,  i.e.  whether  it  depends  on  the  incident  photon  energy.  The 
simulation was repeated for low and high energies. The curves are almost overlapping and 
only small differences are seen in the zoom of a particular region, which is used to generate 
a time-stamp of the pulse, shown in Figure 6.43 bottom left.

It has been shown that for higher energies the time resolution is improving. However, the 
simulated distributions shift to longer collection times for higher energies. At a cumulative 
probability of 45%, the time shift amounts to about 500 ps for incident photon energies  
between 1 MeV and 1000 MeV. At energies below 10 MeV the shifts amount to 500 ps and 
the estimated time resolution is 5.8 ns. The time resolution is much larger than the shift of  
500 ps, which is, therefore, negligible.

From the GEANT simulation, we understand that the rise time is getting longer due to 
the scintillation mechanism of the crystal.  To confirm that the time resolution is getting 
worse due to rise time variations we performed another test experiment with the LED light 
pulser. 

Figure 6.43: The cumulative distributions of the number of photons as a function of the 
arrival time of optical photons. Top left: the normalized distributions for different photon 
energies;  Top right:  the  normalized  distributions  for  different  decay times  at  100  MeV 
incident photon energy; Bottom left: the zoomed view of one part of the distributions for  
different photon energies; Bottom right: the recorded trace from the LNP preamplifier (black 
line, almost overlapped by the green dashed line for 30 ns) and the cumulative simulated 
distributions for 100 MeV energy deposition with different decay time constants. 

 
worse due to rise time variations we performed another test experiment with the LED light 
pulser. 

We note that the CFT method, used for the time stamp determination, is by design stable  
against  amplitude  variations.  The  signals  were  shaped after  the  LNP output  by a  filter  
network with different time constants. By varying the time constants, we observed that the  
time resolution deteriorates  when the rise time is  getting longer.  Figure 6.44 shows the 
scheme of the electronics to study the influence of the pulse shape on the time resolution. 
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The signal from both LNP preamplifiers were shaped by the filter network and different rise 
times could be applied for both signals simultaneously. The pulse amplitude was 280 mV 
(equivalent to 300 MeV energy deposition). 

Figure 6.45 shows traces with different rise times (top) and the corresponding graph of 
the time resolution as a function of the rise time (bottom). The time resolution is getting 
worse due to the slow rising edge of the pulse.

For a rise time of 100 ns, we obtain a time resolution of about 660 ps. This observation is 
in qualitative agreement with the result obtained for high-energy photons: From Figure 6.38 
we estimate a time resolution of ~600 ps at 300 MeV energy deposition and a signal rise 
time of ~100 ns.

The experiment with the LED light pulser thus confirms that the observed discrepancies 
in time resolution for different light sources are caused by variations in signal rise time. 

Figure 6.44: The scheme of the experimental setup to study the degradation of the time 
resolution due to rise time variations of the preamplifier pulse.

6.5 Conclusion

In  this  chapter,  the  performance  of  the  PANDA EMC  front-end  readout  system  is 
investigated by applying the feature-extraction algorithm. Three different test measurements 
and their analysis results were presented.

The measurement with LED light pulser has shown that the time resolution improves for  
higher values of the collected charge at the LAAPD. The achieved time resolution is about 
200 ps. A linear correlation was observed between the time values determined by the SADC 
using the CFT method and by the TDC. The precision of the time determination methods 
were studied for 50 MHz and 100 MHz sampling frequency and no significant differences 
were observed. 

The performance study was done with a high-energy Li ion beam. The determined time 
resolution  becomes  better  than  1  ns  for  an  energy  deposition  above  80  MeV.  The 
investigations were performed with different sampling frequencies and bit resolutions of the 
SADC. It was concluded that the 50 MHz sampling frequency and 14-bit SADC resolution 
are recommended choices for the digitizer of the PANDA EMC for the crystals equipped 
with LAAPD photo sensors.
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Bottom)

Figure 6.45: Top: LNP signal shapes for different rise times. Bottom: Dependence of the 
time resolution on the signal  rise time. The time resolution gets  worse due to  the slow 
component on the rising edge of the pulse. The uncertainty in time resolution is smaller than 
the symbol size.

 

The performance of the readout electronics was further studied with the prototype of the 
PANDA EMC in a wider energy range with tagged photons. The energy depositions in a 
3×3 array of PWO crystals were investigated. The analysis was done again for 100 and 
50 MHz sampling frequency of the SADC. The energy resolution is nearly the same for both 
sampling frequencies. The determined energy resolution was 2.4% at 1 GeV. The obtained 
result  in  energy resolution  compares  well  with  the  result  obtained  with  a  conventional 
charge integrating ADC. The Technical Design Report for the PANDA EMC [7] requires 
that the constant term in the energy resolution a ≤ 1% and the stochastic term b ≤ 2%. The 
test results for the prototype of the PANDA EMC fulfill these requirements of the TDR by 
employing a charge-integrating preamplifier and SADC digitizer with the application of the 
feature-extraction algorithm. The timing performance was investigated in a wider energy 
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range. The achieved time resolution was below 1 ns when the energy deposition is higher 
than 80 MeV. The obtained results are in good agreement with the results obtained with the  
ion beam.

In order to understand the discrepancy in the time resolutions measured with the LED 
light pulser and for the ion beam or the tagged photon beam, systematic tests with the LED 
light pulser and GEANT simulations were performed. Due to the scintillation mechanism in 
the PWO crystal the slow signal component is enhanced in the rising edge of the signal. The 
arrival time of photons seen by the LAAPD was estimated to be longer than 100 ns. It was 
confirmed that the reason for the discrepancy in the measured time resolution for LED light  
pulser and photon or ion beams is the slower signal rise time due to the scintillation process.
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7. Implementation of feature-extraction algorithm in FPGA

The feature-extraction algorithm was developed for processing of signals from the front-
end electronics of the PANDA EMC. The results discussed in Chapter 6 were obtained by an 
off-line  data  analysis,  where  the  feature-extraction  algorithm  written  in  C++  code  was 
applied to the digitized values of the analog preamplifier (shaper) signal-trace.

During the experiment, the on-line information on energy and time of the current event 
is  crucial  for  making decisions on storing or  discarding the event.  For this purpose the 
feature-extraction  algorithm  was  also  developed  in  VHDL (Very  high-speed  integrated 
circuits  Hardware  Description  Language)  code  suited  for  the  100  MHz  and  16-bit  
commercial  Sampling ADC (SADC).  This  VHDL code was implemented into the  Field 
Programmable  Gate  Array  (FPGA)  of  the  Xilinx  family  on  the  SIS3302 SADC.  The 
performance of this FPGA implementation of the feature-extraction algorithm was tested on 
a Xilinx Spartan Development Board. 

The chapter starts with a short introduction to the widely used FPGA circuit. Then the 
hardware of the Xilinx Spartan Development board will be briefly described and the block 
diagram of the signal processing implementation will be discussed. Thereafter the results of 
the on-line data processing, obtained with LED light pulser signals, will be presented. The 
results are compared with the results of the off-line (software) signal processing. Finally, the 
performance of  the on-line pulse amplitude detection and the determination of  the time 
resolution obtained with cosmic muons are shown.

7.1 Signal processing

Signal processing methods have been applied for a long time to transform or manipulate 
analog or digital signals. The Digital Signal Processing (DSP) integrated circuit is found in  
many  applications,  e.g.  in:  data  communications,  speech,  audio,  biomedical  signal 
processing, instrumentation and robotics [75].

Since 1970, the development of programmable digital signal processors has started to 
accelerate the digital signal processing. One of the members of the programmable family is 
the FPGA developed in the beginning of  1990 [76,  77].  The FPGA is a  semiconductor 
device that can be programmed. 

Xilinx and Altera have become worldwide the main manufactures  of FPGAs due to 
flexibility,  DSP  libraries,  and  simple  hardware  development  tools.  Xilinx  offers  two 
different families of FPGAs, the Spartan and the Virtex series FPGAs. The Virtex FPGA has 
a high speed [76] but also a high price due to the high density of the logic blocks (see next  
section) and the large memory compared to the Spartan FPGA.

The SIS3302 SADC contains five Spartan FPGAs. The Spartan FPGA belongs to the 5th 

generation of the Xilinx family.  The family consists of eight members offering densities 
ranging from 50 000 to five million system gates [78].
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7.2 Xilinx Spartan-3A development board

In order to test the feature-extraction algorithm and its proper implementation in VHDL 
code,  we  first  used  the  Xilinx  Spartan-3A development  board  which  contains  a  Xilinx 
Spartan 3 XC3S700 AN FPGA [78]. Communication with this test board was enabled by its 
RS-232 serial port for data input/output. Figure 7.1 shows a photograph of this board.

The  Xilinx  Spartan-3A FPGA is  built  of  five  programmable  functional  elements: 
configurable  logic  blocks  (CLBs),  input/output  blocks  (IOBs),  block  random  access 
memories (RAMs), dedicated multipliers with two 18-bit complement (bitwise) operation 
and digital clock managers (DCMs). 

The FPGA is an array of CLBs, which provide the user with the complete control over 
the functionality of the FPGA. Using a combination of CLBs in the FPGA will allow the 
user to program a gate with varying inputs, outputs and logic. The CLB is composed of  
look-up table (LUT), multiplexer (MUX) and 175 shift registers [78]. 

LUTs are used to implement function generators in CLBs. Four independent inputs are 
provided to each of two function generators which are used to realize Boolean functions.

The  IOBs  represent  the  physical  pins  of  the  FPGA and  they  are  programmable  to 
configure the interconnections of CLBs. For the implementation of the feature-extraction 
algorithm we used 232 IOBs out of 333 available, thus there is still room for extensions and  
refinements. 

The Xilinx FPGA has an on-chip memory, called block RAM, up to 10 Mbits in 36 kbit 
blocks. 

Digital  clock  managers  (DCMs)  provide  advanced  clock  capabilities,  which  can 
eliminate  a  system  clock  skew.  This  feature  eliminates  a  clock-distribution  delay  and 
improves the system performance [78].

The multipliers are located adjacent to the block RAM, making it convenient to store 
inputs in the block memory. The multipliers in the Xilinx Spartan-3A FPGA family are fast 
and efficient enough to implement a signed or an unsigned multiplication, basically a shift-
add operation, with a precision up to 18 bits. 

The Xilinx Spartan-3A development board has four binary switches, which are marked 
in the lower right corner of Figure 7.1. The switches allow to select a 16-level setting-word 
and are used to set different modes (see Table 7.1) of operation of the feature-extraction 
algorithm. 

7.3 VHDL coding of the feature-extraction algorithm

The  feature-extraction  algorithm  is  implemented  in  an  FPGA by  coding  in  VHDL 
language. The algorithm was discussed in detail in Chapter 5. Figure 7.2 shows the block 
diagram  of  the  signal-processing  logic  for  the  feature-extraction  algorithm  which  is 
implemented in FPGA for LNP preamplifier signals. The MWDI functional block produces 
a trapezoidal shape from the LNP preamplifier pulse. The MWDII functional block is used 
to reduce the tail on the trailing edge of the MWDI pulse, thus it reduces the response time 
of the detector, which decreases the probability of signal pile-up at high rates. The Baseline 
functional block restores the correct baseline for precise energy determination. The output of 
the Baseline functional block is connected to three blocks, namely to CFT, MA and Energy 
readout functional blocks. The CFT functional block provides the time-stamp information. 
The MA functional block is used for smoothing and noise reduction leading to precise pulse 
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detection  at  lower  thresholds.  For  the  ASIC  (or  analog  shaper)  signal  the  MWDI and 
MWDII blocks are bypassed.

Figure 7.1:  Photograph of  the  XILINX Spartan  development  board  with XC3S700AN-
FG484 FPGA and basic functions indicated [78].

Switch Position and Modes

0                  Copy of input data stream (echo mode)

1                  MWD

2                   MWD + MA

3                   CFT (inverted and delayed triangle)

4                   Smoothed pulse

5                   Baseline level

6                   MWD baseline

7                    Zero-crossing

8                    Suppression of baseline 

9                    Event energy measurement

10 – 15          10 bytes of event data or multiplexed data 

Table 7.1: Event-data package format with the settings of binary switches.
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Figure  7.2:  Block  diagram  of  signal  processing  in  FPGA for  signals  from  the  LNP 
preamplifier. 

The VHDL code contains two parts, the feature-extraction algorithm and an input-output 
interface.  The  main  module  is  called  system  container  (see  Figure  7.3).  This  module 
contains  the  clock management,  I/O interfacing,  and generic  parameters.  For debugging 
purpose, multiple busses are exported to present intermediate results. This feature is likely to 
be eliminated in the final version as it uses a lot of routing resources. Selection of output  
modes is done by means of an output select register. 

Figure 7.3: Block diagram of the system container.

The  system container  also  contains  the  Feature-Extraction  module  which  is  used  to 
process  the  data.  The  block  diagram  of  the  Feature-Extraction  module  is  presented  in 
Figure 7.4. This module consists of MWD and Constant Fraction (CF) sub-modules. Details 
of these modules are described below.
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Figure 7.4: Block diagram of the Feature-Extraction logic. 

Mowing Window Deconvolution: This function is taking the amplitude difference at 
two sampling points which are M sampling intervals apart (A[n] – A[n-M]). M is the MWD 
differentiation filter length. The value of M can be set as an integer (2, 3, 4, 5, 6) power of 
two. The block diagram of the MWD function implemented in VHDL code is presented in 
Figure 7.5. The MWD logic consists of the Moving Sum and the Moving Difference blocks, 
which are briefly outlined in the following (see equation 5.8). The FPGA can perform binary 
operations  only  with  integer  numbers.  However,  the  normalization  constant  1/τ (see 
equation 5.8), expressed in units of the SADC sampling period T = 10 ns, is a real number 
less than one and typically has the value 1/ 2500 for the LNP preamplifier decay constant of 
25 µs. In order to make the FPGA implementation of the MWD filter algorithm possible, the 
sum term of equation 5.8 and the normalization constant are temporarily multiplied by the 
large value 224, and after the multiplication operation, the result is divided by 224.
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Figure 7.5: Block diagram of the MWD implementation in VHDL code. 

Moving Sum (MSUM)  also referred  to  as Moving average  (MA):  This  function is 
implemented as a moving sum over M samples, where M = 2n [79] and n is a natural number. 
A linear memory is needed to keep track of the current/last  M samples. All samples are 
added to the moving sum and sample  n-M is  subtracted from it.  Since the  size  of  this 
moving sum is a power of two, a moving average is simply created by removing the n least 
significant bits. Figure 7.6 shows the block diagram of the Moving-Average implementation 
and indicates the addition (+) and subtraction (-) modules. In addition, a pipeline module has 
been implemented. The pipelining will help to increase the clock cycle for the process and is 
implemented as a dual-port memory with an integrated addressing mechanism. The dual-
port  RAM  has  the  ability  to  simultaneously  read  and  write  different  memory  cells  at 
different addresses [79]. This mechanism provides simultaneous read/write operations and 
automatic read/write pointer updating on each action. The difference between the read- and 
write-pointer addresses determines the effective length of the buffer, which remains constant 
as the pointers are updated simultaneously.

Figure 7.6: Block diagram of the Moving-Average implementation. W is a window size and 
W×M represents the sum over M samples.
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Moving Difference (MDIFF): This function is used in the MWD block-diagram; see 
Figure 7.5 [79].  The block-diagram in Figure  7.7 shows the features  of  “delaying”  and 
“subtracting” the input data. This module does not require extra bits, because the input data 
is already signed integer.

Figure 7.7: Block diagram of the Moving-Difference implementation. 

Constant Fraction Timing: The CF Timing process will always have to deal with input 
signals on a non-zero baseline and therefore, requires a baseline-follower function resulting 
in “clamped data” (see Figure 7.8). Clamped data [79] can then be treated as “absolute” data 
values. The baseline calculation is, in principle, done only once but can be initialized on 
demand.  In  general,  the  baseline  is  estimated  continuously.  Only for  test  purposes,  we 
created a possibility to use a constant value, estimated once at the start of the DAQ. For 
practical  purposes,  the  CF-fraction  =  1/k (with  k the  attenuation  coefficient  defined  in 
Eq. 5.12) is again a power of 2; in this case it is equal to 4. The CF signal is constructed to 
create a signal with a related zero-crossing to determine an exact time stamp. The zero-
crossing function can also be used to detect an event. To be able to distinguish (positive-
only) events from other (noise) zero-crossings the sum of original data is calculated. When a 
zero-crossing coincides with a sufficient integral  value of an original baseline-subtracted 
pulse, an event is detected. In order to prevent false multiple-hits, an inhibition period is 
foreseen following each event. This is done by a ‘gate-generator’, which is constructed like 
a simple counter. The block diagram of the Event-detection implementation is presented in 
Figure 7.8. 

The implementation of the feature-extraction algorithm in the FPGA required a certain 
number of CLBs, LUTs, and flip-flop memories. Table 7.2 presents the usage of the FPGA 
resources. For the feature-extraction algorithm 14%, 12% and 11% of the available CLBs, 
LUTs and flip-flops, respectively, were used [79]. 
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Figure 7.8: Block diagram of the implementations of Baseline follower and Event detection. 
The Event detection function is implemented as a zero-crossing detection and determines 
whether a smoothed (i.e. integrated) signal crosses a given threshold. 

Table 7.2: The available and required FPGA resources for the feature-extraction algorithm 
and some of its modules for 1 channel of the SADC readout.

7.4 Results obtained with the FPGA implementation

Debug mode: The FPGA implementation of the feature-extraction algorithm is designed 
to be user-friendly: one can monitor the processed pulse at different stages. Different output-
modes  (Table  7.1)  can  be  selected  by  binary  switches  for  the  Xilinx  Spartan-3A 
development board (see Figure 7.1) or by output select registers for the SIS3302 SADC. The 
different debugging modes were tested with signals generated by the LED light pulser and 
the results are visualized in Figures 7.9, 7.10 and 7.11.
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Figure 7.9: Debugging mode: Echo (copy) of the input data.

Figure 7.10: Debugging mode: MWD signal traces derived from input data for different 
MWD filter length M.

Figure  7.11: Debugging  mode:  CFT signal  derived  from input  data  for  different  CFT 
fractions. 
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Xilinx  Spartan  Development  Board: The  implementation  of  the  feature-extraction 
algorithm was tested with signals from the LED light pulser. The test was performed semi-
off-line, since the waveform of the analog preamplifier pulse was digitized and stored on 
disk. The recorded pulses were written into the memory of the development board via the 
RS-232 connector; the data were processed by the FPGA and simultaneously analyzed in 
software. The pulse amplitudes obtained by the semi-online analysis [fpga] and the software 
processing [soft] are compared in Figure 7.12. The corresponding results for the relative 
energy resolution / and the time resolution trms are presented in Figure 7.13. Correlation 
coefficients of 99.9% are obtained for these two analyses. 

Figure 7.12:  Comparison of  pulse amplitudes obtained as  MWD amplitude m[soft]  and 
m[fpga] for the software analysis and the FPGA processing, respectively. According to the 
cosmic-ray calibration, the lower amplitude corresponds to 80 MeV and the higher one to 
390 MeV. The correlation coefficient is 99.9%.

Figure 7.13:  The correlation between energy resolution /[soft] and /[fpga] (left) and 
the time resolution  trms  [soft] and  trms  [fpga] (right) obtained for software analysis and 
FPGA processing, respectively. The correlation coefficient is 99.9%.

SIS3302  Sampling  ADC:  The  commercial  SIS3302  SADC  (see  Chapter  5),  as 
mentioned above, disposes of 5 FPGAs from the Xilinx Spartan family. After satisfactory 
tests with the Xilinx Spartan-3A development board, the feature-extraction VHDL code was 
ported to the SADC. The firmware was loaded into the memory of the FPGA and thus 
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enabled the SADC to process the data on-line. The implementation can handle any sampling 
rate up to 100 MHz. The interfacing was also changed from serial port to VME-bus. To 
verify  the  performance  of  the  SADC  implementation,  we  compare  the  on-line  pulse 
amplitude detection [on-line] with the software analysis [soft]. 

The  performance measurements  were carried out  with the  MWD filter  length  set  to 
M = 320 ns and the MA length set to L = 160 ns. These values were optimal for the Proto60 
data  analysis  (Chapter  6).  The  measurements  were  performed  in  two  different  modes: 
“store-traces”  mode  and  “feature-extraction”  mode.  The  measurements  were  done  for 
different light intensities. At each fixed light intensity the preamplifier signal was recorded 
in parallel by one SADC using default firmware for off-line processing and was analyzed 
on-line by another SADC with our feature-extraction firmware implemented in FPGA, see 
Figure 7.14 

Figure 7.14: Scheme of the experimental setup with LNP preamplifier for the comparison 
of the timing measurements for the on-line and the off-line pulse processing in the Sampling 
ADC.

The relative energy resolution /µ is calculated for different pulse amplitudes. The result 
is shown in Figure 7.15. The correlation coefficient is 99.9%. The slope obtained by linear 
regression  is  1.03(2).  In  the  case  of  the  FPGA implementation,  all  the  variables  and 
operations are integer numbers and functions, respectively, but floating-point variables and 
operations are used in the off-line analysis. Therefore, it can be expected that the slope is not  
exactly 1.

Figure 7.15: The comparison of the relative energy resolution  /[on-line]and/[soft] 
for the on-line and the off-line (software) pulse processing obtained for different LED light  
intensities. 
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In order to observe the linear correlation between amplitude measurements in two SADC 
channels, the signals from both preamplifiers were fed into separate SADC channels. Light 
from the LED light pulser with about the same intensity was injected into both LAAPDs and 
the light intensity was varied. The on-line measured pulse amplitude correlation is shown in 
Figure 7.16.

Figure 7.16: Top: The on-line detected pulse-amplitude correlation between two LAAPDs. 
Bottom: The difference of MWD amplitudes between two SADC channels. The difference is 
around zero, which confirms that both LAAPDs receive almost the same light intensity.

Time measurements were performed according to the scheme in Figure 7.14 and the 
results  of  the  on-line  pulse  processing  were  compared  with  the  results  of  the  off-line 
analysis. The input pulse amplitude was kept constant and the CF timing parameters delay = 
40 ns and fraction = 0.5 were chosen for both processes.  The pulse generator was used to 
trigger  both LED light  pulsers.  The pulse generator  triggered the first  LED light pulser 
promptly. The second LED light pulser was triggered with a delay, varied relative to the first 
pulse.  The signals from both preamplifiers  were split  by a resistive impedance-matched 
splitter.  The  split  signals  were  directed  to  two  SADCs  operated  in  “store-traces”  and 
“feature-extraction” modes.  The delay of the second pulse changes the time stamp of the 
coincidence time. The coincidence time was measured for different delays and the results 
are presented in Figure 7.17. We observe a linear correlation between the on-line and the 
off-line analysis with a slope of 0.99(1) and a correlation coefficient of 99.9%. 
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Figure 7.17: The comparison of the timing performance tmean [on-line] and tmean [soft] for 
the  on-line and off-line (software) pulse processing, respectively,  for constant  LED light 
intensity and variable relative signal delay. 

In order to study the linearity of the CF timing response, the time-stamp determination 
was compared with results obtained by a precision TDC in Figure 7.18. The experimental 
setup  in  this  case  was  the  same  as  described  in  Figure  7.14.  The  constant-fraction 
discriminator coupled with the TDC replaced the SADC with default firmware. 

Figure 7.18:  The correlation between the time differences T[tdc] and T[on-line] measured 
by TDC and SADC, respectively.

We  observe  a  linear  relation  with  slope  0.3.  Using  the  fit  equation  (T[on-
line] = 0.3 T[tdc]), we can calibrate the TDC relative to SADC channels. Subsequently, we 
can check the difference of  T[on-line] - 0.3 T[tdc], which is measured by the SADC and 
TDC. The time differences obtained for different time positions determined by the TDC are 
shown in Figure 7.19.  The time differences are closely spread around the zero line, which 
shows the precision of the on-line CFT method.

To evaluate the response of the CF timing obtained by the on-line pulse processing, the 
y-axis projection of the two-dimensional histogram in Figure 7.19 is shown in Figure 7.20 
with  the  time  axis  calibrated  in  ns.  The  distribution  can  be  described  by a  symmetric  
Gaussian function and after fitting we obtain a width  = 0.4 ns. 
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Figure 7.19:  Scatter plot of time differences (T[on-line]-0.3 T[tdc]) for each event as a 
function of the TDC time.

Figure 7.20: The y-axis projection of the scatter plot shown in Figure 7.19.

In addition to the LED pulser measurements, test results were obtained using signals 
from cosmic muons (see Chapter 6, setup with single crystal). The SADC was operated in a 
self-triggering mode. The incoming events were stored in memory and read out every 1 s to 
avoid  memory  overflow.  Figure  7.21  shows  the  distribution  of  the  detected  pulse 
amplitudes.  For  this  measurement  the  MWD  filter  length  was  set  to  M = 320  ns  (see 
Figure 6.35).  The  blue  curve  belongs  to  the  raw  spectrum  for  cosmic  muon  energy 
deposition in a single PWO crystal bar. Figure 7.22 shows the energy correlation between 
two SADC channels, where all events of the first channel, collected within a 1 s buffer, were 
combined with all events of the second channel, recorded within the same 1 s time window. 
In order to unambiguously determine events with two-channel correlations we inspect the 
differences of the time stamps. The differences dt of time stamps between two channels are 
shown in Figure 7.23 left. To select “coincidence” events, a time-cut of  |dt| < 10 ns was 
applied.  The  resulting  histogram  is  shown  in  the  lower  panel  of  Figure  7.23.  The 
corresponding energy-deposition histogram is shown in Figure 7.21 by the red curve.
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Figure 7.21: Spectrum of cosmic muon energy deposition. The data analysis is done on-line 
with our feature-extraction algorithm implemented in the FPGA of a commercial SADC. 
The blue curve indicates the raw spectrum of cosmic-muon energy deposition. The red curve 
shows the spectrum, when a coincidence is required between the signals from both end faces 
of  the PWO crystal.  The black arrow indicates  the most probable energy deposition by 
cosmic muons.

Figure 7.22: The on-line detected pulse-amplitude correlation for both SADC channels. 

Figure 7.23: Left: Differences  dt of time stamps between two channels for cosmic muon 
energy deposition. Right: Same as Figure 7.22, but showing the correlation between two 
channels after applying the time-cut |dt|<10 ns. 
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The time resolution is calculated using the time stamp difference between 2 LAAPDs 
(see Figure 7.24). For the estimation of the time resolution for 20 MeV energy depositions 
in the PWO crystal bar we have applied the condition, that the energy detected in the two 
channels differs by less than 10%. The calculated time resolution, obtained from the σ of the 
Gauss fit of the time stamp distribution divided by √2, is equal to 3.16(3) ns for the on-line 
analysis. This result is very well comparable with the off-line determined value 3.15(1) ns of 
the time resolution.

Figure 7.24: The  distributions of time-stamp differences  between two LAAPDs, optically 
coupled to a PWO crystal, for cosmic-muon energy depositions. The rms width of the peaks 
as well as the σ of the fits are included in the graphs for both analysis results. Left: Result  
from the off-line analysis. Right: Result from the on-line analysis. 

7.5 Conclusion

The implementation of the feature-extraction algorithm in VHDL code into the FPGA 
was successfully tested with the LED light pulser and with cosmic-muon energy depositions 
in a single PWO crystal bar. The obtained results concerning energy and time resolution 
were compared with the software (off-line) analysis using the same algorithm and the same 
parameters. Linear correlations were observed between results from both pulse-processing 
procedures with correlation coefficients of 99.9% in all studied cases. Applying this data-
acquisition  (DAQ) concept,  we proved an  important  element  of  the  trigger-less  readout 
concept in the case of measurements with cosmic muons. The trigger-less DAQ readout 
chain for the PANDA EMC will consist of a digitizer module, multiplexer and computer 
node (Chapter  5).  The detected signal  will  be processed in order  to extract  the relevant  
information. Here, we presented the first-time application of a DAQ based on a commercial 
SADC with our newly developed feature-extraction algorithm implemented in FPGA. We 
demonstrated  that  this  system  allows  reliable  measurements  based  on  on-line  signal 
processing and event-feature extraction. 
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8. Evaluation of PANDA EMC performance

The rich  PANDA physics  program aims  particularly at  precise  hadron  spectroscopy.  
Whether the goals of the program can be reached depends crucially on the performance of 
the PANDA EMC. The Technical Design Report (TDR) [7] defined the requirements for the 
EMC readout electronics. The performance studies of the readout electronics, outlined in 
previous chapters, provided satisfactory results indicating that the requirements suggested in 
the TDR can be fulfilled. 

In this chapter the performance results obtained from the Proto60 experiment will be  
used as input to basic simulations in order to assess the merits for physics results obtained 
with  the  PANDA EMC.  Simulations  are  performed  with  PandaRoot  [80],  the  general 
simulation  and  reconstruction  software  package  developed  for  the  PANDA experiment. 
Results will be discussed for single photons hitting a 3×3 crystal array and for the decay of 
the hc charmonium into 7 γ detected with the PANDA EMC. For the 3×3 crystal array the 
energy resolution for single photons has been obtained and the influence of noise level and 
threshold on resolution and efficiency has been studied. In the study of the h c charmonium 
state the simulation is performed for the entire EMC to demonstrate how the noise level and 
the cluster threshold affect the width of the reconstructed invariant mass.

8.1 Single photon simulations

In order to validate the Monte Carlo simulation setup, simulations were done with single 
photons of 200 MeV energy hitting the central crystal of a 3×3 crystal array. The crystal 
shape is the same as used in the Proto60 setup. The rms width of the noise level for this 
simulation was 0.3 MeV and the threshold for individual crystals was set to 1 MeV, exactly 
as  was  done  for  the  Proto60  experimental  setup  (Chapter  6).  Figure  8.1  shows  the 
experimental data and the simulated data for the electromagnetic shower shape detected in a 
3×3 PWO crystal array. The simulations agree with the experimental result except for small 
deviations in  the corners  of  the  crystal  matrix.  Such  deviations are  caused  by the  non-
uniformity of the light collection inside the PWO crystal due to the tapered geometry of the 
crystals [81]. 

The deposited energy is summed up for all the crystals. In Figure 8.2 the line shape of  
the  energy  deposition  spectrum fitted  by an  asymmetric  Gauss  function  is  shown.  The 
obtained simulated resolution (FWHM/2.355)/E is 4.24%. The corresponding experimental 
resolution,  parametrized  in  Figure 6.34  with  the  parameters  a=0.35%  and  b=1.97%,  is 
4.76% and agrees with the simulated value within 11%. 

Subsequently, for the same 0.3 MeV noise level and 1 MeV threshold, simulations were 
performed with photon energies up to 1.2 GeV energy. In Figure 8.3 top, the relative energy 
resolution determined as (FWHM/2.355)/ E (%) is shown as a function of the photon energy 
E. In the bottom figure, the simulations and data from the PANDA EMC Technical Design 
Report [7] are shown for comparison. We observe good agreement of both simulations in the 
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low energy region, but a 23% difference at 1 GeV photon energy. The simulations in the 
TDR were done within a different framework using a different energy transport model than 
presently implemented in PandaRoot [82].

Figure 8.1: The electromagnetic shower shape for 200 MeV photons hitting the center of a 
3×3  PWO  crystal  array:  the  black  dashed  lines  and  the  red  solid  lines  represent  the  
experimental data and the simulations, respectively.

Figure 8.2: Simulated line shape of the energy deposition spectrum at the photon energy 
Eγ = 0.2 GeV.
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Figure 8.3: The simulated and experimental energy resolution (FWHM/2.355)/E. Top: the 
simulation performed for the 3×3 crystal matrix. Bottom: The simulation with experimental 
data from the PANDA EMC TDR [7].

The energy resolution obtained in simulations for the interaction of 200 MeV photons 
with  the  3×3 crystal  array  agrees  within  about  10%  with  the  experimental  result  for 
Proto60. Subsequently,  the energy resolution of photon clusters is simulated for different 
noise levels and thresholds. In Figure 8.4 the dependence of the cluster energy resolution on 
the noise level of individual detectors is shown. The threshold was set to 1 MeV. We notice 
that the resolution worsens rapidly with increasing noise level of the readout electronics, i.e. 
by 25% for an increase of the noise level by a factor 5. 

In  order  to  avoid  significant  noise  contributions  to  the  summed  cluster  energy,  the 
threshold for each individual detector should be set above the noise level, preferentially to a 
level equivalent to 3 times the RMS width of the noise level. The effect of the individual 
detector threshold on the energy resolution was investigated for simulations of 200 MeV 
photons hitting the 3×3 crystal array. The RMS width of the noise level was fixed in this 
case to  0.3 MeV and the  simulation was run  for  threshold values  between 2 MeV and 
10 MeV. 
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Figure  8.4: The  cluster  energy  resolution  for  different  noise  levels  of  the  readout 
electronics.

Figure 8.5: Top: The energy resolution for 200 MeV photons detected in a 3×3 crystal array 
for different photon thresholds. Bottom: Simulation from the PANDA EMC TDR [7] with 
complete  shower  collection.  The  energy resolution  is  shown for  photon  energies  up  to 
1 GeV and different noise levels corresponding to different photon thresholds.
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10 MeV. The resulting dependence of energy resolution on the threshold value is presented 
in Figure 8.5. The energy resolution for photon clusters gets worse for a higher threshold on 
the energy deposition in each crystal, caused by reducing the number of detected photons. 
Most  of  the  energy is  deposited  in  the  central  crystal  and  the  deposited  energy  in  the 
neighboring detectors  quickly drops below the threshold.  For comparison to  the present 
simulations, the results from the PANDA EMC TDR [7] are shown in the bottom part of  
Figure  8.5.  The same  trend  in  the  dependence  of  energy resolution  on  noise  level  and 
threshold  is  observed  but,  at  200  MeV photon  energy,  our  simulation  predicts  a  worse 
resolution. The simulation presented in Figure 8.5,  bottom panel, was performed for the 
PANDA  EMC  with  complete  shower  collection  in  a  dynamically-defined  cluster  of 
neighboring crystals. Due to the more complete shower collection, the energy resolution is  
improved in this case. Therefore, we observe the slight discrepancy between our simulation 
result  and  the  simulation  performed  for  the  TDR [7].  The observed  dependence  of  the 
energy resolution on the noise level emphasizes the need to keep the detector noise level as 
low as possible.

8.2 Simulations of the hc charmonium state

Based  on  the performance  characteristics  of  the  newly-developed  electronics  we 
demonstrate by Monte Carlo studies the ability of the PANDA EMC to detect and analyze  
charmonium states with the example of the hc charmonium state. In addition, we show how 
the noise level, the threshold for individual detectors and the cluster threshold will influence 
the reconstructed mass and width of this state. For these studies the hc   state was chosen 
since its all-neutral decay channel depends crucially on the ability of the EMC to detect  
multiple photons with high resolution: 
hc(1P1)  → ηc + γ → η +  0 +  0 + γ → 7 γ.  The invariant  mass  of this state  will  be 
reconstructed from the energy deposition of 7 γ in the EMC. The realistic simulation of this 
decay channel requires the response of the complete EMC.

The hc state is the  1P1 charmonium state (Chapter 2) and according to the recent PDG 
table its mass is 3525.42 ± 0.29 MeV [68]. Studies of the hc state, in particular its precise 
width, will help to understand the hyperfine structure (or spin dependence) of QCD bound 
states. The hc was observed first in the CLEO experiment in electron-positron annihilations: 
e-+e+ →  hc → ηc +  γ  [83].  The  determined  mass  of  the  hc state  was  3524.4  ± 0.6  ± 
0.4 MeV/c2.  The  mass  and  width  of  the  hc state  was  studied  recently  in  the  BES III 
experiment and the branching ratio for  hc → ηc + γ is 54.3 ± 6.7 ± 5.2% [84].  The actual 
measured mass is 3525.40 ± 0.13 ± 0.18 MeV/c2 and the width 0.73 ± 0.45 ± 0.23 MeV [84] 
is limited by the experimental accuracy. Due to the narrow width < 1 MeV of the hc state, a 
more precise experiment is required. For more detailed investigations, the anti-proton proton 
annihilation experiment PANDA will be able to measure the width of the state with much 
higher precision. The precision of the measurement with PANDA will be achieved by using 
the “resonance scanning” technique (see Chapter 2) exploiting the high-resolution HESR 
beam. The HESR will be run in two modes, the high-luminosity mode with a luminosity of 
1032 s-1 cm-2 and the high-resolution mode with 1031 s-1 cm-2  [7]. For the high-luminosity 
mode  of  the  HESR a  production  rate  of  the  hc charmonium state  of  82  events/day  is 
expected. In the high-luminosity mode the annihilation rate will be 20 MHz and each crystal 
in the Barrel EMC and the Forward Endcap EMC will produce an average signal (or event) 
rate of 100 and 500 kHz, respectively. This high rate will cause pile-up signals in individual  
detectors. The probability of pile-up of one signal with k other signals is described by the 
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Poisson distribution: 
P(k,) = (ke-)/k! with the rate parameter  = (event rate) × (pulse width). For pile-up 

of two signals we have k = 1. From the Proto60 signal analysis (Chapter 6) we derived that 
the optimized width of  the differentiated signal  is  >200 ns;  as  a  worst  case we assume 
300 ns. For 500 kHz event rate the probability of pile-up will be 12.9%. In Table 8.1 the 
pile-up probability is shown for different event rates for the Barrel and the Forward Endcap 
EMC.

Annihilation 
rate (MHz) 20 30 50

Barrel 
EMC Event rate (kHz) 100 150 200

Pile-up 
Probability (%) 2.9 4.3 5.7

Forward 
Endcap EMC Event rate (kHz) 500 750 1000

Pile-up 
Probability (%) 12.9 17.7 22.2

Table  8.1: Pile-up  probability  for  Barrel  and  Forward  Endcap  EMC  for  different 
annihilation rates (resulting in the given event rates).

As mentioned before,  the envisaged average annihilation rate will be in the order of 
20 MHz. However, the target structure in the PANDA experiment will not be uniform due to 
fluctuations in size and frequency of the frozen hydrogen pellets. Thus, the event rate in a 
single Forward Endcap detector is estimated to increase [85] from 500 kHz to a peak rate of 
about 750 kHz. In order to avoid pile-up due to high event rates, the detector response has to 
be  short  enough.  The  designed  readout  electronics  with  the  newly-developed  feature-
extraction algorithm will help to reduce the pile-up probability to the lowest possible values. 
In addition, the concept of the trigger-less data acquisition, proven in this thesis, will allow 
reaching higher event-selection efficiency and thus the largest possible amount of good data 
events.  If  the  average  luminosity needs  to  be  limited  because  of  fluctuating data  rates,  
PANDA will still be able to collect a large amount of high-quality data. 

In addition, the performance of the readout electronics is playing a crucial role for the 
measured width of the reconstructed invariant mass. In the previous section we saw, that the 
energy resolution is  sensitive to the noise level  of  the electronics,  the threshold for  the 
individual crystal,  and the cluster threshold. To see how the performance of the readout 
electronics affects the reconstruction of the invariant mass, the PandaRoot simulations were 
performed for different noise levels, single-crystal thresholds and cluster thresholds. In these 
simulations a cluster is defined as the group of crystals which measure an energy deposition 
above a certain energy threshold. In Figure 8.6 the invariant  mass distribution of the h c 

charmonium state reconstructed from 7 photons is shown. 
The detection of low-energy photons from the electromagnetic shower is important to 

obtain the optimal energy resolution. However, the detection threshold has to be set high 
enough to suppress noise and wrongly-reconstructed photons from statistical fluctuations of 
the electromagnetic shower [7]. Simulations were performed with photon cluster thresholds 
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in the range 20 MeV - 50 MeV. The noise level for each channel of the readout electronics 
was kept fixed at the lowest possible level  of 0.3 MeV and the threshold for individual 
detectors was 1 MeV (Chapter 5). In addition, for comparison a simulation was performed 
with a higher noise level of 1 MeV and a corresponding energy threshold of 3 MeV. In 
Figure 8.7 the reconstructed width (top) and the reconstruction efficiency (bottom) for the hc 

state are shown for different cluster threshold values obtained at two different noise levels of 
the readout electronics and the corresponding thresholds for the single crystals. We observe 
that  the  width  gets  larger  with  increasing  noise  level  in  the  readout  electronics,  and, 
moreover, the efficiency drops with an increasing threshold in the single crystals.

Figure 8.6: The invariant mass distribution reconstructed from 7 photons showing the h c 

charmonium peak at 3531 ± 1.28 MeV/c2.

Figure 8.7: The width (left) and reconstruction efficiency (right) of the hc charmonium state 
for different cluster thresholds.

In addition, we observe that the reconstructed width increases and the reconstruction 
efficiency decreases with increasing cluster threshold. In order to see the influence of the 
noise level, simulations were performed for noise levels between 0.5 MeV and 3 MeV for a 
photon cluster threshold fixed at 20 MeV. The results are shown in Figure 8.8. We observe 
that the simulated width of the hc charmonium state is significantly influenced by the noise 
level in the readout electronics. It is, therefore, mandatory to put every effort into reducing 
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the noise level as much as possible.

Figure 8.8: The simulated width of the hc charmonium state for different noise levels of the 
readout electronics for the PANDA EMC.

8.3 Conclusion

The PandaRoot simulations are validated by comparison to measurements with single 
photons hitting a 3×3 crystal array. The simulation and the experimental data show good 
agreement.  The photon energy resolution is studied for different noise levels and single 
crystal thresholds.  It  has been shown, how the cluster energy resolution depends on the 
noise level and on the thresholds. 

In order to demonstrate, how the performance of the EMC influences the reconstruction 
of charmonium states, the 7 γ decay channel of the hc charmonium state was simulated. 

The width of the hc charmonium state was compared for different noise levels, thresholds 
of single crystals, and cluster thresholds. It has been shown that a high noise level in the 
readout electronics causes a worsening of the width estimation of the hc  charmonium state. 
Therefore, in our electronics development it was of key importance to keep the noise of 
readout electronics as low as possible. 

To avoid a strong influence of the noise of the readout electronics  on the measured 
signal, the single EMC detector threshold has to be adjusted accordingly. We have shown 
that  the  width  of  the  hc  charmonium state  gets  worse  at  high  threshold  values  and  the 
efficiency decreases due to a reduction of the number of detected photons. 

Low-energy  photons  and  charged  particles  as  well  as  noise  can  cause  a  wrong 
measurement of shower-energy and, therefore, a worsening of the reconstructed width of 
charmonium states. Thus, the width of the hc charmonium state was investigated for different 
cluster thresholds. We observed that the width and the efficiency get worse for high cluster 
thresholds. Figure 8.7 shows that width and efficiency improve for a lower noise level at the 
same  cluster  threshold,  which  underlines  the  need  for  the  discussed  noise-reduction 
techniques.

The simulation study of the performance for the PANDA EMC has shown that the EMC 
has to have the best performance in terms of noise level and high-rate capability, in order to  
be able to study narrow resonances.
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Outlook and valorization

In this thesis, the concept of a trigger-less data acquisition is pursued and a prototype 
system based on a commercial Sampling ADC has been developed. It is shown, that such 
type of data readout allows to reach better performance in terms of noise level, energy and 
time resolutions.  In  this way the requirements described in the PANDA EMC Technical 
Design  Report  [7]  could  be  met.  In  addition,  the  digitization  and  continuous  on-line 
processing  of  the  front-end  preamplifier/shaper  signals  prevent  dead  time.  This  feature 
allows to run the DAQ at high rate. 

In  the future,  the prototype of the trigger-less DAQ will be tested with high energy 
photon beams using the Proto60 EMC prototype. At present, the performance of the trigger-
less DAQ is investigated by comparing the results with those from an off-line processing of 
data taken during test measurements. 

We have shown, that the DAQ can on-line process pulses of different shapes, such as  
charge-integrating  preamplifier pulses as well as shaped pulses. Therefore, the developed 
readout can be applied for a very wide range of experiments. 

The VHDL code of the feature-extraction algorithm will be open under General Public 
License (GPL), which will allow the free use for other projects. The commercial company 
STRUCK [48] is interested in porting of our firmware to other modules [86]. STRUCK has  
already received one request from an experimental group at Darmstadt to have our newly-
developed features implemented. 

Another possible application of our DAQ concept is the construction and readout of a 
luminosity-monitor detector at the BESIII (Beijing Electron Spectrometer) experiment. 

The luminosity achieved at the BEP-II accelerator [87] has reached 3·1032 cm-2s-1. The 
on-line monitor of the luminosity is required for precise monitoring of the stability of the  
beam intensity in order to determine precisely the cross sections of physics processes. The 
main challenge of the on-line monitoring of luminosity is to overcome limitations due to 
dead time in the DAQ introduced by high interaction rates.

The trigger-less readout will provide the most efficient way of using the hit information 
with minimal losses. The setup will require only a few single crystals to detect the incoming 
electrons or positrons at high rates. To avoid pile-up of the incoming pulses, the width of the 
MWD  pulses  should  be  reduced  as  much  as  possible.  The  data  acquisition  concept 
developed  at  the  Kernfysisch  Versneller  Instituut can  be  used  at  different  experimental 
setups operated at various event rates. 
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List ob abbreviations

ADC Analog to Digital Converter
ALICE A Large Ion Collider Experiment
APFEL ASIC for PANDA Front End Electronics
ASIC Application-Specific Integrated Circuit
BEPC Beijing Electron Positron Collider
BES Beijing Spectrometer
CFT Constant Fraction Timing
CLB Configurable Logic Block
CLEO CLEOpatra
CMS Compact Muon Spectrometer
CN Computer Node
COSY COoler SYnchrotron
CSA Charge Sensitive Amplifier
DAQ Data AcQuisition
DCM Digital Clock Manager
DSP Digital Signal Processor
EMC ElectroMagnetic Calorimeter
ENC Equivalent Noise Charge
FAIR Facility Antiproton Ion Research
FPGA Field Programmable Gate Array
FWHM Full Width at Half Maximum
GEM Gas Electron Multiplier
GO4 GSI Object Oriented On-line Off-line system
GPL General Public License
GSI Gesellschaft für SchwerIonenforschung
HDSM Harmonic Double Sided Microtron
HESR High Energy Storage Ring
IOB Input Output Block
IP Internet Protocol
JETSET JET cluStEr Target
LAAPD Large Area Avalanche Photo Diode
LEAR Low Energy Antiproton Ring
LED Light Emitting Diode
LHC Large Hadron Collider
LNP Low Noise low Power (preamplifier)
LQCD Lattice Quantum ChromoDynamics
LUT Look Up Table
MA Moving Average
MAMI MAinzer MIkrotron
MBS Multi Branch System
MUX MUltipleXer
MVD Micro Vertex Detector
MWD Mowing Window Deconvolution
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PANDA antiProton ANnihilation at DArmstadt
PCB Printed Circuit Board
PDG Particle Data Group
phe photo electron
PHOS PHOton Spectrometer
PID Particle IDentification
PWO PbWO4

QCD Quantum ChromoDynamics
QE Quantum Efficiency
QGP Quark-Gluon Plasma
RAM Random Access Memory
RT Room Temperature
SADC Sampling ADC
SM Standard Model
SRIM Stopping and Range of Ions in Matter
STT Straw Tube Tracker
TCP Transmission Control Protocol
TDC Time to Digital Converter
TDR Technical Design Report
TFA Timing Filter Amplifier
TOF Time Of Flight
TPC Time Projection Chamber
VHDL VHSIC Hardware Description Language
VHSIC Very High Speed Integrated Circuits
VME Versa Module Europa
VPT Vacuum Photo Triode
WASA Wide Angle Shower Apparatus
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Summary 

The Standard Model of particle physics has been very successful in identifying three 
generations  of  quarks,  leptons,  and  various  bosons  as  the  fundamental  and  elementary 
building blocks of matter.  It  remains a challenging puzzle to understand the underlying 
mechanisms that are responsible for the properties of nucleons, protons and neutrons, which 
are the building blocks of atomic nuclei.  Hadrons containing charm quarks are the most 
promising laboratories  that  may reveal  the secrets  of the strong interaction on the long-
distance scale which is relevant for the structure of hadrons.  Precision measurements of 
mass, width and decay branches of all charmonium states will provide information on the 
quark-confining  potential  and  its  spin  dependence  (see  Figure  1,  left  panel).  The 
charmonium states above the DD thresholds are poorly explored. 

Figure  1: Left:  Spectrum of  charmonium states  and  transitions  according  to  the  given 
legend. Right: Glueball predictions from LQCD calculations. 

Calculations  using  the  discretized  strong  interaction  (QCD)  on  a  space-time  lattice 
(LQCD)  predict  yet  unobserved  composite  particles  like  glueballs  (see  Figure  1,  right 
panel). Light glueballs are experimentally hard to identify since they may mix with ordinary 
mesons. Therefore, heavy glueballs with exotic quantum numbers would be narrower and 
easier to detect.

In  order  to  study the  strong interaction in  the non-perturbative regime of  QCD, the  
PANDA experiment for proton-antiproton annihilations has been designed. With anti-proton 
beams in the momentum range 1.5 - 15 GeV/c, provided by FAIR Darmstadt, states with 
exotic quantum numbers, as predicted by LQCD, can be excited. PANDA aims to study 
hadrons containing a charm quark or consisting of a charm )(c and anti-charm )(c quark. The 
physics program of the PANDA experiment focuses on charmonium spectroscopy and the 
search for hybrid states and glueballs (see Figure 2).  Moreover,  a large variety of other 
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physics topics such as the study of hypernuclei, in particular those with two  hyperons, and 
measurements of the timelike form factor of the proton [6] will be addressed. 

Figure 2: Mass range of hadrons that will be accessible by the PANDA experiment. The 
upper scale indicates the corresponding antiproton momenta. 

The broad physics program requires a compact and multi-purpose detector system with a 
high-resolution Electromagnetic Calorimeter (EMC). This thesis focuses on optimizing the 
EMC for  most  sensitive  and  high-rate  studies.  High  precision studies  of  rare  processes 
require a fast, complex and safe selection of promising events. Thus, the readout electronics  
should  be  able  to  provide  high-level  triggering  information,  like  the  invariant  mass  of 
neutral  mesons  or  decay vertices.  The  first  and  most  important  stages  of  such  readout  
electronics for the PANDA EMC have been developed, tested and evaluated in the context 
of this thesis.

PANDA Detector

The  PANDA detector  (Figure  3)  will  be  installed  at  the  High-Energy Storage  Ring 
(HESR) at FAIR to detect the various types of particles after the annihilation of anti-protons. 
The detector can operate at high annihilation rates up to 2⋅107 annihilation/s, will have a 
good particle identification, high momentum resolution, excellent vertex reconstruction and 
high-resolution calorimetry. Moreover, a new approach for event selection will be employed 
in order to increase efficiency and quality of data collection. In this approach all detector 
channels will be self triggering entities,  providing all information to the data acquisition 
system.  This  information  will  be used  for  the  selection of  events  based  on  the  physics 
properties of particles, such as reconstructed invariant mass or a detected secondary vertex. 
This approach is named a trigger-less data acquisition [28].
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Calorimetry for PANDA detector

A crucial component of the PANDA detector is the Electromagnetic Calorimeter (EMC). 
The EMC will detect high-energy electrons, positrons and photons in the final state with 
high time and energy resolutions. The EMC was designed to achieve an almost 4π coverage 
in the target spectrometer (see Figure 3).

The  calorimeter  will  be  able  to  detect  electromagnetic  particles  in  a  wide  dynamic 
energy range, from 10 MeV up to 10 GeV. This range is dictated by the physics program of 
the PANDA experiment. For high annihilation rate a fast-response calorimetry is required.  
On the other hand, precision spectroscopy requires high granularity of the calorimeter. For 
this purpose the PbWO4 (PWO) material has been chosen to construct the calorimeter. The 
placement of the detector in a high 2 T magnetic field prevents the use of photomultipliers  
as a photo sensors. Therefore, large-area avalanche photo diodes will be used. The EMC 
will be operated at -25 °C temperature in order to increase the light yield of PWO crystals 
and to improve the EMC performance. 

Figure 3: The Target Spectrometer (left part) and the Forward Spectrometer (right part) of 
the PANDA detector. The various sub-detector components are indicated.

Feature-extraction algorithm

In  order  to  fulfill  the  requirements  for  a  trigger-less  data  acquisition  system,  the 
preamplifier signals will be continuously digitized by Sampling ADCs and the resulting data 
will be processed on-line by the feature-extraction algorithm in FPGA. For the hit-detection 
and  the  determination  of  energy  and  arrival  time  of  the  incoming  events  the  feature-
extraction algorithm has been developed in this work. The algorithm consists of different  
functions,  such  as  Moving-Window Deconvolution  (MWD)  for  pulse  filtering,  Moving 
Average (MA) for noise reduction and Constant Fraction Timing (CFT) for determination of 
the time stamp. The maximum of the MWD filtered signal provides the energy information; 
the zero-crossing of  the  bipolar  constant  fraction timing signal  provides  the  time-stamp 
information.

The developed algorithm was verified by experiments with EMC prototypes [56]. The 
obtained  results  indicate  that  the  EMC  equipped  with  such  electronics  will  fulfill  the 
requirements for the physics program of the PANDA experiment.  The feature-extraction 
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algorithm was applied for off-line data taken with Proto60, the prototype of the PANDA 
EMC. The experiment was performed with high-energy photons impinging on an array of 
60 PWO crystals. The resulting energy and time resolutions are satisfying and are shown in  
Figure 4. The obtained energy resolution is 2.4(1)% for 1 GeV photon energy and the time 
resolution is less than 1.0(1) ns for an energy deposition above 100 MeV. 

Figure 4: Top: The energy resolution for a 3×3 array of  PWO crystals as a function of the 
photon energy. Bottom: The time resolution for different energy depositions.

In  addition,  the  developed digital  shaping allows  to  shorten  the  hit  response  of  the  
detector and, therefore, to reduce the pile-up probability.

Performance test of the on-line feature-extraction

The developed feature-extraction algorithm was implemented in VHDL, the language 
used for FPGA programming. The test of the FPGA implementation for the on-line data 
analysis was done with an LED light pulser and for cosmic-muon energy depositions using a 
single-crystal test setup. The resulting values of energy and time resolutions for the on-line  
and off-line data analysis were compared. In both cases the analysis parameters, such as 
differentiation and integration for the digital filters, delay and fraction for CFT, were kept 
the same. The obtained correlation between the resulting values from off-line and on-line 
data processing was 99.9% (see Figure 5). The time resolution of 3.16(3) ns is measured 
using cosmic muons, which corrsponds to 20 MeV energy deposition in the PWO crystal  
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and this result compares well with the resolution of 3.15(1) ns obtained by the software (off-
line) analysis. 

Figure 5: The comparison of the energy resolution / (left) and timing performance tmean 

(right) for the on-line and off-line (software) pulse processing. The correlation coefficient in 
both cases is 99.9%.

Evaluation of PANDA EMC performance

The rich PANDA physics program aims particularly at precise hadron spectroscopy. The 
width of the reconstructed invariant mass of narrow resonances plays an important role for 
the interpretation of  such states.  To investigate how strong the influence of  the readout 
electronics is on the performance of the detector, Monte Carlo simulations were performed 
for the hc charmonium state. To validate the simulations, the response of a 3×3 crystal array 
to a single photon with 200 MeV was investigated. The simulation results overlap rather 
well the experimental results obtained with the Proto60 setup. 

After validating the simulation model, the hc charmonium state was studied for different 
readout  electronics  noise,  single  crystal  threshold  and  cluster  threshold  values.  As  an 
example, in Figure 6 the analysed width of the hc charmonium state is given for different 
cluster thresholds. The width of the hc charmonium state is getting larger at higher cluster 
thresholds. Additionally, we observe that the width is getting larger due to increasing noise 
in the readout electronics.

Figure 6: The width of the hc charmonium state for different cluster thresholds.
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The simulation study of the performance of the PANDA EMC has shown that the EMC 
has to have the best performance in terms of noise level and high-rate capability, in order to  
be  able  to  study narrow resonances.  The methods developed in this  thesis  thus lead to 
optimized performance of the detector system. They can also be applied in various other 
experimental situations where high rate capabilities are required.
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Samenvatting 

Het  Standaard  Model  van  de  deeltjesfysica  is  zeer  succesvol  gebleken  in  het 
identificeren  van  drie  generaties  van  quarks,  leptonen  en  verscheidene  bosonen  als  de 
fundamentele en elementaire bouwstenen van materie. Het blijft een uitdagende puzzel om 
de  onderliggende  mechanismen  te  begrijpen  die  verantwoordelijk  zijn  voor  de 
eigenschappen  van  hadronen,  zoals  protonen  en  neutronen,  de  bouwstenen  van 
atoomkernen. Hadronen die charm quarks bevatten zijn veelbelovende laboratoria, die de 
geheimen kunnen onthullen van de sterke interactie op grote afstanden. Deze interactie is 
relevant  voor  de  structuur  van  hadronen.  Van  groot  interesse  is  het  spectrum  van 
charmonium,  bestaande  uit  een  charm  c  en  een  anti-charm  c  quark,  Nauwkeurige 
metingen  van  de  massa,  de  breedte  en  vervaltakken van  alle  charmonium staten  zullen 
informatie  geven  over  de  quark-beperkende  potentiaal  en  zijn  spin-afhankelijkheid  (zie 
Figuur  1,  linker  paneel).  De  charmonium  staten  boven  de DD drempels  zijn  slecht 
onderzocht.

Berekeningen met de gediscretiseerde sterke interactie (QCD) op een ruimte-tijd rooster 
(LQCD) voorspellen de aanwezigheid van nog niet waargenomen samengestelde deeltjes, 
zoals “glueballs” (zie Figuur 1, rechter paneel). Lichte glueballs zijn experimenteel moeilijk 
te identificeren, omdat zij kunnen mengen met de gewone mesonen. Daarom zouden zware 
glueballs met exotische kwantum getallen gemakkelijker op te sporen zijn.

cdddd

Figuur 1: Links: Spectrum van charmonium staten en overgangen volgens de aangegeven 
legenda. Rechts: Voorspellingen uit LQCD berekeningen van de massa mG van glueballs met 
verscheidene PC kwantumgetallen. 

Om de sterke interactie in het niet-perturbatieve regime van QCD te bestuderen, is het 
PANDA experiment voor proton-antipron annihilaties ontworpen. Met anti-proton bundels 
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in  het  impuls  bereik  van  1.5  tot  15 GeV/c,  beschikbaar  gesteld  door  FAIR  Darmstadt, 
kunnen staten met exotische kwantum getallen worden aangeslagen, zoals voorspeld door 
LQCD.  Het  fysica  programma  van  het  PANDA experiment  richt  zich  op  charmonium 
spectroscopie en de zoektocht naar hybride-staten, dat zijn mesonen met charm quarks en 
een  sterke  gluon  bijdrage,  en  glueballs  (zie  Figuur  2).  Bovendien  zal  een  grote 
verscheidenheid aan andere fysica onderwerpen [6], zoals de studie van hyperkernen, in het  
bijzonder die met twee hyperonen, en metingen van de tijdsachtige form factor van het 
proton worden bestudeerd.

Figuur  2: Massa  bereik  van  hadronen  die  toegankelijk  zullen  zijn  met  het  PANDA 
experiment. De bovenste schaal geeft de bijbehorende antiproton impulsen aan.

Het ruime fysica programma vereist een compact en multifunctioneel detectorsysteem 
met als hoofdcomponent een elektromagnetische calorimeter (EMC) met hoge resolutie. Dit 
proefschrift richt zich op het optimaliseren van de EMC voor de meest gevoelige studies bij 
een hoge frequentie van geobserveerde gebeurtenissen (events). Hoge precisie studies van 
zeldzame processen vereisen een snelle,  complexe en veilige selectie  van veelbelovende 
events. Daarom moet de uitleeselektronica, met bijbehorende logische componenten, in staat 
zijn, om in korte tijd gevoelige informatie te verstrekken, zoals de invariante massa van 
neutrale mesonen of de vertices van vervallende mesonen. De eerste en belangrijkste stadia 
van deze uitleeselektronica voor de PANDA EMC zijn ontwikkeld, getest en geëvalueerd in 
het kader van dit proefschrift.

PANDA Detector

De PANDA detector (Figuur 3) zal worden geïnstalleerd bij de High-Energy Storage 
Ring (HESR) van FAIR om verscheidene types deeltjes te detecteren na de annihilatie van 
anti-protonen.  De detector  moet  functioneren bij  hoge annihilatie  frequenties  tot  en met 
2⋅107 annihilaties/s,  zal  goed  in  staat  zijn  om deeltjes  te  identificeren,  een  hoge  impuls 
resolutie  hebben,  en moet uitstekend werken voor vertex reconstructie en hoge-resolutie 
calorimetrie. Bovendien zal een nieuwe aanpak voor de event selectie worden gebruikt, om 
de  efficiëntie  en  de  kwaliteit  van  de  dataverzameling te  verhogen.  Alle  detectorkanalen 
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zullen namelijk in “free-running” mode opereren waarbij een goede tijdsmarkering de data-
events  gaat  bepalen  die  alle  nodige  informatie  bevatten.  Deze  informatie  zal  worden 
gebruikt voor de selectie van events op basis van de fysica eigenschappen van de deeltjes,  
zoals de gereconstrueerde invariante massa of een gedetecteerde secundaire vertex. Deze 
aanpak wordt een “triggerloze data-acquisitie” genoemd [28].

Calorimetrie voor de PANDA detector

Een cruciaal onderdeel  van de PANDA detector is de elektromagnetische calorimeter 
(EMC). De EMC zal hoog-energetische elektronen, positronen en fotonen in de eindstaat 
detecteren met een hoge tijds- en energieresolutie en in een groot dynamisch energiebereik 
van 10 MeV tot 10 GeV. De EMC is ontworpen om een vrijwel 4π bedekking te bereiken in 
de target spectrometer (zie Figuur 3). Voor hoge annihilatie frequentie is calorimetrie met 
een  snelle  respons  vereist.  Aan  de  andere  kant  vereist  precisie-spectroscopie  een  hoge 
granulariteit van de calorimeter. Voor dit doel is het PbWO4 (PWO) materiaal gekozen om 
de calorimeter te bouwen. De plaatsing van de detector in een hoog 2 T magnetisch veld 
verhindert  het  gebruik  van  fotomultiplicator  buizen  als  lichtsensoren.  Daarom  zullen 
avalanche  fotodiodes  met  een  groot  oppervlak  worden  ingezet.  De  EMC  zal  worden 
gebruikt  bij  een  temperatuur  van  -25  °C  om  de  lichtopbrengst  van  PWO  kristallen  te 
verhogen en de EMC prestatie te verbeteren.

Figuur 3: De Target Spectrometer (linker deel) en de Voorwaartse Spectrometer (rechter 
deel) van de PANDA detector. De verscheidene sub-detector componenten zijn aangegeven.

Feature-extraction algoritme

Om aan de vereisten van een triggerloos data-acquisitie systeem te voldoen, zullen de 
voorversterkersignalen  continu  worden  gedigitaliseerd  door  sampling  ADC's  en  de 
resulterende  data  on-line  worden  verwerkt  door  een  feature-extraction  algoritme  in  een 
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FPGA: dat is een flexibele processor voor on-line data bewerkingen. Voor de hit-detectie en 
de bepaling van de energie en aankomsttijd van de inkomende events is het feature extractie 
algoritme ontwikkeld in dit proefschrift. Het algoritme bestaat uit verschillende functies, 
zoals Moving-Window Deconvolution (MWD) voor puls filtering, Moving Average (MA) 
voor ruisreductie en Constant Fraction Timing (CFT) voor de bepaling van het tijdsmoment 
van een gemeten signaal. 

Het ontwikkelde algoritme werd geverifieerd door experimenten met EMC prototypes 
[56]. De verkregen resultaten geven aan, dat de EMC, uitgerust met dergelijke elektronica 
en logica, aan de eisen van het fysica programma van het PANDA experiment zal voldoen. 
Het feature-extractie algoritme werd toegepast voor de off-line data genomen met Proto60, 
het prototype van de PANDA EMC. Het experiment werd uitgevoerd met hoog-energetische 
fotonen  vallend  op  een  reeks  van  60  PWO  kristallen.  De  resulterende  energie-  en 
tijdsresoluties  voldoen aan de vereisten en zijn  weergegeven in Figuur 4.  De verkregen 
energie resolutie is 2.4(1)% voor een fotonenergie van 1 GeV en de tijdsresolutie is minder 
dan 1.0(1) ns voor een energieafgifte boven de 100 MeV. Daarnaast maakt de ontwikkelde 
digitale shaping procedure het mogelijk om de hit-respons van de detector te verkleinen. De 
resulterende kortere signalen verminderen de kans op overlappende pulsen (pile-up).

Figuur 4: Boven: De energieresolutie voor een 3×3 matrix van PWO kristallen als functie 
van de fotonenergie. Onder: De tijdsresolutie voor verschillende energieafgiftes.
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Performance test van de on-line feature-extractie

Het ontwikkelde feature-extractie algoritme werd geïmplementeerd in VHDL, de taal die 
wordt gebruikt voor het programmeren van de FPGA. De test van de FPGA implementatie 
voor de on-line data-analyse werd uitgevoerd met licht signalen van een LED pulser en voor 
energieafgiftes  door  kosmische  muonen.  Hiervoor  werd  een  testopstelling  met  een 
enkelvoudige kristal gebruikt. 

De resulterende waardes van de energie- en tijdsresoluties voor de on-line en off-line 
data-analyse werden vergeleken. In beide gevallen werden de analyseparameters, zoals de 
differentiatie  en  integratie  van  de  digitale  filters,  vertraging  en  CFT  fractie,  constant 
gehouden. De verkregen correlatie tussen de resulterende waardes van de off-line en on-line 
dataverwerking was 99.9% (zie Figuur 5). De tijdsresolutie van  3.16(3) ns werd gemeten 
met  kosmische  muonen,  corresponderende  met  20  MeV  energiedepositie  in  het  PWO 
kristal, en dit resultaat komt goed overeen met het resultaat verkregen door de software (off-
line) analyse van 3.15(1) ns.

Figuur 5: De resultaten voor energieresolutie /  (links) en tijdsprestatie t mean (rechts) zijn 
met elkaar vergeleken voor de twee manieren van pulsverwerking: on-line (in de FPGA) en 
off-line (via software). De correlatiecoëfficiënt is in beide gevallen 99.9%.

Evaluatie van de PANDA EMC-prestaties

Het  rijke PANDA fysica programma is voornamelijk gericht  op nauwkeurige hadron 
spectroscopie. De breedte van de gereconstrueerde invariante massa van smalle resonanties 
is een belangrijke factor voor de interpretatie van dergelijke staten. Om te onderzoeken hoe 
sterk de invloed van de uitleeselektronica is op de prestaties van de detector, werden Monte 
Carlo simulaties uitgevoerd voor de hc charmonium staat. De kwaliteit van de simulaties 
werd getoetst door de respons van een 3×3 kristal reeks op een enkel foton van 200 MeV te 
onderzoeken. De simulatieresultaten overlappen vrij goed met de experimentele resultaten 
verkregen met de Proto60 setup. Vervolgens werd de hc charmonium staat onderzocht voor 
verschillende  niveaus  van  elektronische  ruis,  enkelvoudige  kristal  drempels  en  cluster 
drempelwaardes.  Als  voorbeeld  staat  in  Figuur  6  de  onderzochte  breedte  van  de  h c 

charmonium staat aangegeven voor de verschillende cluster drempels. De breedte van de hc 

charmonium staat  wordt  significant  groter  bij  hogere  cluster  drempels  evenals  door  de 
toenemende ruis in de uitleeselektronica. hc 
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Figuur 6: De breedte van de hc charmonium staat voor verschillende cluster drempels.

De simulatiestudie van de prestatie van de PANDA EMC heeft aangetoond dat maximale 
prestaties vereist zijn op het gebied van ruisniveau en snelle signaal verwerking, om smalle 
resonanties  efficiënt  te kunnen bestuderen.  De in dit  proefschrift  ontwikkelde methoden 
zullen  dus  bijdragen  tot  optimale  prestaties  van  het  gehele  PANDA detectorsysteem. 
Bovendien  kunnen  de  voorgestelde  methoden  in  verscheidene  andere  experimentele 
situaties, waar een hoog ruisniveau aanwezig is en hoge signaal frequenties vereist zijn, zeer 
voordelig toegepast worden. Mogelijke toepassingen worden door een commercieel bedrijf 
en andere experimentele groepen al bestudeerd.
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