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Abstract

The PANDA collaboration at FAIR, Germany, will employ antiproton annihilations to investigate yet undiscovered charm-meson
states and glueballs. The aim is to study QCD phenomena in the non-perturbative regime and to unravel the origin of hadronic
masses. A multi-purpose detector for tracking, calorimetry and particle identification is presently being developed to run at high
luminosities providing up to 2·107 interactions/s. One of the crucial components of the PANDA spectrometer is the Electromagnetic
Calorimeter, composed of cooled PbWO4 crystals. This paper describes construction and performance of a fully functioning
prototype of this calorimeter. The performance was determined from measurements exploiting cosmic muons and high-energy
tagged photons from the MAMI-C electron accelerator. The response measurements were carried out using sampling ADCs and,
for comparison, charge-integrating ADCs. The achieved results validate the usage of sampling ADCs with a moderate sampling
frequency, provide the energy resolution as foreseen in the Technical Design Report of the full calorimeter, and secure event
correlation by achieving a good timing resolution through digital analysis of the sampled signals.

Keywords: Electromagnetic calorimeter, avalanche photo-diode, low-noise low-power preamplifier, sampling ADC readout,
digital filtering, noise performance, rate performance, energy resolution, time resolution

1. Introduction

PANDA is a general purpose hadron physics detector
planned to be operated at the future Facility for Antiproton and
Ion Research (FAIR) [1] at Darmstadt, Germany. PANDA ex-
periments will exploit cooled antiproton beams with a momen-
tum between 1.5 GeV/c and 15 GeV/c and a momentum reso-
lution up to ∆p/p = 3 − 4 · 10−5. With hydrogen and various
internal targets a peak luminosity of 2 · 1032 cm−2s−1 can be
reached, allowing for up to 2 · 107 interactions/s. This, together
with the high momentum resolution, allows to measure masses
and widths of hadronic resonances with an accuracy 10 to 100
times better than achieved in any e+e−-collider experiment. In
addition states of all quantum numbers can be directly produced
in antiproton-proton annihilations.

A sketch of the PANDA spectrometer is shown in figure 1. In
order to accommodate the expected particle density and to ob-
tain sufficient particle separation and suitable momentum res-
olution, the detector is split into a target spectrometer, located
inside a 2 T superconducting solenoid magnet surrounding the
interaction point, and a forward spectrometer based on a 2 Tm
dipole magnet for small-angle tracks. In both spectrometer
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Figure 1: Sketch of the PANDA detector consisting of target spectrometer
(inside the solenoid magnet) and forward spectrometer. The Electromagnetic
Calorimeter is part of the target spectrometer and is depicted in violet color.

parts tracking, charged particle identification, electromagnetic
calorimetry and muon identification are available to allow de-
tecting complete final states relevant for the PANDA physics
objectives.

The experiment is focusing on hadron spectroscopy, in par-
ticular aiming to search for exotic states in the charmonium
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mass region, on the interaction of charmed hadrons with the
nuclear medium, on double-hypernuclei to investigate the nu-
clear potential and hyperon-hyperon interactions, as well as
on electromagnetic processes to study various aspects of nu-
cleon structure. These physics goals define the requirements
for the PANDA detector. For precision spectroscopy of char-
monium states and exotic hadrons in the charmonium region it
is extremely important to measure low-energy photons, as final
states with many photons can occur. Therefore, a low photon
threshold of about 10 MeV is a central requirement for the Elec-
tromagnetic Calorimeter (EMC). This requires a threshold for
individual crystals of about 3 MeV and correspondingly low
noise levels of 1 MeV . Neutral decays of charmed mesons re-
quire the detection of a maximum photon energy deposition up
to about 12 GeV per crystal at the given maximum beam energy.
These requirements dictate the dynamic range for the readout
electronics.

2. The Electromagnetic Calorimeter of PANDA

The PANDA EMC [2] will consist of PbWO4 (PWO-II) crys-
tals [3] (see sect. 3.3) arranged in the cylindrical barrel EMC
(11360 crystals), the forward endcap EMC (3856 crystals), and
the backward endcap EMC (ca. 600 crystals). In order to max-
imize the light output from the PWO-II crystals, the calorime-
ter volume will be cooled to -25◦C (the EMC operating tem-
perature), which provides an increase of scintillation light by
approximately a factor 4 [4]. The EMC will be placed inside
the 2 T solenoid magnet of the target spectrometer. Therefore,
Large Area Avalanche Photo Diodes (LAAPD) [5] and Vac-
uum Photo Triodes/Tetrodes (VPT) [6] were chosen as photo
sensors. The LAAPD will be employed for the backward end-
cap and the barrel EMC, where the single-crystal hit-rate is ex-
pected to be in the range of 10 to 100 kHz. Two rectangular
LAAPD with a sensitive area of (14 × 6.8) mm2 each will be
used to detect light from the individual EMC crystals. For the
forward endcap the VPT will be employed which are expected
to better cope with the higher expected single-crystal hit rates
up to 500 kHz.

The intrinsic gain of LAAPDs and VPTs is not sufficient for
noise-free signal transmission and digitization of the output sig-
nals. Therefore, custom-designed low-power low-noise pream-
plifiers were developed. The discrete component preamplifier
(LNP) [7] will be used for the VPT readout, and the ASIC
APFEL II [8] for the LAAPD readout. The ASIC has a built-in
two-stage shaper and provides two output signals with high and
low gains. The LNP is a one-range resistor-reset type pream-
plifier with decay constant of 25 µs. To achieve the best perfor-
mance, the preamplifiers will be placed near the photo sensors
and, therefore, will be kept at the EMC operating temperature.

For optimal conditions of event selection the PANDA exper-
iment will employ a so-called trigger-less data acquisition sys-
tem, i.e. no hardware trigger selection is applied. The deci-
sion on the event selection will be based on high-level infor-
mation like e.g. the invariant mass of reconstructed particles or
the presence of a secondary vertex [5]. This approach requires
that all sub-detectors have to provide the complete single-hit

elaborate

Figure 2: CAD definition of the PROTO 60: This 60-crystals calorimeter rep-
resents the final design of a barrel EMC segment and integrates all the required
equipment like signal read-out and cooling.

event information. The acquired data are sorted according to
the time-stamps by the data acquisition (DAQ) and the decision
on the event selection is made based on the complete informa-
tion about the primary interaction of the recorded event. To
fulfill the requirement of the DAQ, the EMC preamplifier sig-
nals are continuously digitized by sampling ADCs (SADC) and
the data are processed on-line in FPGAs. The digitizer modules
are placed in the EMC volume and kept at room temperature.
The placement of the SADC system together with the on-line
feature-extraction logic in the vicinity of the cold crystals re-
stricts the allowed power consumption of the digitizer unit and,
therefore, the complexity of the feature-extraction algorithm.
Therefore, a simple and robust algorithm [9] was developed to
process data from both the LNP and the ASIC preamplifiers.

3. PROTO60 – the PANDA EMC prototype

3.1. Overview

Several test setups using real-size components of the PANDA
EMC have been constructed in order to validate the concepts of
physics performance, mechanical stability, thermal robustness,
and integration into the PANDA solenoid together with other
detector components. The most complete setup is the real-size
PROTO60, composed of 60 crystals of PWO-II. The setup rep-
resents the central part of one slice of a barrel EMC segment, as-
sembled of one particular crystal shape (type-6 crystals, see be-
low) in their realistic positions. The design principle is similar
to the final one and is detailed in the Technical Design Report
[2], except that the crystals, LAAPDs and preamplifiers are eas-
ily accessible for reasons of maintenance or checks as needed
for a prototype. These elements are supported on a mechani-
cal structure which includes a cooling system and integrates the
electronics feedthroughs and calibration system. Figure 2 illus-
trates the detector configuration and the components described
below.
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Figure 3: A pack of two pairs of left and right type-6 crystals, wrapped with the
ESR reflector. The large LAAPDs (hidden behind their black capsules) are cou-
pled with optical grease for easy removal and are connected to the preamplifiers
by twisted and shielded wires.

3.2. The mechanical structure
3.2.1. The crystals and their holding structure

The basic crystal shape is a truncated pyramid, based on the
“flat-pack” configuration used in the CMS calorimeter [10]. In
this configuration, the crystals are arranged in pairs with a left
and right symmetry. Right-angle corners are introduced to sim-
plify the CAD design and the mechanical manufacturing pro-
cess, thus reducing machining costs. The dimensions of the
crystals are related to the global shape and to the discretization
of the calorimeter. The type-6 crystal used in this prototype is
200 mm long, the front and back faces are squares with a side
length of 21.3 and 27.2 mm, respectively, and the mass is about
1 kg. The tolerances of all dimensions are 0 to -100 µm, which
is in accordance with the capability of the manufacturer [11].

The crystals are wrapped with a 63.5 µm thick reflective foil
[12] in order to optimize light collection as well as to reduce op-
tical cross talk. This wrapping material is a non-metallic mul-
tilayer polymer. In order to provide a thin air gap between the
reflector and the crystal face, the foil must be shaped in a mold
heated at 80 ◦C to sharpen the corners.

In the present design, four crystals are packed as shown in
figure 3. A group of two pairs of left and right crystals, wrapped
with the ESR reflector foil, is contained in one carbon-fiber
alveole in order to avoid any load transfer to the fragile PWO
crystal. The crystals are held in place by aluminum inserts in
the rear end of the alveole. Epoxy pre-impregnated carbon plain
weave fabric is precisely moulded in complex tools to fabricate
the alveoles which have an expected wall thickness of 200 µm.
Each alveole is epoxy-glued to the aluminum insert which is the
interface with the support elements. Figure 4 shows a carbon-
fiber alveole assembly with aluminum inserts.

The distance between two crystals in the assembly is deter-
mined by the thickness of materials, structure deformation and
mechanical tolerances and amounts to 0.68 mm. Figure 5 de-
picts the contributions to the crystal distances:

• 400 µm, twice the thickness of the carbon-fiber alveole
wall;

• 130 µm, twice the thickness of the wrapping material;

Figure 4: Carbon-fiber alveole assembly with aluminum inserts for mounting
and holding the assembled crystal structure.

• 100 µm, the free space reserved for the alveole deforma-
tion;

• 50 µm, the approximate manufacturing tolerance.

3.2.2. Inserts and integration of the electronics
In the final design, the aluminum inserts are a major part

of the mechanical stability, as they are glued to the alveoles
to carry the weight of the crystals and position them precisely
in the reserved space. In addition, the aluminum structure in-
tegrates the cooling, the electronics and the optical fibers for
monitoring the optical properties of PWO-II crystals. Figure 6
shows a detail of the insert assembly which, in the present
PROTO60 setup, can still be shifted in position for assembly
studies. Some aluminum back plates (see figure 2) link the in-
sert assembly to the support frame, described below, but also to
the support plate (see figure 2) which carries the weight of the
complete assembly of 6 × 10 crystals.

The preamplifiers of the LNP type were manufactured on a
PCB in a group of four (Quad preamplifier), screwed on the in-
serts inside a slot in the back plate, and connected to four APDs
by 25 mm long twisted-pair wires. Several columns of PCB,
the so called back-PCB, carry the signal lines and the supply
voltage and connect the preamplifiers to an external connection
panel. These back-PCBs traverse the walls of the thermal insu-
lation layer, which separates the cold crystal volume from the
warm environment, through narrow slots. The crystal volume
is flooded with nitrogen gas to avoid vapor condensation. Loss
of nitrogen gas is avoided by a vacuum tight assembly. The
partially assembled PROTO60 apparatus is shown in figure 7
where the preamplifier boards and the back-PCB are visible.

3.2.3. Cooling system and support frame
In order to maintain their optimum performances, the PWO-

II crystals and the APDs must be cooled to the EMC operating
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Figure 5: Summary of the expected distance between two crystals in the carbon-
fiber alveole assembly.

temperature, stabilized with a precision of 0.1 ◦C. The cool-
ing requires a thermal power of about 80 W. The PROTO60
calorimeter setup is equipped with copper thermal screens
cooled with serpentines in which the Syltherm coolant [13]
flows and recirculates by means of a Julabo chiller. The in-
sulation is achieved with 40 mm of styrene foam covered with
a gas-tight plastic skin to avoid ice formation. In front of the
calorimeter, a prototype of the vacuum insulation panel is suc-
cessfully operated while its outside face is well above the dew
point avoiding any risk of moisture. The vacuum insulation
panel has a sandwich structure composed of 2 skins of alu-
minium and carbon-fibre, connected by rohacell blocks. The
vacuum (about 2 ·10−2 mbar) between these skins has an equiv-
alent thermal conduction coefficient lower than 2 mW/mK. This
system allows to reduce the total thickness of the insulation to
20 mm instead of 40 mm for the standard insulation. A set of
13 thermocouples measures the temperatures at different loca-
tions which are recorded with an Agilent data acquisition. The
temperature variations of the inlet coolant, selected crystals,
and the air inside the prototype stay within ±0.01 ◦C, ±0.05 ◦C,
and ±0.6 ◦C, respectively, and verify the required thermal sta-
bility.

All the previous elements are mounted on a support frame
which provides a rigid base in case of transport to sites of var-
ious test experiments. Specially for such tests, the set-up is
fixed on a rotating and translating table, which allows to orient
the crystals vertically for cosmic muons passing predominantly
through the full length of the crystals, or to orient the crystals
horizontally for exposure to accelerator beams.

3.3. PWO-II crystals

Based on R&D work in collaboration with BTCP [11] the
optimum light yield and radiation hardness of PbWO4 scintilla-
tors can be achieved for crystals simultaneously doped with La-

Figure 6: Drawing of the insert assembly showing the integration of the APDs,
wires, preamplifiers and optical fibers.

and Y-ions. The improved technology has lead to a reduction of
the density of defects compared to PWO material employed in
the CMS Electromagnetic Calorimeter (CMS-ECAL) [14]. As
a consequence, the concentration of La and Y dopants has been
reduced in a similar manner below an integral value of 40 ppm.
The enhanced radiation hardness due to co-doping was stud-
ied before for CMS-ECAL in great detail [3]. The composition
of the raw material was mixed to maintain the exact elemen-
tal ratios during the whole growing process. This requires in
addition corrections of losses due to evaporation during multi-
ple crystallizations from the starting melt. Performed studies of
various electron centers in the crystal directly by Electron Para-
magnetic Resonance technique [15] confirmed that only single
RE-(WO4)3− (RE = La, Y) centers are formed, if the concen-
tration of the dopants stays below 20 ppm for each ion, respec-
tively. The quality has been significantly improved due to co-
doping with La- and Y-ions at a significantly reduced total level
of <40 ppm. Therefore, full size crystals of 200 mm length and
nearly rectangular shape contain at least two times less defects
of Frenkel type and deliver on average 18 photoelectrons/ MeV ,
as shown in figure 8, measured at room temperature (RT) using
a phototube with bialkali photocathode. In addition, the careful
selection of the raw material has strongly reduced those im-
purities leading to slow decay components in particular when
the crystals are cooled. As a result, at room temperature these
crystals provide an 80% increase in light yield compared to
standard-type crystals which were mass-produced for the CMS-
ECAL [3]. The kinetics of this enhanced material, named
PWO-II, remains fast and allows integrating 97% of the light
within a 100 ns wide time gate at room temperature. In the
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Figure 7: The back view of the PROTO60 setup with all crystals mounted in
carbon-fiber alveoles. Several inserts are mounted and one back-PCB is in place
for signal readout. This multilayer back-PCB connects the supply voltage and
transfers the preamplifier signals to the data acquisition.

beginning of 2008, the optimization of the properties was com-
pleted and ready for mass production for the PANDA-EMC.
The 60 PWO-II crystals comprising the PROTO60 are part of
pre-production lots produced at BTCP. Figure 9 shows some of
the optically polished crystals of the geometry type ”6R/L”.
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Figure 8: Distribution of the light yield expressed as the number of photo-
electrons (p.e.) /MeV , which has been measured for the 60 PWO-II crystals
of PROTO60. The crystals are slightly tapered and optically polished on all
surfaces. The light yield has been measured at room temperature using a pho-
tomultiplier with bialkali photocathode which covered the complete end-face of
the PWO-II crystal and had a calibrated quantum efficiency of 20% at 420 nm
wavelength.

Due to the thermal quenching of the luminescence process
at room temperature, cooling of the crystals can effectively in-
crease the light yield. However, the obviously low concentra-
tion of deep traps in PWO-II does not distort the scintillation ki-
netics even down to the EMC operating temperature, when 95%
of the light can be collected within less than 300 ns. Besides
the increased light yield and fast kinetics all crystals fulfill very
stringent limits on the optical transparency and homogeneity
along the full crystal length as well as sufficient radiation hard-

ness, which is of minor importance in case of prototype tests.
For the crystals of the final calorimeter the radiation induced
absorption coefficient at 420 nm wavelength has to remain be-
low a value of 1.1/m after exposure to an integral dose of 30 Gy
due to γ-rays from a 60Co source. The extreme radiation hard-
ness is required due to the strongly reduced recovery processes
in the crystals at low operating temperatures [16].

Figure 9: Photograph of 200 mm long PWO-II crystals of the tapered geometry
type ”6R/L” implemented into PROTO60.

3.4. Large-area avalanche photodiodes
Each individual PWO crystal of the PROTO60 is optically

coupled to a LAAPD with an active area of (10 × 10) mm2.
While these square devices were employed in the PROTO60
EMC prototype, the rectangular LAAPDs with a sensitive area
of (14×6.8) mm2 have been developed for future applications to
achieve a larger coverage. The main properties of the square de-
vices (type Hamamatsu S8664-1010SPL) at room temperature
are listed in table 1. Since the PWO crystals in PROTO60 will

Breakdown Voltage Dark current Id Capacitance
UBr [V] [nA] Ct [pF]

400 80 270

Table 1: Characteristic values of S8664-1010SPL LAAPDs measured at room
temperature.

be operated at T = −25◦C, the main characteristics like dark
current Id and gain M have to be determined as function of the
operation temperature.

3.4.1. Gain-Bias characterization
The dependence of the APD gain on the applied bias volt-

age was measured at three designated temperature values:
T = 15◦C, T = 5◦C and T = 1◦C. Typical results of these mea-
surements are shown in Fig.10. It is obvious that the achieved
gain value M at a fixed bias voltage UR increases whereas the
breakdown voltage value UBr decreases with decreasing tem-
perature.
To evaluate the bias voltage corresponding to the gain value
envisaged during the PROTO60 operation the so called Miller
formula [17] (see equation 1) was fitted to the data samples cor-
responding to the different temperature values.

M =
1

1 − ( UR
UBr

)n
(1)
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Figure 10: Dependence of the gain M of the S8664-1010SPL APD on the
bias voltage for three different temperatures. Stars: T = 15◦C, open squares:
T = 5◦C and filled circles: T = 1◦C.

The parameter n is the concavity index of the avalanche zone
and depends on the type and concentration of doping used in
this region of the APD. From the fit results the dependence of
the bias voltages UR on the operation temperature was deter-
mined for three designated gain values M as shown in Fig. 11.
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Figure 11: The dependence of the bias voltage UR(T ) on the operation temper-
ature determined for three designated gain values M.

The observed linear temperature dependence UR(T,M =

const.) allows the extrapolation to the bias voltage which has
to be applied to the APD at the EMC operating temperature.

3.4.2. Dark current measurement
The dependence of the APD dark current on temperature

was measured at the same temperature values mentioned above.
The resulting dark current values as function of the APD gain
are shown in Fig. 12 and can be described by the equation:
Id(M,T = const.) = Ids+M · Idb, including the surface dark cur-
rent Ids and the bulk contribution Idb to the overall dark current
of the APD. The APD dark current can be reduced to ≈ 1 nA for
the envisaged gain of M = 50 by cooling to the EMC operating
temperature.

3.5. Low-noise low-power preamplifier
A discrete charge preamplifier, the Low-Noise low-Power

charge preamplifier (LNP) has been developed [7] for the

0 100 200 300 400 500 600 700
LAAPD gain M

0

10

20

30

40

50

60

D
ar

k
 c

u
rr

en
t 

I d
 (

n
A

) T = 15 °C
T = 5 °C
T = 1 °C

Figure 12: The dependence of the dark current on the gain of the S8664-
1010SPL APD measured at the same temperature values as given in Fig. 10.

LAAPD readout of the PANDA Electromagnetic Calorimeter.
The LNP employs a low-noise J-FET transistor and has an ex-
cellent noise performance in combination with low power con-
sumption. The preamplifier linearly converts the charge signal
from the LAAPD to a positive voltage pulse. The single-ended
output of the LNP is designed to drive a 50 Ω transmission line
to the subsequent digitizing electronics. Two different modifi-
cations of the LNP can handle detector capacitances in a range
from 0 pF to 100 pF and from 50 pF to 500 pF, respectively.

3.5.1. Power Consumption
Since the complete calorimeter, including LAAPDs and

preamplifiers, will be cooled to low temperatures (-25◦C) to
increase the light-yield of the PWO-II crystals, the power dis-
sipation of the preamplifier has to be minimized. Low power
dissipation necessitates less cooling power and supports achiev-
ing a small temperature gradient over the length of the crystals.
The LNP has a quiescent power consumption of 45 mW. The
power dissipation is dependent on the event rate and the photon
energy; figure 13 shows the measured power dissipation on the
LNP as function of the count-rate in the worst case of maxi-
mum output amplitude. Since the high rates are predominantly
occurring at lower energies, a reasonable maximum power con-
sumption of 90 mW can be presumed.

3.5.2. Noise
In order to reach the required low detection threshold of only

a few MeV , the noise performance of the preamplifier is cru-
cial. The LAAPD, used in the PROTO60 setup, has an active
area of (10 × 10) mm2 resulting in a quite high detector capac-
itance of 270 pF which requires a low noise charge preampli-
fier. The total output noise is a combination of the preampli-
fier noise and the noise generated by the dark current flowing
through the APD. By cooling the APD to -25◦C the dark current
is reduced by a factor of about ten with respect to room temper-
ature. Using a low leakage LAAPD at low temperature, the
charge preamplifier is the dominating noise source due to the
relative high detector capacitance. The noise floor of the LNP,
loaded with an input capacitance of 270 pF, at the EMC oper-
ating temperature has a typical equivalent noise charge (ENC)
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Figure 14: The measured noise performance of the LNP as function of the
detector capacitance (Cd) at room temperature and at -25◦C. Measurements
are performed by using an ORTEC 450 Research Amplifier with an integration
time constant Tint = 250 ns and a differentiation time constant Tdi f f = 2 µs,
which corresponds to a peaking-time of 650 ns.

of 1250 e− (RMS), see figure 14. This result is obtained with an
ORTEC 450 [18] shaping filter/amplifier with a peaking time of
650 ns. When the LAAPD as well as the LNP are cooled to the
EMC operating temperature the total output noise corresponds
to an ENC of about 1700 e− (RMS), also measured with a peak-
ing time of 650 ns. Investigations of the PWO-II light produc-
tion [19] yielded 500 photons/MeV at the end face of the cooled
(-25◦C) PWO-II crystal with the typical cross section of a bar-
rel crystal of 745 mm2. Thus the applied LAAPD measures 67
photons/MeV with a quantum-efficiency of about 70% for the
scintillating light of the PWO-II crystals. Since an internal gain
M = 50 is assumed for the voltage biased LAAPD, a primary
photon with the energy of 1 MeV induces an input charge of
375 aC (2345 e−) to the preamplifier. Thus an ENC of 1700 e−

(RMS) corresponds to an energy noise level of about 725 keV
(RMS). Possible radiation damage of the APD would lead to a
higher dark current and, therefore, to a higher noise level.

3.5.3. Event rate
To cope with the expected event rates in the barrel EMC of up

to 100 kHz per crystal, the LNP has a concerted feedback time

constant of 25 µs. This feedback time constant is a trade-off
between noise performance and pile-up probability. For a sin-
gle pulse (or very low rates) the LNP accepts an input charge
of up to 4 pC, limited by the positive supply voltage (+6 V) of
the LNP. However, for a continuous event rate of e.g. 100 kHz
an input charge of up to 8 pC is allowed. This is because at
high continuous event rates the output pulses will swing be-
tween the negative (-6 V) and the positive (+6 V) supply volt-
age. If a 100 kHz event rate is applied abruptly (burst) to the
LNP it takes around one second until a continuous input charge
of up to 8 pC is allowed. During that transition period, a max-
imum input charge of 1 pC can be handled. With this charge
restriction, the output voltage of the preamplifier stays always
in the linear range and is never limited from the power supply
voltages, provided the digitizing electronics is able to perform
a good base-line correction. The charge sensitivity is 0.5 V/pC
and thus the maximum input charge of 4 pC corresponds to a
positive output pulse with a peak voltage of 2 V at 50 Ω.

3.5.4. Dynamic range
The maximum expected photon energy deposition per crys-

tal of 12 GeV results in an input charge of 4.5 pC. In prin-
ciple, the energy range of the LNP spans from the noise floor
of 0.725 MeV RMS (with a peaking-time of 650 ns) up to the
maximum energy of ca. 11 GeV equivalent to an input charge of
4 pC; this corresponds to a theoretical dynamic range of 15.000.
In practice, the typical energy range will start from 1.5 MeV
(2× noise RMS) and end at 11 GeV which corresponds to a
dynamic range of 7330.

3.6. Signal readout and digitization
A number of calibration measurements and response tests

have been carried out in order to verify the performance of
the PROTO60 setup under realistic conditions. First, cosmic
muons have been used for the rough energy calibration to ad-
just discriminator thresholds, to adapt the LAAPD gain to the
dynamic range of the amplification and digitization circuits,
and to extrapolate the bias voltage of the LAAPD specified
at room temperature down to the EMC operating temperature
in order to keep the gain at a level below 100. The perfor-
mance of the detector matrix has been studied using tagged
photons in the energy range from 40 MeV to 1.4 GeV . The
measurements allow to deduce energy, time and position resolu-
tions for the electromagnetic shower. For comparison, different
readout techniques were applied employing either the digitiza-
tion by charge-integrating ADCs or the signal sampling by the
Sampling ADC (SADC) readout with subsequent digital pulse-
shape processing and feature extraction.

3.6.1. PROTO60 positioning for cosmic muons
The reconstruction of the electromagnetic shower requires

a relative as well as an absolute calibration of the individual
detector modules which is obtained from the measurement of
the energy deposition of cosmic muons. The calibration of
the deposited energy is based on the known energy loss of
10.2 MeV/cm for cosmic muons in PbWO4 [20]. The geo-
metrical arrangement of the crystal matrix comprising 6 layers
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of 10 tapered crystals each leads to a remaining variation of
the path length even if nearly vertical muon tracks are selected
by coincidence conditions. The uncertainty on the level below
0.5%MESYTEC is due to the slightly tapered crystal shape as
well as to the staggered crystal packing. Only the horizontal
symmetry plane of the matrix is parallel to the axis of the pho-
ton beam. If the detector is rotated into the horizontal position
a mean deposited energy of 24.6 MeV has been assumed for all
detector components. This value provides the relative as well
as the absolute energy calibration. In order to obtain, besides
the pedestal offset, an additional reference point the whole de-
tector can be rotated by 90◦. In this case muons can be selected
which penetrate only a single crystal but along the full length of
200 mm with negligible variations. Figure 15 shows a typical
spectrum obtained after 1 week of data taking. All experimental
results shown in the subsequent sections are based on the cali-
bration with horizontal orientation of PROTO60 since the data
has been collected online during the response measurements.
The detailed comparison of the calibrations for both orienta-
tions reveals a small inconsistency, which is not yet fully un-
derstood. It could be a thermal effect or the difference in light
collection. The implemented crystals are optically polished on
all surfaces and covered with a homogeneous reflector.
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Figure 15: Energy deposition of cosmic muons along the full length of a PWO
crystal measured in vertical orientation of the PROTO60 requiring anticoinci-
dence of the fired crystal with the neighbouring ones (shaded histogram) and
the total energy-deposition spectrum (bold line).

3.6.2. PROTO60 setup at the tagged-photon beam
The reported test experiments were performed with quasi-

monochromatic photons delivered by the recently upgraded
tagged photon facility at the electron accelerator MAMI-C at
Mainz (Germany) exploiting the tagging of bremsstrahlung pro-
duced by a monoenergetic electron beam up to 1.5 GeV energy.
After bremsstrahlung emission the momenta of the slowed-
down electrons are analyzed by the magnetic spectrometer of
the Glasgow-Mainz tagger [21], requiring a time coincidence
of the detected bremsstrahlung photon with the corresponding
electron identified in the focal plane. Depending on the acceler-
ator beam energy the typical energy width per tagging channel
varies between 2.3 MeV and 1.5 MeV , respectively, for an elec-
tron beam of 855 MeV . The energy width is close to 4 MeV in

case of the maximum energy of 1.5 GeV . In all experiments we
have selected up to 16 photon energies to cover the investigated
dynamic range. The detector system was mounted on a support
structure which could be moved remote controlled in two di-
mensions perpendicular to the axis of the collimated beam by
stepping-motors. The detector was placed typically at a dis-
tance of 12.5 m downstream of a collimator system, which was
placed at a distance of 2.5 m from the radiator with a set of lead
collimators of 1.5 mm diameter. The beam spot projected onto
the front surface of the crystal matrix has a circular diameter
of ≤ 9 mm. A plastic scintillator paddle in front could be used
to identify leptons due to conversion of photons in air or any
low-Z material in between. The mechanical setup allowed to
direct the photon beam in the center or in between two adjacent
crystal elements. Figure 16 illustrates the experimental setup
installed at the A2 tagger hall at the MAMI facility. The photon
beam is hitting the detector system from the left hand side.
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Figure 16: Sketch (upper panel) and sideview (lower panel) of the experimental
setup of the PROTO60 for response measurements with energy-marked pho-
tons at MAMI. The picture (lower panel) shows the detector system on top of
the mechanical support structure and part of the cooling systems and readout
electronics.

Several test measurements have been performed at different
beam energies under identical operating conditions but select-
ing various photon energies in the energy range up to 1.4 GeV.
The crystal matrix was cooled down to the EMC operating tem-
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perature. For the investigation of the optimum energy resolu-
tion the collimated photon beam was always directed onto the
same central crystals of the matrix (#35). In order to avoid sig-
nificant pile-up effects, the trigger rate of the central crystal re-
sponding to the entire bremsstrahlung spectrum was kept below
10-15 kHz. For studies of position reconstruction the beam was
moved to different points of impact or in between two adjacent
crystals for timing studies.

3.6.3. Conventional readout electronics and DAQ system
The event selection was determined by a coincidence be-

tween the logic OR of the selected tagger channels and the re-
sponse of the central scintillator module. In addition, simulta-
neous hits of cosmic muons were recorded under the condition
that a muon traversed the complete matrix by triggering a co-
incidence between the top and bottom crystal layers. In order
to monitor the stability of the readout electronics the pedestals
of the energy measurement were recorded with a frequency of
a few Hz. The individual timing signals of the selected tag-
ging detectors were recorded in a TDC for identification of the
photon energies and to reject random coincidences or multiple
photon hits. The TDC was started with the event determined
by the central crystal and stopped by the delayed tagger sig-
nal. The charge signal of the preamplifier was fed into a 16-
fold multi-functional NIM module (MESYTEC MSCF-16) [22],
which contained a remote controllable multi-channel spectro-
scopic amplifier (1 µs Gaussian shaping), timing filter amplifier
(integration and differentiation set to 50 ns each), and a con-
stant fraction discriminator to serve both the analog and logic
circuits. Due to the limitation of the overall dynamic range of
the preamplifier and shaper combination, the energy range cov-
ered by the ADC was optimized based on the typical lateral dis-
tribution of the electromagnetic shower expecting 70% of the
deposited energy in the central module. Therefore, all detector
modules cover a typical range of 200 MeV except the central
module. This allows to reconstruct the electromagnetic shower
with a minimal energy threshold for the lateral shower depo-
sition in the neighboring crystals. The energy response was
digitized in a peak-sensing ADC (CAEN V785N) [23]. In ad-
dition, the time information of each individual detector module
relative to the central detector module was digitized to confirm
true coincidences of responding neighboring modules. All dig-
itized information including the response of the plastic veto in
front of the crystal matrix was recorded event-wise for on- and
off-line analysis.

3.6.4. Sampling-ADC readout
From the full 60-crystal matrix of the PROTO60 setup the

preamplified LAAPD signals from a subset of 3 × 3 crystals
were sampled by the 100 MHz 16 bit SIS3302 SADC [24] oper-
ated in different runs at 100 MHz and at 50 MHz, respectively.
The data acquisition was triggered by the external signal from
the electron-tagger detectors. A valid signal above a threshold
of 30 MeV in the SADC channel of the central crystal of the
3× 3 matrix was required for the readout of the complete set of
9 SADC channels. The SIS3302 SADC applied the trapezoidal
FIR filtering technique [25] for pulse detection. In this case of

pulse detection, the 10 µs long traces from all SADC channels
were stored for the off-line data processing. The obtained data
were analyzed off-line, emulating the on-line feature-extraction
algorithm described in section 4.2.

4. PROTO60 performance

As shown in the previous section, the response function of
the fixed arrangement of the PROTO60 has been investigated in
parallel applying two signal processing and analysis schemes,
the conventional readout as a continuation of the long list of
exploratory experiments and the SADC readout as it is foreseen
in the final PANDA-EMC concept. In the following, the relative
and absolute calibration as well as the event selection for the
different photon energies are treated in the same way.

4.1. Data analysis based on charge-integrating readout

4.1.1. The energy response - line shapes and resolutions
After the relative and absolute calibration, exploiting the de-

posited energy of cosmic muons, the reconstruction of the to-
tal shower energy can be based on an identical absolute en-
ergy threshold for each responding detector module. Due to
the low noise level a value of 0.75 MeV can be applied as min-
imum threshold. The figures 17 and 18 illustrate for an in-
cident energy of 158.3 MeV and 1.441 GeV , respectively, the
deduced response functions of the central crystal, the surround-
ing 3 × 3 and 5 × 5 sub-arrays as well as the whole PROTO60.
At 1.441 GeV only a small difference can be noticed between
the response of the 5 × 5 subarray and the whole PROTO60.
Measurements at higher photon energies are planned to study
the response at larger distances from the central crystal. The
energy depositions measured in the central crystal as well as in
the full crystal matrix show a clean linear correlation with the
incident photon energy within the experimental uncertainties.
The individual line shapes have been fitted using the so called
Novosibirsk function [26]. The fit procedure takes into account
the full lineshape, in particular the low-energy tail due to signal
losses, and delivers the peak positions as well as the FWHM.
The quoted energy resolution is obtained as σ = FWHM/2.35.
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Figure 17: The experimental lineshape of the central crystal, the 3x3- and 5x5-
matrices as well as of the whole PROTO60 measured at 158.3 MeV incident
photon energy.
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Figure 18: The experimental lineshape of the central crystal, the 3x3- and 5x5-
matrices as well as of the whole PROTO60 measured at 1.441 GeV incident
photon energy.
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Figure 19: The energy resolution of the PROTO60 (points) shown as a function
of incident photon energy. All detector modules responding above a threshold
of 0.75 MeV have been included into the response function.

Figure 19 summarizes the energy resolutions obtained over
the entire energy region of the incident photons; all detector
modules responding above the energy threshold of 0.75 MeV
have been included. The indicated fit with two parameters con-
firms a relative energy resolution of 2.4% at 1 GeV photon en-
ergy, which is close to the design value for the EMC. The ob-
tained results are strongly dependent on the maximum size of
the considered crystal matrix as well as the threshold settings.
These effects are illustrated in the figures 20 and 21.

Strongly depending on the energy threshold the mean mul-
tiplicity of responding modules reaches a value of 22.5 at the
maximum photon energy of 1.44 GeV for the minimum energy
threshold of 0.75 MeV . The multiplicity is reduced by a factor
of two if the threshold is set to 3 MeV , or even reaches a value
of 8 for a threshold of 10 MeV .

In order to estimate the variation of the energy resolution if
photons are not impinging on the center of a crystal, figure 22
illustrates the deterioration of the resolution for three different
points of impact. Position 1 corresponds as a reference to the
central impact. In case of position 2 the center of the photon
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Figure 20: Measured energy resolution of the PROTO60 shown for restricted
matrix sizes and energy threshold of 0.75 MeV .
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Figure 21: Energy resolution of the entire PROTO60 array deduced for different
settings of the energy threshold.
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Figure 22: Energy resolution of the entire PROTO60 array deduced for different
positions of the photon beam relative to the centre of a crystal.

beam, which has a typical diameter of 8-10 mm, was shifted
horizontally 5 mm off center and position 3 is located between
two adjacent crystals. The latter case shows the maximum ef-
fect leading to a shift of resolution by approximately 1 % due
to enhanced shower losses in dead material.
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4.1.2. Position reconstruction
The information on the lateral distribution of the electromag-

netic shower developed within the PWO matrix can be used to
improve the reconstruction of the point of impact of the inci-
dent photon. The individual crystals have a diameter close to
the Moliére radius of PWO (2.2 cm). Supported by the low-
energy threshold and the consequently high multiplicity of re-
sponding modules the position of the incoming photon has been
deduced using the standard procedure employing a logarithmic
weighting of the individual detector contribution according to
the formula:

Wi = W0 + ln
Ei

ET
with ET =

∑
i

Ei (2)

The values Ei are the measured energy depositions in crystal
i of the considered crystal matrix. A weighting parameter of
W0 = 4.8 has been chosen and allows a good reproduction of
the point of impact over the entire energy range. The achievable
position resolution is strongly dependent on the incident photon
energy as shown in figure 23. The shown resolution values are
not corrected for the spot size of the impinging photon beam
which had a typical diameter of 9 mm on the front surface of
the detector. Therefore, the obtained position resolution at the
highest energies appears to reflect the dimensions of the photon
beam.
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Figure 23: The resolution of the reconstructed position as function of the inci-
dent photon energy.

4.1.3. Time response
An estimate of the achievable time resolution, which is in

the present case determined by the photosensor and the subse-
quent readout electronics, was deduced from the relative timing
between a PWO detector module and the corresponding tag-
ger plastic scintillator for selecting the photon energy. Since
the settings of the Constant Fraction Discriminator could not be
optimized by remote control, the timing signals have been cor-
rected for walk in the off-line analysis. The contribution to the
time resolution of the plastic scintillator can be neglected. Fig-
ure 24 illustrates the good time resolution per detector module,
which will allow to determine a well defined time mark for the

trigger-less DAQ concept of PANDA. Above an energy deposi-
tion of ∼300 MeV even sub-ns timing will become possible.
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Figure 24: Time resolution of a single detector module as a function of the
deposited energy.

4.2. Data analysis based on SADC readout
As mentioned in section 3.6.4, the 10 µs long traces of 9

SADC channels were stored in case of valid pulse detection in
the central crystal. The trace for each crystal was processed
using the newly designed feature-extraction algorithm. The al-
gorithm detects pulses in the sampled trace and finally reports
the energy and time-stamp information. Subsequently, these re-
duced data were analyzed to reconstruct the position and energy
of the electromagnetic shower and to determine the energy and
time resolution.

4.2.1. Feature-extraction algorithm
The feature-extraction algorithm consists of several steps,

namely: the pulse shaper, the baseline follower, trigger logic,
energy and time readout. As was mentioned in section 3.5, the
LNP signal has a long decay constant of τ = 25 µs. To reduce
the width of the pulse the Moving Window Deconvolution [27]
(MWD) is applied as a digital filter to the non-shaped LNP sig-
nals (see figure 25). The MWD filter can be described by the
following expression:

MWDM(n) = x(n) − x(n − M) +
ln 2
τ

n−1∑
i=n−M

x(i), (3)

where M is a parameter which defines the output pulse length
and x(n) is the n-th input sample. The result of the MWD fil-
ter is shown in figure 25. The MWD filter does not distort the
leading edge of the pulse. This is essential for the time stamp-
ing of the event. The length of the MWD filter M should be
larger than the signal rise time, otherwise the amplitude of the
resulting pulse will be reduced. According to figure 25, show-
ing the pulse measured with the EMC prototype, the minimum
length of the MWD filter should be above 200 ns. The reduction
of the pulse height decreases the energy resolution as shown
in figure 26. For low MWD-length values the energy resolu-
tion improves with increasing MWD length. However, above
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Figure 25: The raw LNP signal (upper panel), the resulting MWD and
smoothed MWD pulses (middle panel, solid and dashed lines, respectively)
and the CFT signal (lower panel).

200 ns the energy resolution stays roughly constant with slight
deviations at larger M values due to the influence of noise.

Following the MWD filter, the base-line is subtracted for the
further processing of the signal. To reduce the noise level, the
Moving Average (MA) smoothing filter is applied:

MAL(n) =
n∑

i=n−L

x(i), (4)

where L is the smoothing length. The energy information is ob-
tained by measuring the amplitude of the MA signal. The effect
of the smoothing procedure on noise level and energy resolu-
tion is shown in figure 26. The MA filter decreases the noise
level but does not influence the energy resolution. In case the
MA smoothing is applied, the length of the MWD filter should
be increased and should be larger than the sum of the pulse rise
time and the length of the MA filter. Figure 26 shows the de-
pendence of the cluster energy resolution on the MA smooth-
ing length for an MWD filter length of 400 ns. In this case
the optimal MA smoothing length is about 80 ns, resulting in a
noise level of about 700 keV . An even lower noise level may
be achieved by increasing the lengths of both the MWD and
the MA filters. However, in such case, the resulting pulse has a
large width. This effect increases the pile-up probability at high
rates. Therefore, for the high-rate case, a shorter smoothing
length is preferable to provide the best energy resolution and
to reduce the pile-up probability. In case a low trigger thresh-
old is required, the smoothing length can be increased up to
L = 400 ns to achieve a noise level of about 300 keV .

To determine the precise time-stamp of signal pulses, the dig-
ital implementation of the Constant-Fraction Timing (CFT) was
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Figure 26: Noise level (upper figure) and cluster energy resolution (middle and
lower figures) obtained for different lengths of the filters.

applied. The CFT signal, shown in figure 25, is obtained from
the MWD signal by applying the following filter:

CFTD,R(n) = MWD(n − D) − R · MWD(n), (5)

where D is the delay defined by the rise time of the signal. A
value D = 100 ns was applied. The R parameter defines the
pulse-height fraction, which is relevant to obtain the best pos-
sible time-stamp. The optimal value R = 0.4 was found. The
linear interpolation for two points (one below and one above the
zero level) is employed to determine the zero-crossing point re-
sulting in a time reference with a precision much better than the
sampling interval.

4.2.2. Data-analysis procedure
In order to extract information on the detected signals from

the recorded traces the feature-extraction algorithm with the
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Figure 27: The distribution of the base-line values determined for individual
traces in the channels with high (black line) and low (grey filled histogram)
signal rate.

following parameters was applied: the MWD and MA filter
lengths were set to M = 400 ns and L = 80 ns, respectively,
yielding a trigger threshold, defined as three times the RMS
noise level, of about 2 MeV . Within one event only the hits
within the 200 ns wide time-coincidence window were used for
the electromagnetic shower reconstruction. The position of the
time-coincidence window relative to the beginning of the trace
was defined by the hardware trigger logic of the DAQ. The en-
ergy calibration of the individual channels of the PROTO60 was
obtained from the cosmic-muon measurement.

The base-line follower of the feature-extraction algorithm is
designed for the on-line analysis of a continuous stream of data
as expected in the PANDA experiment. The preamplifier sig-
nal is continuously digitized and subsequently analysed in an
Field Programmable Gate Array (FPGA). The on-line analysis
scheme is mandatory to realise an efficient and simple readout
concept for the large amount of data, about 170 MB/s, produced
by the SADC for nine detector channels. Therefore, as men-
tioned in section 3.6.4, for the test-beam data only short traces,
about 10 µs long, were stored for each DAQ trigger and thus
the obtained data stream was not continuous. Each trace was
analysed by assuming a constant base-line. This approach ef-
fectively increases the noise level, as each variation of the base-
line might constructively interfere with the electronic noise.

Alternatively, the base-line follower should be initialised for
each trace independently. In this case, we assume that the sig-
nal at the beginning of each trace is not influenced by the back-
ground pulses, which might occur just before the DAQ trigger.
The proper base-line initialisation might take some ten µs. This
is not a problem for the envisaged on-line data-analysis, as the
initialisation will take place only once, i.e. during the power-up
cycle of the SADC module. However, in the case of PROTO60
measurements, the base-line for the current trace will not be
determined properly for channels with high signal rates. This
effect is shown in figure 27 for the central crystal of the elec-
tromagnetic shower. From the cosmic-muon measurements or
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Figure 28: Cluster energy resolution as a function of the tagged-photon energy
obtained in two different measurements (points) for a 3×3 crystal matrix. The
solid line is fit to the data (see text), and the dashed line corresponds to the
fit obtained for the data measured with conventional readout electronics (see
figure 20).

from channels with low counting rate, see figure 27, it was ob-
served that the base-line of the MWD signal is very stable. A
standard deviation of only about 0.6 MeV was measured for the
distribution of base-line values over all the data-taking period.
Therefore, constant values of the base-line are justified for the
data-analysis of the test-beam data. In the PANDA experiment,
the digitized signals will be processed on-line and the properly
applied base-line follower will allow to improve the resulting
energy resolution and to reduce the pulse-detection threshold.

4.2.3. Energy resolution
The cluster-energy resolution, determined in a way described

in section 4.1.1, measured for tagged photons with a 3×3 PWO-
II crystal matrix in two different runs is shown in figure 28. The
photon-energy range for the first run was 61.5–685.6 MeV, and
124.6–1441.1 MeV for the second one. All experimental condi-
tions for both runs were kept the same but in the first run there
was a slight shift of the beam position relative to the center of
the crystal. This misalignment might explain the slight discrep-
ancy of the cluster-energy resolution in the overlapping region.
The measured energy resolution was fitted using the function

σ/E = A0 + A1/
√

E/GeV (6)

and the parameters A0 = 1.02(5)% and A1 = 1.67(3)% were
found yielding an energy resolution of about 2.7% at 1 GeV .
These values should be compared with the ones obtained using
the charge-integrating readout for 9 crystals, see figure 20. As
can be seen, the SADC readout performs better than the conven-
tional readout electronics at the lower energies. In the Technical
Design Report for the PANDA EMC [2] the limits A0 ≤ 1% and
A1 ≤ 2% are expected. The energy resolution of the EMC pro-
totype fulfils these requirements. Furthermore, as can be seen
from figure 20, allowing for more than nine crystals per cluster
would provide a better electromagnetic shower collection and,
therefore, improve the energy resolution.

The cluster energy resolution for different single-crystal
thresholds measured for tagged photons with a 3×3 PWO-II
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Figure 29: Cluster-energy resolution as a function of the tagged-photon energy
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solid lines are fits to the data (see text).
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Figure 30: Cluster-energy resolution as a function of the tagged-photon energy
for data analysis using different SADC sampling rates (see text).

crystal matrix is shown in figure 29. The measured energy reso-
lution shows a strong dependence on the trigger threshold, com-
parable with the effect demonstrated in figure 21 for data mea-
sured with charge-integrating electronics. A lower threshold
yields a more complete shower reconstruction and, therefore,
a better energy resolution. In the case of a 3×3 crystal ma-
trix this effect is obvious mainly for low photon energies as for
higher energies the energy deposition in the surrounding crys-
tals is much higher than the applied threshold.

In order to determine the optimal SADC sampling rate the
data of the first run, measured with 100 MHz sampling fre-
quency, was analysed in different ways employing software re-
sampling in order to emulate 50 MHz and 25 MHz SADC sam-
pling rates. The effect of a reduced sampling frequency on the
cluster-energy resolution is shown in figure 30. A slight dete-
rioration of the energy resolution at lower energies is observed
only at 25 MHz sampling rate. Thus, the 50 MHz sampling
frequency is high enough to achieve the best possible energy
resolution.

4.2.4. Time resolution
To determine the time-resolution of the EMC prototype de-

tector, a special measurement was carried out. The SADC sam-

0 0.05 0.1 0.15 0.2 0.25 0.3

Energy Deposition (GeV)

0

1

2

3

T
im

e 
R

es
o

lu
ti

o
n

 σ
 (

n
s) Data, 25 MHz sampling rate

Data, 50 MHz sampling rate

σ = 0.55(3) + 5.5(5)×
       exp[-(ln2/0.0250(2)) E/GeV]

Figure 31: Measured RMS time resolution for different sampling rates (points)
as a function of the energy deposition in the PWO-II crystals. The solid line
corresponds to the fitted curve with the energy E given in GeV .

pling frequency was set to 50 MHz. The tagged-photon beam
was directed between two PWO-II crystals. During the data
analysis only events with about the same (±10%) energy depo-
sition in both crystals were selected. The RMS time resolution
for a single channel was deduced from the distribution of the
time differences between two crystals and is shown in figure 31
as a function of the energy deposition. For an energy deposi-
tion above 80 MeV the time resolution reaches below the level
of 1 ns and improves to about 0.5 ns at 300 MeV . The achieved
timing precision is much better than the SADC sampling inter-
val and is sufficient to correlate events, relate hits in the PANDA
EMC to the primary interaction, and efficiently suppress ran-
dom coincidence background.

To investigate an effect of the SADC sampling rate on the
achieved time resolution the data obtained at 50 MHz SADC
sampling rate was reduced to 25 MHz sampling frequency us-
ing software re-sampling. The measured time resolution for
such an analysis is shown in figure 31 as well. The reduction
of the SADC sampling rate slightly deteriorates the achieved
time resolution. This can be understood as the worsening of
the description of the CFT signal (see figure 25) by the lin-
ear interpolation between measured points. Therefore, the CFT
timing becomes less precise. This interpolation error can be re-
duced by increasing the sampling frequency. However, as can
be seen from figure 31, doubling of the sampling frequency only
slightly improves the time resolution. Thus, the achieved time
resolution is mostly determined by the noise level and increas-
ing the SADC sampling rate above 50 MHz will not improve
significantly the performance of the system.

4.2.5. Rate performance
As mentioned in sections 1 and 2, the forward endcap of

the PANDA-EMC will operate at high single-hit rates, up to
500 kHz. To avoid pile-up of different events it is extremely im-
portant to keep the hit response of the single-crystal detector as
short as possible. The pulse shape of the LNP preamplifier, used
in the forward endcap, is shown in figure 32. The rise time of
the pulse is about 100 ns and the fall time is 25 µs. As described
in section 4.2.1, the MWD digital filter differentiates the incom-
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Figure 33: The pulse height after single (solid line) and double (dashed line)
MWD filtering as a function of the differentiation time-constant of the first
MWD filter.

ing pulse and compensates for the exponential discharge of the
integrating capacitor in the preamplifier. Therefore, the result-
ing pulse has the required width defined by the differentiating
time-constant of the MWD filter. As can be seen in figure 32,
the MWD filter does not distort the rising edge of the incoming
pulse and the trailing edge repeats the shape of the rising one.
For the LNP preamplifier this leads to the appearance of the
exponential tail after the pulse, effectively increasing the total
width of the resulting pulse by 100 ns. Therefore, the mini-
mum achievable total pulse width is about 300 ns. In addition,
the application of the MWD filter with the differentiating time-
constant shorter than the rising edge leads to a decreased ampli-
tude of the resulting pulse while keeping the same noise level.
This effectively increases the threshold for the hit detection.

It was found that the resulting tail of the LNP-preamplifier
pulse, shaped by the MWD filter, has an exponential behaviour.
Therefore, such a tail can be compensated by applying a sec-
ond MWD filter with the corresponding decay-constant. The
resulting LNP-preamplifier pulse after double MWD shaping is
shown in figure 32. The double MWD filtering allows to ob-
tain much shorter pulses and recover its original amplitude for
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Figure 34: Measured cluster energy resolution for about 1 GeV photon energy
obtained using the single (solid line) and double (dashed line) MWD filtering
method. The energy resolution is plotted as a function of the differentiation
time-constant of the first MWD filter.

short differentiating time-constants without increasing the noise
level. Figure 33 shows the recovery of the pulse amplitude af-
ter the double MWD filtering as a function of the differentiation
time-constant of the first MWD filter. Only for the very short
differentiation time-constant, below 80 ns, the pulse amplitude
can not be completely recovered even though providing a much
higher amplitude than the single MWD filtering. Such signal
recovery technique allows to effectively achieve a low trigger-
ing threshold while reducing the pulse width.

The usage of the double MWD filtering does not influence
the resulting energy resolution of the detector. As can be seen in
figure 34 the cluster energy resolution for γ-rays is the same for
the single and double MWD filtering. For the forward endcap
of the PANDA-EMC the double MWD filtering with the dif-
ferentiation time-constant of about 60 ns will provide the best
performance in terms of low pile-up probability without com-
promising the energy resolution of the detector.

5. Summary and outlook

PROTO60 is the first complete prototype of the PANDA
EMC tested with high-energy tagged photons. Test measure-
ments revealed a satisfactory performance. The measured en-
ergy and time resolutions fulfill the requirements set by the
physics program of the PANDA experiment and summarized
in the PANDA EMC Technical Design Report [2]. It is pos-
sible to obtain an energy resolution of 2.4 % at 1 GeV pho-
ton energy and sub-nanosecond time resolution for an energy
deposition in the crystal above 80 MeV. This performance is
achieved by using new PWO-II crystals cooled to -25 ◦C, large-
area avalanche photodiodes and low-noise low-power pream-
plifiers. The test measurements were performed using two dif-
ferent readout schemes based on either the conventional charge-
integrating readout or the Sampling ADC technique with digital
signal filtering. The SADC readout has shown better perfor-
mance in terms of energy resolution and the ability to operate
the EMC at higher rates. The digital shaping of the signal al-
lows to reduce the duration of the detector hit-response yielding
a reduced pile-up probability of sequential pulses. In addition,
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the precision of the extracted time stamp, using the digital im-
plementation of the constant-fraction method, is sufficient to
obtain a clean event correlation. Moreover, it is shown that the
resolution is limited by the noise level and not by the method
itself.

As described in section 2, in the final configuration the
PANDA EMC will consist of three sub-detectors, namely, the
EMC barrel and the forward and backward EMC endcaps. Each
PWO-II crystal of the complete EMC, except the central part
of the forward endcap, will be read out by two rectangular
LAAPDs covering about 2 cm2 of the crystal end-face. This
larger coverage will lead to an improved photo-electron statis-
tics and to an additional improvement of the resolution. More-
over, reading out each crystal by two independent photosen-
sors connected to different readout channels will allow to detect
and correct for the so-called nuclear-counter effect, i.e. when a
high-energy charged particle penetrates the sensitive layer of
the LAAPD producing a pulse of high amplitude. Such events
will be detected by observing pulses from two sensors with very
different amplitude. To accommodate the increased channel
density and to reduce the power consumption a dedicated ASIC
preamplifier APFEL has been designed [8]. At present, the
next-generation EMC prototype equipped with APFEL pream-
plifiers, reading out two LAAPDs per crystal, is under construc-
tion.

This work demonstrates the advantages of the readout elec-
tronics based on the Sampling ADC technique. In addition to
better performance, this approach allows to construct a trigger-
less data acquisition system. The digital data processing al-
gorithms developed in this work were programmed in VHDL
code to be implemented in an FPGA for on-line data analysis.
A dedicated SADC hardware for the PANDA EMC is being de-
veloped with the aim to construct in the near future a prototype
of a complete trigger-less readout chain.
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Institute at Řež / Prague for the warm hospitality in spring 2011.

This work was supported in part by European Community-
Research Infrastructure Activity under the FP6 Structur-
ing the European Research Area programme (HadronPhysics
contract number RII3-CT-2004-506078), by Bundesminis-
terium für Forschung und Technologie (BMBF), Germany, by
Gesellschaft für Schwerionenforschung (GSI), Darmstadt (Ger-
many) and INTAS grant N2 06-10000012-8845.

References

[1] http://www.gsi.de/fair
[2] PANDA EMC Technical Design Report, arXiv:0810.1216v1.
[3] A. A. Annenkov, M. V. Korzhik, and P. Lecoq, Nucl. Instrum. Meth. A490

(2002) 30.
[4] I. Dafinei et al., Mat. res. Soc. Symp. Proc. 348 (1994) 99; ref. [2], page

53; ref. [5], page 191.

[5] PANDA Technical Progress Report, Technical report, 2005, http://www-
panda.gsi.de/archive/public/panda tpr.pdf

[6] Y. I. Gusev et al., Nucl. Instrum. Meth. A535 (2004) 511.
[7] W. Erni, M. Steinacher, Univ. Basel, in PANDA Technical Progress Report,

Feb. 2005.
[8] P. Wieczorek, H. Flemming, GSI report 2007 (2008) 30,

http://www.gsi.de/informationen/wti/library/scientificreport2007.
[9] M. Kavatsyuk et al., Conference Record, 2009 IEEE Nuclear Science

Symposium, Orlando, Florida, USA, October 25-31 2009, N10-4; DOI
10.1109/NSSMIC.2009.5401798 (http://ieeexplore.ieee.org).

[10] CMS: The electromagnetic calorimeter. Technical design report, Techni-
cal report, 1997, CERN-LHCC-97-33.

[11] Bogoroditsk Technical Chemical Plant (BTCP), Bogoroditsk, Russia.
[12] Radiant Mirror Film ESR from 3M, commonly called ”VM2000” in the

past.
[13] SYLTHERM XLT, high performance silicone polymer, Dow Corning.
[14] R Brown et al., Nucl. Instrum. Meth. A572 (2007) 29-32.
[15] A. Hofstaetter et al., Radiation Measurements 33 (2001) 533; V.V. Laguta

et al., Phys. Rev. B 64 (2001) 165102; V.V. Laguta et al., Phys. Rev. B 62
(2001) 10109-10116; V.V. Laguta et al., Radiation Effects & Defects in
Solids, 157 (2002) 1025-1031.

[16] P. A. Semenov et al., Nucl. Instrum. Meth., A 582 (2007) 575-580;
R. W. Novotny et al., IEEE Trans. Nucl. Sci. 55 (2008) 1283-1288.

[17] H. Melchior and W.T. Lynch, IEEE Trans. Electron Devices vol. ED-13,
no.12, Dec.1966, pp. 829-838.

[18] ORTEC Advanced Measurement Technology, Inc, 801 South Illinois Av-
enue, Oak Ridge, Tennessee 37831-0895, United States.

[19] A. Borisevich, et al., Conference Record, 2008 IEEE Nuclear Sci-
ence Symposium, Dresden, Germany, October 19-25 2008, N33-5; DOI
10.1109/NSSMIC.2008.4774932 (http://ieeexplore.ieee.org).

[20] C. Amsler et al. (Particle Data Group), Physics Letters B667 (2008) 1,
Table 28.4.

[21] J. C. McGeorge et al., Eur. Phys. J. A37 (2008) 129-137; DOI
10.1140/epja/i2007-10606-0.

[22] MESYTEC GmbH & Co. KG, Wernher-v.-Braun-Str. 1, D-85640
Putzbrunn, Germany.

[23] CAEN S.p.A., Via Vetraia 11, 55049 Viareggio (LU), Italy.
[24] Struck SIS3302 SADC, http://www.struck.de/sis3302.htm, Struck Inno-

vative Systeme GmbHh, Harksheider Str. 102A, 22399 Hamburg, Ger-
many.

[25] Steven W. Smith, ”The Scientist and Engineer’s Guide to Dig-
ital Signal Processing”, page 263, ISBN 0-9660176-3-3 (1997);
http://www.dspguide.com.

[26] P. D. Strother, Design an application of the reconstruction software for
the BaBar calorimeter, PhD thesis, University of London, London, 1998;
B. Aubert et al., Phys. Rev. D70 (2004) 112006.

[27] A. Georgiev, W. Gast, IEEE Trans. Nucl. Sci. NS-40 (1993) 770; J. Stein
et al., Nucl. Instrum. Meth. B 113 (1994) 141.

16


