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Chapter 6. Performance studies

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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Chapter 6. Performance studies

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.

44



Chapter 6. Performance studies

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 

50



Chapter 6. Performance studies

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.

69



Chapter 6. Performance studies 70


